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Preface 

The second workshop on High Energy Astrophysics of the Ma..x-Planck-Society 
and the Academia Sinica was held at Ringberg Castle near Tegernsee during 
the week July 12-July 17, 1987. It is the purpose of these workshops to en­
courage the exchange of ideas between German and Chinese astrophysicists 
(scientists from other countries are also welcome, of course), and the pleas­
ant atmosphere and surroundings of Ringberg Castle certainly helped the 
development of relaxed and stimulating discussions. In addition, we seemed 
to have picked out the one week of perfect weather during a rainy summer. 
Thanks are due to Mr. Hormann and his staff for creating a perfect infra­
structure. 

The proceedings have required a considerable amount of editing, and I 
hope that all the papers are comprehensible. Thanks are due to Miss Petra 
Berkemeyer and Miss Hannelore Muller, who patiently retyped several manu­
scripts and helped with other editing jobs. I did not feel that a sharp refer­
eeing procedure should be done, although I do not agree with all the papers 
in this volume. 

The interested reader will find that this book gives a fair account of the 
present status of Chinese activities in the field of high energy astrophysics, 
i.e. in supernova physics, accretion onto compact objects, active galaxies, 
and cosmology. 

It was our good fortune that three leading theorists (Hillebrandt, Nomoto, 
Truran) could be persuaded to present their newest ideas, stimulated by 
SN1987 A, on supernova physics. In addition, I feel that one of the highlights 
of this volume is the article by Li Qibin on historical supernova from Chinese 
records, a work that here appears in English for the first time. The review 
article by N. Straumann on "Cosmic Strings" gives an exposition that is nicely 
self-contained - I have not seen another account of this topic as thorough and 
readable as this one. 

The papers on radiation transport and accretion problems give an up­
to-date discussion of several aspects of this field. Several papers deal with 
the intricate task of extracting information about the distribution of quasars 
from absorption lines, and several others address the question whether the 
universe has a fractal structure (I am especially happy that a contribution 
by Fang Lizhi, who unfortunately was unable to attend the workshop, but 
who had helped to organize it, could be included here). 
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Thanks are due to Prof. R. Kippenhahn, the Director of the Max-Planck­
Institut fiiI Astrophysik, for his support of the workshop. 

Miinchen 
December 1987 
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Part I 

Supernovae and Their Remnants 



A Recent Study on 
the Historical Novae and Supernovae 

Li Qibin 

Beijing Astronomical Observatory, Beijing, People's Republic of China 

1. I ntroduct ion 

The astronomers are being excited by the event of the SN 1987A 

which is the most brilliant supernova exploded during the last 3 

centur ies and, is showing some unusual character istics. In this 

case people would ask why no supernova has exploded in such a long 

time in the Galaxy and whether any supernova has shown similar 

behavior. Whenever astronomers consider these problems they always 

pay attention to the ancient records, especially, to those in 

Chinese chronicles which include the richest records of historical 

astronomical phenomena over the world. Right now my colleagues, Ms 

Zhuang Weifeng and her co-authors [1] have completed a general 

compilation of Chinese ancient records of the astronomical 

phenomena. To compile the book, about 200 scholars have spent 13 

years and checked 150 thousands volumes of ancient documents. For 

this comprehensive book they have collected moze than 10 thousands 

of the relevant records from the ancient documents whichever they 

could find in China. It includes 10 types of astronomical 

records, which are novae & supernovae, comets, meteors, showers, 

meteorites, sunspots, aurorae, solar eclipses, lunar eclipse and 

occultations. As the editor of the chapter of historical novae and 

supernovae, would like to introduce the main results here and 

discuss the conf irmation on histor ical supernovae according to 

these materials. 

2. A New Catalogue of Historical Novae and Supernovae 

2.1 A Brief History 

The earliest compilation of the records of "Unusual Stars" in 

chinese references was done by the chinese scholar Ma Duanlin [2] 

in the 13th century which listed relevant events recorded from 

the Han dynasty 'to the 13th century, which had been translated to 

the western language by Biot [3,4]. Lundmark [5] noticed that the 

space distribution of those guest stars was consistent with that 
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of novae observed in his time and first confirmed that the ancient 

records on guest stars are real events of novae instead of the 

forgey of astrologist. Xi Zezong [6] published a catalogue of 

anc ient records of histor ical novae and supernovae and suggested 

some identification of historical events with SN remnants in 1955, 

which was renewed by himself and Bo [7] in which some records from 

Japanese and Korean documents were supplied in 1965. In 1962 Ho 

Peng Yok [8] published a list of comets and novae. Clark & 

stephenson [9] wrote "The Historical Supernovae" in 

some records were discussed in some detail. Up 

1977 in which 

to now, the 

explanation about the ancient records on supernovae has been 

discussed by many authors. Unfortunately, it is found that some of 

the records are neglected or wrongly quoted and explained e.g. 

many comets are usually listed as novae or supernovae. The 

problems usually result from 1) incomplete material and 2) 

ambiguity in understanding the semantics in ancient documents. 

That is why we must investigate again and we must emphasis the 

completeness, the evaluation on the authentical, and the text 

research on ancient semantics, especially on the ancient 

astronomical terminology. 

2.2 Text Research 

To evaluate the authenticity of the ancient documents, we should 

discuss the document~ separately for three periods. Before the Han 

dynasty, the astronomical records were scattered in the 

Tortoise-Bone inscription and some classics such as the Spring & 

Autumn Annals, the Book of Songs and etc .. We must pick out the 

astronomical records from all the documents we have ever found. 

Since the Han dynasty. t.he main sources of astronomical records 

come from the official histories which were systematically edited 

and kept up to now. Fortunately, there are some chapters on 

astronomy in each book of the official history, which were quoted 

from the records of Royal Astronomers. We considered, in general, 

these chapters as the most authoritarian sources. 
Sometimes we can find the Real Records which the official 

histories are based on. Of course they provide a more reliable 

source of materials. The local hlatories are also considered as a 

source of astronomical records which might record some events 

wllich have not been observed by the royal astronomers dur ing 

cloudy days or dur ing the wars. But we have the local histor ies 

available only since the Tang dynasty, so that we do not in 

3 



general consider the records occurred in the local histories 

before the Tang dynasty valuable. 

By carefully checking many more ancient documents we find some 

valuable records which have never been listed in the reference on 

the novae or supernovae. The most remarkable examples are as 

follows: 

1) The Zhoubo star reappeared in AD1016, which might mean that 

the supernova 1006 had a second explosion ten years later. 

2) It is found that the date (the day and the month except the 

year) and the contents of the records of the events of AD 1404 in 

the History of the Ming Dynasty and that of AD 1408 in the Real 

Record of the Ming dynasty are the same word by word. They should 

be the same event. As the author [10] has mentioned the record of 

AD 1404 might have been wrongly written about the year because the 

History of the Ming Dynasty was quoted from the Real Record of 

Ming Dynasty. The records about the event in AD 1408 in the other 

documents have confirmed the identification. 

2.3 Terminological consideration about the ancient documents 

So as to the terminology in the ancient documents, we have to face 

an important but complicate work. We must study carefully the 

terms on the names of stars, the words on the shape, brightness of 

the stars, as well the verbs on the behavior of the stars. 

1. "The guest star" seems to be a term with extensive 

connotation. In most cases the guest star should be regarded as a 

nova or supernova. However, the guest star sometimes might be used 

to record some comets, especially, to those without an obvious 

tail. In a few cases, even meteors might have been recorded as 

guest stars. We have carefully distinguished the novae and 

supernovae from the comets termed as guest stars in the ancient 

records. For most cases, it is not difficult to do so according to 

the statement on the shape or the movement. Sometimes a celestial 

event was recorded as a guest star without any further description 

in a certain chapter or book, while some detailed descriptions on 

the shape of the tail and the movement for the same event could be 

found in the other chapters of books. Even the event was clearly 

recorded as a comet somewhere. To exclude the comets on oar list, 

every record termed as guest star we have ever found has been 

compared with those that occured at the same time in different 

chapters or books. 

2. "Bei star" was certainly defined as a subclass of the 

comets. It was written in the History of Jing Dynasty: Bei star is 
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a subclass of the comets shedding the rays of light in all 

direction, while the comets with its rays extending forward in one 

preferential direction are called Hai star". Obviously the Bei 

stars should be excluded from the list of the novae and 

supernovae. Unfortunately, a lot of Bei star are usually regarded 

as the novae or supernovae in the references. About one fourth in 

Xi and Bo's list [7] as well about one eigth in Clark and 

Stephenson's list [9] are such cases. Some of the records of Bei 

stars, for instance, the events in AD 1175 and 1230 were regarded 

as novae or supernovae, which were originally classified as comets 

and recorded in the paragraph on comets in the official histories. 

3. "Zhoubo star" was def ined as .. a noble star which is very 

brilliant and yellow in colour. The country will be thriving and 

prosper ing very much when this star appeared", in the History of 

Jing Dynasty. Therefore, the Zhoubo star could be considered as a 

supernova. In fact, SN 1572 and SN 604 both are also called the 

Zhoubo star in the ancient records. 

4. Comets were classified into more than thirty classes 

according to shape, colour, length of the tail and its direction 

in the sky in the ancient documents. They are easy to distinguish 

from the others. 

5. "Jing star" was obscurely defined and is hard to understand. 

It was descr ibed in the History of Jing Dynasty: "Jing star is 

like a half moon, helping the moon to shine, and is also defined 

as a big hollow, or combined of three stars with blue gas and red 

gas where a yellow star is within. It is a noble star. We believe 

that most of this kind of events are not novae or supernovae. For 

several doubtable cases we should leave the explanation of the 

records for consideration. 

To summarize our terminological investigation, we can show our 

approach in conf irming the novae and supernovae in the ancient 

terminological research as representatives in set algebra: 

N(novae) U SN(supernovae) = G(guest stars)/C(comets) 

and 

B(bei stars) C C(comets) , 

which is ir. principle different from the following way: 

N(novae) U SN(supernovae) = G(guest stars) U B'(beistars) 

and 
B'(some beistars) c B(bei stars) 

taken in some references. 
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On the Jisi day, the 7th day of the month, a big 

new star appeared in the company of the Ho star. 

On the Xinwei day the new star dwindled. 

We have collected 53 records for nova and supernova events of 

which six records have not been listed in other works. A 

supplement is given in the general compilation [1] in which the 

uncertain records are listed. 
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J~ Historical SupernQva~ 

The ancient records are always very sketchy and sometimes 

ambiguous. Espec ially the records on the br ightness of the star 

are always not quantative. To distinguish the supernova from the 

events in the list, we attempt to give a quantative criterion in 

some extent by means of the fuzzy mathematics. Only the 

information on the brightness and time when the star appeared are 

available from the ancient observations. 

First, we sieve the events by the statement. A supernovae must 

be brilliant and seen for a long time so that we take the records 

which have the description on the brightness and visible duration 

as the candidates. By sieving in this way we then have 28 

candidates for supernovae. 

Second, we evaluate the membership degree of the candidates for 

supernovea by means of fuzzy mathematics consideration. 

In fact, the descriptions on the brightness are quite fuzzy in 

the records. Bes ides, we can not give a def inite minimum about 

both the brightness and visible duration for a supernova. We can 

only give a measure about the events to be subordinate to the set 

of supernovae. 

'ro give the membership degree from the brightness we consider 

the description of events as three types. 

The descr iptions, such as "Zhoubo star" or "as venus seen in 

daylight", "like the moon" or "like a lamp", are the most reliable 

information because this kind of statement had been used to 

describe the SN 1572 and 1604 which are undoubtedly recognized as 

supernovae. 

In some of records, the brightness is described by comp~rison 

with planets such as Venus, Jupiter, and Saturn. It isn't 

difficult to decide the brightness. 

However, many events are described as large as like something, 

such as seat mat, melon, grain measurer, fruit and etc.. We 

at tempted to evaluate the br ightnes s in magn i tude and give the 

membership degree in Table 2. 

To give the membership degree according to the visible duration of 

the star, it is useful to look at the distribution of the number 

of events about the visible duration. Two peaks appeared in the 

distribution (Fig.l) which is likely to represent a combined 

distribution of novae and supernovae. 
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Fig.l The distribution of the 

visible duration of supernovae. 

Visible duration (days) 

Table 2. Brightness Calibration And Membership Degree For SN 

descriptions on the brightness 

like the Moon 

like half Moon 

like a lamp 

like Venus seen the daylight 

like Venus 

large as Jupiter 

large as Saturn 

large as half a seat mat 

large as corn measurer 

large as melon 

large as peach, orange 

large as pellet 

a big star 

mag. 

-6 

-6 

-5 

-4 -
-3 -
-1.5 

-0.5 

-3 -
-3.5 

-3 -
-2 -
-1 -
-1 -

-5 

-4 

- -2.5 

-6 

- -5 

-4 

-3 

-3 

-4 

membership 

degree 

1.0 

1.0 

1.0 

1.0 

0.9 

0.6 

0.3 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

We can fit the distribution by two gamma distributions. To 

simplify, we can take the membership degree as follows 

o 
f2(t.t) = {~t..t -50 )/150, if 

t.t~50 

50<t.t<150 (days) 

L:l.t ;;;..150. 

Finally we take the average of these two membership degrees for supernovae. 
(Fig.l ). 
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Table 3. The membership degree of the candidates for SN 

events visible description on brightness membership degree 

f, f2 f,+f 2 f,Vf 2 

OC 48 large as melon 0.6 0.6 0.6 

AD 64 75 0.17 0.17 0.17 

70 48 large as half seat mat 0 0 

185 140 1.0 0.8 1.8 1.0 

369 150 0.5 0.5 0.5 

386 90 0.27 0.27 0.27 

393 210 1.0 1.0 1.0 

396 50 big yellow star 0 0.2 0.2 0.2 

437 large as orange 0.4 0.4 0.4 

483 large as corn measurer 0.8 0.8 0.8 

837a 22 0 

837b 44 0 

900 large as peach 0.6 0.6 0.6 

1006 240 like half Moon. "Zhoubo" 1.0 0.1 2.0 1.0 

1054 540 as Venus seen in daylight 1.0 1.0 2.0 1.0 

1069 12 0 

1087 large as corn measurer 0.8 0.8 0.8 

1181 185 0.9 0.9 0.9 

1203 large as Saturn 0.2 0.2 0.2 

1244 large as Venus 1.0 1.0 1.0 

1248 large as Venus 1.0 1.0 1.0 

1408 102 as lamp. "Zhoubo" star 0.35 1.0 1.35 1.0 

1430 26 large as pellet 0 0.4 0.4 0.4 

1431 104 large as pellet 0.36 0.4 0.76 0.4 

1572 480 Bright as Meen seen in daylight 1.0 1.0 2.0 1.0 

1604 330 as Venus seen in daylight. Zhoubo 1.0 1.0 2.0 1.0 

Then a sequence results of the membership degree for supernovae 

among the candidates. From the distribution of the number of 

events over the membership degree we can see that there are three 

groups (see Fig.2): 

The first group includes 185, 1006, 1054, 1572 and 1604, which 

always take the highest membership degree no matter which way to 

obtain the final membership degree is used. 
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Fig.2 Membership degree of the supernovae 

The second group includes the events of 1408, 393, 483, 1087, 

1181, 1244, 124 and 1431 which always take the middle membership 

degree but the order of them depends on the way used with. These 

are the probable supernovae. 

The third group has a smaller degree which can be considered as 

supernovae only additional evidences have been found. 

~ . 2 D !scuss ion 

1. It is shown in the Fig.2 that the explosion of supernovae 

occurred frequently during two periods, i.e. Be 134-AD 483 and AD 

900-1604. Each of these periods lasts about 600-700 years. After 

those an intermittant period follows, i.e. 6th-lOth centuries and 

17th-20th centuries, in which no supernova exploded. One probably 

should indicate a thousand-year periodicity for the explosion of 

supernovae in the Galaxy. 

It is noticed that there is notany obvious drop of the number 

of the records of comets per century in those intermittant period 

for supernova, the absence of the supernova in those period is not 

due to the absence of astronomical records caused by some effect 

of the artificial facts. 

However it raises the question of whether there is any 

physical reality of the per iodicity and the question how the 

periodicity is explained. 

2. The guest star in 1006 has been generally accepted as a 

historical Supernova. 

The ancient records show some remarkable characteristics from 

which some consequences can be pointed out. 
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comets 

Fig.3 The time sequence 

of historical supernovae 

and the frequency of the 

cornets 

(1) The guest star in 1006 was also refered to as Zhoubo star. 

Ten years later, a Zhoubo star reappeared. Moreover, it has been 

noticed that the record of the event of 1016 should be refered to 

that in 1006, which means that the Royal Astronomer had 

identif ied the Zhoubo star in 1016 to that in 1006. Therefore 

these two events should be considered as a double explosion of the 

SN1006. Wang Jianmin had pointed out this fact [7]. 

(2) It was recorded in the Essential Records in Song dynasty 

that the guest star became more bright after the explosion. This 

is a remarkable characteristics of the variation of the brightness 

of supernovae which appears similar to the SN 1987A but quite 

different from the other supernovae. 

(3) It was recorded for the guest star in 1006 that the star 

was often in the east sky in the morning from the 11th month and 

it was concealed in the twilight. The description indicated that 

the supernova was visible till the 8th month of the following year 

so that the guest star lasted for more than 450 days instead of 

240 days that had been generally considered. 

3. The Chinese record on the guest star of 1408 had never been 

listed as a nova or supernova until the evidence has been given by 

the author and supported by several authors. The conclusion is 

proved in the section 2, in which a japanese record (July 14, 

1408) has been taken in account for giving the visible duration. I 

once guessed that Cyg X-l originated in the explosion of SN1408. 

However storm [72], Wang and Seward (73] argued that the guest 

star should be identified with the supernova remnant CTBBO. 

Examining more carefully the coincidence of the position of the 

CTB80 with the guest star it seems that their identif ication is 

reasonable. Nevertheless I should mention that a pulsar might be 

at the centre of the CTBBO since the remnant of the SN 140B is so 

young. 
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4. The guest stars in 393, 1203, 1224, 1240 and 1244 were seen 

in the Wei mansion --- the southeast of the Scorpius. It seems to 

be not accidental that the four novae or supernovae happened to 

appear even dur ing the 42 years from 1203 to 1244. Could we 

consider them as the same supernova in multiple explosion? 

5. The events in 396 is likely another example of a double 

explosion of a SN. 
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Models of Type II Supernova and SN 1981 A: 
Observations Versus Theoretical Predictions 

W. Hillebrandt 

Max-Planck-Institut fiir Physik und Astrophysik, Institut fiir Astrophysik, 
Karl-Schwarzschild-Str. 1, D-8046 Garching, Fed. Rep. of Germany 

The supernova 1987A In the Large Magellanic Cloud Is unique with regard to Its 

distance. the fact that we know the properties of the progenitor star. and the 

detection of neutrinos emitted In the event. Moreover. since SN 1987A Is classified 

as type II supernova and because with. maybe. the exception of SN 1054. none of 

the historical galactic supernovae belonged to that class. it presents a unique 

opportunity to confront theoretical models with direct observational facts. We will. 

therefore. discuss core collapse models of massive stars as well as possible 

interpretations of the neutrino events. It will be demonstrated that. although our 

general ideas are now well confirmed by observations. certain facts are difficult to 

understand within the framework of standard scenarios. 

1. Introduction 

On February 24. 1987. a supernova (SN) was discovered In the large Magellanlc 

Cloud (Shelton. 1987) . It Is by now well established that the position of the 

supernova SN 1987A coincided with that of a blue supergiant Sanduleak (SK) -69 202 

(West et al.. 1987). which actually conSisted of three components. From 

UV-observatlons it was confirmed that the brightest compC'nent. a B3 la supergiant. 

has Indeed disappeared (Panagia et al.. 1987). From Its bolo metric luminosity of 

about 5 x 1038 erg s -1 it can be inferred that the progenitor of SN 1987 A had a 

mass of around 20 Me on the main sequence (Arnett. 1987: Hiliebrandt et al.. 

1987a: Woosley et al.. 1987). The surprising fact that the progenitor was a blue 

rather than a red supergiant may be attributed to lower than solar metalliclty (Brunish 

and Truran. 1982: Hiliebrandt et al.. 1987: Arnett. 1987) or significant mass loss 

(Chlosi and Maeder. 1986: Woosley. Pinto and Ensman. 1987) or a combination of 

both (Truran and Weiss. 1987: Maeder. 1987). 

Stars with main sequence masses of about 20 Me form helium cores of 6 Me 

after core-hydrogen burning and Iron cores of about 1. 5 Me at the end of their 

hydrostatic evolution (Arnett. 1977; Weaver. Woosley and Fuller. 1985; Wilson et 

al.. 1986; Hashimoto and Nomoto. 1987). These Iron cores will collapse to neutron 

star densities. thereby radiating away a significant fraction of the gravitational binding 

energy of a neutron star In form of neutrinos. The facts that neutrinos from SN 

1987A Indeed have been observed (Hirata et al.. 1987; Blonta et al.. 1987; Aglletta 

et al.. 1987) and that the energy In neutrinos was around a few 1053 erg (Sato and 
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Suzuki. 1987: De Rujula. 1987: Hiliebrandt. 1987> clearly prove the validity of this 

general picture. 

However. attempts to fit all observations by simple theoretical models face 

difficulties. The very rapid rise of the early visual light curve of SN 1987A requires 

an explosion energy of (2 ± 1) x 1051 erg (Arnett. 1987: Woosley. Pinto and 

Ensman. 1987: Shigeyama et al.. 1987> which was not predicted for stars as 

massive as SK -69 202. An analysis of the expansion of the photospheric radius 

during the first few days seems to indicate rather strange changes of the velocity 

(Schmidt-Kaler. Hanuschlk and Oachs. 1987> which cannot be explained by simple 

explosion models. Finally. if both neutrino bursts associated with SN 1987 A were 

indeed real. rather complicated scenarios have to be Invented. All these questions 

will be addressed in some detail in the following sections. 

2. Core Collapse and Supernova Explosions 

Type II supernova are thought to be the outcome of the collapse of the cores of 

massive stars. leaving behind a compact remnant. presumably a neutron star or 

eventually a black hole. The energy observed In the explosion must then ultimately 

come from the gain In gravitational binding of the core. Two mechanisms that are 

potentially able to transform a small fraction of this energy Into outward momentum of 

the stellar envelope have been discussed In the past. neither of which. however. so 

far gives a satisfactory explanation. 

In one class of models the stellar envelope is ejected by a hydrodynamical shock 

wave generated by the rebounding inner core near nuclear matter density. but this 

mechanism seems to work only for a very limited range of precollapse stellar models. 

In fact. one can show quite generally that the crucial quantity which determines 

whether the shock wave can propagate successfully out to the stellar envelope or 

will turn into a standing accretion shock is the difference between the mass of the 

unshocked inner part of the core and the mass of the original iron core 

(Hillebrandt. 1982. 1984). If this difference exceeds approximately 0.5 Me. damping 

of the shock by nuclear photodlssoclatlons becomes so severe that no explosion 

results. 

Given the fact that the main sequence mass of SK -69 202 was around 20 Me. 

stellar evolution models predict that It should have formed an Iron core of (1.6 ± 

0.2) Me (Wilson et al.. 1986: Arnett. 1987: Hashimoto and Nomoto. 1987>. For 

central entropies at the onset of collapse of about (1.0 ± 0.2) kBI nucleon. 

predicted from stellar evolution models. the average lepton fraction of the Inner core 

at bounce will be around O. 35 and. consequently. the mass of the unshocked Inner 

core will be around (0.7 ± 0.1) Me (Bruenn. 1985: Hillebrand!. 1986:Wllson et 

al.. 1986). Most hydrodynamical simulations predict that initially the shock energy Is 

around (5 ± 3) x 1051 erg (Hillebrand!. 1982. 1986: Wilson et al.. 1986) . 

Photodissociatlons cost approximately 8 x 1018 erg per gramme. or 8 x 1051 erg per 

27 



O. 5 ME)' From the numbers given above It is therefore not surprising that In none of 

the numerical simulations performed so far a prompt explosion was found for a 20 

ME) stellar model. 

An alternative explosion mechanism for massive stars has been Investigated by 

Wilson (1985) (see also Bethe and Wilson (1985). Wilson et al. (1986). and 

Lattimer and Burrows (1984». It was found that a few hundred milliseconds after 

core-bounce energy transport by neutrinos may revive a stalling shock. At that time 

the edge of the uns.hocked inner core is at a radius of about 20 km and the density 

and temperature there are about 1012 gcm -3 and 2 to 3 MeV. respectively. The 

shock has changed to an almost standing accretion shock at 1.4 ME) and a radius of 

about 500 km. the temperature and the density just behind the front being 0.8 MeV 

and 107 gcm-3 • respectively. The shocked matter. composed of free neutrons and 

protons. Is Irradiated by a neutrino flux originating from the neutrino sphere at 30 to 

70 km. Typical neutrino energies range from 9 to 15 MeV and the neutrino luminosity 

Is around (2-4) x 1053 erg s -1. Some of the neutrinos and anti-neutrinos will be 

captured by free neutrons and protons. respectively. and will be reemitted with lower 

<thermal) energies. thus heating the matter behind the accretion shock. 

Wilson (1985) and Wilson et al.. (1986) have computed the hydrodynamic 

evolution of several stellar models for approximately 1s after core-bounce and found 

explosions In all cases. Mostly. however. the explosion energy « 2-3) x 1050 erg) was 

too low to explain typical type II supernova light curves. and there Is little hope that 

the delayed esploslon mechanism can explain the very energetic outburst of SN 

1987A. This can also be seen from a simple argument. Neutrino heating time 

scales are typically of the order of several tenths of a second and thus much longer 

than the hydrodynamlcal time scale of the matter under consideration. Consequently. 

the shells being heated will start to expand once a sufficiently high overpressure has 

been built up to overcome gravity. From then on no significant further heating will 

occur. Therefore. the energy available to drive the explosion will be of the order of 

gravitational binding energy prior to the expansion. namely of the order of a few 

times 1050 erg. in agreement with the results of numerical simulations. Our argument 

would fall only If the neutrino heating could occur on hydrodynamic time scales. 

which. however Is very unlikely. 

So In conclusion. It seems that none of the proposed explosion mechanisms can 

fully explain SN 1987A. The high energy of the outburst seems to indicate a prompt 

explosion. whereas the high mass of the progenitor makes a delayed explosion more 

likely. but there may be ways to circumvent these problems. 

Firstly. rotation may alter the general pictures outlined so far considerably. and 

at present it cannot be excluded that SK -69 202 possessed a rapidly spinning core. 

Recent equations of state predict that the adiabatic Index below nuclear matter density 

is only slightly smaller than the critical value of 4/3 of a non-rotating star. 

Therefore. already moderate rotation may cause the stellar core to bounce before 
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nuclear matter density is reached (Muller. Rozyczka and Hillebrandt. 1980; 

Symballsty. 1984). The further evolution may be significantly different from that of a 

non-rotating star. Non-spherical velocity fields will also lead to non-spherical shocks 

which may introduce large-scale circulations and thus a more efficient neutrino 

transport on hydrodynamical rather than on diffusion time scales (Muller and 

Hillebrandt. 1981> . Rapidly rotating cores may even be unstable to triaxial 

deformations. A significant fraction of the rotation energy could then be dissipated 

into heat at the boundary between the core and the axi-symmetric stellar mantle. 

Secondly. the equation of state is not well known above nuclear matter density. 

Somewhat softer equations of state than currently used In supernova models and 

somewhat smaller iron cores will favour prompt explosions. as was demonstrated by 

Baron. Cooperstein and Kahana (1985). Whether or not prompt explosions can be 

obtained with reasonable changes of the equation of state for 20 Me stellar models 

has not yet been demonstrated. 

Events in neutrino detectors have been seen prior 

SN 1987A at Feb. 23.12 (UT) (Aglietta et al.. 1987> 

(Hirata et al.. 1987; Bionta et al.. 1987>. respectively. 

to the optical outburst of 

and at Feb. 23.32 (UT) 

Two photographs taken at 

about Feb. 23.44 (Un (McNaught. 1987> show the supernova at a visual magnitude 

of about 6m.4 only 2.8 x 104 sec and 1.1 x 104 sec. respectively. after the 

neutrino events were discovered. This close correlation In time indicates that the 

neutrinos were Indeed emitted from the exploding star. 

The pulse seen In the Mont Blanc experiment (Aglietta et al.. 1987) consisted of 

5 events spread over At "" 7 sec with measured pOSitron energies between 6 and 8 

MeV (Galeottl. 1987>. From the second pulse. KAMIOKA (Hirata et al.. 1987) 

detected 12 neutrinos spread over At "" 13 sec. whereas the 1MB detector (Bionta et 

al.. 1987> saw 8 neutrinos with lI.t "" 6 sec. The measured electron (positron) 

energies in the second pulse where significantly higher and ranged from 6 to 35 MeV 

(KAMIOKA) to 20 to 40 MeV (1MB). The angular distribUtion of events in those latter 

experiments was not qUite Isotropic. as one would expect from the reaction 

ve + p 7 e+ + n. Finally the Baksan group reported 6 events 30 sec after the 1MB 

detection (Alexeyeva. 1987>. 

The crucial question now Is whether or not the two (or three?) neutrino bursts 

were real. In order to answer this question one has to check the statistical 

significance of each detection. the consistency of the various experiments. and the 

energetics of the neutrino bursts. Although the significance of the KAMIOKA detection 

is certainly orders of magnitude higher than the Mont Blanc detection. and the 

absence of a clear signal in the KAMIOKA-detector during the time of the Mont Blanc 

events may cause a consistency problem. from statistical arguments alone one cannot 

rule out the possibility that also the first neutrino pulse was Indeed real (De Rujula. 
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1987: Hiliebrandt. 1987>. However. In order to avoid an Inconsistency between the 

Mont Blanc detection and the fact that no clear signal was seen at that time by the 

KAMIOKA experiment. one has to postulate that. In the first pulse. the average 

neutrino energy was fairly low. namely of the order of 6 MeV. Based on this 

assumption one can estimate the total energy In iie's In the first pulse and finds 

roughly (3 ± 2) x 1053 erg. Because about the same amount of energy will be . . 
radiated In vas. and also v II- s and v T S may have contributed to the energy loss of 

the supernova It has been argued that the forming neutron star cannot supply the 

required energy and. therefore. the Mont Blanc events must be due to some noise 

in the detector. One has to keep in mind. however. that these energy arguments are 

based on the poor statistics of a few events. Because of these rather large 

uncertainties the Mont Blanc data may still be consistent with the assumption that a 

neutron star was formed In SN 1987A. 

Assuming again that also the KAMIOKA and 1MB events were vas. Sato and 

Suzuki (1987>. and many others. have analysed the second burst and have found 

average neutrino energies between 9 and 15 MeV and a total energy In all three 

neutrino flavours of about (1 - 3) X 1053 erg. But again these conclusions are 

rather uncertain. because we do not know for sure which (If any) of the detections 

were due to (v. e)-scattering. As was mentioned before. several of the events 

detected by KAMIOKA were strongly forward directed Indicating scattering rather than 

(iia• p) -reactions. Because of the much smaller scattering cross-section such events 

would encrease the Integrated neutrino luminosity considerably. 

Most attempts to interpret the neutrino data in the framework of astrophysical 

models start from the assumption that the first pulse was not real but rather was due 

to noise in the Mont Blanc detector. The interpretation of the second pulse is then 

straightforward and in good agreement with theoretical predictions (Arnett and Rosner. 

1987; Burrows and Lattimer. 1987; Bahcall and Glashow. 1987>. and. in particular. 

with those made by the delayed explosion models. Mayle (1985) (see also Mayle. 

Wilson and Schramm (1987» has computed neutrino spectra and luminosities up to 

1.4 sec after core bounce. and his results fit the KAMIOKA data quite well. although 

the average neutrino energy and the luminosity of SN 1987A seem to be somewhat 

higher than was predicted by the theoretical models. Only the rather long duration 

of the second neutrino pulse and the time distribution of the events may cause a 

problem. Burrows and Lattimer (1986) have shown that about 80% of all thermal 

neutrinos above 7 MeV are emitted from a newly born neutron star during the first 2 

sec and 95% are emitted during the first 4 sec of Its life. It Is. therefore. difficult 

to explain why after more than 10 sec stili high energy neutrinos have been seen. 

One possibility would be that the last three events seen by KAMIOKA and the last two 

events observed by 1MB were noise. in which case the observed pulse width of about 

2 to 3 sec would coincide with theoretical predictions. In contrast. one could argue 

that neutrinos have a finite rest mass of a few eV / c2 and. therefore. the pulse has 
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been smeared over about 10 sec (Hlliebrandt et al.. 1987b. 1987c). In any case. 

I! the Interpretation Is correct that the second pulse signaled the formation of a 

neutron star. It should become visible either as a thermal x-ray source. a pulsar. or 

a synchrotron nebula after the supernova envelope has become transparent. 

A more complicated scenario has to be Invented I! both neutrino pulses were 

real. It has to explain why the second pulse was delayed by about five hours and 

why the energy In both pulses was equal to within factors of about two. A possible 

explanation would be that the first pulse was emitted when the core bounced at 

neutron star densities. whereas the second pulse came from the further collapse to a 

black hole (Hlliebrandt et al.. 1987c; De R~jula. 198]) or a strange matter 

configuration (Haubold et al.. 1987; De Rujula. 1987; Schmidt-Kaler. Hanuschlk and 

Dachs. 198]). The time delay could be due to neutrino cooling (Hlliebrandt et al.. 

1987c; Haubold et al.. 198]) or electromagnetic breaking. provided the proto 

neutron star was stabilized by rotation and possessed a magnetic field of several 1013 

Gauss (Hillebrand!. 198]). In particular. the phase transition to a superdense state 

might supply the right amount of neutrinos on time scales of the order of the 

neutrino diffusion time. But also the formation of a black hole Is not out of range. 

because hydrodynamic simulations predict that for rather massive iron cores the mass 

of the newly born neutron star may exceed the critical mass of a cold non-rotating 

object. 

The question. therefore. arises whether there exists additional information which 

favours this second scenario. There is evidence that the ejecta of SN 1987A were 

enriched in CND-processed material (Casatella. 198]). namely In N relative to C. If 

the progenitor star had possessed significant rotation meridional mixing would provide 

a natural explanation (Ramadurai and Wllta. 1987). Asymmetries In the P-Cyg profiles 

of Ha have been Interpreted as being due to a non-spherical expansion of the 

supernova (Crlstlani and Gouiffes. 1987; Dachs and Hanuschlk. 198]) and observed 

polarizations of the optical emission during the first days of the outburst point Into the 

same direction (Barrett. 198]). The Bochum group (Schmidt-Kaler. Hanuschlk and 

Dachs. 198]) has determind the expansion velocity of the photospheriC radius of SN 

19B7 A from spectral information. They find that their data are very well fitted by a 

constant velocity of about 11 000 km s -1 for the first 4 days of the outburst. 

However. extrapolating back to the radius of the progenitor star they find that the 

expansion should have started about 8 hours after the first optical sighting of the 

supernova as a 6.4 magnitude object by McNaught (198]) . This Is clearly 
, 

Inconsistent i and indicates the supernova started with significantly lower expansion 

velocities than was observed from day 2 on. A natural explanation of this strange 

behaviour would be that a first weak shock caused the photosphere to expand slowly. 

Several hours later a second. strong shock lead to the observed high veloCities. 

Such a two step process would also explain why Wampler et al. (1987) find It easier 

to fit the early light curve of SN 1987A If the sequence of events leading to the 
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outburst started several hours earlier than is Indicated by the second neutrino pulse. 

and why hydrodynamic models based on one single strong shock (Arnett. 1987; 

Woosley et al.. 1987; Shigeyama et al.. 1987> do not fit the visual luminosities 

observed during the first two days of the outburst quite well. Unfortunately. spectra 

have not been taken during the first night and. therefore. It Is not possible to 

determine in an unambigous way what really has happened. 

3. Conclusions 

SN 1987A is the first direct proof that rather massive stars. M "" 20 Me. will 

undergo core-collapse and can eject their envelopes In type II supernova explosions. 

Such a behaviour was predicted by certain theoretical models. but up to now was 

still subject to considerable controversies. However. the rather high explosion energy 

as well as certain properties of the observed neutrino bursts seem to indicate that 

the explosion mechanism itself is not yet fully understood. Stars in the mass range 

comparable to SK -69 202 have always been thought to be the main sources of 

heavy element production. It is a lucky coincidence that the first nearby supernova 

since SN 1604 belonged to that class. Detailed synthetic spectra will show whether or 

not theoretical predictions made for heavy element abundances are correct. Finally we 

may have been witnesses of the birth of a neutron star or a black hole. 

Interpretations of the observed neutrinos allow for both possibilities. and future 

observations will reveal which of them is correct. 

References 

Aglletta et al. 1987. Europhys. Lett. g. 1315 
Alexeyeva. L. 1987. ESO Workshop on SN 1987A. I.J: Danziger. ed .. In press 
Arnett. W. D. 1977. Ap. J. Suppl. 35. 145 
Arnett. W. D. 1987. Ap.J. 319. 136 
ArnetL W. D .. and Rosner. J. 1987. Phys. Rev. Lett 58. 1906 
Bahcall. J. N .. and Glashow. S. L. 1987. Nature 326. 476 
Baron. E. Cooperstein. J .. and Kahana. S. 1985. Nucl. Phys. A440. 744 
Barrett. P. 1987. IAU Circular No 4337 
Bethe. H. A .• and Wilson. J. R. 1985. Ap. J. 295. 14 
Blonta. R. M. et at. 1987. Phys. Rev. Lett. 58. 1494 
Bruenn. S. W. 1985. Ap. J. Suppl. 58. 771 
Brunlsh. W. M .. and Truran. J. W. 1982. Ap. J. 256. 247 
Burrows. A .• and Lattimer. J. M. 1986. Ap.J. 307. 178 
Burrows. A .. and Lattimer. J.M. 1987. Ap.J. 318. L 63 
Casatella. A. 1987. ESO Workshop on SN 1987 A. I. J. Danziger. ed.. in press 
Chiosi. C .. and Maeder. A. 1986. Ann. Rev. Astron. Asrophys. 24. 329 
Crlstlanl. S .. and Goulffes. C. 1987. IAU Circular No. 4350 
Dachs. J .. and Hanuschlk. R. 1987. IAU Circular No. 4367 
De Rujula. A. 1987. Phys. Lett. 13193. 514 
GaleoUi. P. 1987. ESO Workshop on SN 1987A. I.J. Danziger. ed. In press 
Hashimoto. M. and Nomoto. K. 1987. Univ. Tokyo pre print 
Haubold. H. J .. Kaempfer. B .. Senatorov. A. V. and VoskresenskL D. N. 1987. 

preprint. Astron. Astrophys.. In press 
Hillebrandt. W. 1982. in ·Supernova: A Survey of Current Research". M. J. Rees 

and R. J. Stoneham. eds.. NATO-AS I c90. Rudel. p. 123 
Hillebrandt. W. 1984. Ann. N. Y. Acad. ScI. 422. 197 
Hillebrandt. W. 1986. in "High Energy Phenomena Around Collapsed Stars". 

F. Pacini. ed .. NATO-AS I C195. Rudel. p. 73 

32 



Hillebrand\. W. 1987. In "Nuclear Astrophysics". W. Hiliebrandt et al.. eds .. 
Lecture Notes In Physics 287. Springer. p. 335 

Hillebrandt. W .. H6flich. P .. Truran. J. W .• and Weiss. A. 1987 a. Nature 327.597 
Hiliebrandt. W .. H6f11ch. P .. Kafka. P .. Mililer. E .. Schmid\. H. U .. and 

Truran. J.W. 1987 b. Astron. Astrophys. ill. L 41 
Hiliebrandt. W .• H6flich. P .. Kafka. P .. MUlier. E .• Schmidt. H. U .• and 

Truran. J. W. 1987 c. Astron. Astrophys. 180. L 20 
Hirata. K .. et al. 1987. Phys. Rev. Lett. 58. 1490 
Lattimer. J. M.. and Burrows. A. 1984. in "Problems of Collapse and Numerical 

Relativity". D. Bancel and M. Signore. eds .• NATO-ASI C134. Rudel. p. 147 
Maeder. A. 1987. ESO Workshop on SN 1987A. I.J. Danziger. ed .• In press 
Mayle. R. W. 1985. Ph. D. Thesis. Lawrence Livermore National Laboratory 
Mayle. R.W .• Wilson. J.R .. and Schramm. D.N. 1987. Ap.J. 318.288 
McNaught. R. H. 1987. IAU-Circular No. 4389 
Muller. E .• and Hillebrandt. W. 1981. Astron. Astrophys. 103. 288 
Mililer. E .• Rozyczka. M .• and Hiliebrandt. W. 1980. Astron. Astrophys. !!!. 288 
Panagia. N.. Gilmozzi. R.. Clavel. J.. Barylak. M.. Gonzales Giesta. R .• 

Lloyd. C .• Sanz Fernandez de Cordoba L.. and Wamsteker. W. 1987. 
Astron. Astrophys. lll. L 25 

Ramadural. S. and Willa. P. J. 1987. preprlnt 
Sato. K .• and Suzuki. H. 1987. Phys. Rev. Lett. 58. 2722 
Schmidt-Kaler. T. Hanuschlk. R .. and Dachs. J. 1987. 

ESO Workshop on SN 1987A. I. J. Danziger. ed .. In press 
Shelton I. 1987. IAU-Clrcular No. 4317 
Shigeyama. T .• Nomoto. K .• Hashimoto. M. and Sugimoto. D. 1987. preprlnt 
Symbalisty. E. 1984. Ap. J. 285. 729 
Truran. J.W .• and Weiss. A. 1987. in "Nuclear Astrophysics'. 

W. Hiliebrandt et al.. eds .• Lecture Notes in Physics 287. Springer. p. 293 
Wampler. E.J .. Truran. J.W .• Lucy. L.B .. H6f11ch. P .• and Hiliebrandt. W. 1987. 

Astron. Astrophys. 182. L 51 
Weaver. T. A .• Wonsley. S. E .. and Fuller. G. M. 1985. in "Numerical Astrophysics'. 

J. Centrella et al.. eds.. Jones and Bartlett. p. 374 
West. R. M .• Laubeerts. A .• Jorgensen. H. E .• and Schuster. H. -E. 1987. 

Astron. Astrophys. 177. L 1 
Wilson. J. R. 1985. In "Numerical Astrophysics". J. Centrella et al.. 

Jones and Bartlett. p. 422 
Wilson. J. R .• Mayle. R. W .• Woosley. S. E .. and Weaver. T. A. 1986. 

Ann. N. Y. Acad. Sci. 470. 267 
Woosley. S. E .• Pinto. P. A .• and Ensman. L. 1987. Ap. J .• In press 
Woosley. S.E .. Pinto. P.A .. Martin. P. and Weaver. T.A. 1987. Ap. J. 31~. 664 

33 



Theoretical Model of SN 1981 A and 
Presupernova Evolution of Massive Stars 

1(. Nomotol, M. Hashimoto 2, and T. Shigeyama1 

1 Department of Earth Science and Astronomy, 
University of Tokyo, Meguro-ku, Tokyo 153, Japan 

2Max-Planck-Institut fiir Physik und Astrophysik, Institut fiir Astrophysik, 
Karl-Schwarzschild-Str. 1, D-8046 Garching, Fed. Rep. of Germany 

Hydrodynamical models for SN 1987A are calculated starting from the new 

presupernova model of the 6 M", heli urn core wi th the envelope of mass 

Menv' The photospheric velocity v ph and the light curve in the 

theoretical models depend on the explosion energy E, Menv' and the mass 

of 56Ni • Models and observations are in reasonable agreement for Menv 
51 > 3 M0 , E'V 1.0 - 1.5 x 10 erg, and MNi'V 0.07 M0 • The best fit 

among the calculated models is obtained for Menv = 6.7 M0 and E = 1.0 x 

1051 erg. Mixing of 56Ni in the core and moderate helium enrichment in 

the envelope are suggested from the light curve and vph ' 

1. Introduction 

The supernova 1987A in the Large Magell·anic Cloud is providing us an excellent 

opportunity to test the theory of massive star evolution, nucleosynthesis, and 

supernova explosion. We will report the results of 1) our new set of calculations 

of the pre-collapse evolution of massive stars based on improved input physics, 

and 2) hydrodynamical calculation of the supernova explosion and the light curve. 

Since the light curve of SN 1987A is quite unique, the comparison between the 

observation and theoretrcal models makes it possible to determine some previously 

unknown quantities, i.e., explosion energy E, mass and distribution of 56Ni , 

envelope mass Menv' and the progenitor's radius. Such information on the chemical 

and dynamical structure of the supernovae would lead us to deeper understanding of 

the mass loss processes before explosion and the mechanism that transforms 

collapse into explosion mechanism. These are the major uncertainties in the 

current theory of massive star evolution. 

In §2, our new calculation of the presupernova evolution of massive stars and 

improved input physics (equation of state, electron capture, and silicon burning 

network) are described. In § 3 - 5, the hydrodynamical models of the explosion 

of a massive star with a helium core of M = 6 M0 are presented. 

2. Presupernova Models 

stars more massive than 11 M0 evolve to form an iron core and collapse due to 

photodisintegration of iron nuclei and electron capture. The outcome of collapse 

and nucleosynthesis depends sensitively on the iron core mass and a density 
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structure in the heavy element mantle. However, there exist considerable 

uncertainties in determining the presupernova models because they depend on the 

carbon abundance after helium burning which in turn depends on the l2c (a, y) 160 

rate [8] and overshooting at the edge of a convective helium burning core [4]. A 

larger reaction rate and overshooting would yield a smaller carbon abundance but 

these factors, especially overshooting, involve large uncertainties. 

Since no reliable theory of convection, especially non-local theory, exists at 

the moment, it is necessary to explore the various possible evolutionary paths 

within a uncertain range. 

Moreover, the mass of the evolved core is close to the Chandrasekhar mass so 

that the core structure is sensitive to equation of state of strongly degenerate 

matter and electron mole number Yeo Therefore inclusion of improved physical 

input is expected to bring a large effect on the presupernova structure. 

We have recently carried out the calculation of massive star evolution. The 

important improvements compared with the model by Woosley and Weaver [40] 

(hereafter WW model) are: 1) Coulomb interaction is included in the equation of 

state, 2) electron capture is included from the beginning of oxygen burning, and 

3) the nuclear reaction rate and electron capture rate for silicon burning are 

obtained from the extensive network calculation for 250 species. 

The improvement 1) leads to the decrease in the Chandrasekhar mass and, hence, 

to the decrease in the core mass at each stage. Due to the improvement 2), even 

before the oxygen exhaustion, the decrease in electron mole number, Ye , is 

significant. Concerning the improvement 3), the behavior of silicon shell 

burning is considerably different from the WW models, which is crucial to 

determine the final presupernova structure. 

We adopt the Schwarzshild criterion for convective stability and neglect the 

overshooting in order to explore the cases of possibly largest carbon abundances 

after helium burning. 

The present set of evolutionary calculations has been performed for helium 

stars of mass Ma ; 2.8, 3.0, 3.3, 4.0, 6.0, and 8.0 M0 • These helium star masses 

correspond to the main-sequence mass of Mms ; II, 12, 13, IS, 20, and 25 M0 , 

respectively. The calculations started from the gravitational contraction of 

the helium star. In the following, the evolution for Ma ; 6.0 M0 is described 

because it is relevant for the progenitor of SN 1987A. 

2.1. Helium, Carbon, Neon, and Oxygen Burning 

The evolution of these massive stars is rather straightforward. They undergo 

alternating stages of gravitational contraction and central nuclear burning of 

hydrogen, helium, carbon, neon, oxygen, and silicon as seen in Figs. 1 and 2 for 

Ma ; 8.0 and 3.3 M0 , respectively. 

The helium burning stage lasts 6.0 x 105 yr and a c-o core of 3.80 M0 forms. 

The mass fractions of carbon and oxygen are X(12 C) ; 0.22 and X(160 ) ; 0.76, 
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Figure 1 Evolutionary changes in the central density and temperature through 

the onset of iron core collapse for the 8 Me!) helium star. Shown are ignition 
lines for nuclear burning and the threshold densities of electron capture for 
oxygen and early silicon burning stages. 
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Figure 2 Same as Figure 1 but for the 3.3 Me!) helium star. 
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respectively. This amount of carbon is large enough for active (i.e., convective) 

carbon burning to take place in the center and, later, in the outer shell. 

Carbon burning starts in the center (1.4 x 104 yr after exhaustion of helium) 

and lasts only 450 yr. When carbon is almost depleted in the core, the resultant 

composition is X(160 ) = 0.66 and X(20 Ne ) = 0.26. The carbon burning layer shifts 

to the outer shell and a convective shell develops at Mr = 1.67 Me. 

Neon burning is ignited in the center (40 yr after exhaustion of carbon) and 

lasts only 0.4 yr. After exhaustion of neon in the center, an oxygen-rich core of 

X( 160 ) = 0.79 and X( 24 Mg ) = 0.10 forms. 

Oxygen burning synthesizes silicon- and sulfur-rich elements and the product 

becomes somewhat neutron -r ich. The main weak processes involved are pos i tron 

decays and electron captures. When X(16 0 ) = 0.01, Ye drops to 0.493 (neutron 

excess n = 1 - 2Ye = 0.014) in the convective core where X(28Si ) = 0.54, X(32 S ) 

= 0.17, X(34 S ) = 0.12, and X(38Ar ) = 0.13. 

2.2. Silicon Burning and Iron Core Collapse 

During the contraction of the Si-S core, electron capture on the products of 

oxygen burning decreases Ye down to 0.46 when silicon is ignited. After 

exhaustion Gf silicon, a convective silicon-burning shell appears successively. 

Silicon shell burning is so intense that a convective zone extends even into a 

part of the oxygen-rich layer. The outer edge of the convective zone is limited 

by entropy barrier at the oxygen burning shell at Mr = 1.6 Me' where steep 

density gradient exists. The location of the silicon burning shell, or the iron 

core mass, depends on the time scales of convective mixing and nuclear 

reaction. If the mixing is much faster than the reaction, silicon is depleted in 

the convective shell and the resulting iron core mass is "'1.6 Me. On the 

other hand, if the time scale of mixing is longer than the nuclear burning time 

scale, the burning shell moves outward as silicon is deplete there. Then the 

iron core mass ranges 1.4 - 1.6 Me. Unfortunately, the mixing time scale is 

highly uncertain because of the poor convection theory. The distributions of 

abundance and density for the case of MFe = 1.4 Me are shown in Figures 3 and 4, 

respectively. 

At the presupernova stage of p = 2 x 1010 g cm- 3 , the masses contained c 
interior to the shell of maximum energy generation for helium (M Heb ), carbon 

(M Cb )' neon (M Neb ), oxygen (MOb)' and silicon (MSib ) are MHeb = 3.8 Me' MCb = 1.8 

Me' MNeb = MOb = 1.6 Me' MSib = 1.4 Me' respectively. Quantitatively similar 

structure is obtained for M = 8.0 Me. 

The gradient of entropy and density is relatively small at the iron core 

edge. The largest jump in these quantities is seen at the oxygen burning shell. 

Accordingly, the mass cut that divides the neutron star and the ejecta could be 

'" 1.6 Me for 20 - 25 Me stars. 
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2.3. Stellar Structure: Comparison with the Previous Models 

The density distribution of the 8 Me helium star [111 which has 18 % carbon is 

different from that of the 8 Me helium core of the 25 Me star which has 9 % carbon 

after helium burning [401 as seen in Fig. 5. (Chemical structure is seen in Fig. 

7.) It is noticeable that the density of the oxygen-rich layer in the former 

model is significantly lower than in the latter because of the steep density 

gradient at the carbon burning shell. 

In the WW25 model, no convective core appears for carbon and neon burning 

phases, while in our model both carbon and neon burning dominate the neutrino 

energy losses and thus, a small convective core and then an extensive convective 

shell form. In particular, convective carbon burning shell extending from Mr 

1.8 Me to 5.4 Me is quite active during neon and oxygen burning. These difference 

are easily seen in the density distribution. 

2.4. Evolution of Stars around 13 Me 

For the helium star of M a 3.3 Me (which correspond to Mms '\, 13 M",), the 

iron core mass is as small as 1.2 Me. The density distribution of the iron core 

is significantly steeper than that of the WW's 15 Me model as seen in Figure 6. 

(Chemical structure is seen in Fig. 8.) Electron capture during oxygen burning 

reduces Ye down to 0.48 at the stage of Xo = 0.01 where electron capture begins to 

be included in the WW models. Inclusion of Coulomb interaction in equation of 

state reduces the pressure by a few percent which is significant because the core 

mass is close to the Chandrasekhar mass. For such a small iron core, a propmt 

explosion with the energy of 2.2 x 1051 erg results [21. 

The formation of such' a small iron core has been confirmed recently by Woosley 

[371 who included Coulomb interaction term and obtained the Fe core mass of 1.28 

M for the 15 M star. 
E) 0 

3. Progenitor of SN 1987A and Presupernova Mass Loss 

The progenitor of SN 1987A is very likely Sk-69 202 [l8, 91. I.ts luminosity is 

about 1 x 105 Le [38, 121. The presupernova luminosities (or at the very advanced 

stages) of our helium star models of mass Ma are: 1.9 x 105, 1.3 x 105, 6.1 x 

10 4 , and 4.0 x 10 4 Le for Ma = 8, 6, 4, and 3.3 Me' respectively [25-27, Ill. 

From this, the progenitor mass is inferred to be Ma '\, 6 M(i) (main-sequence mass 

of Mms '\,20 Me). The 6 Me helium star was evolved up to the iron core collapse 

as described in § 2 [Ill. (See Figs. 3 and 4 for the composition structure and 

the density distribution at the collapse.) 

We constructed the initial model of explosion from the above 6 Me helium star 

by replacing the inner 1.4 Me with a point mass neutron star and attaching a 

hydrostatic hydrogen-rich envelope with mass of Menv. The composition structure 

of the ejecta is: the heavy element layer of 2.4 Me' helium-rich layer of 2.2 Me' 
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Figure 5 (right). 
Density distribution of the 
8 MG) helium star near the 
onset of iron core collapse 
(solid: Hashimoto and Nomoto 
1987) compared with that of 
the 8 MG) helium core of the 
25 MG) star (dashed: Woosley 
and Weaver 1986). 
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and the hydrogen-rich envelope of Menv. Thus the total mass of the ejecta is M 

4.6 M0 + Menv· 

The mass, Menv' and the composition of the hydrogen-rich envelope depends on 

the mass loss and convective mixing during the presupernova evolution. The 

evolutionary route to reach the blue supergiant at the explosion is not yet clear. 

Recent uv observations have shown that the UV emission lines originated from 

circumstellar material which is nitrogen-rich [19]. This suggests that the 

progenitor had evolved once to a red supergiant stage. lost a significant fraction 

of its hydrogen-rich envelope, and then contracted to the size of the blue 

supergiant. This scenario is consistent with the fact that in the Large 

Magellanic Cloud there exist many bright red-supergiants corresponding to stars up 

to Mms "'50 M0 [15]. 

The surface composition changes during the mass loss as seen from the example 

of the star of Mms = 25 M0 (Fig. 9 taken from [20]). When the remaining stellar 

mass is 15 - 10 M0 , the surface abundances are different from the original ones. 

Helium and nitrogen are overabundant at almost the same stages and the abundance 

ratios are as large as He/H = 1 - 1.2 and N/C "'40 in mass fraction. During these 

stages, the star is a F, A, or B supergiant. In the above models, the abundance 

change occurs during core helium burning and the final state is either a red 

supergiant or a Wolf-Rayet star [20]. However. the mass loss rate in stars of 

the Large Magellanic Cloud must be smaller than in the Galaxy because of lower 

metallici ty [21]. Hence starting from Mms = 20 - 25 M0 , the presupernova star 

could still have its mass of 15 - 10 M0 with the large surface He/H and N/C 

ratios. 

Generally, Menv and helium abundance of the star of Mms = 20 M0 could range 

from 14 M0 to '" 0.1 M0 and from 0.25 to '" 0.9. respectively. However. the large 

N/C ratio in the circumstellar matter suggests that the progenitor had lost more 

than 40 % of its mass and its envelope is somewhat helium-rich at the explosion. 

Interestingly the early light curve and the photospheric velocity somewhat depend 

on the surface abundance and thus provides information on the abundance. 

In the following hydrodynamical models, we describe Models llElY4, llElY6, 

llE1.5, llE2, 7EIY4. where 11 and 7 denote the ejecta mass of M = 11.3 M0 (Menv = 

6.7 M0 ) and 7.0 M0 (Menv 2.4 M0 ), respectively; El. El.5, and E2 denote 

explosion energy of E = 1, 1.5. and 2 x 1051 erg. respectively; Y4 denotes the 

surface composition of X = 0.59, Y = 0.40. and Z = 0.01 while Y6 for Y = 0.6. For 

all models the initial radius of the progenitor is assumed to be RO = 3 x 1012 cm. 

4. Hydrodynamical Models for SN 1987A 

In the hydrodynamical calculation of supernova explosion, the enerqy E was 

deposited instantaneously in the central region of the core to generate a strong 

shock wave. The subsequent propagation of the shock wave, expansion of the star, 

and the optical light curve were calculated using a hydrodynamic code [41] with a 

modification to include flux limited diffusion [29]. 
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For the heavy element layer recombination of oxygen is taken into account for 

opacity and energetics. For the helium layer, the helium line opacity of 0.009 

cm 2 g-l sets the lower bound value of the opacity [14]. These line opacities are 

highly uncertain because of the variation of Doppler shift for a large velocity 

gradient. The radioactive decay and the deposition of Y-rays are treated by 

applying the approximate deposition function [33]. 

The shock wave propagates through the low-density hydrogen-rich envelope 

producing a reverse shock as seen from the change in the density distribution in 

Fig.10. This leads to a formation of density inversion as seen in Fig.l1 for 

Models 11El and 11E2. Because of Rayleigh-Taylor instability, the core material 

will be mixed during early stages [40]. Since the time scale and extent of mixing 

is uncertain, we made several models 11E1Y4 with mixing up to Mr = 0.07 (no 

mixing), 2.4, 3.4, and 8.0 M®. 

composition. 

For the mixed layer, we assume uniform 

The shock wave arrives at the original surface of the star at t prop' which is 

approximated for different values of the initial radius RO and the ejected mass M, 

and for different energies of explosion E as [31] 

(1) 

The condition of t prop < 3 hr (Kamiokande time will be used hereafter) rules out 

the models with too large RO and too low ElM [31]. The progenitor radius larger 

than 4.5 x 1012 cm is ruled out for Model 11E1 simply from this condition. 

After the shock wave reaches the surface, the star starts to expand and soon 

the expansion becomes homologous as v a: r. Tn Figure 12, the velocity 

distribution for the homologous expansion is shown. The velocity gradient 

against the enclosed mass, Mr , is very steep near the surface, while it is almost 

flat in the helium layer (1500 - 1700 km s-l for 11E1) and the heavy element core 

(1200 - 1500 km s-l for 11El). This is because the core material is decelerated 

and forms a dense shell due to the reverse shock when the expanding core hits the 

hydrogen-rich envelope and The expansion velocities of the helium and heavy 

element layers are so low that the kinetic energy of these layers is only 10 % of 

the total kinetic energy for 11E1. 

As the star expands, the photosphere moves inward in Mr. Because of the steep 

velocity gradient near the surface, the velocity of the material at the 

photosphere decreases as seen in Figure 13 for Models 11E1Y4 and 11E1Y6. This may 

be compared with v ph = rphlt where r ph is the radius of the black body surface 

obtained from the photometric observations [24, 6, 10]. The photospheric velocity 

of Model 11E1Y4 is in good agreement with SAAO data but slightly larger than CTTO 

values. For E larger than 1.5 x 1051 erg, vph may be too large for M~ 10 M® 

while E could be larger for larger M. Although the determination of r ph is 

subject to uncertainties as seen from the difference between SAAO and CTTO data, 

this comparison gives a useful constraint on ElM of the model. 
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It is interesting to note that v ph depends on Y in the envelope because the 

helium-line opacity makes r ph larger (Fig. 13). This might indicate that envelope 

is not extremely helium-rich, although uncertainties are involved in the opacity 

and r ph ' More careful analysis could provide constraints on the composition of 

the envelope. 

In Model 11E1Y4, the photosphere entered the helium layer and then the heavy 

element layer around t = 90 d (70 d) and 110 d (80 d), respectively, for SAAO 

(CTIO) data as seen from vph and the velocity profile in Fig. 12. 

5. Light Curve Models 

5.1. Shock Heating 

The light curve of SN 1987A is quite unique. 1) It took only 3 hours for the 

visual magnitude to reach 6.4 magnitude after the neutrino burst. 2) At the 

subsequent plateau, the optical light was much dimmer than typical Type II 

supernovae. 3) Afterwards optical luminosity increased until about 84 d forming a 

broad peak. 4) The supernova then declined first relatively rapidly and then 

slowly at 0.01 mag/day. The slow decline portion of the light curve is clearly 

the radioactive tail of the 56Co decay. 

These light curve features give some constraints on the hydrodynamical model of 

explosion. First of all, the steep rise in luminosity in 3 hr requires relatively 

large E/M and small RO [31]. 

should be satisfied. Moreover, 

Certainly the condition of t prop < 3 hr (Eq. 1) 

when the shock wave arrives at the photosphere, 

the temperature behind the shock is as high as 10 6 K so that the most of the 

radiation is emitted in EUV through soft X-ray band. In order for the optical 

flare-up of the supernova to be seen at t = 3 hr, the ejected gas and the 

radiation field should have expanded rapidly so that the temperature becomes 

lower and the radius of the photosphere becomes larger. Therefore, the expansion 

velocity and thus E/M should be larger than a certain value. 

Figures 14 - 16 show the changes in the calculated V magnitude, the bolometric 

luminosity, and the effective temperature for 11EIY4 and l1E1Y6. For observed 

points, the distance modulus of 18.5 and the extinction of 0.6 are adopted [34]. 

In order for the visual magnitude to reach 6.4 mag in time, E = 1 x 1051 erg is 

required for M = 11.3 M@. For the envelope with smaller Y, luminosity is lower 

and hence larger E is required because of larger scattering opacity. Moreover, 

the model with Y = 0.6 is in better agreement with the overall shape of the 

observed light curve than Y = 0.4. Such a dependence on Y deserves further 

careful study because it would provide information on presupernova mass loss. 

Although the theoretical models are generally in good agreement with 

observations at early phase, there remain uncertainties in theoretical model. The 

supernova atmosphere is scattering dominant so that the color temperature may be 

significantly higher than the effective temperature [31, 13]. The bolometric 
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correction is sensitive to the color temperature because it is as high as 4 - 6 x 

10 4 K. If we apply the bolometric correction based on the color temperature, 

theoretical visual luminosity is lower than in Fig. 14 so that larger ElM is 

required as derived in Shigeyama et al. [31l. To examine this problem, we need 

multi-frequency transfer calculations. 
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In short, the early light curve up to t ~ 20 d can be accounted for by 

diffusive release of energy which was deposited in the envelope during the passage 

of the shock wave. (For Model llE1, the initial radiation field with energy of 

4.4 x 1050 erg is established.) 

5.2. Light Curve Powered by Radioactive Decays 

After these early stages, the observations show the increase in the bo1ometric 

luminosi ty. This indicates the existence of an energy source that continually 

heats up the expanding star. The light curve tail after 120 d clearly shows that 

this energy source is the decay of 56Co• 

The theoretical light curve with radioactive decays of 56Ni and 56co was 

calculated assuming the production of 0.071 M0 56Ni • Figures 17 - 20 compare the 

calculated bolometric light curve with observations [6, 10] for several cases of 

E, Menv' and Ni distribution. As the star expands the theoretical optical light 

at this phase changes in the following way: 

The photosphere becomes deeper as the recombination front proceeds through the 

hydrogen-rich envelope deeper in mass. At the same time heat wave is propagating 

from the interior. As a result, the theoretical bolometric luminosity starts to 

increase at a certain stage and reaches a peak value of Lpk ~ 1 x 1042 • After the 

peak, the theoretical luminosity decreases rather steeply compared with the broad 

peak of SN 1987A. Finally the light curve enters the tail. 

It should be noted that the observed peak luminosity is larger than the energy 

generation rate due to Co-decay 

which gives L = 5.4 x 1041 erg s-l at t = 70 d for Mco = 0.071 M®. This implies 

that previously deposited energy from Co-decay is also radiated away during the 

broad peak of the light curve [39]. How this additional energy is radiated away 

is rather sensitive to the hydrodynamics, opacity, etc. The difficulty to 

reproduce the broad peak may be related to the fact that total photon energy 

emitted from the supernova is smaller than 1049 erg, less than 1 % of the kinetic 

energy of expansion [6, 10]; the optical flux may easi1¥ affected by slight change 

in the hydrodynamics. Also the flux-limited diffusion approximation used in the 

calculation may need to be improved. Contribution of oxygen recombination to the 

light curve [30] was found to be negligible in our calculation. 

Despite this difficulty, both the peak luminosity and the tail can be 

consistently accounted for by the radioactive decay of 56Co• The amount of 56Ni 

initially produced is 0.071 Mo and 0.066 Mo if we fit the light curve tail to SAAO 

data and CTIO data, respectively. The y -ray optical depth at t = 170 d is still 

as large as 12 for Model 1lE1Y4 (Fig. 21). Therefore the light curve tail is 

almost identical to the Co-decay tail given by Eq. (2). 
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The light curve depends on the time scale of the heat transport in the 

expanding matter and thus on the opacity. We may consider the case where the 

lower bound of the opacity in the helium and heavy element layer is larger. This 

might be possible, if the effects of velocity gradient on the line opacity is 

large. The result for such enhanced opacity is not so satisfactory because Lpk is 

about L given by Eq. (2) which is too low to be compatible with the observed Lpk• 

On the other hand, if we set a smaller lower bound for the opacity of helium 

layer, the increase in light curve to the peak is too steep. 

5.3. Light Curve and Hydrodynamics 

As discussed above, the light curve shape is sensitive to the hydrodynamics and 

thus a useful tool to infer 1) distribution of the heat source 56Ni , 2) explosion 

energy E, and 3) mass of the hydrogen-rich envelope Menv. 

1) Ni - Co distribution: As a result of Rayleigh-Taylor instability ( §4), it 

is likely that 56 Ni is mixed into outer layers to some extent. Figures 17 18 

show how the ligh~ curve depends on the distribution of 56Ni • If we assume that 

56Ni is confined in the innermost layer of the ejecta, the increase in luminosity 

is delayed, a dip appears in the curve, and the light curve shape of the rising 

part is too steep as compared with the observations (dashed line in Fig. 17). On 

the other hand, if 56 Ni is mixed into outer layers, heat is transported to the 

envelope earlier. As a result the optical light increases earlier and the light 
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curve shape is less steep, being in better agreement with the observation (Fig. 

18). This may suggest that heat source might actually be mixed into outer layers. 

Non-spherical effect could play an important role. 

2) Envelope mass: For Model 7El with the hydrogen-rich envelope of 2.6 Me' a 

peak luminosity of '" 1042 erg s-l is reached too early at about t = 50 d because 

the expansion velocities of the helium and heavy element layers are larger than in 

llEl and the photosphere approaches the helium layer earlier. Therefore Menv 

should be larger than '" 3 Me' Probably we need Menv = 5 - 8 Me for good 

agreement with the observations (also [371). This indicates the importance of the 

deceleration of the expanding core by the hydrogen-rich envelope [391. On the 

other hand, Menv should be lower than a certain value because the nitrogen-rich 

layer had been lost from the star before the explosion. The important question is 

if there exists an allowable range of Menv to satisfy both conditions. 

3) Explosion energy: For Model 11E1.5Y4 (E = 1.5 x 1051 erg), the luminosity 

peak of 1.3 x 1042 erg s-l is reached at t = 63 d which is a little too early 

compared with the observation. The cases with E = 1.0 - 1.3 x 10 51 erg show a 

better fit to the observations (Fig. 20). This constraint is consistent with the 

condition obtained from the photospheric velocity. 

To summarize, the light curve of late stages suggests relatively slow expansion 

velocity of the helium and heavy element layers. This is also suggested from the 

observed expansion velocity at the photosphere vph' This condition imposes the 

upper bound of ElM and the lower bound of Menv' On the other hand, the initial 

steep rise and plateau luminosity imposes the lower bound of ElM. 

conditions can be satisfied as follows: 

These 

1) The late light curve suggests the upper bound of explosion energy to be 

about 1.5 x 1051 erg for M '" 10 Me' On the other hand, the early light curve 

requires E > 1.0 x 1051 erg. Thus E = 1.0 - 1.5 x 1051 erg for M = 11.3 Me could 

satisfy both conditions. For larger M and Menv' E would be larger. 

2) The late light curve may require Menv > 3 Me' However, this Menv would be 

close to the upper bound of Menv in order for the nitrogen-rich layer to be 

exposed by mass loss. At this moment, it is not clear whether we can find 

solution to satisfy these conditions of Menv' Certainly Menv is an important 

quantity to determine. 

6. Concluding Remarks 

The hydrodynamical models and the resulting light curve models impose several 

interesting constraints on Menv and E, i.e., on the pre supernova mass loss history 

and the explosion mechanism. 

In particular, the requirement of Menv > 3 - 5 Me suggests that the progenitor 

returned from the red-supergiants to the blue before losing most of its hydrogen­

rich envelope. This might be inconsistent with the evolutionary models [21, 361 
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where Menv is smaller than 1 MG>' The radius of the progenitor is sensi ti ve to 

many factors, especially convection, more careful evolutionary calculation with 

mass loss is required. If significant mass loss had occurred in the progenitor, 

Figure 9 predicts large ratios of He/H, N/C, N/O, and 13C/ 12 C in the surface 

region of the progenitor. This can be checked observationally and theoretically. 

The explosion energy, Menv' and the mixing of 56 Ni can be inferred from the 

observations of X-rays and y-rays originated from radioactive decays [22]. Very 

recently, the X-ray astronomy satellite Ginga discovered an X-ray source in the 

region of SN 1987A [43]. Because of its hard spectrum, the source is very likely 

SN 1987A. The X-rays from this source have been gradually increasing since t = 

130 d and seems to reach the peak around t = 190 d [44]. If the hard component of 

the X-rays is due to Compton degradation of Y-rays emitted from the 56Co decay, 

the detection is much earlier than predicted [45,46]. Such an early emergence of 

X-rays and a relatively slow increase in intensity can be qualitatively accounted 

for by the radioactive decay model if we assume that 56Co has been mixed into 

outer layers [17,47]. 

The evolutionary scenario with significant mass loss during the red supergiant 

phase predicts the existence of a low density inner circumstellar matter and a 

denser outer matter around SN 1987A. The soft component of the X-rays observed 

with Ginga [44] might be due to the collision between the supernova ejecta and the 

circumstellar material [16,48]. If this is the case, the x-ray luminosity and 

timing [43] indicate that the mass loss occured several hundreds years before the 

explosion and the mass loss rate over wind velocity is 3 x 10-6 M y-1 / 10 km s-l o 
[48]. 

The suggested explosion energy of 1.0 - 1.5 x 10 51 erg could be obtained by 

both prompt [3] and delayed explosion mechanism [35]. From the presupernova core 

structure (Figs. 3-4), the iron core is in the range of 1.4 - 1.6 M0 , while the 

very steep density jump appears at Mr "-'1.6 M0 . Therefore mass cut that divides 

the neutron star and the ejecta may be about 1.6 M0 irrespective of the explosion 

mechanism. 
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The implications of Supernova 1987A in the Large Mage11anic Cloud are examined 

with respect to theoretical models of the evolution of massive stars and of 

nuc1eosynthesis in massive stars and associated Type II supernovae. The outburst 

is identified with the explosion of a supergiant star of approximately 20 M0 . We 

address the question as to how the presence of a blue supergiant progenitor for 

Supernova 1987A can best be understood in the context of stellar evolution theory. 

We also review the nuc1eosynthesis expectations for Type II supernovae including, 

specifically, the production of nuclei of mass A-56 as 56Ni and its implications 

for both the light curve of Supernova 1987A and gamma ray astronomy. 

1. Introduction 

The outburst of Supernova 1987A in the Large Mage11anic Cloud is providing an 

unprecedented opportunity for theoretical astrophysicists to test their models of 

massive star evolution, gravitational collapse, neutron star formation, the 

supernova explosion mechanism itself, and explosive nuc1eosynthesis. Observations 

of the photometric and spectral development over a broad range of wavelengths are 

providing information which is crucial to efforts to understand the structure and 

evolution of the stellar progenitor, the hydrodynamics of the core explosion and 

the ensuing passage of the shock outward through the stellar envelope, and 

nuc1eosynthesis in massive stars and supernovae. The detection of neutrinos from 

Supernova 1987A signaled the birth of extra-so1ar-system neutrino astronomy and 

exciting developments in X-ray and ~-ray astronomy may be forthcoming. 

Our concern in this paper is with the implications of Supernova 1987A for 

stellar evolution and nuc1eosynthesis theories. One significant outgrowth of 

observational studies of Supernova 1987A has been the unambiguous identification 

of the stellar progenitor. This alone has provided some surprises for stellar 

evolution theorists. In particular, the identification [1,2] of a blue supergiant 

progenitor for Supernova 1987A - the B3 Ia supergiant Sandu1eak -69 202 - has 

raised questions concerning our understanding of the details of the later stages 

of evolution of massive stars. The general opinion of stellar evolution theorists 

was that stars of masses > 10 M0 compatible with the progenitors of Type II 

supernovae should evolve to red supergiants prior to the ignition of carbon in the 

central regions and thus should subsequently explode as red supergiants. We note, 
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alternatively, that the calculations of LAMB et. al. [3], for stars of solar 

metallicity evolving in the absence of mass loss, indicated that significant 

redward evolution need not be experienced for stars in the appropriate mass range. 

The inclusion of mass loss effects encourages evolution to the red, unless the 

mass loss rates are so high that the hydrogen envelope of the star is almost 

completely removed by the end of helium burning. Such high mass loss rates are 

observed only in the case of Wolf-Rayet stars, which typically have much higher 

initial masses than SK -69 202. 

We first require an estimate of the allowed range of luminosity and associated 

stellar mass for the supernova progenitor. The fact that Supernova 1987A is 

situated in the Large Magellanic Cloud, at a well determined distance, allows an 

accurate estimate to be obtained. The identification of Sanduleak -69 202 as of 

spectral type B3 Ia implies a surface effective temperature of approximately 

15,000 K. With the choices of an apparent visual magnitude mv - 12.24 mag [4], a 

distance modulus m-M = 18.5 for the LMC, and a reddening correction Av - 0.6 mag, 

a photometric analysis of the several components of the Sanduleak -69 202 system 

by WEST et. al. [1] yielded an absolute visual magnitude My = -6.8 mag for the B3 

Ia star. The further assumption of a bolometric correction of 1.3 yields an 

absolute bolometric magnitude for the supernova progenitor Mbo1 = -8.1 mag and a 

corresponding luminosity of 5 x 1038 erg s-1 or 1.3 x 105 L0 . 

An estimate of the mass of the progenitor now follows from a survey of 

published models of massive star evolution. As we will learn from our subsequent 

discussion, it is necessary to give careful attention to results obtained for 

various assumptions concerning initial metallicity, the rate of mass loss, and 

the treatment of convection. The models of BRUNISR and TRURAN [5,6] indicate that 

a 15 M0 star will reach the onset of carbon burning at a luminosity ~ 3.1 x 1038 

erg s-1 (~ 8 X 104 L0 ) quite independent of initial metallicity and the presence 

of a moderate rate of stellar mass loss. WEAVER et. al. [7] found a 15 M0 star of 

solar metallicity to have a luminosity of 3.7 x 1038 erg s-1, while the 20 M0 

model discussed by WILSON et. al. [8] had a luminosity of 5.7 x 1038 erg S-1. 

Similar results are reflected in the evolutionary tracks for massive stars 

undergoing mass loss, as described by CRIOSI and MAEDER [9]. We will therefore 

proceed on the assumption that the progenitor of Supernova 1987A had a mass of 

~ 20 M0 . 

2. Evolution of the Stellar Progenitor 

A question of particular interest to stellar evolution theorists concerns why the 

progenitor was a blue supergiant. In this section, we briefly review three 

possible explanations for such an occurrence: (i) it is a consequence of the lower 

metallicity characteristic of the Large Magellanic Cloud; (ii) it is a consequence 

of a high rate of mass loss, which enables the progenitor to evolve to the red and 

then return to the blue; and (iii) it is attributable to the effects of convection 
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on the evolution of supergiants. Some possible observational constraints on the 

supergiant phase evolution of the progenitor star are also noted. 

Metallicity effects provide a promising possible explanation for the occurrence 

of a blue supergiant progenitor. Guided by the results of evolutionary 

calculations by BRUNISH and TRURAN [5,6] which predicted that stars of mass 

- 20 M0 of low metallicity can reach the end of their evolution as blue 

supergiants, HILLEBRANDT et. al. [10] suggested that the occurrence of a blue 

supergiant progenitor in a low metallicity population such as that which 

characterizes the Large Magellanic Cloud could be understood in this manner. This 

has been confirmed by subsequent calculations by TRURAN and WEISS [11]. The 

results of calculations [10] performed without mass loss for models of 15 and 20 

M0 and different metal contents are shown in Fig. 1. For comparison, the metal 

abundances in H II regions [12] in the Large Magellanic Cloud indicate a 

metallicity Z Z~4. Clearly, in both cases, a moderately low metal abundance 

compared to the sun results in a blue supernova progenitor. The models confirm 

earlier results by BRUNISH and TRURAN [5,6] and STOTHERS and CHIN [13], which 

indicated that a low metallicity favors a "bluish" evolution. Indeed, these 

models fail to achieve any red supergiant evolution whatsoever. This fact appears 

to be in contradiction with the occurrence of cool stars in the LMC. It therefore 

would be very interesting to determine whether SK -69 202 actually has been a red 

supergiant at earlier phases. 

BRUNISH and TRURAN [5,6], furthermore, have investigated the influence of 

moderate mass loss on the evolution of stars of both populations. Although their 

final models at the end of the carbon burning phase, after suffering the loss of 

approximately 10% of their initial mass, have a tendency to be slightly cooler 

than the models without mass loss, the basic results are unchanged. MAEDER [14] 
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finds the same weak influence on Population I models becoming red supernova 

progenitors when utilizing moderate mass loss. However, when he used a higher 

mass loss rate, models losing 50% or more of their initial mass were found to 

reach the end of their evolution as blue supergiants. MAEDER's [15] recent result 

for the evolution of the progenitor of SN 1987A, shown in Fig. 2, confirms that 

heavy mass loss yields a blue supergiant. However, the total amount of hydrogen 

left at the time of core collapse is only - 3 M0 (the star has lost mass from 20 

M0 to 9 M0 ). This value may be too small to reconcile with models of the light 

curve and spectral evolution of SN 1987A. 

An alternative approach which yields a blue progenitor that previously has been 

a red supergiant is based upon a treatment of semiconvection which differs from 

the standard (Schwarzschild) treatment. Using the Ledoux criterion and some 

particular assumption concerning the mixing timescale, WOOSLEY et. al. [16] 

succeeded in obtaining the desired result. BARAFFE and EL EID [17] presently are 

also investigating evolution with the Ledoux criterion for convection. Equivalent 

calculations by TRURAN and WEISS [18] for a 20 M0 star are shown in Fig. 3. They 

apply the same criterion and also assume that mixing takes place only in the 

region where Vrad > VLedoux = Vad + fi/4-3fi • dln~/dlnP. This corresponds to the 

extreme case of assuming that mixing in semiconvective regions, i.e. where Vad < 

Vrad < VLedoux' is infinitely slow. Note that, for these assumptions, the star is 

found to evolve to the red and then to return to the blue, even prior to the 

termination of core helium burning (Fig. 3). The other extreme, instantaneous 

mixing as in the fully convective regions, corresponds to the application of 

Schwarzschild's criterion, i.e. Vrad > Vad • In fact, LANGER et. al. [19], using a 

diffusion approximation for semiconvection, mentioned that in most cases the 

mixing is very fast, so that the Schwarzschild case is recovered. Evolution with 

the Schwarzschild criterion is shown for comparison in Fig. 4; here, the star 
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never evolves to the red and is to be found in the blue supergiant region at the 

end of core carbon burning. 

The supergiant phase of evolution of the progenitor of Supernova 1987A is thus 

seen to provide an interesting test of our understanding of stellar evolution 

theory. A critical question here concerns the extent of evolution experienced by 

the supernova progenitor as a red or blue supergiant. Was SK -69 202 ever a red 

supergiant? While it was apparently a blue supergiant immediately prior to the 

outburst, its earlier evolution in the supergiant region of the Hertzsprung­

Russell diagram is a matter of discussion and debate. There are some general 

constraints on the character of this evolution which we believe may help guide us 

to an understanding of the nature and evolutionary history of Sanduleak -69 202. 
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The question quite naturally arises as to whether the stellar evolution 

calculations reviewed here for metal deficient stars imply a significant 

distortion of the Hertzsprung-Russell diagrams for low metallicity populations in 

general and for the Large Magellanic Cloud in particular. HUMPHREYS and DAVIDSON 

[20] have argued that massive star evolution has resulted in very similar 

supergiant populations in the Galaxy and the LMC, in spite of the small 

differences in the heavy element abundance levels. Of particular concern might be 

the fact that the observed Mbol verses log T. H-R diagrams for both the LMC [20] 

and the SMC [21] reveal the presence of a significant population of red 

supergiants at luminosities consistent with stars in the mass range 

For the case of the LMC, we believe that this observed behavior might be simply a 

consequence of a spread in metallicity of a factor of a few, since our numerical 

results reveal that there exists a strong dependence of the extent of redward 

evolution on metallicity Z for values in the range 0.1 Z05 Z 5 Z0' There also 

exists some uncertainty as to whether the H II region abundances [12] for oxygen 

and a few other elements accurately reflect the level of abundances of heavier 

metals like iron. A somewhat broader spread in metallicity might be necessary to 

allow an understanding of the H-R diagrams for the SMC, which is known to have a 

lower Z than the LMC. This could be a problem for our models. However, we 

believe that the observations of both the LMC and the SMC suggest a relatively 

larger population of supergiants in the temperature range T. - 10,000-20,000 K, 

compatible with the results of our calculations. 

The alternative interpretation of this data is generally based on calculations 

of massive star evolution at high mass loss rates. Evolutionary tracks for 

massive stars of solar composition undergoing mass loss, reviewed by CHIOSI and 

MAEDER [9], reveal a more rapid evolution to the red subsequently followed by 

quite significant blueward excursions. For such models, the breadth of the blue 

supergiant region (and its relative population) is generally attributed to the 

presence of these blue loops. The occurrence of an immediate blue supergiant 

progenitor of Supernova 1987A is not easy to understand in this context, since 

mass loss effects are not expected to be so significant for stars of mass - 20 M0 . 

However, MAEDER [15] has shown that, for the choice of an appropriate high rate of 

supergiant phase mass loss, the evolutionary models can reproduce both the 

observed distributions of red and blue supergiants and the occurrence of a blue 

supernova progenitor. 

What evidence might exist for the presence of high rates of mass loss for stars 

in the Magellanic Clouds? The predicted rates of mass loss for main sequence 

stars of masses - 20 M0 are not high enough to effect any significant change in 

the envelope mass. Stars which remain in the blue supergiant regime of the H-R 

diagram and never evolve to red supergiants, as in the calculations of BRUNISH and 

TRURAN [5,6], may therefore not experience significant levels of mass loss. There 

are, however, several indications that stars in the LMC and SMC do suffer 
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significant mass loss. BESSEL [22] has noted that the pulsation periods for red 

supergiants in the SMC imply masses which are less than those one would normally 

infer from the luminosities, suggesting that mass loss has indeed occurred. 

KUDRITZKI [23] has determined high helium to hydrogen ratios for two BO stars in 

the LMC, again indicating that substantial envelope depletion is realized at least 

for stars of somewhat larger masses - 30 M0 . 

These observations suggest that significant mass loss may accompany phases of 

red supergiant evolution. Other features of such evolution are also of interest. 

Models that evolve to red supergiants prior to carbon ignition develop convective 

envelopes which act to bring processed matter from the CNO-hydrogen-burning shell 

to the surface. Abundance signatures of such mixing will include an increased 

HejH ratio and high N/C and N/O ratios, such as have been reported for other blue 

supergiants in the LMC by KUDRITZKI [23]. High mass loss rates can further 

emphasize these signatures. The detection of such abundance trends in the 

spectrum of Supernova 1987A during the phase when the spectrum is dominated by 

hydrogen would serve to confirm the convective character of the envelope at an 

earlier epoch and thus support the argument that Sanduleak -69 202 was once a red 

supergiant. Alternatively, the facts that no such peculiar abundance ratios have 

been detected to date and that the spectrum remains hydrogen rich appear to 

support the view that significant mass loss did not occur for the supernova 

progenitor. 

3. Condensed Remnant Expectations 

Another interesting and still outstanding question with respect to Supernova 1987A 

concerns the character of the remnant. The massive star progenitors of supernovae 

of Type II are generally predicted to give rise to condensed remnants: neutron 

stars or black holes. This is a simple consequence of the fact that thermonuclear 

burning stages in such stars proceed through the formation of an iron core il. 

which, lacking further nuclear fuel, collapse ensues. Model predictions for the 

helium core masses, iron core masses, and remnant neutron star masses, for stars 

of main sequence masses in the range 12-25 M0 , are provided in the review by 

WOOSLEY and WEAVER [24]. 

Of particular interest here is the question whether the remnant core mass can 

exceed the limiting mass for a stable neutron star - 2 M0 [25] and thus imply 

black hole formation rather than neutron star formation. The fact that WOOSLEY 

and WEAVER [24] quote a remnant mass of 1.96 M0 , for the case of a 25 M0 star, is 

suggestive of this possibility. We note that predictions of the remnant masses 

are a sensitive function of the core entropy structure, which in turn depends upon 

whether the core is convective or radiative. A concomitant of convective burning 

is efficient energy transport and cooling. This generally favors the transition 

to a partially degenerate gas such that the critical mass for contraction is the 

Chandrasekhar mass, and relatively small burning cores are realized. In contrast, 
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for radiative burning cores the Chandrasekhar mass does not play such a dominant 

role. Core carbon burning in the presence of low 12C concentrations, such as 

might be expected using the currently accepted value for the rate of the 

12C(a,~)160 reaction, yields radiative burning cores and thus larger iron core 

masses. This effect ultimately yielded the 1.96 Me neutron star mass quoted for a 

25 Me star. WOOSLEY and WEAVER [24] argue that this effect becomes more important 

for stars of mass M ~ 20 Me than for lighter ones, but there still seems to remain 

the possibility of black hole formation in models of mass compatible with that 

inferred for Supernova 1987A. 

What is the best guess as to the remnant of Supernova 1987A? A straightforward 

interpretation of the Kamiokande and 1MB neutrino events follows from the 

assumption of neutron star formation and its implied intensity and timescale for 

the emitted neutrino pulse. The remnant expectations in this instance are clear: 

on the timescale of one or two years required for the expanding supernova envelope 

to become transparent, the underlying neutron star may become detectib1e as a 

consequence of pulsar beaming, thermal X-ray emission, or the heating and 

excitation of the surrounding nebular remnant. 

4. Nuc1eosynthesis Expectations 

The hydrogen features in the spectrum of Supernova 1987A confirm that it is a Type 

II supernova. Such supernovae are the expected products of the evolution of 

massive stars M ~ 10 Me. The higher temperatures prevailing in the cores of 

massive stars are sufficient to ensure that carbon, oxygen, neon, and silicon 

thermonuclear burning phases will proceed through the formation of a core composed 

of iron-peak nuclei, surrounded by a mantle of matter enriched in intermediate 

mass elements. The predicted mass [24] of heavy elements ejected in the supernova 

phase for a 15 Me model is 1.24 Me' while that for a star of 20 Me is about 2.5 

Me. Such matter should presumably become viewable when the expanding hydrogen­

rich envelope becomes optically thin. 

Detailed nuc1eosynthesis calculations (see, for example, the reviews by TRURAN 

[26] and WOOSLEY and WEAVER [24]) indicate that oxygen and nuclei from neon to 

calcium (the expected products of explosive carbon and oxygen burning) are 

produced in approximately solar proportions in massive stars and associated 

Type II supernovae, while both carbon and the iron peak nuclei are somewhat 

underproduced. 12C underproduction is a consequence of the rate of the 

12C(a,~)160 reaction and the implied 12Cj160 ratio reSUlting from core helium 

burning; this also directly influences the predicted abundances of the nuclei 

neon, sodium, magnesium, and aluminum - the products of carbon burning. While 

there is general qualitative agreement regarding these nuc1eosynthesis 

expectations, published numerical calculations differ significantly in detail. 

This is evident from a comparison of the presupernova nuc1eosynthesis predictions 

from the studies by ARNETT [27] and WOOSLEY and WEAVER [28] which are shown in 
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Table 1 
PRESUPERNOVA NUCLEOSYNTHESIS 

ABUNDANCE 

MASS 12C 16 0 Ne Mg Si S Ar Ca Ref. 
(Me) 

15 0.57 1 0.43 0.35 5.1 8.7 11. 13. a 

2.6 1 1.5 6.0 3.9 b 

20 0.29 1 0.23 0.21 2.4 2.6 2.4 1.6 a 

0.83 1 3.5 5.0 3.9 b 

25 0.19 1 0.38 0.52 1.4 1.5 1.6 1.5 a 

0.76 1 3.0 2.5 2.4 b 

(a) WOOSLEY and WEAVER (1986b); (b) ARNETT (1978) 

Table 1. Here, the production of nuclei from 12C to 40Ca, normalized to oxygen in 

the sun, is presented as a function of stellar mass. Note that, while the two 

studies used a similar 12C(Q,~)160 rate, the abundance predictions differ 

considerably. The level of uncertainty associated with stellar model calculations 

of nucleosynthesis is presumably reflected in this comparison. Nevertheless, we 

can expect that the spectrum of Supernova 1987A should ultimately reveal the 

presence of significant enrichments of nuclei from oxygen to calcium, when matter 

from the outer regions of the hydrogen-exhausted core reaches the photosphere. 

The mass fraction in the form of iron peak nuclei predicted to be ejected in a 

Type II supernova event is a sensitive function of the prevailing temperature and 

density conditions in the vicinity of the mass cut, at the boundary of the 

collapsing core. The shock strength in these regions will serve to determine both 

the extent to which silicon and intermediate mass nuclei are processed to iron 

peak nuclei and the velocity imparted to the matter. Strong shocks will thus 

favor increased yields of iron peak nuclei. Observations of heavy element 

abundance patterns in extremely metal deficient stars [29,30] suggest that iron 

peak nuclei are typically underproduced in massive stars and associated Type II 

supernovae by perhaps a factor of three. 

The extent of iron production specifically in Supernova 1987A is relevant to 

two issues: the possibility of detection of gamma rays from the decay of S6Co and 

the possible role of decay heating in defining the late stages of the decline of 

the light curve. We note here the significant prediction of explosive 

nucleosynthesis calculations that iron peak nuclei are formed in a proton-rich 

environment in such a manner that many of the stable isotopes in solar system 

matter are products of the decay of proton-rich unstable nuclei at their 

respective mass numbers [31,26,32]. In particular, nucleosynthesis calculations 

predict that nuclei of mass A-56 are formed in situ as s6Ni (r~ - 6.10 days; 

average decay energy 1.72 MeV) which, following supernova ejection, decays through 

S6Co (r~ - 78.76 days, average decay energy 3.58 MeV) to s6Fe. The longer 
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lifetime of 56Co allows the possibility of detection of gamma rays from 56Co a 

year or more after the initial explosion, by which time the expansion will 

hopefully have diluted the ejecta sufficiently to permit these high energy photons 

to escape. If we assume 0.1 M0 of 56Ni to have been ejected (2.1 x 1054 atoms), 

the expected flux of gamma rays from 56CO decay for a supernova at a distance of 

50 kpc is given as a function of time by 

-2 -1 M56 R_2 
0.73exp(-tjlI3days)cm s (0.IM0 ) (50kpc) 

Note that the predicted flux after two years, - 1.1 x 10- 3 cm- 2 s-l, is sufficient 

to be detected with available facilities. This would provide an extremely 

important test of the predictions of models of Type II supernovae. Fits to the 

exponential tail of the light curve of Supernova 1987A [33,34) are consistent with 

the production of 0.075 M0 of 56Ni, close to the value assumed above. The 

exciting possibility thus exists that gamma rays from 56Co decay can indeed be 

detected. 

Type II supernovae also provide the likely site of the formation of the r­

process heavy nuclei by neutron capture processes [26,35,36), and thus of the 

interesting nuclear chronometers 232Th, 235U, 238U, and 244pU. Unfortunately, the 

total mass ejected in this form in a single supernova event is expected to be < 

10- 5 M0 [37) and thus should not be detectible. 

We note finally that WILLIAMS [38) has argued from the spectrum for the 

presence of a significant barium abundance in the ejected envelope of Supernova 

1987A. If this should turn out to be a correct interpretation of the spectrum, it 

will certainly provide a challenge to nucleosynthesis theorists. The production 

of ~-process nuclei like Ba is predicted to occur in the helium-burning cores of 

massive stars during the late stages of helium burning. However, it would be hard 

to understand how this could give rise to an enrichment of Ba in the hydrogen-rich 

envelope matter that has dominated the early spectra. 

5. CONCLUDING REMARKS 

We can conclude from the results of numerical studies that the evolution of a 

star of mass - 20 M0 and initial metal composition Z = 0.25-0.5 Z0' compatible 

with the metallicity of the LMC, is consistent with the occurrence of a blue 

supergiant progenitor for Supernova 1987A. Indeed, the predicted properties of 

such stars are quite in agreement with those observed for the presumed stellar 

progenitor Sanduleak -69 202, and their typical envelope structures, characterized 

by steeper density gradients and smaller photospheric radii, have been found to be 

consistent with the spectral and light curve development of Supernova 1987A. In 

the context of these models, a spread in metallicity of a factor of two for LMC 

supergiants is sufficient to permit an understanding of the fact that there exist 

red supergiants in the LMC at the same luminosity as that of the blue supergiant 

progenitor of SN 1987A. 
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Models calculated with different treatments of convective mixing or with the 

assumption of a high rate of mass loss can in principle provide blue progenitors 

which have passed through the red, but in both instances this requires a rather 

careful tuning of the stellar parameters. The answer to the question as to 

whether the progenitor was ever a red supergiant can perhaps best be provided by 

observations of Supernova 1987A itself. If Sanduleak -69 202 was indeed a red 

supergiant at some earlier stage of its history, significant mass loss and 

envelope mixing by convection should have occurred, and both the mass of envelope 

(hydrogen rich) matter and particularly its composition should provide evidence 

for these behaviors. 

Supernova 1987A is also expected to teach us a great deal about 

nucleosynthesis. Analyses of the spectrum should ultimately reveal the presence 

of elements of intermediate mass, oxygen through calcium and beyond, as well as of 

iron peak nuclei. The accurate fit of the exponential tail of the light curve to 

the lifetime of 56Co is strongly suggestive, and the ultimate detection of gamma 

rays from 56Co decay would absolutely confirm the unique prediction of 

nucleosynthesis theory [31] that mass A-56 is formed in stars as 56Ni. An 

accurate mass estimate of 0.075 M0 of 56Fe formed in Supernova 1987A would then 

follow. 

Acknowlegements 

This research was supported in part by the United States National Science 

Foundation under grant AST 86-11500 at the University of Illinois. The author 

wishes to express his thanks to the Alexander von Humboldt Foundation for support 

by a U.S. Senior Scientist Award and to Professor R. Kippenhahn for the 

hospitality of the Max-Planck-Institut fur Astrophysik, Garching bei Munchen. 

References 

1. R. M. West, A. Lauberts, H. E. J¢rgensen, H.-E. Schuster: Astron. Astrophys. 

177, Ll (1987) 

2. N. Panagia, R. Gilmozzi, J. Clavel, M. Barylak, R. Gonzalez-Riesta, C. Lloyd, 

L. San Fernandez de Cordoba, W. Wamsteker: Astron. Astrophys. 177, L25 (1987) 

3. 

4. 

5. 

6. 

S. 

J. 

W. 

W. 

A. Lamb, I. 

Isserstedt: 

M. Brunish, 

M. Brunish, 

Iben, Jr. , W. M. Howard: 

Astron. Astrophys. Suppl. 

J. W. Truran: Astrophys. 

J. W. Truran: Astrophys. 

Astrophys. J. WI, 209 (1976) 

19, 259 (1975) 

J. 256, 247 (1982) 

J. Suppl. 49, 447 (1982) 

7. T. A. Weaver, G. B. Zimmermann, S. E. Woosley: Astrophys. J. 225, 1021 (1978) 

8. J. R. Wilson, R. Mayle, S. E. Woosley, T. A. Weaver: Ann. N.Y. Acad. Sci. 

(1986) 

9. C. Chiosi, A. Maeder: Ann. Rev. Astron. Astrophys. 24, 32 (1986) 

10. W. Hillebrandt, P. H6flich, J. W. Truran, A. Weiss: Nature 327, 597 (1987) 

67 



11. J. W. Truran, A. Weiss: In Nuclear Astrophysics, ed. by W. Hi11ebrandt, E. 

Muller, R. Kuhfuss, J.W. Truran, (Springer, Berlin 1987) p. 81 

12. R. Stothers, Ch.-W. Chin: Astrophys. J. ~, 407 (1975) 

13. R. J. Dufour: In Structure and Evolution of the Mage11anic Clouds, ed. by S. 

van den Bergh, K. S. de Boer, (Reidel, Dordrecht 1984) p. 353 

14. A. Maeder: Astron. Astrophys. 1QZ, 401 (1981) 

15. A. Maeder: Preprint (1987) 

16. s. E. Woosley, P. A. Pinto, L. Ensman: Astrophys. J. (1987) 

17. I. Baraffe, M. E1 Eid: Private communication (1987) 

18. J. W. Truran, A. Weiss: Preprint (1987) 

19. N. Langer, M. E1 Eid, K. J. Fricke: Astron. Astrophys. 45, 179 (1985) 

20. R. M. Humphreys, K. Davidson: Astrophys. J. 232, 409 (1979) 

21. R. M. Humphreys: Astrophys. J. 265, 176 (1983) 

22. M. Bessel: Private communication (1987) 

23. R. Kudritzki: Private communication (1987) 

24. s. E. Woosley, T. A. Weaver: Ann. Rev. Astron. Astrophys. 24, 205 (1986) 

25. G. Baym, C. Pethick: Ann. Rev. Astron. Astrophys. lZ, 415 (1979) 

26. J. W. Truran: Ann. Rev. Nucl. Part. Sci. 34, 53 (1984) 

27. W. D. Arnett: Astrophys. J. 112, 1008 (1978) 

28. S. E. Woosley, T. A. Weaver: In Radiation Hydrodynamics in Stars and Compact 

Objects, ed. by D. Miha1as, K.-H. Winkler (Reidel, Dordrecht 1986) 

29. M. Spite, F. Spite: Ann. Rev. Astr. Astrophys. 23, 225 (1985) 

30. J. W. Truran, F.-K. Thielemann: In Stellar Populations, ed. by C. A. Norman, 

A. Renzini, M. Tosi (Cambridge University Press, Cambridge 1987) p. 149 

31. J. W. Truran, W. D. Arnett, A. G. W. Cameron: Can. J. Phys. 45, 2315 (1967) 

32. S. E. Woosley: Saas Fee Lecture Notes, Preprint (1987) 

33. W. D. Arnett: Private communication (1987) 

34. S. E. Woosley: Private communication (1987) 

35. W. Hi11ebrandt: Space Sci. Rev. 21, 639 (1978) 

36. G. J. Mathews, R. A. Ward: Rep. Prog. Phys. 48, 1371 (1985) 

37. J. W. Truran, A. G. W. Cameron: Astrophys. Space Sci. la, 179 (1971) 

38. R. E. Williams: Astrophys. J. 320, Ll17 (1987) 

68 



X-Ray Observations of Supernova Remnants 
- The State of the Art 

w. Brinkmann 

Max-Planck-Institut fUr Physik und Astrophysik, Institut fur 
Extraterrestrische Physik, D-8046 Garching, Fed. Rep. of Germany 

X-ray observations of young supernova remnants (SNR) provide the most direct tool to study 

their evolution, their chemical composition, and their interaction with the interstellar medium. 

We will show that the remnants of type I and type II supernova explosions differ considerably in 

their physical properties and raise different questions. Using two well studied typical remnants, 

Tycho's SNR for the type I and the the Crab nebula for the type II remnants, we will discuss 

the current observational and theoretical state of the art. 

1. Introduction 

IT events like the recent supernova 1987 A would appear more frequently our interest in the study 

of supernova remnants (SNR) would be perhaps considerably lower. But so far, observations 

of historical SNR of known age seem to be the only way to obtain direct conclusions about the 

explosion itself and the structure of both the star and the surrounding interstellar medium. 

Although much progress has been made in recent years, particularly by observations with 

the Einstein, EXOSAT and Tenma satellites, there are still rather large discrepancies in the 

interpretation of the data. It will be shown that this is due to insufficient theoretical modelling 

of the SNR as well as to deficiencies in current observational techniques. 

In a recent compilation by van den Bergh [1]135 objects have been listed which are con­

sidered to be galactic SNR according to their appearance and their non-thermal radio spectra. 

Whether all of them are actually SNR has to be proven by future observations. From 40' of 

these objects optical emission has been observed and 33 are X-ray emitters. Weiler [2] has 

estimated that about 80 % of the radio SNR are shell like, 5 % are centrally filled ( or Crab -

like ) and the rest are a combination of both. 

In the shell type SNR the emitted radiation is associated with the shock wave driven by 

the initial explosion into the interstellar medium. The temperatures reached in the shocks give 

rise to thermal emission in the X-ray range. As these remnants originate from type I supernova 

explosions where the whole star is disrupted in the explosion, no stellar remnant is expected 

in their centres. The emitted spectrum thus reflects the physical conditions and the chemical 

composition of the progenitor star and the ambient interstellar medium. 

In the next chapter we will discuss the state of the art of deconvolving the observed spectra in 

order to understand the physical and chemical conditions of the system at the time of explosion. 

The Crab - like or plerionic remnants are fuelled by the interaction with the central rotat­

ing, highly magnetized neutron star. The structure, dynamics and the emitted spectrum are 

predominantly determined by the energy input from the pulsar. As a matter of fact, the de­

tection of the pulsar in the Crab nebula in 1969 solved two long lasting problems: on one hand 

69 



the question of the origin of the continous energy supply of 2: 1038 erg/sec, required to power 

the nebular expansion and radiation. On the other hand it confirmed the idea that pulsars 

are rapidly rotating neutron stars: just this amount of energy will be lost by electromagnetic 

radiation from a "typical" neutron star with the measured angular velocity of the Crab pulsar. 

However, how this energy is actually transferred to the radiating particles is still an unsolved 

problem and it will be discussed in chapter 3. 

2. Tycho's Remnant 

The remnant of the type I explosion observed by Tycho de Brahe in 1572, represents one of 

the most beautiful examples of a SNR of this class. Its nearly perfect spherical shape shows 

that the explosion went off in a largely homogeneous medium so that, in turn, a spherical ( one 

dimensional) treatment of the remnant evolution seems to be appropriate. A detailed analysis 

of the Einstein data by Gorenstein et al [3] confirms roughly the "standard" picture, although 

the mass they derive for the progenitor star is larger than the ~ 1.4M0 expected from the 

deHagration of a white dwarf ( Nomoto [4] ). 

The analysis of various experiments with higher spectral resolution further showed ( Becker 

et al [5], Pravdo et al [6], Hamilton et al [7], and Tsunemi et al [8] ) that the chemical abundance 

cannot be solar, but must be enriched with iron peak elements. Using the data from Nomoto's 

W7 model ( Nomoto et al [9] ), and mixing the innermost zones of that model, Itoh [10] was 

able to reproduce the spectral behaviour, observed by Tenma ( Tsunemi et al [8] ) by following 

numerically the temporal evolution of the hydrodynamical and non - equilibrium ionisation 

structure up to Tycho's present age. 

However, several problems of theoretical as well as observational nature remain open, leav­

ing the correctness of the obtained estimates uncertain. Let's first start to discuss some of the 

theoretical uncertainties. 

The first relates directly to the underlying model. Type I supernovae are thought to be 

caused by exploding white dwarfs where a deHagration front, starting at the centre of the 

white dwarf disrupts the whole star ( Nomoto [4] ). The main uncertainty in these models is, 

however, the velocity of the deHagration front which, at present, is not calculated from first 

physical principles but is simulated by a time dependent mixing length theory of convection 

with a free paramater a, defined as the ratio of the mixing length to the pressure scale height 

( in particular, the W7 model is characterized by a = 0.7 ). 

Secondly, the required mixing of the elemental abundances of the inner zones of the model 

in order to reproduce the observed X-ray spectrum ( as well as a similar procedure to mix the 

outer layers to fit the obse£ved optical spectra of SN 1981 b ( Branch [11] ), indicate that some 

kind of mixing of matter during the stellar disruption has occured. This effect is expected 

because of the decaying nature of the deHagration wave and the hydrodynamics has to be 

simulated by at least a 2-dimensional hydrocode. 

It is well known that the ionisation state of the plasma in the outgoing shock front is not 

at its equilibrium value at the corresponding temperature, because the time scale to ionize the 

heavy elements is of the order of 104 /ne years ( Canizares [12] ), larger than the age of the 

remnant. 
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Figure 1 demonstrates this effect for a calculation done with the parameters typical for Ty­

cho and assuming solar abundances for the circumstellar matter as well as for the ejecta 

( Brinkmann and Fink [13]). Figure 1a shows the emergend photon spectrum, integrated 

over the whole remnant for an assumed ionization equilibrium, figure 1b the corresponding 

spectrum for the same model but with the ionization profile calculated simultaneously with 

the hydrodynamical evolution ( Note the different abszissas ! ). Both the slope of the contin­

uum and the equivalent widths of the lines differ drastically. 

Non equilibrium ionization calculations require exact reaction rates for all elements, which 

in many cases exist only emperically ( see Mewe [14] and references therein). The biggest 

uncertainty, however, seems to be the state of the electron gas in the shock front itself: The 

timescale to equilibrate ion and electron temperatures is of the order of mi/me Ti3/2Ino, that 

is 3x105 years for Ti = 108 and a particle density of no = 10 em-3• McKee [15] suggested that 

plasma instabilities would cause a much more rapid equilibration, but no specific processes 

have been worked out. It should be noted that, even if these instabilities are sufficiently fast, 

they will very likely not produce Maxwellian distribution functions - as always assumed in the 

determination of the ionization rates. 

The shock fronts entering the calculations are always assumed to be hydrodynamical, i.e. the 

flow variables p and v vary discontinously. The jumps are determined from the usual Rankine 

- Hugeniot conditions, relating the flow variables on either side of the discontinuity, possibly 

augmented by some numerical viscosity introduced by the hydro codes. It is, however, not 

clear at all how the structure of a high Mach number ( M ~ 100 ) nearly collisionless, ionizing 

shock is. Particle simulations are at present not able to reach these high Mach numbers at all. 

The flat, power law type radio spectrum of most SNR demonstrates the additional presence 

of relativistic electrons and magnetic fields in the shock regions. Finally, inhomogenuities in 

the ejecta and in the ambient medium, as well as hydro dynamical instabilities in the outflow 

would require in many cases two - or three dimensional numerical modelling. 
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These difficulties indicate that, even given a perfectly well measured X-ray spectrum, the mod­

elling of the supernova remnant expansion incorporates various theoretical uncertainties. It 

seems as if the gross features of the supernova evolution can be represented adequately, but 

details, requiring an accurate parameter determination which, in turn, can be used to discrim­

inate between different models and possibilities are so far hidden in the 'noise' of imperfect 

theoretical knowledge. 

The second class of problems is related to our temporal observational possibilities, where we are 

faced with the trade off between resolution and counting statistics. Roughly spoken, current 

detectors have either high spectral resolution but very low spatial resolving power ( like the 

GSPC on EXOSAT or Tenma) or vice versa ( like the Einstein HRI ). Both types of systems 

give only limited information about the physical parameters of the SNR and instruments with 

higher spectral and spatial resolution are required to get unique answers. This is demonstrated 

in Figure 2 where two line of sight spectra of the above mentioned non equilibrium ionization 

modell of Tycho are shown. 

Plotted are two line-of-sight photon spectra as seen by an instrument with a spatial resolution 

of lOxl0 arc secs at two different positions on the remnant: one ( Fig. 2a) near the centre, 

the other at the position of the shock. Note, that although Figure 2b shows the spectrum at 

the shock, the hottest region of the remnant, no iron line is seen at - 6.7 keY, due to the 

insufficient time to ionize iron to the required stage. 

It is evident from Figures 1 and 2 that all 'observed' spectra differ considerably, although 

they are taken from the same model. Trying to fit these spectra, as it would be done dur­

ing the reduction of observational data, one would conclude that more component thermal 

bremsstrahlungs fits plus additional lines or ionisational equilibrium models are required with 

temperatures in the between 3 ke V and ~ 15 ke V. Although these temperatures are actually 

in the range encountered in the hydrodynamical calculations, none of them is in any sense 

representative just for this model. 
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Figure 2a: Line-of-sight photon spectrum, 

centre of remnant 

72 

1041 ......, ........ ~,.........,.~.,.... ...... ~ ....... .......,,....... ....... """""""'1 
1\1 • • ,.... 
u w 
(f) 
u 
~ 1040 

o 

Figure 2b: Line-of-sight photo!). spectrum, 

shock region 



As the equivalent widths of individual lines are dependent on the underlying continuum, the 

deduced chemical abundance values are clearly model dependent as well. This means, the 

determination of line strengths without the knowledge of a well defined continuum is highly 

uncertain. To pin down the physical parameters of the remnant high spectral as well as 

spatial resolution is necessary. As the radial variations of the equivalent widths of the lines 

are equivalent to their temporal evolution, i.e. their ionisation time net, their measurement 

together with a well defined continuum flux give strong model constraints on the temperature -

density - structure of the remnant. A spectral mapping of Tycho with the high spatial resolution 

assumed in Figure 2 across the remnant would allow a determination of the ionisation history of 

the matter and, vice versa, give the physical information required to model the object reliably. 

3. The Crab Nebula 

In contrast to the shell - type remnants, emitting thermal radiation from shock heated gas, 

Crab like or centrally filled remnants show non thermal radiation from the radio to the X-ray 

range with a centrally - peaked spatial distribution. The generally accepted explanation is that 

we are seeing Synchrotron radiation from relativistic electrons, injected by the central pulsar 

into the surrounding nebular field. The shrinking size of the Crab nebula with increasing 

photon energy is easily explained as caused by the decreasing lifetime of the higher energetic 

radiating electrons. This lifetime argument, on the other hand, demands continous injection 

of relativistic particles into the nebula. 

The lifetime of plerionic remnants is therefore determined by the slowing down time scale T = 

P / 2P of the pulsar. The object we see now with its low expansion velocity of ~ 1000 km/sec 

is very likely a pulsar created secondary phenomenon. So far, all attempts to see traces of the 

original blast wave of the explosion have failed. 

As mentioned above, the enormeous energy requirement to balance the losses of the emitted 

radiation and driving the expansion of the nebula of a few times 1038 erg/sec is just matched 

by the rotational energy loss of the rapidly spinning neutron star. Whereas this energy can be 

supplied, in principle, by the strong low frequency ( 30 Hz ) electromagnetic wave, generated 

by a rotating magnetic vacuum dipole, the Synchrotron nature of the radiation requires the 

continous injection of relativistic electrons as well, and it is not clear at all how the energy is 

shared between these two components. 

The energy is certainly not injected isotropically into the nebula as the central region of the 

Crab nebula shows distinct features. First of all we have an emission "hole" around the pulsar, 

with reduced emission at all frequencies. Secondly, on both sides of the pulsar along the major 

axis of the nebular we see the so called whisps, a time varying phenomenon which indicates a 

magneto - hydrodynamic interaction of the pulsar with its surroundings. The question, whether 

the temporal changes observed ( Scargle [16] ) represent real material flow motion or only a 

varying exitation of radiation is so far unsolved. 

A rough geometrical picture of the pulsar - nebula interaction proposed by Aschenbach and 

Brinkmann [17] seems to be confirmed by recent X-ray observations ( Brinkmann et al [18] ). 

The observation showed that even at high energies ( Ell ;;:: 50 keY ) the X-ray Crab has a finite 

extension of ;;:: 60" , in contrast to the simple model of a point like injector ( Makishima et al 

[19] ). 
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Figure 3: The X-ray emission of the Crab nebula from processed off - pulse Einstein 

HRI data. For details see [18]. 

Figure 3 shows the picture obtained by processing the Einstein HRI off-pulse Crab data 

( Brinkmann et al [18]). A ring like structure, including the central hole is clearly visi­

ble. The dark parts of the picture contain signals below 10% of the maximum intensity. The 

overall configuration as well as the ratios of the axes agree closely with the predictions of the 

above mentioned model, in which electrons are accelerated and then transported outwards, ra­

diationlessly, in the strong electromagnetic wave of the pulsar. When the ram pressure of this 

relativistic wind equals the thermal pressure of the surrounding nebula a shock forms, produc­

ing an amplification of the magnetic field and a randomization of the directed plasma motion 

(Rees and Gunn [20] ) . Taking for the pulsar the field configuration of an oblique rotator, the 

outflow of the electrons will be concentrated near the rotational equatorial plane, producing 

the toroid-like structure of the emission region. The height of this toroid is determined by 

comparing the lifetime of the radiating electrons with their effective radial propagation time. 

The brightness asymmetry in the optical picture near the pulsar and the X-ray offset is ex­

plained by an enhancement of the magnetic field strength in the nothwestern parts of the 

nebula, caused by a compressional effect of the pulsar running into the surrounding medium. 

Although in the original model the geometrical configuration of the emitting region is at least 

qualitatively correct, a detailed comparison of the data with numerical simulations showed that 

the underlying particle injection and transportation mechanism cannot be as simple as antici­

pated. It is more probable that a more complex mechanism including particle re-acceleration, 

as proposed by Kennel and Coroniti [21], is involved or that the energy injection mechanism 

is quite different ( Michel [22]). 

The study of the central regions of the Crab nebula shows that the interaction between a 

pulsar and its surrounding medium is physically and geometrically very complex. None of the 
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theoretical models seem to be able to make definite predictions about the size and shape of 

other Synchrotron nebulae. Both, the pure vacuum model as well as any simple wind model 

have various conceptional difficulties, especially as a complete understanding of the most basic 

ingredient, the pulsar magnetosphere, is still missing. 

As the plasma injection process can be approached neither by a purely electromagnetic vacuum 

description nor by a fully relativistic MHD treatment, future relativistic particle simulations 

seem to provide the most promising method to clarify these open questions. From an observa­

tional point of view, X-ray pictures with high spectral and spatial resolution are required, but 

the chances to achieve this goal in the near future appear, unfortunately, quite low. 

4. Conclusions 

We have shown that X-ray spectra with high spectral and spatial resolution are the best way 

to obtain better information about both types of supernova remnants. 

For SNR of type I explosions it was demonstrated that X-ray spectra integrated over the whole 

remnant do not reveal the physical parameters of a supernova remnant with the required 

accuracy. Radially resolved spectra, together with a detailed hydrodynamic simulation and 

a simultaneous calculation of the ionisation structure seems to be the only way to obtain 

"physically reliable" parameters for these objects. 

Synchrotron nebulae whose best and most extensively studied prototype is the Crab nebula 

present still a major theoretical challenge, closely linked to our general understanding of the 

pulsar phenomenon itself. 
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Supernova Explosions Inside Pre-existing Wind-Driven 
Cavities: Spherically Symmetric Models 

G. Tenorio-Tagle, P. Bodenheimer*, and J. Francot 

Max-Planck-Institut fiir Physik und Astrophysik, 
Institut fiir Astrophysik und Institut fiir Extraterrestrische Physik, 
D-8046 Garching, Fed. Rep. of Germany 

This paper presents some preliminary results on the evolution of supernova 

explosions propagating Inside wind-driven bubbles. The hydrodynamic simulations are 

performed with a Lagrangian one dimensional code and Include the evolution of a 

strong stellar wind from the Type II supernova progenitor. This wind. with M = 10-5 

Me yr -1 and V = 103 kms -1. creates a large and expanding Interstellar bubble with 

a massive outer shell. The SN ejecta evolve In the complex density distribution of 

the bubble and generate a series of reflected shock waves as the blast wave 

encounters different density stratifications. 

I. INTRODUCTION 

The mechanical and radiative energy Injection from massive stars Is apparently 

regulating the Ionization. temperature structure. and velocity dispersions In the 

general Interstellar medium (see reviews by McCray and Snow 1979. and 

Tenorio-Tagle and Bodenheimer 1988). In particular. supernovae ejecta generate 

strong shock waves and large expanding shells which can lead to the multi-phase 

structure observed In the gaseous disk (Cox and Smith 1974:' McKee and Ostrlker 

1977) . These strong shocks have been suspected of Inducing star formation 

(Herbst and Assousa 1977) and provide an appealing scenario to accelerate cosmic 

rays (Blandford and Ostrlker 1978). Also. depending on the supernova rate. the 

expanding shells can break out of the disk and may create "fountains· or winds at 

galactic scales (Chevalier and Oegerle 1979; Bregman 1980). 

These Important features are not exclusively created by expanding SN shells. 

however. Stellar winds also Induce strong shocks with their corresponding effects 

(Weaver ~ 1977; Abbott 1982) and. given that massive stars tend to be 

clustered In OB associations. the combined action of stellar winds and SN 

explosions results In larger and more energetiC Interstellar structures (Bruhweller 

~ 1980). Moreover. this collective energy Injection provides an appropriate 

"Permanent address: Lick Observatory. University of California. Santa Cruz. 

CA 95064. USA 

tPermanent address: Instltuto de Astronomia. UNAM. Apdo. Postal 70-264. 

04510 Mexico D. F .. Mexico 
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feedback control to the bulk properties of the gaseous disk. Including the star 

forming activity and the mass exchange among the different gas phases (Franco and 

Shore 1984: Tenorio-Tagle and Palous 1987). Thus. aside from Its Importance In 

the study of Individual SN shells. the evolution of supernova remnants Inside 

wind-driven shells appears as a fundamental tool In our understanding of the Milky 

Way and gaseous galaxies. 

There exists a large number of analytical and numerical studies with the details 

of blast waves propagating In different media. These Include constant density gas 

with typical disk conditions (see review by Chevalier 1977). dense and homogeneous 

molecular clouds (Shull 1980: Wheeler. ~ 1980). remnants breaking out of 

molecular clouds (Tenorlo-Tagle ~ 1985) a cloudy Interstellar medium (McKee 

and Cowie 1975. Cowie and McKee 1977). power-law ambient density distributions 

(Cox and Franco 1981: Edgar and Cox 1984). power-law distributions for both the 

atmosphere of the progenitor and the ambient medium (Chevalier 1982). and a 

combination of a shallow power-law medium with a small Interstellar shell (Dickel 

and Jones 1985). However. the evolution Inside the wind-driven cavity left by the 

supernova progenitor has not been considered In detail. Here we present preliminary 

one-dimensional hydrodynamic simulations of this event. Section II presents a brief 

review of the evolution of supernova remnants (SNR) and wind-driven shells. A 

simulation Is shown In section III together with a brief discussion of the results. 

II. EVOLUTION OF SNRs AND STELLAR WINDS. 

The evolution of a SNR and of a wind-driven cavity can always be divided Into 

three phases: a free-expansion phase. an adiabatic phase. and a momentum 

conserving phase. The time dependence of radius and velocity in the iatter two 

phases depends on the density stratification. The following subsections give some 

examples of the evolution in different types of ambient media. 

a) SN shells In a constant density medium 

I) Free-expansion phase: The ejecta are expelled with a large speed. Va. and 

develop two strong shocks moving in opposite directions: the leading shock which 

moves outwards and collects ambient gas and a reverse shock which penetrates and 

thermallzes the ejecta. The leading shock moves with a constant speed until the 

swept-up mass becomes dynamically Important (i. e. comparable to the mass of the 

ejecta. Me) and decelerates afterwards. A reference timescale for this phase is 

.usually seiected as the time when the swept-up interstellar matter is equal to Me 

113 
ire "" V.-1 [3Me_] "" 200 Vg-'M,"3no-,/3 yr. 

4upo 
(l) 

where Po = I'no is the ambient mass denSity. Vg = Vsllogcms-1• and M, is the 

mass of the ejecta in solar masses. 
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ii) Adiabatic or Sedov phase: After the kinetic energy of the ejecta has been 

thermalized by the reverse shock. the leading shock remains strong but now It is 

driven by the high thermal pressure of the hot shocked gas. As long as radiative 

losses can be neglected. the leading shock follows the standard adiabatic Sedov 

(1959) solution 

{2'p:2 Eg] tl5 t2/5 
1/5 -1/5 215 

As 13 E51 no t4 pc. (2) 

g As 1/5 -1/5 -3/5 
kms-1 • Vs 508 E51 no t4 (3) 

5 t 

where E51 Is the energy of the explosion in units of 1051erg. and t4 is the 

evolutionary timescale In units of 104yr. A large fraction of the total energy. about 

2/3. Is In the form of thermal energy In the hot cavity whereas the rest. ~ 1/3. Is 

the kinetic energy of the expanding external shell. This phase comes to an end 

when cooling becomes Important at the approximate time 

3 ~V2 ~ 
lcool "" ~ ""..:..:.:...;..L "" 5.3 X 104 vl no-1 ~ yr. 

8nol\. 128nol\. 
(4) 

where V7 = VsIl07cms-1 • and ~ Is the cooling function in units of 10-23erg 

cm3s-1 . 

iii) Momentum conserving phase: As the Internal energy Is radiated away by the 

expanding SNA. the outer shell cools down and continues its expansion due to 

momentum conservation. The momentum gathered during the previous adiabatic 

phase Is now locked in the dense and cold shell. Ms(lcool)Vs(tcool) constant. 

which decelerates rapidly until It approaches the random velocity of Interstellar 

clouds. The radius and velocity during this phase are 

114 l 4 3Ma (tcool) Va (\:001) t] a t 114. 
As (lcoOI) + 

rrpo 
( 5) 

Vs = i :a a C3/4 . (6) 

where time Is measured from tcool ' 

The relative importance of these phases in a given SNA depends on the assumed 

ambient density. For instance. for densities above ~ 1 04cm -3. such as those 

expected In molecular clouds. radiative losses are already Important by the end of 

the free-expansion phase and the adiabatic phase may be nonexistent (Wheeler 

et. al. 1980) . For low density ambient media. on the other hand. there may be 

relatively long transition stages between the three main phases. The transition 

between the adiabatic and the momentum conserving phases Is usually called 

·pressure-drlven snowplow· (Oort 1951). and evolves as As a t2/7 . 
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b) Evolution In a cloudy medium 

The properties of a cloudy medium have been approximated by a homogeneous 

medium filled with small spherical clouds (McKee and Cowie 1975: McKee and 

Ostrlker 1977). The main assumption of this model Is that the clouds engulfed by 

the expanding remnant do not affect the remnant's dynamics. but cloud evaporation 

results in a density Increase of the hot Interior. These evaporation-dominated 

remnants evolve as Rsat3/5 in the adiabatic stage. instead of the Rsa~/5 prescribed 

by the Sedov solution (I. e. equation 2). Such a time dependence Is similar to 

the one predicted for adiabatic wind-driven shells (see §lIe) and It is also Identical 

with that found for adiabatic blast 

par-5/3 (see §lIc). In the late 

waves evolving In a power-law 

stages (in the transition from 

medium with 

adiabatic to 

momentum conserving) the remnant evolves as Rsat2/7 

pressure-driven snowplow (see §lIa). 

in agreement with the 

c) Power-law ambient density 

A density gradient continuously modifies the shock conditions but self-similar 

solutions can also be constructed for power-law stratifications (Sedov 1959). The 

corresponding adiabatic solutions for Po = Ar-w (A is. a constant and r Is the 

distance from the explosion site) have a time dependence (c. f. Cox and Franco 

1981> . 

R = [[3-W J [5-W]2 2.03 Eo t2 
s 3 5 ( 1-0. 23w) A 

]
1/(5-W) 

a t2/ (5-W) . (7) 

This solution reduces to eq. (2) for w=O. as expected. and resembles the 

evaporation-dominated time dependence for w=5/3. 

The evolution for w<O corresponds to radially Increasing density gradients. and 

could be used as a guideline to the study of SNRs evolving in large pre-existing 

cavities. The cases with positive values of w. on the other hand. can be used to 

study the effects of the extended atmosphere from the progenitor and the evolution 

Inside centrally condensed clouds (Chevalier 1982). The solutions for the shock 

evolution In two other geometries. cylindrical and plane parallel. are given for 

power-law density distributions by Cavaliere and Messina (1976). 

d) Effects of an interstellar shell 

Recently. Dickel and Jones (1985) have performed numerical simulations 

including the effects of a small interstellar shell surrounding the SN progenitor. 

Their model. which is specifically designed to reproduce the radio and x-ray 

emission of Tycho's supernova remnant. shows one important new feature. As the 

leading shock encounters the Interstellar shell a fraction of its energy Is transmitted 

Into the shell whiie the rest bounces back into the hot Interior In a reflected shock 
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wave. The reflected wave modifies the Internal pressure structure and generates 

secondary reflections. 

e) Stellar winds. 

The evolution of a wind-driven bubble follows the same phases described above 

although. Instead of the Impulsive energy Injection. now there Is a contlnous energy 

and momentum Injection. The density structure of the bubble is rather complex but 

there are three well distinguished zones: I) a free-expanding wind zone. II) a 

shocked-wind region. which is the hottest part and contains most of the mass 

ejected by the star. and III) a dense outer shell which c')ntains shocked Interstellar 

gas. The shocked-interstellar and the 

by a contact discontinuity. The detailed 

homogeneous medium has been described 

where the Interior evolves adiabatically but 

the solution for the outer Interstellar shock. 

In the SN case. is 

1/5 -1/5 315 
Rs '" 27 L3S no is pc. 

IO~22 

lO-n 

1 
~ 10.24 

I 
~ J '" ......, 10-2S 

o w"L 
lOJ 

t 

10-2:2 

ILl 10-23 

10-24 

1 
'" i 10-2'S -; 
~ 
8 10 -26 
0 ---

10-27 
-

IO-2'fl 

10-29 

0.0 2.0 < .0 •. 0 •. 0 10.0 12.0 I ~_O 16.0 '8 0.0 
RepC) 

Fig. 1. The Initial conditions. Density ( left) 

shocked-wind regions are separated 

evolution of all these regions in a 

by Weaver et. al. (1977) . In the case 

COOling is included In the dense shell. 

which corresponds to the leading shock 

( 8) 

\ 

"-

~ 

1 

2.0 <.0 6.0 •. 0 10.0 12.0 I ~.O 16.0 ,. 
Repc) 

and velocity ( right: in units of 1 03kms -1) 

are plotted as a function of radius. Upper frames: the wind solution after a 

time of 2.2 x 105yr. Lower frames: the solution shortly after the Injection of 

the supernova energy. 
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where laG = Ilt~V(/ Is the wind luminosity In units of 1036erg s-l, and Is Is the 

evolutionary timescale in units of 10Gyr. The density and velocity structures of one of 

these wind-driven bubbles, with Mw = 10-5 Me yr-1 and Vw = 103kms-1 at t = 2.2 x 

1 05yr , is presented In Figure 1 (upper frames). 

There the structure of the wind cavity, the inner and outer shocks, and the 

contact discontinuity can easily be recognized. 

drops as R-2 and has a constant velocity 

In the free wind region the density 

( 1 03kms -1) . The inner shock then 

decelerates the flow while thermallzlng the wind. leading to higher densities and 

lower velocities. The shocked wind region extends up to the contact discontinuity 

where the densest part of the thin, cool shell of interstellar swept up material lies. 

The outer shock provides the swept up matter with a velocity of the order of 40 

kms-1. 

III. THE TIME EVOLUTION 

a) The initial conditions 

The structure caused by the strong stellar wind (Fig. 1) was used as the 

background medium to be encountered by the ejecta from a supernova explosion. 

The model assumes that the supernova progenitor had a short wind phase (2. 2 x 

105yr) Immediately after which It exploded as a supernova. One can show that the 

photoionizatlon caused by the star will not affect the density distribution caused by 

the wind; thus during the evolution of the wind phase photolonizatlon was not taken 

Into account. The explosion Itself was simulated by the Insertion of 4 Me with a 

velocity of 5 x 1 03kms -1 Into a small volume at the center of the grid (see Fig. 1, 

lower frames). The energy of the explosion (ESN 1051 erg) is thus Initially 

assumed to be In the form of kinetic energy. The wind and supernova phases were 

simulated with a spherically symmetric Lagrangian hydrodynamic calculation, Including 

interstellar cooling. The numerically calculated positions of the inner and outer wind 

shocks as a function of time matohed well with the analytic solution in a constant 

density medium (Weaver et al. 1977; see eq. 8). Other tests showed that the code 

agreed with the analytic solutions for a supernova explosion in a constant density 

medium, both in the Sedov phase and in the cooling phase. 

b) A supernova evolving in a wind-driven cavity 

The expansion of the ejecta leads to the formation of a strong shock which 

quickly propagates through the entire free-wind region and, about 103yr after the 

explosion, interacts with the Inner shock produced by the former wind. After the 

Interaction a transmitted shock moves rapidly into the shocked wind region and a 

reverse shock travels with and decelerates the ejecta. The sequence of plots in 

Figure 2 shows the steady progression of the ejecta toward the shell of swept-up 

82 



10-21 
0 
,,; 

10-" 0 

~ 

~ 

10-25 ~ ~'! 

i: Uleo , 
u :r: ... 

'" e 10:27 ~o 

a ;:).; 

10-29 0 

10.31 
'! 
0 

10-21 
'! 
~ 

10-2• 

0 
..; 

~ 10-2> 
~ 

i: Ul 
'0 u I:' ... .;:;.N e 10·l7 

a ;:) 

10.29 
'! 

. 
10-31 0 

a 

10-20 

1 
'! 
~ 

"! 
10-22 

., 
'! 

oj 

1 
1 

eo 

10-24 "! 
~ ~N 

i: Ul a .... 
~ 10-2S I:N 

'" e ~ .. 
a ;:).; 

. 
10.28 a 

"! 10-30 a 

IA. 
In-32 .. 
10-20 

..; 

a 
..; 

10-22 

~ 10-24 
~ 

N 

i: ~ .. 
~ 10-2& I:-

'" e ~ 

a ;:)~ 

I 
10-'" 

10-30 

10-32 ~ 

0.0 2.0 ".0 6.0 0.0 10.0 '2.0 '''.0 16.0 18 0.0 2.0 ".0 6.0 8.0 10.0 12.0 1".0 16.0 18 
R(PC) R(PC) 

Fig.2. Density and velocity (in units of 103kms-') as a function of radius at the 

following times during the evolution of the supernova remnant: (1.9. 2.4. 

2.7. and 2.9) x 103 yrs after the explosion. 
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Interstellar matter. When the transmitted shock reaches this shell It generates a 

reflected shock and a secondary transmitted shock. which moves Into the dense 

shell. The latter Is noticeable at this stage only In the velocity plot (3rd panel). 

while the reflected shock affects both the density and velocity profiles as It moves. 

through the shocked wind gas towards the ejecta. 

Eventually the reflected shock does meet the ejecta. and there it Is again 

reflected and moves toward the outer shell. The ejecta are further decelerated by a 

backward-facing shock that strengthens the first reverse shock. This process 

repeats; as the ejecta approach the slowly moving outer shell the original 

transmitted shock Is reflected several times between them. An Indication of these 

many reflections Is provided by the complex velocity field Immediately behind the 

dense outer shell (Fig. 2. last panel). The reflections lead to the thermalizatlon of 

the ejecta and thereby to a large pressure gradient that generates large negative 

velocities and a rapid flow of both ejecta and wind matter back toward the explosion 

site. Figure 3 shows several views of this Inward motion. Note that the dense outer 

shell continues to move outwards and that eventually it presents a double density 

maximum. This effect Is caused by the propagation of the original transmitted shock 

through the dense shell toward the leading outer shock. 

The total amount of kinetic energy Involved In the backward-moving flow (",0. 6 

ESN) Is rather large. It Is eventually thermallzed across a shock front that forms as 

the flow reflects at the grid origin. Once more. thermallzation leads to a large 

pressure gradient and this time to a net outward motion (Figure 4). 

The flow now resembles that near the beginning of the evolution In the sense 

that many shocks and shock reflections appear as the outward kinetic energy 

becomes thermalized upon encountering the complex density distribution. The 

conversion of thermal energy Into kinetic energy and vice versa. leading to inward 

and outward motions. repeats Itself several times. The total energy gradually drops 

as some energy Is radiated away. After every bounce the outer shell is further 

compressed. and It acquires a maximum speed of less than 200kms-1 after the 

original transmitted shock catches up with the original outer wind shock. 

The preliminary results just presented will be extended to cover the parameter 

space. In this respect one of the most Important parameters Is the Initial location of 

the shell of swept up matter. or the amount of mass swept up by the wind 

compared to the mass of the supernova ejecta. Massive shells. as shown above. 

force a rapid transition Into momentum conservation while a significant amount of 

energy Is radiated away after every bounce. Such an evolution may explain the 

filamentary appearance of supernova remnants. A complete report. together with 

detailed astrophysical Implications of the model. Is now In preparation. 
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Inverse Compton Scattering (ICS) Plays 
an Important Role in Pulsar Emission 

G.J. Qiao 

Department of Geophysics, Peking University, People's Republic of China 

Summary: Theoretical and observational evidence shows that the ICS plays a very 

Important role in pulsar emission. Here we present some relevant pOints. 

( 1) "The Energy loss of e:!: by ICS in a thermal radiation field limits the value of 

the lorentz factor y of e:!:. 

(2) "ICS is an efficient mechanism to produce y-rays and the observed micro 

wave radiation. 

(3) ""Absorption features of radio pulse profiles Indicate that ICS plays an 

Important role in the radio emission of pulsars. 

(4) "ICS gives a reasonable explanation for core emission. 

(S)The optical spectra of PSR OS31+21 can be fitted by ICS naturally. 

("Strong evidence. "Strongest evidence) 

J. Introduction 

Inverse Compton Scattering (ICS) has been known as an efficient mechanism for the 

generation of high energy photons in the scattering of low-energy photons by 

relativistic electrons (or positrons). In the theory of pulsar emission. CHENG & 

RUDERMAN [1] present an ICS model for the optical emission of the Crab pulsar. 

But up to now. it has not been recognized as an Important mechanism in pulsar 

emission. In fact. there Is some evidence that ICS plays a very Important role In 

pulsar emission. Some of this evidence Is presented In this paper. 

It Is well known in pulsar emission theory that g:!: have high y values. for example. 

in the RS Model (RUDERMAN and SUTHERLAND. ~2P y_106 to 107. 

But this Is questionable. If the energy gain Is not greater than the energy loss 

In the gap. e t can not be accelerated to higher y values. 

2.1 The Energy of e:!: Obtained In the Gap 

According to the RS model. In the limit of very small h (the thickness of the gap) 

I. e. h«rp. the potential ~. along a field line traversing the gap Is 

(1) 
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Here Pe Is the positive charge density. which was In the gap region before the gap 

was formed and Is now held by the surface. 8'2=80/10'2. 8 0 Is the magnetic Held 

strengths. In Gauss. P Is the period of the pulsar. S Is the field line curvature. In 

cm. and Ss=SflOs. n. is the angufar velocity of the neutTon star. 

Yp«h<R. (2) 

where R is the radius of the neutron star. Yp is the radius of the polar cap. The 

potential difference between bottom and top of the gaps Is (see RS) 

(3) 

Here r ~ =rSlne (see fig. 2) . 

In fact. if the angular velocity of the isolated magnetosphere polar-column region 

n is a constant. we have 

,L 1 2. ( Ut ) 
A'f-Tc-A'S2B. 'r 1- r.~ 

p 
(4) 

Where An=n,,-n. (u"n,,). We find that A4> reaches Its maximum value A4>max at the 
rh 1 12 

center of the gap. ~¢mQX ' Ll~rm;;~B Yp"-' 10 Volts (as An-n .. ). 

From the center to the edge of the gap. the value of A4> falls down rapidly. 

lhe power of e t obtained in the gap is 

1. 

Pob " 10s( I-..!!...) erg/s. when h=104cm. A4>cen=IO'2 Volts 
Y"p 

l. 

Pob " 104 (1- ~ >erg/s. as h=104 cm. A4>=IO'O Volts. 

~,_2 The Energy Loss of e± by ICS In tlte lh~rmilLRaQm.tiQn Ft~ld In the G.ilP-

(5) 

The electrons or positrons lose their energy by ICS with the thermal photons In the 

gap. This energy loss of e t was calculated by XIA. QIAO et al. [ 3]. the result Is 

given In Table I. Comparing the values in Table 1 and the values given In Eq. (5) 

we can see that if the temperature in the gap Is not too low. the energy loss of 

e± must limit further acceleration. 
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Table 1. B=O. 1 Bq . The power loss of an electron In an isotropic thermal radiation 

field (I) and in the thermal radiation field for Cf =600 (I I) and Cf' =300 (I I I) 

respectively. Here Bq=4. 414 x 1013 Gauss. 'f is the angle of the radiation cone. 

10 50 100 200 

T(K) P(ergjs) 

5 104 0.20e-9 0.30e-8 0.86e-7 0.7ge-6 
105 0.12e-8 0.34e-6 0.30e- 5 0.25e-2 
5 105 0.12e-4 0.97eO 0.21e3 0.26e4 
10· 0.38e-3 0.85e3 0.10e5 0.33e5 
510· 0.21e5 0.10e7 0.15e7 0.17e7 
10' 0.10e7 0.60e7 0.66e7 0.72e7 

II 5 104 0.14e-9 0.32e-l0 0.53e-9 0.78e-8 
10' 0.32e-9 0.37e- 8 0.31e-7 0.8ge-6 
5 105 0.14e-5 0.45e-4 0.94e-3 0.27e2 
106 0.30e-4 0.38e-2 0.10e3 0.10e5 
5 10· 0.12eO 0.51e6 0.15e7 0.17e7 
10' 0.lle5 0.60e7 0.64e7 0.47e7 

III 5104 0.96e-l0 0.10e-11 0.16e-12 0.18e-l0 
105 0.22e-9 0.24e-11 0.13e-9 0.17e-8 
5 10' 0.15e-8 0.37e-6 0.26e-5 0.31e-4 
106 0.97e-6 0.14e-4 0.13e-3 0.14e-l 
5 106 0.41e-2 0.18e2 0.31e5 0.68e6 
10' O.lleO 0.12e6 0.26e7 0.6ge7 

3. ICS is An Efficient Radiation Mechanism 

3. 1 ICS is Very Efficient in Producing y-rays 

The energy loss of e± discussed above would associate with the production of 

y-rays. The energy of the outgoing photons In ICS Is (QIAO et al. [4]): 

lIt.,f'-=sin;e'L ~mcl.( 1-~CoS 611 t.. )+ t J( 1-Cos &l Con f}/t. ) - { (ime2.. ( 1-

~Cos eIL )+ hWi...(1-CosB'-Con/3I /") J -Sin'-8/L lticJ~in.leL +2q'me2-

tJ~ :#)..jJJ.~in]..~ +2tme2./i 4/(1-(3Cos e/....) 

- 2 [i mel. ( 1 + (?> ) + 71tJL ( 1+Cos e'-) ) 

IL 
\Then Sin 8 =0 

"Then 
II.. e =0 

I/.... 
,·,hen 8 = 7l: 

(6,a) 

(6, b) 

(6,e) 

Where "L" represents the Lab. frame. S (or s') is the angle between the Incoming 

(or outgoing) photons and the direction of the magnetic field. 7rfJ (/1:C.(./) is 

the energy of incoming (outgoing) photons {3=V/C. V Is the velocity of e±. m Is 

the rest mass of e±. 
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In our case y»1. and eL_rr. eIL_o. we have 1;("/'-""" 4 Y'z'!i4)"·. 
If the termal radiation Is coming from a black body of temperature T, so 

1ic./L"""4),~:t)(3.7X101/ T. v/hen T=106K, i=102, tJ'L ...... 1. 6 X 10,Z:l(s-/); \fhen 

T=106K, ¥=2X102 , w,J."" 6.4 X 10.2.2. (s-/), and ,;- w't..>2mc2.. It means that 

these y-rays can produce e± pairs In strong magnetic field. To produce such 

y-rays through ICS the Lorentz factor y of e± does not have to reach y_106, just 

yCl; 102 is enough. 

~. 2 ICS Is an Efficient Mechanism to Produce the Observed Microwave Radiation 

~_'---'=9_w Fre.qy"e..n.gy_Way~ 

Accord~ng to the RS model the sparking must take piace in the Inner gap. It would 

associate with a low frequency wave. 1.11-6x 1 05s -1. The amplitude Is very large 

(-641/e) . 

. 6. The Production of the Observed Radio Wave by les 

The radio luminosity produced In ICS by e± with the low frequency wave Is (OIAO. 

[5]>: 

L - O{(01..~ 
radio 2( 4 7t") 

(7) 

Where T)~1. «1<1. «2<1. 1.II'=y21.11, 641-1012V. 1.11_6xl05S-1, y_l02. For most pulsars. 

LradIO<lo30erg/s. So this is a very efficient mechanism to produce the observed 

radio wave. 

~. 3 Curvature Radiation (CR) is an Inefficient Mechanism Which Does No~ 

S.y.c.hJn..JI'!1...P.9.tla_n.LfI.91~._~.Ji.lL.\;to!!..~~n_!b~~_Mod.el 

p.. CR Is an Inefficient Mechanism to Produce y-Ray Photons in Inner Gal! 

The energy loss by CR In the Inner gap Is Pcur·h/c. and fcr=(Pcurh/C)/e641=2y4e2hl 

3s2e641. Where s Is the field line curvature. As y_ 106. h-l04cm, s-106cm. 641_1012 

Volts, we have 'er-lO-3. 

Compare as we discussed in section 2 and section 3 for ICS flCS=PICS ' hI 

e641c-l. 

~~_ClLJs an Inefficient Mechanism t9 Produce the Observed Micro Wave 

Owing to the relativistic beaming effect. an observer will receive only a pulse of 

radiation from a given particle corresponding to Its passage along an arc of angular 

extent lIy. whose tangent is toward the observer. The observed time scale Is 

dt-s/y3c , and the ratio fCR • r=Pcurdtlymc2=2e2/smc2-10-19. Here we lake 

s-lOS6cm. Compare with this the power of ICS Is P,cs=ur{l)Cnl.lltll.ll'. and 

Prcs dt m:2 uti. -S' 
f rcS •T d"mc.z. cCX,(Ll..,.,) 47l"h:l.1'4mc.2. -10 0(, (8) 
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fCR, T -/4 / 
---"-'-"'-"--'"'-'10 0_-
frcs,T 0(1 

(9) 

Here at< 1. but 01 order 1. CTth Is Ihe Thomson cross section. Compared wllh ICS. 

CR is a very inefficient mechanism to produce the observed radio emission of 

pulsars and y-rays in the Inner gap. 

~ ~~.J!.lLQD~1i9JL. f-E!.<!.!!,Ir~lL....QL Radio --.EY!l?e PrQ!!les~..I::l2w_ ThaL.LG.~L!!!.~}'~._an_!mPQr.t<!.n! 

8pJE!. .... in .. -.!!J"'_fr:..o_du!"=.!lQ-'1._Qt_I.!l!L9.m;;~[Y~!i_I\tILcLQWJ!.Y!LB!Ldt<;lJjPI'! 

The narrowing of putse widths becomes slower at high frequencies and even 

reversed for some pulsars (see rig. 1). This phenomenon. called "absorption 

feature". was reported by some authors [7- 10] and recognized by Rankin [I I] to 

be a significantly new and truly general property of pulsar emission profiles. 

observed CUT've 

(f) 

~ .<:: 
+' 
'0 
.r< W :3 

(j) 
if) 
r-1 

'" rli 
fig. 1. The "absorption feature" of 

l.... _____ -L. __________ -L. __ .... pulsar emission. W t =29t • W2=29:! 

The cross section of ICS Is as follows (QIAO et al. [4])(For B/Bg«1. 

1'TlIl/mc2«1): 

O:;:\1)=(1-{3Cosft) Oth{SinlB+;cos:Le ~ W~WB {. +( w~wiJt (10) 

L 1 L ~ [6J W JR o:;.(2)=~1-[3Cose )Uth (W+WB)+( W-WB) (11) 

0T:: 1-< 1-(3CoS eL) G;h {Sirfe +¥ 1+Cos2 6) [( v.t:'ws )2. +( wv.:.w/· J r (12) 

Where "R" and "L" represent the rest frame of electron and the Lab frame 

respectively. here we Indicate by "I" the linear polarization of the pholon parallel 10 
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the plane defined by the magnetic field and the Incoming photon. and by ·2· the 

linear polarization orthogonal to this plane. Bq=4.414Xl013 Gauss. Ws is magnetic 

gyrofrequency. t=or s equal to zero. the cross section is equal to zero too. so for 

each magnetic field line there must be a point at which ICS does not take place. 

giving rise to an ·absorption feature·. (See t=lg. 2.) wR=ywl ( l-I3Cossl ) «wa. and 

Sin2s R=Sln2(sR±tr) =sin2s l /y2<1 ±I3COSSl) 2. From (16) we have 0',(2)=0. and (in the 

Lab frame): 

Here p·=BpIB¢l. If R'=AB (In Flg.2) we have: 

For e=O 
For e=1'(/2 

(13) 

(15) 

(16) 

From observational data we can find the value of Sl=~Wl' S2=~W2' and estimate 

the positions of points Po(po' ¢lo)' and (p'. ¢l') (Flg.2>' At the Inner field lines. 

s=~W. using (16) we get the value of $. 

fig. 2. fhe· absorption region· 

L-_____ ~ ________________ ~ AA is the absorptlQn region 
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From the calculation we fined that: A. ICS can give a reasonable explanation for 

an "absorption feature". The "absorption region" can be calculated quantitatively. B. 

The location of the radiation region for most pulsars are very close: ~107vm to 

108cm (to the cente of the neutron Star). 

5. ICS Can Give a Reasonable Explanation for Core Emission 

There exist two distinct physical types of pulsar emission. the cone emission and the 

core emission. The core emission has been recognized by RANKIN [12.13] as an 

essential feature of pulsar emission. but the current theories of pulsars cannot give 

any understanding for It. QIAO [5] presents a modei of ICS which can give a 

reasonable explanation for both core and cone emission. especially for ( 1) 

geometry; (2) sub pulse modulation properties; (3) Spectra; (4) absorption features; 

( 5) polarization. 

5. 1 Core Emission and Cone Emission 

The core emission is an essential feature of pulsar emission. All evidences show it 

Is in some sense prior to that of the cone. The characters are as follows: A. 

Position. the cone emission region is near the center and the hollow cone 

surrounds the core. The core emission comes from a much lower region near the 

surface of the star. B. Spectrum. The conai emission exhibits a somewhat flatter 

spectrum than that of the core emission. C. Polarization. The core emission exhibits 

circular polarization. The emission from the hollow cone accounts for the 

characteristics S-shaped poiarization angle swing. D. Subpulses. There is no 

evidence of periodic subpulse modulation in the core emission, but the hollow-cone 

beam exhibits drifting subpuises . 

.p. 2 The Production of Core and Conal.J;.mlssion by ICS 

t._c..Jb~LEQ~H]Q!l._and LttfLll[Jl!!.!l!L.9L.s'p'i,;!Lk~ The discharges take place in the region 

near the edge of the inner gap. the occurrence of sparks depends on two things: 

the energy 01 the y-rays must exceed 2mc2 and B must be large enough, 

The high energy pairs e± can produce such y-rays In two ways: CA of ICS. 

For CR. Eph~1.5y3 CIS. as s~106cm. for Eph;;.2mc2• we need y;;.1.5xl06. For 

ICS, Eph~4y2hw, we need Y"O,4xl02. Owing to: (1) . From the analysis of 

"absorption features· we find that the conal emission come from the region very 

close to the outest open field lines. (2), The value of B is not large enough in 

the center of the gap, which is also shown that the spark would not take place 

near the center of the gap. (3). The potential difference in the gap fait down from 

the center to the edge. near the edge 641 Is too smait to give y .. l. 6xl06, (4)' As 

we pointed out in section 2. ICS would limit the value 01 y. We conclude that ICS 

would produce such y-rays. 

The mean free path .t of y-ray photons can be estimated as (SUTHERLAND, 

[6P: 
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0= 4.4 (.:L)(~) (~) 
'" ( e/1i,C) me BJ. exp 3x for x«1 

for x»1 (17) 

(18) 

For h Ji =2mc2• we have X-1IlS. 

From (17) and (18). we can see that I Is decreasing when B Increases. For 

dipole magnetic field lines. BJ.<>c+o<Sin<f, this means that from the center to 

the edge of the gap B Is Increasing. at the center B -0 and I~co. 

Thus the posltlon of sparking would preferably be very close to the edge of the 

gap. 

The subpulse drifting would take place in the conal emission. We have (QIAO. 

[ 5)) 

(19) 

Here P3 Is the subpulse drifting period. For the typical value of rp-5xI04cm. 

h-5x 1 03cm , B- 10 12 Gauss, .Il. ... (r p) - 1010 Volts, and P-l sec. we gel: h 5 
p '" • 

rhls Is a typical value of P3 from observations . 

.B~ The Production of Core Emission 

Near the center of the inner gap there are some high energy positrons with a 

lorentz factor of about _102 (see Section 2). In ICS between these positrons and 

the low frequency radio wave produced In the sparking. Ihe photons with 1il'_y21il_ 

6x109s-1 would be produced. These outgoing photons are the core emission. In .the 

center, the magnetic field lines are parallel to the line of sight, and in the cold 

plasma approximation, this outgoing radio wave has circular polarization . 

.c_~onal Emission 

The outgoing positrons produced In the sparking move out along the magnetic field 

Ihies. ICS would take place between these positrons and the low frequency wave 

produced in the sparking. This would give the hollow cone emission. In the cold 

plasma approximation, the radiation Is linearly polarized. and presents an S-shaped 

polarization angle swing. 

OWing to the sparking in this region, the moving out e:t Is pUlsating and 

drifting, so drifting sub pulse will be observed In the radiation. 

~~PJ!.Q.aL~f!Q.tt..a~f Ihe C[I;!tL.P...!lISElLg~JLBe--E!!ll!!L~.S Na!YL~l!)l 

CHENG and RUDERMAN [1] suggested that the optical radiation of the Crab Pulsar 

comes from ICS of radio emission scattered by the secondary e± near the outer 

gap. Because the radio emission of Ihe Crab pulsar Is very unslable, the outgoing 
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optical photons produced in ICS wouid be unsteady. but the observed optical 

radiallon is very stable. alAO et al. ( 41 suggested that in the model of CHENG 

and RUDERMAN the low frequency wave produced in the sparking (Section 3) 

instead of the observed radio radiation. is scattered by secondary e± in ICS near 

the outer gap. This model can give the main characteristics of the optical radiation: 

Luminosity. polarization. stability and spectra (lHU and alAO (141) 

1 he evidence presented here shows that the ICS must play a very important role In 

pulsar emission. The outline of the RS Model Is correct. but the production of 

y-rays In the sparking and observed microwave may come from ICS process Instead 

of CR. 
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ABSTRACT The Electron cyclotron maser Instability might occur above the magnetized 
accretion column of neutron stars. due to a few electrons with a non-thermal 
velocity distribution. The coherent emission with frequency close to the electron 
cyclotron frequency and Its second harmonic frequency might be amplified by this 
Instability. In the case of line emission from Her X-1. the growth rates of the 
Instability have been calculated using loss-cone and hollow beam velocity 
distributions. The growth rates Increase proportionally with the electron density In the 
accretion column. and vary rapidly with emisSion angle. The observations about the 
Intensity and the energy of emission line correlated with Her X-1 pulse phase have 
also been explained. 

1. Introduction 

The hard X-ray spectrum of Her X-1 has been extensively Investigated since a rather 

sharp spectral feature at 58 keV and possibly a second one at -110 keV were 

discovered by MPI In 1976 [1]. Further observationand analysis were performed by 

MIT [2]. MPI [3]. Saclay [4] etc.. Some new Interesting observational results on 

the spectral features of the Her X-1 source have been reported: ( 1) The spectral 

feature depends on the pulse phase of Her X-1. (the phase of 1.24s pulsation) 

and Is particularly pronounced only In a narrow range of the pulse phase [2]. [3] . 

(2) The emission line centroid varies with pulse phase. the measured variation can 

be represented by a sinusoidal function [3]. These results seem to Indicate that 

the line emission Is radiated In a narrow range of angle with respect to the neutron 

stars magnetic axis. (3) The energy variation of the emission line Is correlated with 

the Intensity of the line '-a [4]. as well as the continuum luminosity Le from Her 

X-1 [4]. (4) The ratio of '-aIle varies also proportional with the Increase of Le 
[ 4]. It will provide some serious constraints for theoretical models of cyclotron line 

emission from magnetized neutron stars. If these results are confirmed by further 

observation. 

The existing theoretical models of the line feature from Her X-1 fali Into three 

classes. In the first class the X-ray at 58 keV Is Interpreted as the electron 

quantum synchrotron radiation In a magnetic field of 5 x 10120 [ 5]. The second 

one attempts to account for the hard X-ray spectrum In terms of electron cyclotron 

resonance absorption [ 6] • [ 7] . In recent years. we have suggested that a 

population of non thermal electrons from the accreting column trapped above the 

magnetic cap co-exists with a denser background plasma. The electron cyclotron 

maser Instability can be excited by these nonthermal electrons. and the radiation 
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with frequency near 

frequency might be 

the electron cyclotron frequency and its second harmonic 

amplified by this instability. It is responsible for the line 

emission from magnetized neutron stars. 

2. The Electron Cyclotron Maser Instability Theory on the Line Emission from a 

Magnetized Neutron Star 

In fact. the plasma flows from a massive companion through the accretion disk. 

then falls onto the magnetic polar cap of the X-ray pulsar. forming an accretion 

column. This accretion column may be divided Into an upper and lower part [10). 

The Influence of the radiation pressure. which Is acting on the surface of the 

neutron star. Is negligible In the upper part of the accretion column. the plasma 

flow there might be considered a "free" fall under the gravitational attraction of the 

neutron star. 

However. a part of the electrons form a hollow beam velocity distribution due to 

the fact that they corotate with the Intense magnetic field of the neutron star; or 

form a loss-cone velocity distribution due to the magnetic field gradient along the 

magnetic axis. Therefore. the electron velocity distribution might form a nonthermal 

distribution In the upper accretion column. On the other hand. the radiation 

pressure balances the gas pressure of the accreting flow in the lower accretion 

column. and a shock wave may be produced in this part. In this case. the plasma 

flow should approach a thermal equilibrium velocity distribution. 

The electron cyclotron maser Instability may occur In the upper accretion 

column. It Is supposed. that the ions only play the role of a neutral background 

In the plasma. their kinetic effect may be negligible. and the nonthermal electron 

density ns « the electron density of the background no' The resonance condition of 

the electron cyclotron maser instability may be written as 

( 1) 

where ulI=yvll' y=(l - .;z./c2)-~ = (1 + U2/c2)~ Is the relativistic factor. Wy Is the 

resonance frequency. 0e is the electron cyclotron frequency and m is the harmonic 

number. This resonance condition corresponds to the resonance Interaction of 

electron and wave. It may be expressed as a resonance ellipse in the momentum u 

space: 
u2 

-..-::.......L. (u -- u ) 2_ 

a2 
_" ___ 0_ - ( 2) 

where b2 

Uo 
mOe Ncose 

c wy ( 1-N2cos2e) 

a2 rif~ - 1 
c2 ~ ( l-N2cos2e) 

b2 ~ 
(;2 

c2 ( l-N2cos2e) 
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a Is the angle between the emissive direction and magnetic field. N Is the refractive 

Index of the background plasma. The cold plasma approximation for the background 

plasma has been adopted In the following discussion. We can find easily from 

equation (2). that not only the electron velocity with u 1 > u 1C can contribute to 

the line emission. but also with u 1 < u 1C (u 1C Is a critical perpendicular velocity 

for the single electron emitting cyclotron emission). Therefore. the electron number 

which could contribute to the resonance line emission will Increase vastly compared 

with single electron process. 

A loss-cone velocity distribution function F (un' u 1) has been chosen as a 

nonthermal electron distribution 

F( u. u) ( 3) 
2 

[(u1 d - u2 + 4»/dj32]; 
2 

u 1" (U~ + 4» I d 

where d = BM/B-1. 4>= 2(u-ul)/M. U1• BM are the gravitational potential and the 

magnetic field at the magnetic mirror point respectively. A is the normalization 

constant. 

In the case where the growth rate of the Instability wi Is much less than the 

resonance frequency wy • the growth rates of the maser Instability might be written 

as [11]: 

where 

41T2 

G 

j[j[~ - 1]~ - (1 + a2
2) cotau.]U 1 (AS)F<'I1j 

JJ ksina dj3 

_ JU.Cj+) }. ~>O 
duo j [mne + cotau.) u 1 (As) F>'I1j . 

u. (j-) kslna 

J
ut) 

duo ] 

u. (j+) 

the meaning of the other parameters are the same as In reference [11]. 
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3. Transformation from the Fixed Frame to the Observational Frame 

All the theories of line emission from magnetized neutron stars are developed in the 

frame of axes fixed on the neutron star. The transformation between this fixed frame 

and the frame in which the observation is carried out must be considered because 

the neutron star rotates with high angular velocity. This transformation may be 

written In the form 

cos<\> sine = slneo cos (<\>o - X) 

sin<\> sine = coss slneo sin (<\>o - X) + sins coseo 

cose = coss coseo - sins slneo sln(<\>o - X) 

( 5) 

where (eo' <\>0) and (e. <\» denote the polar angle and the azimuthal angle 

specifying the direction of radiation in the observation coordinate system and the 

fixed coordinate system respectively. S is the angle between the magnetic axis and 

the rotation axis of the neutron star and X=wot. Wo is the angular velocity of the 

neutron star. 

4. Numerical Calculation and Discussion 

In order to compare with the cyclotron emission line from Her X-l an average 

energy of the nonthermal electron distribution of 150 keV has been taken. It 

corresponds to cia. = 1. 7, c/{3 = 11; the radius of the neutron star rM = 10Gcm. 

the mass of the neutron star M = 1 Me. the gravitational potential <\>/c2 = 0.55. 

the maser Instability occurs at r = 1.2 rM' the magnetic field B = 4.5 X 1012 

Gauss and d = 0.728 at ths point. 

The results show that the growth rates of the FX mode in the maser instability 

are much larger than the growth rates of the 0 mode in the above mentioned 

parameters. and the polarization of the line radiation from the FX mode is large. 

However. the difference between the hollow beam and the loss-cone nonthermal 

distribution is small. 

The growth rates of the maser instability vary with the electron density and 

emission angle. This is shown in Fig.l and Fig.2. It is apparent from Fig.l that 

the ratio of the growth rate wj(m=2)/wj(m=1) = 0.05 Is very small. This means that 

the second harmonic emission line (110 keV) Is quite weak. if the conditions ns « 

no' and no < 102G /cm3 "hold. The growth rates of the Instability Increase with the 

electron tlensity (or accretion rate M> as shown In Fig. 1. In contrast to the 

transition rates between the Landau levels which are independent of no' In general. 

the luminOSity of the emission line can be expressed by L,. = Loexp (WjT) (T Is the 

saturation time of the Instability). Therefore. the line radiation produced from the 

maser Instability Is coherent. and the luminosity of line radiation will Increase with the 

nonthermal electron density In an exponential manner. if the variation of the saturation 

time with the electron density can be neglected. It Is characteristic of a collective 

excitation. and may explain qualitatively that the ratio Le/Lc varie5 with Lc [4]. 
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Fig. 1 The maximum growth rates 

of the FX mode versus the electron 

density no 
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Flg.2 The maximum growth rates and the energy of the emission line as a function 

of angle with respect to the magnetic field 

The growth rates depend Intensely on the angle relative to the magnetic field. 

as shown in Fig. 2. This means that the emission line from maser Instability can be 

observed only in a limited angle region. or the intensity of the emission line will 

depend strongly on the pulse phase of the X-ray pulsars. The energy of the 

emission line depends approximately linearly on emission angle as shown in Fig. 2. 

Taking the transformation (5). it can be found in Fig. 3 that the emission line can 

be observed only in a part of the 1.24s pulsations and its energy varies with time 

In a sinousidal pattern. In contrast. the angular distribution of the emission line 

from Landau levels transition is rather smooth. and the energy of the emission line 

Is approximately constant [12]. It can be seen by means of the transformation (5). 

that the emission line would be observed over a wide range of the pulse phase and 

the energy would be constant. This Is not consistent with the observations 

[2].[3]. 
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Fig.3 The energy and the Intensity ( relative value) of the emission line as a 

function of pulse phase in the observational coordinate system for the maser 

Instability model ( left) ; for the emission due to Landau level transitions ( right) 

This is an attractive model for some observational results. The emission line 

from Her X-1 might be explained by the electron cyclotron maser Instability model. 

However. many physical processes such as quantum effects and radiation transfer 

effects have not been considered in this model. 
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Radiation Processes in Strong Magnetic Fields 

W. Nagel 

Max-Planck-Institut fur Physik und Astrophysik, Institut fur Astrophysik, 
Karl-Schwarzschild-Str. 1, D-8046 Garching, Fed. Rep. of Germany 

Since the discovery of cyclotron lines in the spectrum of the X-ray pulsar Her X-I [1] much effort 

has gone into theoretical work on radiation processes and radiation transport in hot (~ 108 K) 

and strongly magnetized (~ 108 Vsm-2) plasma (see MESZAROS [2] for a review). Apart from 

its astrophysical relevance for pulsars, and possibly I-ray bursts, this problem also offers a 

unique opportunity of learning about fundamental physics: the interaction of light and matter. 

I have been studying this problem for quite a number of years now, but only recently did I 

find a consistent and promising way to attack it-using quantum field theoretical methods. Let 

me try to convince you that radiation processes in magnetic fields are a challenging research 

project-a project which is just at its beginning, and a lot of interesting exercises in quantum 

electrodynamics are still in store. But before I come to these fundamental aspects let me talk 

about the astrophysical background of the problem. 

Figure 1 shows a few simple model spectra which I computed some years ago [3] with the 

intention of producing something similar to the Her X-I spectrum. These spectra were com­

puted for uniform hot plasma layers of various thicknesses (TThomson = 10-2 •.• 103 ). You can 

see that only for very thin slabs does one get an emission line, which soon becomes self-reversed, 

and turns into an absorption line for thick layers. My conclusion from these calculations was 
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Fig. 1: Computed X-ray spectra from uni­
form layers of hot magnetized plasma, p = 
10-2 gcm-3 , T = lOkeV, liwB = 50keV, thick­
nesses 10-2 , 10-1 , ••• , 103 in Thomson units. 
The uppermost curve represents the Wien spec­
trum. 
(from NAGEL 1981, Astrophys. J. 251,295) 
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that the feature(s) in the Her X-I spectrum should be interpreted as absorption lines. While I 

still believe that this is true, these model spectra have turned out to be wrong in almost every 

respect. The line shape, for example, is controlled by a side-effect: the non-orthogonality of 

the polarization modes at the angle (J = 60° which was adopted for the numerical calculations. 

Vacuum polarization and spin-flip transitions, which were ignored here, have a profound effect 

on the line shape [4]. Moreover, it turned out later that we had left out an important radiation 

process: two-photon emission, which is in fact the dominant source of continuum photons. I 

hope it will become clear in the course of my talk how this came about-why an important 

effect had simply been forgotten. 

The fundamental radiation process in a magnetic field is cyclotron radiation. Non-relativ­

istically, an electron cascades down from one Landau level to the next, emitting a single photon 

at each step. But an electron can return from the first excited Landau level to the ground state 

also by emitting two photons simultaneously. This process occurs less frequently than normal 

cyclotron emission, but, as was first pointed out by KIRK et al. [5], it is important as a source 

of continuum photons. The frequency of the emitted photons is variable, because only the sum, 

Wl + W2 = WB, is fixed. 

Preliminary estimates [6] showed that under conditions thought to be typical for an ac­

creting neutron star like Her X-I the two-photon emissivity would significantly exceed the 

bremsstrahlung rate. More detailed calculations of the two-photon cross sections were carried 

out by John Kirk and Michelle Storey. Typically, in two-photon emission from the first excited 

Landau level, one of the photons is quite soft, while the other has nearly the line energy. In 

order to obtain an 'effective' absorption coefficient and emissivity for the soft photons, they 

took averages over the hard ('cyclotron') photons, which have short mean free paths and can 

be assumed to have a thermalized (Bose-Einstein) distribution. This averaging led to another 

surprise: the resulting cross sections had an angular and polarization dependence remarkably 

similar to that of bremsstrahlung. It is possible to derive an expression for the two-photon emis­

sivity in close analogy with bremsstrahlung. Since I find this very instructive, let me briefly 

present this here. 

Perhaps I should warn you that this derivation is somewhat unorthodox-I like to call it 

'pseudo-classical', because it is just the opposite of the well-known 'semi-classical' approach. Let 

us treat the electrons classically, but assume that cyclotron radiation consists of little 'bullets' 

carrying momentum hwB/C. Imagine that the electrons are in a 'thermal bath' of cyclotron 

radiation. Whenever a line photon is absorbed or emitted, the electron suffers a recoil. Thus 

the electrons are vigorously 'shaken' by the line radiation. From the spectrum of the velocity 

fluctuations one can deduce the spectrum of the emitted radiation. 

Since an electron in a magnetic field is just a harmonic oscillator, the velocity fluctuations 

are quite easy to work out (see Fig. 2). Introducing v± = (v z ± ivy)/v'z, one gets very simple 

equations of motion: 

d . 
dt V± = ± ZWBV± 

and correspondingly the response to a 'kick' at time t = 0 is 
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Fig. 2: An example of how a velocity component of an electron in a magnetic field 
may vary in time. It is assumed that collisions with ions or cyclotron line photons 
lead to instantaneous changes of the velocity. 

The white input noise due to the random pulses is filtered by the oscillator, and the power 

spectrum of the velocity fluctuations is therefore 

Jdt eiwt(v;(O)Vz(t)) = >. (h~:) 2 ~2' 
where>. is the rate at which the pulses occur. Actually, velocity jumps occur at different rates 

for directions transverse and along the magnetic field, owing to the anisotropy of the cyclotron 

cross sections (see KIRK et al. [7] for these details). The emissivity is then given by 

where 
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is the occupation number of the cyclotron line photons. In this form, the similarity to brems­

strahlung [8,9J becomes quite obvious. At low frequencies (w <:: WB) the angular and polar­

ization dependence of the emissivity is controlled by the component of the polarization vector 

along the magnetic field, ez • Only along the field can the electrons move freely; transverse mo­

tion is strongly inhibited. For this reason, all radiation processes (scattering, bremsstrahlung, 

two-photon emission) have a rather similar angular dependence. 

Figure 3 shows the angular dependence of the two-photon emissivity as computed with 

the simple formula just derived, and the more complicated expressions given by KIRK et al. 

[7J. Although the derivation is so primitive, it gives a pretty good idea of the magnitude and 

angular dependence of the emissivity. There are some discrepancies at large angles, because 

the Kubo formula used above for the emissivity is based on the dipole approximation. (The 

more general formula is given below.) 

The most important feature of the two-photon emissivity is the appearance of the density 

of cyclotron photons. Two-photon emission is caused by collisions with line photons, as opposed 

to bremsstrahlung which is due to collisions with ions. Under the conditions likely to prevail 

in the accretion column of Her X-1, line photons are far more numerous than ions. Therefore 

two-photon emission will produce many more soft photons than bremsstrahlung. On the other 

hand, the preceding derivation makes it understandable why this process had not been thought 

of for such a long time. In the case of resonance lines in the optical or ultraviolet, with which 

astrophysicists are very familiar, the momentum of a line photon is always taken up by a whole 

atom. Hence the velocity changes are much smaller. And the momentum of an optical photon 
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Fig. 3: Angular dependence of the 'effective' two-photon emissivity. Left: as computed 
from the simple formula given in the text. Right: using the more accurate expressions 
given by KmK et al. [7J. The occupation number of cyclotron line photons is taken 
to be n(wB) = 1, density p = 10-2 gcm-S , temperature T = 10keV, and cyclotron 
frequency nWB = 50keV. Emissivities are given at nw = 10keV (upper curves) and 
1keV (lower curves) for the ordinary (solid) and the extraordinary polarization mode 
(dashed lines). Vacuum polarization leads to an exchange of the two modes at 2.4 ke V. 

106 



is, of course, minute compared to a photon in the hard X-rays. For these reasons two-photon 

emission is negligible as a photon source in normal stellar atmospheres. 

Two-photon emission solves the old problem that with bremsstrahlung as a photon source 

one had to go to rather high densities (~ Igcm-3 ) to produce model spectra for Her X-I 

with realistic luminosities (- 1037 ergs-I). With two-photon emission it is now possible to 

get reasonable luminosities also from the relatively thin plasma thought to fill the accretion 

column. 

But these processes also create a problem: they make it impossible to compute opacities 

without already knowing the radiation field. The calculation of opacities becomes coupled to 

the solution of the transport equation, since e.g. the soft photons can modify the cyclotron line 

shape. In the model calculations of KmK et al. [7] this difficulty was by-passed by assuming a 

certain equilibrium density of line photons (which was treated essentially as a free parameter). 

Ideally, one would like to calculate the densities of line and soft photons consistently-each 

kind affecting the radiative cross sections of the other. The work required to solve the transfer 

equation is then almost negligible compared to that of computing the opacities, because multiple 

integrals over frequencies and directions are required. But there is a problem even more serious 

than this numerical difficulty: How must one formulate the problem? What are the equations 

which we should solve? 

It seems natural to start from two Boltzmann equations: one for the photons, and another 

one for the electrons. But as soon as you have written down these equations, you have fallen into 

a trap. Why? Can anything be wrong with such a basic thing as the Boltzmann equation? This 

is certainly a strange question to ask for someone who has worked on radiative transfer problems. 

I only noticed that there was a problem when I started to think about the rate coefficients that 

go into the kinetic equations. It is quite straight-forward to write down a scattering cross section 

for electrons with a particular speed. But the total scattering cross section is infinite, if you 

integrate over the electron velocity distribution. This is an old problem, of course, and already 

WEISSKOPF and WIGNER [10] showed that it is necessary to include a damping term in order 

to obtain a reasonable line shape. However, this damping term ruins our book-keeping system 

provided by the Boltzmann equations, since it is no longer possible to separate the various 

radiation processes like absorption, scattering, bremsstrahlung, etc. All of them contribute 

to the damping. If you try to expand in powers of the coupling constant n, you are back at 

square one, because the cross sections diverge. MELROSE and KmK [U] wrote down both the 

divergent, and the physically meaningful expressions (with the damping included). But they 

emphasized that the damping represents just an approximation, and that it should not be used 

for accurate work. The question then that I would like to answer is: What is the true cyclotron 

line shape? How can the opacity be calculated? 

In the theory of spectral line shapes it is customary to express the absorption coefficient 

as a Fourier integral of the dipole moment auto-correlation function. I do not find it very 

meaningful to talk about a dipole moment of a free electron. Moreover, we need to go beyond 

the dipole approximation if we want to discuss also the higher harmonics of the cyclotron line. 

The solution of the problem lies in the dielectric tensor, or in the conductivity tensor, which is 
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related to it. It is well known (at least to solid state physicists) that the conductivity tensor 

can be expressed in terms of the current-density fluctuations of the medium, giving rise to a 

so-called Kubo formula [12]. By taking the hermitian part of the conductivity tensor we can 

thus obtain a Kubo formula for opacities: 

00 

It = :~: L e;ev ! dt ! d3x e-·(kx-wt) (j!t(x, t)jv(O, 0) - jv(O, O)Jj..(x, t)). 
J'V -00 

Here it is understood that we take quantum mechanical expectation values as well as statis­

tical averages of the current-density operators jl" The order of the operators is obviously 

significant--otherwise the commutator would vanish. 

For the emissivity we can write down an analogous expression, 

00 

£= ~~~: Le;ev !dt !d3xe-·(kx-wt) (jv(O,O)j!t(x,t). 
!tV -00 

We already used a simplified variant of this formula in the derivation of the two-photon emis­

sivity above. I would like to convince you that these formulas are very general and useful, since 

they describe all radiation processes. It is just necessary to compute the correlation functions 

in sufficient detail. 

As a simple demonstration let us first consider the cyclotron emissivity. If we use the dipole 

approximation (Le. let k -> 0), then we need only the velocity fluctuations, 

which are very easy to determine. This is because the operators v± = (vx ± ivy)/V2 act as 

ladder operators 

( liWB)t v+ In) = --;;;- ../n + 1 In + 1), ( liWB) t v_ In) = --;;;- .;n In -1), 

moving an electron from one Landau level to the next. It is easy to see that in thermal 

equilibrium (temperature T = 1/(3) one has 

( ) ( ) liWB 'wst (v_ (O)v+ t = n + 1 - e , 
m 

T 
(vAO)vz(t)) = -, 

m 

where (n) = 1/ [exp((3liwB) - 1]. Now we find 

00 

£ = o:liw: N L e;ev !dt e·wt(vv(O)V}L(t)) 
27rc 

p.v -00 
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Note that I retained only the positive frequency terms. At temperature T = 0 the emissivity 

drops to zero, as it must, even though the velocity fluctuations are still non-zero (due to vacuum 

fluctuations). They contain only negative frequencies at T = o. 
What we have obtained is an extremely simplified expression for the cyclotron emissivity. 

The limit k -t 0 is tantamount to the assumption that an electron always stays at the same 

place--so there is no Doppler broadening of the line. It requires a little more work to write down 

the full expressions involving the current correlations. This is straight-forward, in principle. 

What is less straight-forward is the way scattering cross sections can be computed from the 

Kubo formulas for opacity and emissivity. Only recently did I learn how to do it, and I won't 

go into all the technical details, which you can find elsewhere [13]. 

The essential idea is to introduce a time-ordering along a closed time-path [14], so that 

products of operators will always appear in the correct order. In effect one duplicates the 

operators: for every operator A(t) on the 'forward' time branch there is another one on the 

'backward' time branch A(l) which is identical, except that it has the opposite behaviour under 

time ordering. If we denote a time ordered product by [ ... ], we define 

[A(t)B(t')] = 0(t - t')A(t)B(t') ± 0(t' - t)B(t')A(t) 

[A(I)B(t')] = A(t)B(t'), 

[A(t)B(t')] = ±B(t')A(t), 

[A(t)B(t')] = 0(t' - t)A(t)B(t') ± 0(t - t')B(t')A(t) 

where 0(t) is the usual Heaviside step function. 

With this definition, correlation functions can be expressed in the form 

(v(t)v(O)) = ([v(l)v(Q) exp -if f dt' H'(t')]) 

with H'(t) = eA(t)v(t), and where f dt' = f~oo dt - f~oo dl indicates integration over a closed 

time-path. 

The third basic idea is the application of Wick's theorem. Expectation values of operator 

products can be factorized into elementary Green's functions. An expression like 

gives rise to two terms of the form 

because there are two possible ways of pairing up the operators. The building blocks of the 

quantum field theoretical machinery are therefore Green's functions such as 
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(for cold plasma, T = 0) and 

if there is a wave with flux Fo which is completely polarized and has the polarization vector ew 
Here, eo(t - t') = 1, if t is a 'later' time on the closed time-contour than t', and zero otherwise. 

I have simplified the notation and given only those parts which are actually needed to calculate 

the differential scattering cross section; see NAGEL [131 for more details. 

At first sight, the whole formalism looks rather complicated, but the basic ideas are simple, 

and the application of the machinery is quite straight-forward (if tedious). What I found most 

interesting is that with this method you can in fact calculate the well known scattering cross 

sections in a magnetic field [151. Thus line and continuum opacities can be calculated from 

the same fundamental formula. The beauty of the Kubo formulas is that they contain all 

radiation processes-if we evaluate the correlation functions with sufficient care. Moreover, 

they are really the only way to arrive at meaningful expressions for the cyclotron line shape. 

The usual way of adding up squares of Feynman diagrams for different processes is only an 

approximation which leads into the trouble that I have discussed. There is but one observable 

opacity-separating parts due to 'absorption' or 'scattering' (or etc.) is meaningless. 

This implies that one cannot use the Boltzmann equations to set up the problem, because 

this book-keeping system requires a careful separation of the various radiation processes ap­

pearing on the right hand side. Instead, one should start from the equations of motion for 

the field and current correlation functions, ([AI'(x,t)Av(O,O)]) and ([jl'(x,t)jv(O,O)]). Cur­

rent fluctuations give rise to field fluctuations, and vice versa. It should be possible to derive 

self-consistency relations for the spectra of these fluctuations. Perhaps these equations are not 

much harder to solve numerically than the usual radiative transfer equation. Then radiation 

processes of arbitrarily high order could be included (if only in an approximate way), like e.g. 

in the Hartree-Fockjself-consistent field method. This is an interesting possibility that deserves 

to be explored further. 
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Radiation Dominated Shocks in a 
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The spectrum of a radiation field passing a shock-front in a hot tenuous plasma is influenced 

drastically by the bulk motion of the gas. This may appear in many astrophysical environments, 

for example in accretion columns near the surface of neutron stars (BASKO and SUNYAEV 

[IJ, in spherical accretion flows around AGNs or black holes (MESZAROs and OSTRIKER [2J, 

BLONDIN [3]), in the terminal shock-waves of supernovae (COLGATE [4]) or in the radiation 

dominated era of the early universe (ZEL'DOVICH et al. [5]). If the plasma density is sufficiently 

low then the main coupling mechanism between the radiation and the gas is Compton scattering. 

In addition, in a converging flow the photons can systematically gain energy by the first order 

Fermi process. The details of this mechanism have been worked out by BLANDFORD and 

PAYNE [6 J, and the repeated energy increase of photons diffusing many times through the shock 

leads to a high energy power law in the post-shock spectrum. However, the redistribution of 

energy due to Compton scattering has to be neglected in order to obtain the power law solution. 

Certain aspects of this effect have been considered by LYUBARSKII and SUNYAEV [7J under the 

assumption of a constant electron temperature and a flow velocity structure varying linearly 

with optical depth. The resulting spectrum obtained from the injection of soft photons contains 

a low energy power law plus a high frequency exponential cut-off, which is a common feature 

for Compton scattering with thermal electrons (SUNYAEV and TITARCHUK [8]). This model 

does not, however, represent a complete solution of the shock problem; its validity is mainly 

restricted by the assumption of a constant temperature. In the case of pure scattering a local 

Compton equilibrium will lead to a temperature profile in the shock depending on the spectral 

properties of the radiation field (ZEL'DOVICH and LEVICH [9J, ILLARIONOV and SUNYAEV [10]) 

(1) 

where n(w) is the photon occupation number. The temperature distribution will in turn alter 

the local spectrum: the exponential cut-off due to Comptonization depends on the position in 

the shock, and the photons that diffuse into a certain volume element have been scattered by 

electrons with a temperature that is different from the local value. 

The simultaneous calculation of the flow structure, the electron temperature and the pho­

ton spectrum has to be performed numerically. For simplicity we consider a one-dimensional 

stationary shock structure where Compton scattering is the only relevant interaction process 

between the plasma and the radiation. The electron distribution is adjusted to a local Maxwell 

distribution by the recoil effect on a very short time scale (ZEL'DOVICH and LEVICH [9]). In the 
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limit of the diffusion approximation the following transport equation has to be solved together 

with the temperature condition (1) (we will, however, neglect the induced scattering processes, 

being proportional to n 2 ) 

(2) 

where v is the flow velocity and T is the optical depth with respect to Thomson scattering. 

The right hand side describes the photon scattering in the Fokker-Planck limit (KOMPA­

NEETS [11]), and the left hand side contains the diffusion, advection and compression heating 

of the radiation. The (spatial) diffusion coefficient has been calculated in the Thomson limit 

and is, therefore, independent of the photon energy. As a consequence, it is possible to obtain 

an analytic solution of the shock structure which is independent of the particular spectrum 

(BLANDFORD and PAYNE [6]); the velocity for example reads 

(3) 

where M2 = ~p_v:'/p_ is the Mach number, which depends on the pre-shock values of the 

density p_, the velocity v_, and the pressure p_. The typical shock width T. is given by 

~ = ~ v_ (1 __ 1 ). 
T. 2 C M2 

The asymptotic behaviour of equation (2) far behind the shock leads to a constant temperature 

T + and an equilibrium Wien spectrum 

and for an initial Wien spectrum with the temperature T _ the post-shock value depends on 

the Mach number only 

(4) 

The figures 1 and 2 show two numerical solutions of the transport equation (2) for the 

self-consistent velocity profile (3) with a Mach number of 10 and different initial velocities and 

temperatures. At high frequencies the spectra decrease exponentially, because for nw > kT 

the photons loose their energy very efficiently by the electron recoil. The spectral features and 

the temperature profiles are quite different for those two solutions. In figure 1 the temperature 

reaches a maximum value close to the shock centre and decreases to the final value (4) on a length 

scale much larger than the shock width. The temperature function in the figure (2), however, 

is monotonically increasing. A qualitative explanation of this behaviour can be obtained by 

analyzing the post-shock structure in a perturbation approach. For small deviations from the 

final equilibrium, both the temperature and the spectrum decrease exponentially to this state, 
and there appear two characteristic length scales one of which is the shock width and the other 

one can be interpreted as a Comptonization length. The ratio of both length scales is 
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Fig. 1: Spectra, velocity, and temperature in a radiation dominated shock. The upper 
frame shows the velocity and the electron temperature as a function of the optical 
depth coordinate. The spectral energy density (in arbitrary units) as a function of 
energy is shown in the lower frame for various positions in the shock. (The corre­
sponding depth points are indicated by circles on the temperature curve.) The initial 
spectrum is a Wien spectrum with a temperature of kT = 0.156keYj the pre-shock 
velocity is v = 0.5 c, and the Mach number is M = 10. 

M2 + 6 [V 8 8M2 - 1 ] 
TI = 7(M2 _ 1) 1 + 9' M2 + 6 . {3M2 - 1 

and {3 is the ratio of the thermal to the kinetic energy of the electrons in the pre-shock regime. 

Although TI has been derived under the condition that deviations from the equilibrium are 
small, it is useful to classify the shock structure in general, as numerical results show. 

For TI < 1 (figure 1) Compton scattering is not effective enough to establish a local equi­

librium; this is the case for cold and fast flows 

1 
{3<M2<1. 

The spectra for all 1" < 0 in figure 1 contain a maximum at about 14 keY which is almost 

independent of the depth. This corresponds to a thermal spectrum of kT - 4.7 keY which is 

approximately the maximum temperature appearing at 1" - O. Therefore, the spectrum in front 
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of the shock is dominated by hot photons diffusing upstream from the shock centre where the 

temperature is highest. This means in particular that there is an excess of high energy photons 

in this regime which effectively preheats the plasma electrons 50 that the temperature shoots 

over its final adiabatic value T +. 

If the length scale ratio TJ is larger than one (figure 2) the spectra are locally adjusted to an 

almost equilibrium distribution at least in the high energy range; the temperature approaches 

T + in a monotonic way. 

As a significant result our self-consistently calculated solutions show that one does not 

obtain power law parts in the spectra of radiation dominated shocks. If the spectra deviate 

strongly from a local thermal equilibrium the existence of a non-constant temperature pro­

file completely destroys any power law behaviour which appears in the case of no Compton 

scattering (BLANDFORD and PAYNE [6]). 

We have assumed here an idealized configuration of an infinite one-dimensional plasma flow 

which can only qualitatively be applied to investigate realistic astrophysical situations. In order 

to observe a spectrum from the central part of the shock, the flow must become optically thin 

in the post-shock regime, i.e., the plasma must expand to a lower density. However, we expect 
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Fig. 2: Spectra, velocity, and temperature in a radiation dominated shock. Presenta­
tion is the same as in figure 1. Pre-shock values: temperature kT = 1.39 ke V, velocity 
v = 0.1 c, Mach number M = 10. 
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that the general shock structure for the radiation dominated case is similar to the solution we 

have presented here, and the possibility of two principal shock types, depending on the initial 

conditions, will still remain valid. 
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Quasar Models 

M. Camenzind 

Landessternwarte Koni~stuhl, 
D-6900 Heidelberg 1, Fed. Rep. of Germany 

1. Introduction 

Despite the many attempts to explain the overall structure of quasars, we are still not in the 
position to give only an approximate view about the innermost parsec in those sources. This 
is a somewhat discouraging aspect for those people who work laboriously for a longer time in 
this field in comparison with the situation encountered in many other branches of theoretical 
astrophysic!!l. 

Quasars are jet sources indicating that plasma must be driven away from a central region in 
a galaxy into the kpc-region. But even extensive observations of about 200 jets in extragalactic 
objects could not reveal the basic physical properties of jets (see e.g. BRIDLE and PERLEY 
II/). In partiCUlar, neither the nature of the plasma (ion plasma or electron- positron mixture) 
nor the speed of this outflow are known. We only know that the jet speed has to be dose to the 
speed of light in sources, which show superlwninal motion. Here, the minimal Lorentl fadors 
have to be between 2 and 10 (or even 20 for 3C 345, BIRETTA et al. 12/). It turns out to 
be extremely difficult to obtain such a high acceleration in a simply radiation pressure driven 
wind. In addition, with such a mechanism the collimation of the outflow must be achieved 
with external "pressure walls", such as formed by the funnel of thick accretion disks. 

A few years ago, I proposed a much more powerful mechanism for the initial acceleration of 
such outflows (CAMENZIND 13/). This mechanism is based on the mlJ9netic sling effect in a 
rapidly rotating magnetosphere. When plsama can be injected beyond the corotation radius in 
such a magnetosphere, we can achieve extremely high speeds when relativi~ is included in the 
problem formulation. The essential ingredients in the magnetic sling effect are physically quite 
simple. As in the Newtonian case, the rotating plasma will decouple from the magnetosphere 
at the A1fven point, but relativi~ forces this A1fven point always to be located inside the 
light cylinder. The final outflow veloci~ is then essentially just the rotation speed obtained 
at the A1fven point. The location of this A1fven point along a magnetic flux tube is now just 
a question of the density of the plasma. When the magnetosphere is heavily populated with 
plasma, the A1fven point is far inside the light cylinder and only moderate outflow velocities 
are achieved. When the magnetosphere is however only sparsely populated with plasma, the 
Alfven point is driven towards the light cylinder and outflow speeds very close to the speed of 
light can occur. 

This rotating magnetosphere also provides the collimation force for the outflow. The 
rotating magnetosphere filled up with plasma produces a toroidal field which then acts as a 
pinch force against the inertial force of the outflowing plasma. It is however not a simple 
question to decide on which typical distance this collimation can be achieved.. 
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In the following we describe first two situations in the center of a galaxy, which can generate 
large scale rotating magnetospheres. The basic eqnations for a plasma equilibrium are given, 
and we provide the first numerical solutions of this problem for the extreme relativistic limit. 
Finally, we outline various consequences of this jet model for the observations of quasars. 

2. Basic Requirements for Quasar Models 

In the past twenty years, many models have been proposed for the innermost parsec in quasars. 
It is, however, not easy to construct a realistic model which satisfies all the constraints imposed 
by observations. These constraints can be summarised in the following way: 

(i) coexistence of inflow and outflow for jet sources; 

(ii) coexistence of the UV-photosphere with jets; 

(iii) the existence of magnetic fields in the nuclear jets. 

The detection of the broad UV-bump in low-polarisation quasars, which are at the same 
time jet-sources, may indicate that accretion must occur with high angular momentum and 
that the outflow is perpendicular to this accretion disk. MALKAN and SARGENT /4/ and 
MALKAN /5/ have modelled this UV-excess in terms of optically thick thermal emission from 
the inner part of the accretion disk. The specific form of the UV-bump is not known, since 
there are too many uncertainties in the form of the optical Ilynchrotron spectrum and in the 
contributions of other components from this wavelength region (see e.g. CAMENZIND and 
COURVOISIER /6/, EDELSON and MALKAN /7/). On the basis of these observations 
alone, the central UV- source in quasars can still be due to a rapid rotator or a supermassive 
disk. 

The strong UV-radiation field in the center of a galaxy inhibits the effective pair production 
by gamma rays. From this we expect that the plasma feeding the outflow is a normal stellar 
plasma consisting of electrons and ions. We assume therefore for the following that jets consist 
of normal plasma. 

The properties of nuclear jets in quasars - and in other radio sources - cannot be explained 
without the inclusion of magnetic fields. The easiest way to produce magnetic fields is to start 
with the presence of a strong magnetosphere around the central source. Plasma can then be 
injected into such a rotating magnetosphere either from the surface of a non-collapsed object 
or from the surface of an accretion disk. The out flowing plasma will drag along the magnetic 
field. 

3. Two Models 

There are essentially only two types of models, which can satisfy the above constraints. In 
the first instance, we consider the magnetosphere of a non-collapsed rapidly rotating compact 
object in interaction with an accretion disk. These types of objects are well known on the 
stellar mass scale. A rapidly rotating magnetized neutron star can eject plasma from the 
accretion disk which surrounds the object (CAMENZIND /8/). On the supermassive scale, 
the formation of rapidly rotating compact objects is very probable in the center of a galaxy, 
when black holes are not formed at th(. initial stage of galaxy formation. Matter around the 
center of a galaxy has in general too much angular momentum for the onset of a dramatic 
collapse (CAMENZIND /3/). The contraction of a central condensed object in a galaxy 
must occur on a long time scale dictated by angular momentum loss. The specific angular 
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momentum a. = J./(GMlc) of these objects is still quite high 

(1) 

when the mean rotation frequency < 0 > is very near to the Keplerian angular velocity OK 
at the surface (k2 ~ 0.1). The fatal collapse towards a Kerr black hole with aK < 1 will 
only occur if a. ~ 1. Mass loss must therefore be an essential ingredient in the evolution of 
supermassive rotators or supermassive disks (CAMENZIND 18/). These objects will carry 
rapidly rotating magnetospheres, and plasma will be injected either from the surface of the 
object or from a surrounding accretion disk. When the injection point is very near or beyond 
the corotation radius, plasma cannot accrete onto the central object, but will be driven away 
by the strong centrifugal forces. This magnetic ,lifl.g effect is the most powerful way to produce 
high energetic plasma flows. 

A similar interplay between magnetic fields and plasma flow can also occur when the 
magnetosphere is formed in an acretion disk around a central black hole (BLANDFORD 
and PAYNE 19/). The magnetosphere is then formed either by diffusive processes (see e.g. 
LOVELACE et al. 110/), or by dynamo action in a strongly turbulent and differentially 
rotating disk. Plasma is now injected directly from the surface of the disk. 

In both models, we are forced to use relativistic MHO, since the magnetosphere is robting 
80 fast. As a consequence, the light cylinder is very near to the plasma injection point. 
Newtonian calculations are only meaningful when the light cylinder moves to infinity - or 
when at least all critical radii are far inside the light cylinder. In addition, gravibtional 
effects from the background geometry are negligible in a first approximation for centrifugally 
driven 'Winds. The background space time is therefore Minkowskian. 

4. The PormatioD of Relativistic: Jets 

The magnetic field for axisymmetric configurations can be represented in terms of the magnetic 
flux function "t and the toroidal magnetic field BT 

1 
B = R (V"t 1\ ~) + B~~ 

The motion of the plasma follows then from the equations of motion 

for the total energy momentum tensor 

T:/=O 
Nj:=O 

Ta{J = (p + P) uau{J - P ga{J + T:l 

(2) 

(3) 
(4) 

(5) 

together with Maxwell's equations. These equations are in general quite complicated, unless 
we work in the MHO-limit and assume certain symmetries. Since we are interested in equi­
librium conflgurations for axisymmetric plasma flOW8, the set of the above equations can be 
considerably reduced. In particular, stationarity and axisymmetry require the existence of 5 
constants of motion, which in the MHO-limit are also constant along the magnetic flux tubes 
(CAMENZIND Ill/) 
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NPO~=O 
Ni3 E,i3 = 0 Ni3 S,i3 = 0 

(6) 

(7) 

These are the angular velocity OF of the field lines, which determines the light cylinder for 
each field line, the particle injection rate 1/, total energy and angular momentum and the 
entropy per flux-tube. The parameters OF(ti),1/(ti) and S(ti) are given by inner boundary 
conditions, while the total energy and angular momentum follow from the conditions that the 
outflow of a wind solution passes through the Alfven point and the fast magnetosonic point. 
Due to the existence of 5 constants of motion, the equation of motion for the poloidal velocity 
up is integrable along a given flux-tube and can be transformed to a polynomial of degree 16 
for adiabatic ion flows with r = 5/3 (CAMENZIND /12/) 

16 R 
~ An( RL jE,L,p.jf/u.) u;/3 = 0 (8) 

Similar equations can be derived for other adiabatic indices. The flow is then essentially 
determined by the flux-tube function 

and Michel's magnetisation parameter 

(Bp. R~)2 
u. = 411"mcJ.(t') Ri 

(9) 

(10) 

where R. is the injection radius, Bp. the poloidal magnetic field and J. the particle flux at the 
injection point. u. is the essential parameter of the problem. It determines the asymptotic 
Lorentz factor in a flux-tube with 

(11) 

When u. » 1, we xpect highly relativistic outflows, when u. <: 1 Newtonian outflows. 

Fig. 1 shows the soMions of the hot wind equation for moderate u.-values. 

The physical wind solution starts with low velocity at the injection point, crosses an 
unphysical branch at the Alfven point inside the light cylinder and crosses this branch a 
second time at the fast magnetosonic point. When the ion plasma is relatively cold (in the 
relativistic sense I), the fast magnetosonic point moves to infinity. In the relativistic sense, 
realistic ion plasmas are always cold (even at a temperature of 109 K). This means that the fast 
magnetosonic point is always outside of the computable region. These solutions also show that 
the light cylinder itself is no critical point of the wind equation. However, for fixed injection 
points, the Alfven point is driven towards the light cylinder with increasing q. -parameter. 
This means that the decoupling of the plasma from the rotating magnetosphere occurs very 
near to the light cylinder. The outflow will reach therefore a high speed. 

One of the essential points of the computation of self-consistent jet equilibria is the par­
ticular form of the toroidal current jq" which determines via Ampere's equation 
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Fig. 1: The IIOlutions of the hot wind equation 
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=i' c!!.;/.' 

(12) 

the structure of the magnetosphere. With the introduction of the magnetic flux 't, this 
equation can be transformed to a divergence equation 

R V . ( ~ V't) = - 4c'" i", (13) 

For nonrotating magnetic structures and static equilibria this equation is well known as the 
Grad-Schliiter-Sh.afrano" equation. In this static case, the current is simply given by two 
functions of 't 

(14) 

Plasma confinement in the laboratory is based on this equation. 

When plasma is moving relativistically in the magnetic field, the form of this current is 
quite complicated. A derivation of i", for this case has been given in CAMENZIND /12/. 
Apart from pressure effects, there are essentially three different components which contribute 
to i", 

(i) inertial currents; 

(ii) currents rela.ted to the toroidal field; 

(iii) Goldreich-Julian currents due to the rotation of the magnetosphere. 

The Goldreich-Julian current and part of the inertial currents can be abBOrbed by the left 
hand side of Ampere's equation. In this way, we obtain the relativistic version of the Grad­
Schluter-Sh.a/raoo" equation (see CAMENZIND /12/) 

(15) 
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M is here the relativistic AHven Mach-number. For cold flows and a rigidly rotating magne­
tosphere the remaining current; is of a simple form 

; = ;(n) + ;(0) 

with 

The toroidal magnetic field itself follows from the integration of the equations of motion 

(16) 

(17) 

(18) 

(19) 

The above current and the toroidal magnetic field are regular at the AHven surface, where 
the relativistic Mach-number M satisfies the relation 

(20) 

The position of the AHven surface itself follows from the total angular momentum 

(21) 

It turns out that the relativistic Grad-Schliiter-Shafranov equation is elliptic in the region 
between the surface of the slow magnetosonic points and the surface of the fast magnetosonic 
points. Outside of this laUer surface, this equation becomes hyperbolic. Since we consider 
cold ion flows, which are driven by centrifugal forces, the Grad-Schliiter-Shafranov equation 
is indeed elliptic on the whole integration domain accessible by numerical techniques. This 
situation would change when we considered electron-positron plasmas confined by rotating 
magnetospheres. This equation is now solved numerically with the method of finite elements 
(for more details on this question, see CAMENZIND /12/). This method is particularly 
suitable for the modelling of boundary surfaces of arbitrary shape. In this resped, it is 
important to note that the Alfven surface is an inner boundary surface, which divides the 
entire solution into an inner part and an outer solution. 

6. Extreme Relativistic Jets 

The GSS equation is now made dimensionless by introducing the total magnetic flux aD 

involved in the problem 

't - aD 't 0 ~ 't ~ 1 

X = R/ RL , Z = z/ RL 

Then we have to solve the following equation 

( 1 - .M2 - ,X2) 1. 
XV·· )(2 V't = - q2(W) 1 

(22) 

(23) 

(24) 

123 



together with the hot wind equation (8). j is now a dimensionless current. The parameter 
1/u2("j') acts as the effective coupling constant between the magnetic dux and its source current 
j with 

(25) 

This parameter is similar to the magnetisation parameter Us, which determines the properties 
ofthe dow. Both are related by 

(26) 

In particular, when no particles are injected into the magnetosphere, 'I -+ 0, this coupling 
constant vanishes. This is the extreme relativistic limit with no effective coupling. 

We studied solutions of the extreme relativistic limit for a constant injection law, 'I = '10 = 
CORst, and therefore also with u = Uo = CORst. In this case, the mass flux contained within 
the dux surface W is then given by 

. a2 
M;(w) = 2 D R2 W 

CUO L 
(27) 

In this way, we obtain an estimate for the mass flux in the jets of quasars as a function of Uo 

(28) 

The total magnetic flux involved in jet formation for strong quasars is typically of the order 
of 103• Gauss cm2 as determined from the synchrotron emission of the kpc-jets. For Uo ::3> 1, 
the mass flux in the jets is extremely low, while for Uo ~ 0(1) we would get heavy jets with 
low final velocities. 

The collimation of the outflow is also a question of the u-parameter. At present, this 
question can only be studied numerica.lly by investigating self-consistent solutions of the GSS 
equation and of the wind equation. We found that in the extreme relativistic limit collimation 
is achieved already within a distance of about 100 RL for Uo = 100. Since in this limit 
the Alfven surface coincides practically with the light cylinder, the magnetosphere is heavily 
squeezed inside the light cylinder so that the field lines cross the light cylinder at right angles. 
This means that collimation can only start outside of the light cylinder and takes at least 
a few tens of light cylinder radii for this process. The light cylinder radius is therefore the 
crucial quantity for the scale of the collimation process. This is in contrast to many models 
discussed in the literature, where jets are cone-like emanating from a black hole e.g. The above 
conclusions concerning the relatively 80ft jet formation around supermassive objects are not 
dependent on the particular nature of this object, which generates the magnetosphere. Jet 
formation in the magnetosphere of an accretion disk shows similar global properties. 

8. Observational Consequences 

The overall spectra of strong quasars find a natural interpretation in terms of our models. 
Besides the central UV-source and the X-rays emitted by Comptonized UV-photons, the nu­
clear jet will produce a quasi-stationary self-absorbed synchrotron spectrum. In 3C 273 this 
self-absorption frequency is in the range of 50 GHI and the optically thin synchrotron emission 
has a spectral index of -0.67. This emission must be related to a kind of a beam dump, where 

124 



much of the outdowing energy is already transformed to relativistic particles in shocks around 
the central parsec. It is important to note that this synchrotron component is not beamed in 
our model. 

Magnetized jets are subject to various instabilities, which can be classified in terms of 
the azimuthal mode number m. The lowest instability with m = 0 is the pinch instability 
producing knots moving with the plasma along the nuclear jet. They could be the origin of 
the moving knots seen by VLBI in super luminal sources such as 3C 273 and 3C 345. Emission 
from those knots is strongly beamed in the forward direction and therefore only visible in jets 
seen under low inclination angle. There must be many quasars with stationary synchrotron 
spectra in the mm-region but only small contributions from moving knots in the cm-range. 
The kink instability with m = 1 is of no less importance, since it could deform the nuclear jet 
from a straight line into a more helical strudure without disruption. 

The growth of instabilities in relativistic magnetized jets has not yet been analysed.. One 
cannot simply scale Newtonian results into the eldreme relativistic regime. I hope that this 
fad has been demonstrated with the jet formation in rapidly rotating magnetospheres. When 
rapid rotation is involved in MHD, the asymptotic limit of this relativistic MHD is not simply 
Newtonian MHD. This is a crucial fact. It means in particular that we are not able to 
calculate the propagation of these relativistic jets with presently available numerical schemes. 
The development of time-dependent relativistic MHD codes is a challenge for the future. 
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Accretion Disks In the Centers of Galaxies 
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We discuss the problems of a-accretion disks in soft potential wells of the centers of galaxies. If 

matter is fed into the disk only from large radii. accretion is very inefficient. as there is no shear 

that could drive it. If on the other hand matter falls into the disk at all radii. the disk may become 

so massive that it can change the potential. and make accretion possible. We show that such a 

process is capable of explaining the observed massive objects in the centers of normal galaxies. 

Similar processes may also be of relevance for the explanation of active galactic nuclei. 

1. Introduction 

In a-accretion disks (SHAKURA and SUNYAEV [1] ) the mechanism that drives the radial trans­

port of mass and angular momentum is a turbulent viscosity that acts in a shearing medium. A 

geometrically thin gas disk placed in a soft potential well has a small radial gradient of angular 

velocity; under such a condition there is practically no shear that could drive an efficient accretion. 

ICKE [2] has shown that in such an environment one hardly can speak of an accretion disk as 

there is almost no radial transport of angular momentum and mass. This is true as long as 

the mass is put into the accretion disk only from its outer edge and/or the mass of the disk is 

negligible compared to the respective background mass that produces the soft potential well. In 

the following we show that the situation changes as soon as matter falls into the disk at all radii 

and thus the disk is capable of becoming very massive. We shall discuss the evolution of such 

disks in the centers of normal galaxies. After a time scale of 1010 years there has formed a central 

body of the order of 106 M 0 . 

2. Disk Accretion - The Problem 

A detailed description of the theoretical treatment of accretion disks in soft potential wells will be 

published by DUSCHL [3] . 

In this Section we describe the problems of disk accretion in such an environment. The basic 

problem results from the fact that" soft potential" means 

lim d <P(8) =0; (1) 
8-+0 d 8 

where <P is the potential. and 8 the radial coordinate in a cylindrical system. Equation (1) is 

equivalent to 

lim n (8) = 0 , 
8-+0 

(2) 

with the angular velocity n. 
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In the following we regard a azimuthally symmetric. geometrically thin. isothermal a-accretion 

disk. The evolution of the surface density. I;. is described by a diffusion-type equation (e.g. 

PRINGLE [4] ): 

~ + ~ . ~ [( d 8 2 
. n) -1 • ~ (h . I; . 83 • d n)] = t; . 

at 8 a8 d8 a8 d8 
(3) 

t; is the mass infall into the disk from outside. Ve the sound velocity. and h the vertical scale 

height. From (3) one can define an accretion time scale. Taeer • that describes the typical time over 

which matter moves towards the center due to the accretion process described in (3): 

1 (4#) 
Taeer=a.h,ve (~~) (4) 

In the case of a non-selfgravitating Keplerian accretion disk this definition leads to the well known 

expression (see e.g. KIPPENHAHN and THOMAS [5] ; they call this time scale Tv;.e,.) 

8 2 • n 
Taeer,K = 3·a·v2 . 

e 
(5) 

But if - as in the present case - the radial derivative of the angular velocity vanishes this is 

equivalent to 
lim Taeer = 00 , 
.-+0 

(6) 

which means that accretion cannot transport matter through the disk towards the center. This is 

the case as discussed by leKE [2] . 

A different scenario was introduced by BAILEY [6] ; starting from some of the basic ideas that 

he discussed. in the next Section we introduce a possible solution of this problem. 

3. A Possible Way Out 

The typical situation that leads to the problem as discussed in Section 2. is the following: An 

accretion disk is placed in a soft potential well. and is fed from its radially outer edge with matter; 

due to the very long accretion time scale this matter practically does not move in radial direction. 

i.e. actually no accretion takes place. To overcome this problem one has to find a possibilty to 

get - at least - some of the matter into the inner regions of the accretion disk in another way. 

At the beginning this does not help either as the potential there is also flat. But if one assumes 

that the mass infall into the accretion disk at different radii is a continuous process one has to 

take into account another fact. namely that the accretion disk may become so massive that it is 

no longer negligible compared to the local background mass that defines the soft potential well. 

Now there is another component that also defines the potential. namely the contribution from the 

accretion disk's mass. and - in later stages of the evolution - a central mass. Altogether one now 

gets a potential. <I>. of the following form: 

<I> (8) = <I>. (8) _ G· (Me + Md (8)) 
8 

(7) 

<II. is the original soft potential. Me the central mass. and Md (8) the disk's mass within the radius 

8. For simplicity here the disk mass is assumed to be spherically distributed: this approximation 
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introduces only negligible errors. One finds that there is the possiblity that the second. Keplerian 

term in the potential is dominant. Then one no longer has a rigidly rotating gas disk but a real 

accretion disk where shear plays the required role. We shall find that the Keplerian term first 

dominates in the very center of the potential. later on the size of the accretion zone grows larger 

and larger and thus involves more and more of the accretion disk. When this situation is reached 

the matter within the accretion zone is redistributed in the following sense: as in the zone outside 

there is no accretion yet, only mass from within plus the matter just falling in can be accreted: 

matter flows towards the center of the accretion disk thus depleting the accretion disk. How 

large a fraction of the matter within the accretion zone is involved in this process depends on 

the accretion time scale. One can approximate to a fairly good degree the mass flow rate by the 

disk's mass divided by the accretion time scale: 

At (8) = Md (8) 
Tacer (8) 

(8) 

In this sense, At (8) is a mass flow rate averaged over the accretion zone in the disk. The driving 

mechanism for the growing of the accretion zone's radius is the further infall of matter into the 

accretion disk. 

While this is a process that would be limited only by the amount of matter stored in the 

disk, and on the other hand would be continuously intensified by the increase of the radius 

of the accretion zone, there also exists a counteracting mechanism that makes accretion less 

efficient, namely selfgravitation. When the mass of the disk is no longer negligible compared to 

the background mass one also reaches at a similar time the situation that in the vertical direction 

the selfgravitation of the disk dominates over the gravitation of the background mass. As we shall 

show later, selfgravity increases the accretion time scale. 

The onsets of accretion and selfgravity take place at similar phases in the evolution of the disk 

but not necessarily at the same time, as the onset of accretion involves the total mass of the disk 

within the respective radius while for selfgravity a comparison of the local gravitational forces is 

relevant. In the next Section we shall discuss this difference more quantitatively. 

4. Normal Galaxies - Theory 

For simplicity we assume the galaxy to be spherically symmetric: its density distribution p (r) ( r: 
radial coordinate in a spherical system) is given. Via Poisson's Equation one gets the potential. 

<[J (r). DUSCHL [7] has shown that the density distribution has to fulfill the condition 

I. dlogp(r) 
lID >-1 

r ..... O d logr -
(9) 

to give a soft potential. i.e. to fulfill (1). One furthermore gets the equilibrium velocity, vq,' for 

this potential. We also assume an axially symmetric rotation law for the galaxy, v., thus implicitly 

introducing a velocity dispersion. 

The spherical symmetry of the galaxy, together with the axial symmetry of the rotation curve 

defines a symmetry plane of the galaxy. The accretion disk that we shall regard in the following will 

build up in this plane. As we shall have geometrically thin accretion disks, and shall use the thin 
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disk approximations (see e.g. PRINGLE [4] ). we shall describe the disk in a cylindrical coordinate 

system; quantities originally defined in the spherical system but now used in the cylindrical one 

are meant in the sense that one takes them only at small poloidal angles and replaces T by s. 

The mass distribution of the galaxy. p. is assumed to loose matter at a relative rate fJ,. This 

has to be understood in the following way: a) fJ, is taken with respect to the total density. i.e. 

to all forms of mass in the galaxy. be it stars. be it gas ... ; fJ, has to be taken such that p . fJ, 

describes the possible mass loss; b) the time dependence of fJ, describes the evolution of the stellar 

component of the galaxy's mass as far as it is of relevance for the problems discussed here. With 

respect to the actual value of p we assume that fJ, is so small that the mass distribution in the 

galaxy does not change during the regarded evolution of the disk; and c) fJ, is not the actual mass 

loss rate from the star but is taken as an effective rate with respect to the accretion disk. i.e. fJ, 

describes only that part of the lost matter that actually contributes to the mass infall into the 

disk. 

For the viscosity we take the usual a-ansatz (SHAKURA and SUNYEAV [1] ). i.e. we describe 

the dynamical viscosity. v. by 

v = a· Vc' h , (10) 

and assume a = 1; this value has proven as a good approximation in modelling accretion disks in 

dwarf novae (MEYER and MEYER-HOFMEISTER [8. 9] ) and symbiotic stars (DUSCH L [10. 11 D. 
We assume the disk to be isothermal at a temperature T; as BAILEY [6] has shown this is 

an acceptable approximation. The scale height. h. is given by (see e.g. PRINGLE [4] . and 

PACZYNSKI [12] ) 
if selfgravity is negligible. 

if selfgravity dominates. 
(11) 

Selfgravity dominates as soon as the surface density becomes larger than some critical value. 

Ecr; this critical value is determined by setting the vertical gravitational acceleration due to the 

galaxy's background mass. the central mass. and the disk's mass. gM. equal to the acceleration 

due to the local surface density. gE: 

gM(S) = G.(Mc+Md (s)3+ MG (s)).h(s), 
s 

(12a) 

gE (s) = 2· 7r • G . E (s) . (12b) 

Here MG (s) is the galaxy's mass within a sphere of radius s. From (12) one gets the value of 

E cr . 

We assume that the mass lost by the matter of the galaxy falls into the accretion disk conser­

ving its angular momentum. So one can calculate a rate of mass infall per area into the accretion 

disk. EG . 

In the next Section we shall discuss numerical models for normal galaxies. 

5. Normal Galaxies - Models 

5.1. The Galaxy 

We assume a density distribution. p (T). fulfilling condition (9) for soft potentials: 
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( 2) -3/2 
P (r) = PO' 1 + til) (13a) 

Po. and R. are scaling factors; we take: 

Po = 1.9 . 10-20 g/cm3 , (13b) 

R = 6.2 . 1020 cm . (13c) 

For the outer radius of the galaxy we assume 

r~50·R. (13d) 

The rotation law. v. (s) is defined as follows: 

() _ {1.0.107cm/s. (0.2.s/R), ifs ~ 5· R. 
v. s - 7 / 5 1.0 . 10 cm s, if s > . R. 

(14) 

Thus we have a galaxy with an outer radius of 10 kpc. a central density of 280 M 0 /pc3 • a total 

mass of 1.0.1011 M0 • and a rotation velocity that increases linearly from 0 to 100 km/s within 

the innermost kpc to stay constant for larger radii. 

5.2. Mass Loss 

We assume a mass loss rate that is constant in time; for its value we take 

jJ, = 7.0.10-20 secl , (15) 

which is equivalent to a total mass infall rate into the disk from the entire galaxy of 2.1 . 10-1 

M0 /year. The radial distribution of the mass infall rate per area for different inner masses. Mi. 

is shown in Fig. 1.; the "inner mass" is defined by 

(16a) 

There not the actual value Ei is given but a dimensionless one. Ui. which is defined as follows: 

~ r----------------------------------------------, 

o ... 
a.o 

-"! t:'~----...::::".........;~=~ 
'0 N 0.0 

01 

"! 
o 

Mass Infall Rate 
o Into the Accretion Dls~ 
<)i 

-a.o -2.S -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 
19 siR 

Figure 1: The dimensionless mass accretion rate. Ui. as a function of the radius. s. for different 
inner masses. Mi. 
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(16b) 

The discontinuity of Us around log (s/ R) ~ -1.0 reflects the discontinuity of the radial derivative 

of the rotation curve (14). 

5.3. Accretion Disk 

We asssume the temperature of the disk. T. to be 30 K: BAILEY [6] has shown that this is a 

reasonable value. 

5.4. Evolution of the Standard Model 

The quantities defined in the previous Subsections describe a "Standard Model" of a normal 

galaxy. Fig. 2 shows the evolution of the central mass. Me. and the mass accretion rate. M. 

from t = 107 to 1010 years. In Fig. 3 the evolution of the accretion time scale. Taeer • is given for 

the same period during the evolution. 

The evolution shown in Fig. 2 is characterized by the interaction of three processes: At early 

times the accretion sets in while selfgravity not yet is capable of dominating it. then the accretion 

rate - and correspondingly the central mass - is strongly increasing. Later selfgravity dominates. 

Then Taeer oc E ((4) and (11)): this means that the accretion rate decreases as time goes on as 

the local surface densities become larger. But as a counteracting process also the disk's accretable 

mass increases: this increases if: the latter one is the domain in which the disk is in the later 

phases of the evolution shown in Fig. 2. 

Two approximations may at the beginning seem to be quite arbitrary ones. namely a) to 

assume that the viscosity parameter 0: = 1. and b) that the disk is isothermal at 30 K. 

DUSCH L [3] has shown how the evolution depends on the particular choices: the result is 

shown in Fig. 4 (Fig. 4. as well as the others of this paper. follow the presentation in DUSCHL 

[3] ). One finds that the evolution depends almost linearly on 0:. and goes approximately as vT: 
both results can be understood from the definition of the accretion time scale in (4). 

~ ----------------------------------------------, ':' r-

75 

II! 
~ tg t/y~'S .7.0 

8.0 

10 .0 

EvolutIon of the 
Standard Model 

~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
'1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 

l 9 Mc/f"0 

Figure 2: The evolution of the accretion rate, if, as a function of the central mass, Me, and of 
time, t. 
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~ r-----------------------------------------------~ ~ 

~ 
... Evolution of the 
o Accretion Time Scale 
.; 

~ ~~~~~~~~~~~~~~~~~~~~~_L~~~ 

"7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4 8.6 8.8 9.0 9.2 9.4 9.6 9.8 10.0 
I 9 t/yrs 

Figure 3: The evolution of the accretion time scale. Taeer • as a function of time. t. 

~ r------------------------r-----------------------, -;-

Variation of Tmin 

~ 
.,....----100 K 

~=o.o ~30K 

1
0. I Ig tlyrs' 9.0 I 

~ ~~~~~~~~~~:~'_g~t~/~yrLs_.~ILO._O~L_~~~~~~~~ 
'3.0 4.0 5.0 6.0 7.0 9.0 

I 9 Me/Me> 
4.05.06.07.08.09.0 

19 Me/Me> 

Figure 4: The evolution of the central mass. Me. and the accretion rate. M. from t = 109 to 1010 

years for different values of the viscosity parameter. 0:. and the disk's temperature. T. 

Although the val1ue of 0: cannot be determined from a real theoretical description of turbulence 

as yet. one can obtain information about it from the observed accretion disks in close binaries 

(see above) and finds that 0: = 1 is a reasonable choice in those systems. 

As one sees from (4) and (11) 0: and T do not influence the timescale independently from 

each other; the really relevant quantity is a product of 0: and some power of T - depending on 

whether selfgravity dominates or not. 

6. Summary 

The results presented in the previous Section shows that one can typically expect a central mass 

of the order of 106 M0 with an accretion rate of 10-3 to have evolved in the center of a normal 

galaxy within a time span of the order of 1010 years. 

This result is in good agreement with observations of the central regions of different systems. as 

e.g. our galaxy (GENZEL and TOWNES [13]). the Andromeda galaxy. M31. (KORMENDY [14]). 
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or even the compact companion galaxy to M31. M32. (TONRY [15] ). All these observations point 

towards a central object of 106 M0 ; additional observations in our galaxy (LO and CLAUSSEN 

[16]) show that also the mass inflow rate is of a reasonable order of magnitude. 

The model presented here overcomes the problems of the ones that explain the formation of a 

central object by the collapse of the galaxy's core; That process would need too long a time scale 

to explain what we observe today. (CHANDRASEKHAR [17] . SPITZER and HART [18] . and 

KORMENDY [19] ). 
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Synchrotron Emission from Shock Waves In 
Active Galactic Nuclei 

P.L. Biermann 

Ma.x-Planck-Institut fur Radioastronomie, Auf dem Hugel 69, 
D-5300 Bonn, Fed. Rep. of Germany 

The origin of the sharp near infrared cutoff in the continuous energy distribution 

of many compact non-thermal sources (BL Lacs. OVVs. red quasars and certain jets) 

is considered under the assumption that particle acceleration takes place in 

shocks. This model predicts a highest frequency If' of electron synchrotron emission 

which depends principally on the shock velocity and the ratio ~ of photon to 

magnetic energy density in the acceleration region. For near relativistic flows and 

reasonable values of ~ a spectral cutoff is predicted in the range 3 1014 < If < 2 

1015 Hz. The model thus leads to 1) near relativistic flows. 2) a gradual 

steepening of optical continuum spectra as one follows a jet outwards. 3) a 

correlation between spectral hardening and luminosity. 4) a correlation between 

optical spectrum and X -ray emission. 5) a possible synchrotron contribution to the 

X -ray emission in Quasars from secondary particles. and 6) the production of very 

high energy particles such as observed in cosmic rays. of up to _1012 GeV. 

1. Introduction 

In a series of papers. Rieke and his collaborators (Rieke et al. 1976. 1979. Rieke 

and Lebofsky 1980. Bregman et al. 1981. Rieke et al. 1982) and Sitko et al. 1983 

have demonstrated that many BL Lacs. OVVs and red quasars show a sharp cutoff 

in their continuous emission spectrum near 3 1014 Hz. A similar cutoff has been 

found in the emission of jets and hot spots (M 87: Stocke et al. 1981; Cen A: 

Brodie et al. 1983; 3C273: Roser and Meisenheimer 1986; 3C33: Simkin 1978. 1986. 

Meisenheimer and Roser 1986. Crane et al. 1987; PKS0521-36: Keel 1986. Cayatte 

and Sol 1987). In Pictor A a cutoff is consistent with the data. but not seen 

(Roser and Meisenheimer 1987). It is generally supposed that the radiation arises 

from incoherent electron synchrotron emission. 

Substantial efforts have been made to account for this cutoff phenomenon. Webb 

et al. (1984). discussed the competition between acceleration and synchrotron 

losses within the framework of diffusive shock acceleration theory (Axford 1981. 

Drury 1983). Further discussions have been given by Perez-Fournon (1984. 1985). 

Bregman (1985). Bjornsson (1985). Perez-Fournon and Biermann (1986). Meisenheimer 

and Heavens (1986). Heavens and Meisenheimer (1987). and. from a different point 

of view. by Schlickeiser (1984). Consideration of synchrotron losses leads to an 

upper bound to possible electron energy and hence. potentially. to a spectral 
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cutoff. A detailed theory for the cutoff has been given by Biermann and 

Strittmatter (1987 a). The present discussion follows that paper and extends the 

results. 

2. The Proposed Model 

The most difficult problem in making detailed predictions from shock acceleration 

theory is the determination of the particle mean free path. This mean free path 

determines the rate of gain of energy. The mean free path A is normally computed 

in the small angle, resonant scattering approximation (Drury 1983) where the 

particle deflection is assumed to be dominated by Alfvlm waves (i.e. the turbulent 

magnetic field) with wavelength equal to the gyro radius of the particle concerned. 

In these circumstances A is given by A= rg (B 2 /87T)/(I(k)k), where rg is the 

gyration radius of the particle under consideration, B the strength of the magnetic 

field, and I(k) the magnetic energy density per unit wave number k in the 

turbulent magnetic field. The problem of determining A thus reduces to that of 

specifying the spectrum of turbulence. 

2.1 The Plasma Turbulence on Large Scales 

We need to determine the turbulence on the scale of the gyroradius of the 

particles concerned, i.e. of order 100 MeV and higher energies for electrons and of 

order GeV and higher for protons. This corresponds to ~ 3 10 5 B-1 cm (B in GauB), 

which is ~ 7.109 cm in the solar wind near Earth (B .. 50 pG), .It 1.10" cm in the 

interstellar medium (B ".3 pG), ~ 3.109 cm in jets (M87: B .. 10- 3 G, Stocke et al. 

1981), and .It 3 10 5 cm in active nuclei cores (B '" 1 G, Angel and Stockman 1980). 

A self consistent (though possibly not unique) specification of the turbulence 

may be given, as follows. For strong shocks, the predicted particle spectrum implies 

that the particle energy is contained primarily in the most energetic particles (i.e. 

the differential particle energy spectrum is N(E) a E-P with p"2). Furthermore, 

since energy loss mechanisms are more efficient for electrons than for protons (see 

Section 3) the highest energies will be achieved by the protons. 

Since the highest energy protons have the greatest mean free path and hence 

the largest upstream range, it is reasonable to assume that the upstream 

perturbation to the flow is caused by these particles and results in the onset of 

turbulence. The usual turbulent cascade process then results in a turbulent energy 

spectrum at successively smaller scales. Dimensional arguments and solar wind 

observations (Matthaeus and Goldstein 1982, Matthaeus et al. 1982, Smith et al. 

1983, Goldstein et al. 1984, Montgomery 1986, Montgomery et al. 1986) provide 

strong constraints for a fully developed turbulent cascade in a plasma where the 

magnetic field has about the same energy density as (or less than) the thermal 

energy density. The solar wind in situ measurements show a very low wavenumber 

range with a k- 1 spectrum, usually interpreted as an inverse cascade, and an 

extended range with a k-5/ 3 spectrum. The wa"enumbers over which the k- S / 3 
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spectrum is observed correspond to wavelengths of about 3 10 9 to 1012 cm, just 

the scale required above. The data are not consistent with a k-3/2 spectrum; such 

a spectrum has been derived by Kraichnan (1965) for the case when the magnetic 

field strongly dominates over thermal gas pressure. Very long baseline observations 

of H2 0-Maser spots at 22 GHz will soon be able to discern between Kraichnan and 

Kolmogorov turbulence in the interstellar plasma. Comparisons of the data with 

quantitative model calculations favor the Kolmogorov turbulence spectrum (Gwinn et 

al. 1987). Interstellar plasma turbulence is already established to be consistent 

with a powerlaw of Kolmogorov-type over the scales 10. 0 to at least 1015 cm 

(Rickett et al. 1984), again consistent with the above requirement. For near 

equipartition of energy densities (Montgomery 1986) the Kolmogorov argument can 

be carried through also in the MHD case and thus suggests that a k-5/3 spectrum 

may be quite common in astrophysical environments. 

Hence it seems reasonable to assume that the inertial range spectrum (energy 

density per unit wave number) of MHD turbulence is of Kolmogorov type just as for 

hydrodynamical turbulence (Kolmogorov 1941, Heisenberg 1948, Sagdeev 1979). In 

the following discussion, we therefore assume the turbulent energy spectrum to be 

of the form I(k)=Io/ko (k/ko)-~ with ~=5/3. Here 27T/ko (=rg,max, the gyration 

radius of the most energetic protons) corresponds to the outer scale of 

turbulence. 

2.2 The Acceleration Time (parallel shocks) 

We define b as the ratio of turbulent to ambient magnetic energy density. For 

strong shocks the acceleration time is then given (Drury 1983) by 

Tacc ~ E/(dE/dt) ~ ~~ [~2) [~) [rg. max) B-. 
b(B-l) rg (1) 

where U is the upstream velocity in the flow and where rg="YInc 2 /eB is again the 

radius of a gyration of the particle in question, m is the particle mass and e the 

electron charge. (Note that for ~~5/3, the highest energy particles do indeed have 

the greatest A). 

3. The Cutoff Frequency 

3.1 Acceleration with Synchrotron Losses only 

First we consider particle acceleration in the presence of synchrotron losses only. 

The synchrotron loss time Tsyn for protons or electrons respectively is, e.g., given 

by Rybicki and Lightman (1979). 

The upper bound to the proton energy "Yp.max is then obtained by setting 

Tp,syn=Tacc. The analysis may then be repeated setting Te,syn=Tacc for the 

electrons. This yields an upper limit v' to the frequency of electron synchrotron 

emission (averaging over all possible aspect angles). With ~"'5/3, we obtain 

v*=3 1014 (3b (D/c)") Hz. 
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On physical grounds it appears likely that b(1. Similarly, Webb (1985 a, b, c, 

1987) has recently shown that high energy particle acceleration is only effective 

for (U/c)2<1/3. It therefore appears that 3 1014 Hz is a strong upper limit to v'. 

3.2 Acceleration with Synchrotron and Photon Interaction Losses 

In many astrophysically important situations, the ambient photon density is 

sufficiently high that photon interactions become a significant energy loss 

mechanism for accelerated particles. For electrons, the inverse Compton process 

becomes important once the photon energy density approaches that in the magnetic 

field. For protons, the situation is somewhat more complicated since energy losses 

in inelastic proton photon collisions dominate at high photon densities. Stecker 

(1968) has given the loss time Tp'Y for proton -photon interactions as 

.. 
__ 1 __ = f dC n(c) 
Tp'Y 

Cth/2'Yp 

2'YpC 

2'Y~ c c2 f 
Cth 

a( c' ) C' dC' (2) 

where n(c) is the number density of photons per unit energy interval for photons 

of energy C, Cth is the threshold energy for inelastic collisions, kp(C') is the 

inelasticity, and a(c') is the cross section in the relativistic proton frame. 

For purposes of illustration we adopt a photon spectrum suggested by 

observations of 3C273 and Cen A (Bezler et al. 1984, Ballmoos et al. 1987) namely 

of n(C) = No/Co (£/CO)-2 for Co(C(£*, and n(C) = 0 otherwise, where Co' C' 

correspond to radio and X-ray energies respectively. With the further assumption 

that Co(Cth/2'Yp equation (2) can be simplified. The integral in equation (2) can be 

rewritten as the sum over the different interaction channels (cf. Cambridge Bubble 

Chamber group 1967, Armstrong et al. 1972) to give an average cross section <Typ. 

We note that p-p losses as well as pair creation losses should properly be included 

in the sum. However, we limit ourselves here to the dominant pion producing 

interaction channels (Cth "mn c2). The average cross section O'yp is about 900 pb 

with an estimated error of 20%. 

We define a as the ratio of photon to magnetic energy density, and 

A (3) 

We emphasize that the value A is only weakly dependent on the properties of 

the source. Repeating the analysis gives a maximum electron synchrotron cutoff 

frequency, for 13 = 5/3, of 

(4) 

where f(a) = (1+Aapi2/(1+a)3i2. v' depends strongly on the value of 13, changing 

by about a factor of ten for changing 13 to 5/3 :t 0.1. For A = 200, the function 
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f(a) is close to unity for aA « 1. has a maximum of 2/3 (A/3)1/2= 5.4 at a '" 0.5. 

and monotonically decreases for larger values of a. Very large values of a are. 

however. unlikely to occur in practice because of very large implied luminosity at 

high photon energies. 

4. Consistency Tests 

The theory of particle acceleration in shocks thus predicts an upper bound to the 

frequency of electron synchrotron emission which is in the range of infrared or 

visible wavelengths. This appears to be consistent with the observations of many 

compact nonthermal sources such as BL Lac objects. The general model also makes 

other predictions which provide for the checks for consistency (for details see 

Biermann and Strittmatter 1987a). 

4.1 Length Scales 

It is required that the outer scale of turbulence (-rg.max) should not exceed the 

scale of the system and that the time scales for loss or acceleration should not 

exceed the variability times cales observed. 

This condition leads to a lower limit on the magnetic field strength compatible 

with the observations for the M 87 jet as well as active nuclei. 

4.2 Time Scales and Variability 

Variability has been observed in the M87 jet (see Sulentic et al. 1979 and 

Warren-Smith et al. 1984) with a time scale of order 10 years. In the active nuclei 

time scales of 3 104secs are suggested by the observations (Angel and Stockman 

1980). Again this is consistent with our model. 

4.3 Secondary Pair Production from p-p Collisions 

We also have to check whether secondary pair-production from pions generated in 

proton -proton collisions dominates over primary electron acceleration. as claimed 

by Zdziarski (1986). Losses due to proton-proton collisions occur with the timescale 

"pp '" 1/<Tpp nr c where <Tpp (-40 mb) is the p-p collision cross-section and nr the 

number density of thermal protons. p-p collisons as a loss process are thus 

negligible if the thermal density obeys 

nr L 1.4 10' cm- 3 [b(13-l) (1+Aa)P/2 U/c B3/2 (5) 

As demonstrated in Biermann and Strittmatter (1987a). secondary electron 

emission becomes unimportant for low thermal densities with a l'ondition very 

similar to eq. (5). 

We conclude from the above that the overall model is both self consistent and 

not in obvious conflict with the observational constraints. 
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5. Conclusions 

5.1 Near-Relativistic Flow 

If our basic interpretation is correct, we infer from the observed cut-off 

frequencies that the sources in question must contain near relativistic flows and 

close to maximal particle energies. This is consistent with the standard 

interpretation of active nuclei such as BL Lacs and OVVs (Angel and Stockman 

1980, Kellermann and Pauliny-Toth 1981, Eckart et al. 1985). It does however 

imply that the flow in the M87 jet and other similar jets as well as hot spots 

(Rliser and Meisenheimer 1986, Meisenheimer and Rliser 1986) is also near 

relativistic. Conversely, the model predicts that many jets and hot spots may have 

optical synchrotron emission (Biermann and Strittmatter 1987a,b). 

5.2 Spectra 

When comparing observed spectra with the emission expected from a modelled 

shock, it is important to note that we observe the integrated emission from a 

whole shock region in most cases for lack of spatial resolution. Considering then 

the region downstream from a shock, the cutoff energy of the energy distribution 

of electrons decreases with distance from the shock leading to an emission 

spectrum (integrated over the whole region in analogy to Blandford and Klinigl 

1979) which is the original v-a (a =(p-I)/2) spectrum below a loss-bend frequency 

Vb, v-(a+ 1/2) between the frequencies Vb and v', the cutoff frequency, and a 

sharp turndown at v'. Thus, for, e.g., p=2" the emission from a compact emission 

region with strong losses is v-I up to V'. At higher frequencies inverse Compton 

emission may be relevant for values of the parameter a ~ 1. For extended emission 

regions, with weak losses, the frequency vb remains close to v' and the total 

emission is, again for p=2, v-0 .5 over most of the frequency range below v'. 

Given a flow along a jet outwards it appears natural to assume that repeated 

shocks, standing or moving in the observers frame, slow down the motion. Hence it 

is likely that the cutoff frequency diminishes along a jet and so the optical 

spectrum steepens. This has indeed been observed in the M 87 jet and is 

consistent with our model (Perez-Fournon et al. 1987). 

5.3 The Sharpness of the Cutoff 

The steepness of the observed cut-off has also been subject of considerable 

discussion (cf. Rieke et al. 1982). A discussion of this phenomenon has been given 

within the framework of the present model by Fritz (1987) who notes that a 

positive dependence of mean free path on particle energy steepens the cutoff as 

compared to the results of Webb et al. (1984). 

5.4 Variable Cutoffs 

A final point of direct comparison with observations of AGNs arises from the 
behaviour of the cutoff frequency with photon energy density or - for a given 
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region - luminosity. From equation (4) it follows that increases in luminosity would 

be accompanied by a hardening of the visible wavelength spectrum provided a(l; 

this appears to be observed in several sources, for example 0235+23 (Rieke et a1. 

1976). For more extreme values of luminosity (a>1) the reverse behaviour is 

possible, although values of a greatly exceeding unity are unlikely since they 

imply very large luminosities in high energy photons. 

The model also offers an explanation of the different spectral behaviour 

observed among BL Lac objects. Most such sources exhibit steep optical spectra but 

some of which (e.g. 0735+ 178) appear to maintain relatively fiat spectra into the 

ultraviolet. The latter class would be associated with higher values of a. 

5.5 X-RaY Emission 

Note that as a consequence of the predicted correlation between a and the 

optical/infrared spectrum, !t follows that higher Compton X-ray luminosity is 

expected for non-thermal (polarized) sources with relatively fiat optical spectra. 

This is consistent with the observations of Ledden and O'Dell (1985) who noted 

that for radio samples, the X -ray to radio luminosity is generally lower for 

optically quiet (i.e. steep optical spectrum) sources. 

While we recognize that the interpretation is complicated by the effects of 

possible relativistic beaming, the present model does appear to be capable of 

explaining a number of well established observational phenomena. 

5.6 Quasars versus BL Lacs 

Condition (5) on the density of the thermal gas may be only marginally fulfilled in 

the broad-line emission region of quasars. In that case, as Klemens (1987) has 

demonstrated, primary electron acceleration as well as secondary pair-production as 

a result of p-p collisions both have to be considered. Klemens (1987) modelled the 

shock-acceleration with a Monte-Carlo-code, calculating the electron/positron 

energy spectrum with the p-p collisions providing a source at all locations and 

momenta. Since p-p collisions (between very energetic protons and thermal protons) 

result in very high energy electron/positron pairs, X-rays can be emitted as 

synchrotron radiation. With two free parameters, the shock density ratio and the 

ratio of primary to secondary energetic electron densities, Klemens (1987) can 

readily fit mm to X-ray spectra of the objects 0521-365 and 1219+305 which have 

fairly good spectral data. 

5.7 High Energy Particles 

There are in addition a number of further consequences of this model which, while 

not yet observed, may have observable consequences. For example, it follows from 

canonical estimates of magnetic fields in jets (c.f. Bridle and Perley 1984) that the 

protons will be accelerated to energies of order 1012GeV in such sources. Jets with 

a«1 and v' .. 3 SlO14Hz may therefore be sources of extremely energetic particles as 
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found in cosmic rays (see Fermi 1949, 1954; Hillas 1984). Again for active galactic 

nuclei in which Aa) I, a very substantial fraction of the luminosity may be emitted 

in high energy neutrons which would decay after travelling a distance 1In' 

depositing inter alia high energy electrons and positrons in that region. The 

proton-photon collisions also lead to considerable neutrino emission which may be 

observable in neutrino-telescopes (Eichler 1979, Gaisser and Stanev 1985). The 

total luminosity in these emission components is not specified uniquely within the 

present model since it depends on the ratio of total energy in protons to that in 

electrons. 

We may have thus identified regions where collisional processes in the high TeV 

range might lead to observable consequences. 
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The Masses of Active Galactic Nuclei 

Liu Ru-liang 

Purple Mountain Observatory, Academia Sinica, 
Nanjing, People's Republic of China 

L_..cOr:r~!ftl!QD-~!J.~!y.§J§ '-

The study of the variability of the X-ray radiation In AGNs on time scales of 102 to 

10Ssec is of fundamental importance for understanding the nature of their central 

source. Recently Wandel & Mushotzky [1] determined the masses of AGNs from 

their X-ray variability assuming the emitting region of X-rays to be five Schwarzschild 

radii. However. this size estimate of the X-ray emitting regon Is conjectured only. 

So. a statistical analysis and some new considerations are needed for getting 

reasonable estimates of the size of the X-ray emitting region. On this basis. we 

would determine the masses of AGNs from l!.lx Is the shortest time scale of the 

X-ray variability In sec. and Lx is the luminosity In the X-ray band between 2 and 

10 keV. All the X-ray data (l!.lx. Lx) are taken from WANDEL at al [1 J, BARR et 

al [2). COURVOISIER [3] and WAN BOQI [4] (Ho=50km/sec/Mpc. qo=O) , and the 

number of sample 1528. we find the regression equation as follows 

log Lx = a + b IgM ( I) 
(2-1OKev) 

where a=39.00±1.10. b=0.94±0.24. The correlation coefficient is 0.79. Within the 

permissible deviation we suppose the regression equation between Lx and l!.t to be 

linear 

IgLx = IgM + 40 . (2) 

Assuming that the energy spectral index ax is constant ~O. 7 [ 6] from hard 

X-ray to TMeV soft y-ray of Seyfert and quasars we can get 

~O'o/h 

~ v-bi)C J.:~ 
SOC! ... 

l-.; :: \( 
U.- ~D~\I) 

~04( ... 

~ ..,_01.", o\.v 
1. .... (}/ ... 

from the above equations we have l,:otal~Lx+y~ 10Lx· 
(2-10Kev) 

We estimate the total luminosity and the X-ray variability scale as 
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l,: = ~l-y:dd = 1.3 x 1038HM/M®) ergs/sec. 

l!.1:x = Ax/c = T Rg/c = .2r¥M-­
c 

( 3) 

(4) 



where G Is gravitational constant. Rg Is the Schwarzshlld radius. A and Tare 

parameters. Comparing (3). (4) with (2). we have the following relation 

Ig(TIA) = 2.1 (5) 

g-,_ The determination of the p~rjlmeters A and T and the mass of AGNs~ 

We shall consider a stationary and electromagnetically neutral thick disc In 

mechanical equilibrium of a vorticity-free conllguratlon rotating around a compact 

object M (e. g. a black hole). which Is much greater than the disc mass. The only 

forces considered are caused by gravitation. rotation and radiation pressure 

gradients (neglect gas pressure. Fig. J). the maximum flux Fmax that can be emitted 

from a disc surfane Is achieved when the effective gravity -a-err Is balanced by the 

gradient of radiation pressure alone. 

1 .. n2~R = ~ pAPrad= - A4I Self (6) 

where K Is the opacity per unit mass. -a'elf Is the effective acceleration. which Is 

the vector sum of gravitation and centrifugal acceleration. Thus -a'eff must be 

orthogonal to Isobaric surfaces (free surface) of the thick disc. The maximum 

luminosity 

:RL r 
I 
I 
I 
I 
I I-Ig. 1 Balance of forces In the thick disc 

From Fig. 1 we obtained f'max = (clk) gelf=(clk) gtga. and 

A = Lmaxl4.dd = sina In(~IR,) • (7) 

where g=GMI~. R=rcosa. and 4.dd=(4fTGMc) IK is the Eddington luminosity. ~ and 

H, is the Inner and outer radius of the disc. respectively. In the case of the high 

luminosity object. It tends to the large a. R;zlR,. and ~ax may exceed ~dd( A;a 1) . 

We follow FRANK et al [7]. and take I=~n = constant. where 1 is the specific 

angular momentum. We dellne an effective potential 41eft=-GMlr+12/2~. 41eft turns 

out 10 be the energy per unit mass. Given I. one can define a Keplerian radius 

RK: 12=GM~. We may express the specific energy E of the fluid In units of the 

binding energy of a Keplerlan circular orbit as 
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( 8) 

And -1 ~E<O. An Important feature of the thick disc models Is the existence of a 

narrow axial funnel. Matter In steady rotation supported by pressure can "1111" all 

equipotential surfaces up to a small negative value of E. The free surface of the 

disc Is the equipotential E. and It can be proved that for higher luminosity the 

funnel Is narrower with smaller negative E and a smaller cone of aperture emin' 

Using the definition R=rslne (fig.]) and equ. (8). we obtain 

( 9) 

After differentiating (9) with respect to r and finding that the minimum value of 

sin2e occurs at r=-RK/E for a given (negative) value of E. we can estimate the 

aperture of the funnel 

(10) 

It can be shown from (9) that a given eqUipotential surface extends between the 

inner and outer equatorial radii which may be given by solving (9) with sln2e=1 

( 11) 

for a given E. we have Rin=R,. Rout=R2 from (11). Substituting R2 • R, and em in 

from (10) into (7). we can plot the relation of E and>.. (Flg.2). Although we still 

do not know the exact relation between 4 and E of AGNs. values can be estimated 

to be between 10-' and 10-2 from observation [8] and recent theoretical 

calculations (9) for AGNs. Therefore. the value of luminosity '-.t could be divided 

Into three regions: low luminosity Ig'-.t~42. 5. median luminosity 42. 5<lg'-.t~44. 5 and 

high luminosity 19'-.t:;.44. 5( ergs/sec). and the available value of >.. can be taken as 

>..=0.05. >..=0.1 and >..=1.0 respectively. Then. the values of T are obtained from 

eq. (5). Finally. we can determine the masses of the central object from the value 

-r and the variability Alx as M(A'x)=(c3 /2-rG) . Atx' 

2.0 

1.6 

1.2 

0.8 

0.4 

o~~------~~--~~ 
-0.8 -0.4 0 E 
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fig.2 The relation of the specific energy 

E and >"=4/4dd 



For comparison. assuming that the emission-line width is produced by gravity only. 

we can give the dynamic masses of AGNs in case of the broad Hp in the broad 

line region (BLA): 

or (12) 

where V Is the characteristic velocity of the discrete gas clouds. Veft is the 

projection of V on the line of sight. and ~ is a transformation factor from V into 

Veft. \ depends on the model of BLA. and A Is the sl.ze of BLA. A=[3'-Hp/41TfvJ(Hp ) 

Is the volume emissivity in Hp. fv Is the value fIlilng factor of the emitting clouds. 

While OIBAI [8] and the author [10] arbitrarily set fv-1O-3 • we estimate It from the 

covering factor fa' which may be obtained observationally. and fv=4/3( NH/3/ne · A)fa 1 

~10-5_10--ti. 

From (12). we obtain the masses of 1 type Seyfert galaxies. If the values of the 

full width .zero Intensity (fWZI=2Veff) and U HI') have been given. Similarly. the 

masses of AGNs evaluated from the forbidden line [1] [0 I I I] can be estimated. 

for 12 of type 1 Seyfert galaxies and 22 of Seyfert galaxies and quasars for which 

FWZI(Hp ) and the (0 III] line width was available. their masses are comparable 

with that obtained from 61,c. The samples show a good correlation between the two 

kinds of mass (fig. 3) . 

( 1) The fact that high luminosity objects do not vary rapidly [6] is not caused by 

either sensitivity or sampling bias. The absence of long time-scale variability for low 

I M (l1tx ) 
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.. 
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Fig. 3 the M( 61x) mass vs. the Hp and (0 I I I ] dynamical mass 
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luminosity objects may be a selection effect because objects that are not observed 

to vary have been omitted. It is still true. however. that only low-luminosity objects 

vary rapidly. 

(2) Typical values M(Alx) are 107-108 Me!) for Seyfert and 109 Me!) for quasars. 

consistent with the current values. So the massive object confined within the small 

size of Ax 1£ c· Alx (l 0-6-1 0-2pc) may be a black hole. 

(3) The size of the X-ray emitting region Ax is about 5-lORg for low and median 

luminosity objects. and 100 Rg for high luminosity objects. The size of the X-ray 

emitting region Increases with l,c or M. 

(4) Relativistic effects must be considered. If the source is moving toward us at 

relativistic speeds. then the observed luminosity should be higher than the Intrinsic 

luminosity by a factor of 84 • while the observed time for variability At should be 

shorter than the true time scale by a factor of 8 where 8 = ,-=&cose (y=ll (1-~), 
e Is the angle between the direction of motion and the direction along the line of 

sight>. which Is called the relativistic Doppler factor. So. the dynamic mass 

calculated from broad lines (H13) or narrow lines [0 I I I ] must be affected by 

nongravltatlonal forces. It may be the reason why there is scattering In Flg.3. 
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The Study of X-Ray Radiation from AGNs 

Liu Ru-Liangl , Zhang He-qi l , and You Jun-han 2 

1 Purple Mountain Observatory, Academia Sinica, 
Nanjing, People's Republic of China 

2Center of Astrophysics, University of Science and Technology of China 

This Is a summary report based on several recent papers devoted to the study of 

X-ray emission In active galactic nuclei <Including quasars) [1]. [2]. [3]. 

1. The properties of AGNs Spectral Luminosity 

First. using the available monochromatic radio. optical and X-ray luminosities 

'r(SGHz). 10 (2S00A) and Ix (2Kev) of 107 quasars. we have analysed the 

hardness of the spectrum of quasars. The evolution of the spectral properties of 

quasars with their luminosities may be studied statistically from Figure 1 and Figure 

2. which show the relationships between Ig Ir and Ig 10 and between Ig Ix and Ig 

10 respectively. It Is seen from Flg.2 that for optically faint sources (Ig .. ~ <31. 2 

erg/sec Hz). Ig Ix and Ig 10 have almost approximately a linear relation with a 

slope of unity. It Implies that X-ray and optical radiation Increase similarly. On the 

contrary. one can see from fig. 1 that there exists a relation Ir-I~ at optically faint 

sources. while for the optically bright ones the X-ray radiation tends to be constant 

and Ir- .. ~·8. This may give some hints to understand the radiation mechanisms of 

quasars. However. the radio emission of AGNs Is complex. It depends on the radio 

frequency. We shall study the relation of X-ray and radio emission of AGNs further. 

2. Further study on the correlation between Ix and .0 
Such a study has been carried out th-rough a statistical analysis recently. this 

relationship Is Important for understanding the structure and radiation processen In 
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flg.2 The relation of Ig 2x and Ig 20 of quasars 

AGNs. The main defect in the previous work Is the lack of low-luminosity objects. 

causes a large scatter in the statistics for optically faint sources. However. 30 new 

type I Seyfert galaxies for which the absorption of low energy was considered are 

supplied in order to reduce this scatter. and the homogeneous complete set of 117 

samples (Including 87 quasars) is used in the new statistical research. 

How do we determine the critical paint in the Rx-J!o plot (fig.2) quantitatively? We 

chose an arbitrary point as an assumed critical point which divides the whole 

sample of observed luminosities 20 into two parts - the optically faint region and 

optically bright region. Then we calculated the mean-square-errors for each region 

by the regression method. By using a so-called the quasi-Monte-Carlo method (step 

by step In the computer). the true critical point R~. which makes the totai error 

minimal. is finally determined. and the result is Ig R~ =31. 11 ergs/sec Hz. On the 

basis of this. the following relation is obtained 

(1) 

where 
c 

b= {o. 93 ± o. 18 for n=66. Yc=0.68 (optically faint region Ro<20~ 
0.28 ± 0.18 for n=51. Yc=0.41 (optically bright region 20>20) . 

n is the number of sample and Yc is the regression coefficient. fhe proportional 

relation (when 20 < 2~) implies that X-ray and optical radiation originate by the same 

mechanism. Obviously. a reasonable model must explain the following observed facts 

simultaneously: a) The nearly proportional relation optically faint region. m = 

b) The shorter time scale of X-ray variability than that of optical. 

c) The power law spectrum of optical and X-ray radiation. Several 

plausible radiation mechanisms have been considered such as : 

1) Type synchrontron-self-compton process (SSC1). l. e. the near UV-optical 

radiation around 2500 A comes from synchroton emission but the 2 Kev j(-rays from 
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self-compton processes. If so. we gel 'xC:CI~·5 
problem In ssel Is that the variability 8lx~tolo. 

contradicting fact a). Another 

disagrees with b). 2) Type II 

synchrotron-self-compton process (SSe II). the synchrotron process produces radio 

photons but the self-compton process produces the X-ray and optical photons. 

However. sse II disagrees with fact b). Besides. the necessary condition for sse 

Is: all AGNs must be strong compact radio sources. which Is not our samples 

(optically selects quasars and type I Sy). 

3) Thermal radiation from a thin disk. The standard thin disk produces no X-ray 

emission. some modifications of a thin disk model have been proposed by PAYNE 

[4]. TSURUTA [5]. fhe X-ray comes from the comptonlzation of optical photons In 

the hot coronae around the central compact objects. In this model IxC:CI~·f>. and the 

spectral shape Is 10(v)av1l3. 

4) Optical thermal radiation from a thick disk: IxC:C.t~· 75 and 'o( v) av 113. 

5) Optical radiation wind: .Ixc:c.l~.f5 and .I( v) a vI!! . 

Obviously. the facts a) and b) reject the thermal radiation mechanism 3). 4) 

and 5). Only the synchrotron radiation in the UV-optlcai-X-ray region seem to be 

acceptable. because it is suitable for facts a). b). and c). 

Non-proportional relation IxC:CI~·2a. It comes the drag effect. I. e. the X-ray 

photons produced in the neighbourhood of a central massive black hole will be 

dragged by infalllng dense gas. and swallowed by the central black hole. For 

simplicity. a spherical accretion is assumed. From the Infall velocity of the accreting 

gas VinCA) we can estimate the time scales of collapse of gas in the X-ray 

emission region with radius AxtoTinCR). 

where 1)<1 Is viscosity parameter. ma = M/l0aMo' Ro 

= 9 X 1013 ma cm. 

(2) 

in order to discuss the drag effect. two assumptions are used in our work: a) Only 

X-ray photons can be dragged. This is because the X-ray emission region is much 

closer to the central black hole. b) If the escaping time of X-ray photon toTes is 

much longer than the collapsing time of the gas In the X-ray emission region 

fin (Ax) [ 2]. these X-ray photons will be dragged. 

Further. the escaping time to les for X-ray photons from Rc to the outer edge Ax 

CRo~ Rc ~Ax) can be estimated. according to the theory of random walk and the 

formula of the free path of scattering. Our results are that .xC:C.l~·30 for In>l 

(optically bright region). very close to the observational result. 

3. The properties of X-ray selected asos 

It has been noted that the relation Ix and .10 for X-ray selected quasars Is quite 

different from optically and radio selected quasars. We have analysed 109 X-ray 

selected quasars. On the histograms of their redshlft. optical luminosity and average 
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optlcally-X-ray spectral Index (aox - Ig ix/ '0 ). It Is found that X-ray selected 

Ig vx/vo 

quasars are distributed at the low ends of these parameters (Flg.3. Flg.4. Flg.5). 

On the plot of Ix (2kev) and io (2500A). most of the X-ray selected quasars are 

situated in optically faint regions (Ig 2~ <31.11 ergs/sec Hz). In this region. the 

radio and optically selected quasars have a slope b"'1.0 (.Ixa:i~). while the value of 

b of the X-ray selected quasars is only 0.78. It Implies that they may be a subtype 

of quasars. 

4. The ~-Z relation for AGNs 

Fig. 6 is the ~-Z relation of 273 AGNs (235 quasars and 38 type Seyfert galaxies). 

The ~ values In the band of 0.5-4.5 kev are from the Einstein Observatory. The 

linear regression line for those objects is Ig~=41.2 + 1.51gZ and the correlation 

coefficient Is yc=0.905. Implying a strong correlation. It can be seen from Flg.6 

that the 273 AGNs form a belt with clear boundaries. although there is some 

scatters in it. The lower envelope may originate from the limiting sensitivity of the 
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receiving instrument pOinted out by Tananbaum [6]. but he could not find the 

existence of the upper envelope because of the small size of his sample. The upper 

envelope in Fig.6 is an important statistical result about the relation between Lx and 

Z 01 AGNs. Recently. GIOVANNELLI and POLCARO took BL Lac objects. elliptical and 

spiral galaxies as samples and obtained the relation Lx_Z1.5 [7]. All these results 

reflect the fact that the strength of the X-ray radiation of AGNs in the early epoch 

01 the universe was higher than those of at later stages statistically. The range of 

Lx from quasars with the highest redshlft to Seyfert galaxies with low redshllt is more 

than 6 orders of magnitude. This sequence Is not dependent on the width of lx. 

this shows some characteristics of cosmlcal evolution In the belt. but a simple 

analysis suggests that it is impossible that this sequence Is an evolutionary track of 

AGNs from asos to Seyfert. Firstly. from Fig.6 and the Eddlnglon luminosity limit. It 

is easily found Ihat the mass of the central black hole of asos in an early epoch 

is M~1010 Me. and M decreases with redshlft z up to the stage of Seyfert. when M 

Is about 10' Me' If a aso evolves along the belt. M can only increase due to 

accretion. Secondly. evolution along the belt will lead to a very small density of 

accreting matter. which disagrees with observation. 

5. Summary 

(a) The X-ray radiation of AGNs constitutes an important part of their radiation. It 

is tightly related to the properties of the central black hole. 1 herefore. the study of 

X-ray radiation from AGNs is an extremely useful method to explore the properties of 

the central power of AGNs. 
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(b) It seems that there exist two evolutionary stages for AGNs: optically bright 

(larger Z) and optically faint (smaller Z). with a division point at Ig t~ =31. 11 

ergs/sec Hz in an 'x-to plot. In each stage the characteristic parameters of the 

typical properties of AGNs are very different. In the early stage of the universe. the 

high-redshift QSOs have higher density of the surrounding matter. which ab:sorbs the 

X-ray radiation. According to the random walk theory. the X-ray photons are 

dragged by infall dense gas. and swallowed by the black hole. So. this is the 

reason why the X-ray emission tends to be flat on an IX-Io plot in the optically 

bright region. For the optically faint region. the density of the surroundIng matter of 

QSOs and Seyfert Is rather low. and the linear relation between t x(2kev) and 

'o(2500A) strongly Implies that the two kinds of radiation mainly originate from the 

same mechanism and the mechanism is very possibly non-thermal synchrotron 

radiation. 

(c) The properties of X-ray selected QSOs are quite different. They might be a 

subtype of QSOs. and evolve differently. Perhaps. some selection effects related to 

the sensitivity of the instrument and the sample bias. cause the difference. This 

needs to be studied further. 

(d) On the Lx-Z plot of AGNs. there seems to exist a natural physical sequence. 

which connects all kinds of active galaxies including QSOs. Seyferts and others. 

Perhaps it Is due to the mass distribution of the central massive objects [7 J . It 

will be evidence of a physical continuity of AGNs. even between different classes of 

compact extragalactic X-ray sources. 
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The Starburst Model for AGNs 

J. Melnick 1 and R. Terlevicb 2 

1 European Southern Observatory 
2Royal Greenwich Observatory 

1. Introduction 

One of the "central dogmas" in astronomy is that nuclear activity in galaxies is powered 

by massive collapsed objects often called monsters, the most popular types of "monsters" being 

black holes and spinors. However, the strong similarities between the spectra of narrow line 

Seyfert galaxies and normal HII regions, led the first workers in the field to associate the Seyfert 

phenomenon with starburst activity in the nuclear regions of galaxies [1,21. Figure 1 presents a 

comparison between the spectrum of a typical Seyfert 2 galaxy, NGC 3081, to that of the high 

excitation HII galaxy, C1543+091. The figure illustrates the similarities, but also the differences, 

between the emission line spectra of Seyferts and HII regions. 

In fact these differences - i.e., the wider range of ionization displayed by Seyfert galaxies, 

historically led to the dismissal of the starburst model as the root of nuclear activity in spiral 

galaxies. But, using recent developments in the theory of stellar evolution, we have shown that 

the spectra of Seyfert galaxies can indeed be reproduced extremely well by stellar photoionization 

models [3]. This has led us to a critical revision of the need of monsters to explain the Seyfert 

phenomenon [41. 

In this contribution we would like to present an overview of the properties of nuclear 

starbursts and a qualitative description of their evolution as the ionizing stars evolve through 

the WARMER to the Supernova phases. We will show that nuclear emission line regions evolve 

N 3081 C 1543+091 

13 

9 

'", lLUJJ ~~~~~ II I 
~,. 'V'~ ~~~~~~~~~~~~ 

3505 4365 5225 6085 4361 5222 6083 6944 
WAVELENGTH WRVELENGTH 

Fig. 1. Comparison between the spectra of a narrow line Seyfert galaxy (NGC 3081) 

and a high excitation HII region-like galaxy (HII galaxy), C1543+091. 
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from HII regions to Seyferts and Liners following the evolution of the ionising stars. In a 

separate contribution (Terlevich and Melnick, this volume) we will present a more quantitative 

comparison between theory and observation concentrating on the problem of variability. 

2. The evolution of massive stars: WARMERS 

A priori the most important difference between nuclear and extranuclear starbursts is that 

the former are significantly more metal rich. Thus, the nuclei of galaxies are probably the only 

places where large numbers of super metal-rich massive stars form; circum-nuclear HII regions 

are too small to contain appreciable numbers of very massive stars. Because of the influence of 

metallicity on mass loss the evolution of massive metal rich stars is very different from that of 

stars of similar initial masses but lower metal content. This difference is schematically illustrated 

in figure 2 where the evolution of a star that loses no mass ( a very metal poor star) is compared 

to the evolution for a large value of the mass loss rate, M. 

After leaving the main sequence, stars with M- 0 rapidly evolve to the red supergiant 

phase (RSG) near which they explode pressumably (we should not forget SN1987a!) as type II 

supernovae. If M is very large, as would be the case for metal rich stars, mass loss rapidly peels 

the envelopes leaving exposed the nuclear-burning regions. Thereafter the evolution proceeds 

at roughly constant bolometric luminosity but towards increasing effective temperatures until 

they reach the He-ZAMS where they explode as supernovae. 

We have introduced the term WARMERS to characterize massive stars near the He-ZAMS 

(observationally WARMERS correspond to early we and WO stars). Little is known theoret­

ically about the ultimate fate of WARMERS but there is some observational evidence linking 

WARMERS to type Ib supernovae [5] so, in what follows, we will assume that massive metal-rich 

stars end their evolution in SNIb explosions. 

3. The evolution of nuclear starbursts 

Because of their large effective temperatures and luminosities WARMERS have a dramatic 

effect in the ionisation of nuclear HII regions. This is illustrated in figure 3 where we show a 

-12 

-11 wo we no mass loss 

strong YSG RSG-
SN II 

-10 

WARMERS 
-9 

log leff 

5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 

Fig. 2. Schematic representation of the evolution of a 60M0 star with and without 
mass loss. 
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Fig. 3. The evolution of a metal rich nuclear starburst in a typical BPT diagnostic 

diagram for two values of the total mass differing by a factor of 10. Only massive 

starbursts develop Seyfert characteristics while small clusters evolve directly to the 
LINER phase. 

typical diagnostic diagram for emission line objects (after Baldwin, Phillips and Terlevich, [6]) 

to which we have superimposed starburst photoionization models including WARMERS [3]. 

The effect of WARMERS is to transform HII regions into Seyfert 2s and/or LINERS. After 

the onset of WARMERS the spectral evolution is so rapid that very few objects are expected to 

have spectral characteristics intermediate between HII regions and Seyferts or LINERS. Since 

the metamorphosis of nuclear starbursts from HII regions to Seyferts or LINERS depends on 

the existence of a WARMER phase, the starburst model predicts that only metal rich nuclei 

should harbor AGNs while "normal" nuclear HII regions should be most common among low 

metallicity nuclei, the cutoff abundance being close to the solar value. This provides a natural 

explanation to the fact that the nuclear emission line regions of early type spirals (SO, Sa, Sb), 

which are metal rich, are mostly Seyferts or LINERs while those of late type spirals (Sbc, Sc), 
which have bulge abundances lower than solar, are mostly normal HII regions [4,7]. 

Our models clearly show that the observations of optical emission line ratios can be ex­

plained by stellar photon ionization models and therefore that the arguments which historically 

led to the dismissal of star bursts as the origin of nuclear activity are outdated and should be 

forgotten. Since the discovery of the AGN phenomenon, however, a wealth of new information at 

all observable wavelengths has accumulated on nuclear active regions so their existence as a dis­

tinct class is no longer based only on the optical spectra but also on aspects such as non-thermal 

radio emission, X-ray luminosity, variability etc. We believe that most of these properties can be 

explained within the framework of starburst models and we aI:e at present constructing detailed 
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models to confront the observations. However, because very little is known theoretically and 

observationally about the evolution of massive stars beyond the WARMER phase our "resent 

picture remains qualitative. 

Table 1 summarizes schematically the basic properties of the starbusrt scenario in four 

phases following the evolutionary phase of the ionising stars. The basic features of each phase 

are: phase 1) Nuclear HII regions; ionization by normal OB stars. Phase 2) appearance of the 

most massive WARMERS and metamorphosis from HII region to Seyfert 2/LINER. Phase 3) 

WARMERS explode as type Ib supernovae in a common wind blown cavity around the cluster 

core. These supernovae produce considerable non-thermal radio emission but low X-rays. Phase 

3 is also characterized by a strong bipolar flow that produces jet-like radio structures and shocks 

the surrounding interstellar medium. Thus, the model predicts that collimated radio emission 

should mostly occur in Seyfert 2 galaxies. The last phase (4) is characterized by supernova 

explosions in wind blown bubbles surrounding individual stars. These (type II) supernovae 

produce variable thermal X-rays but low radio emission. Further details are given in [3,4] and 

in the contributions by Terlevich and Melnick and by Tenorio-Tagle et al. in this volume. 

Epilogue 

It is clear that the observations of a wide range of AGNs from Seyferts to LINERS are 

consistent with the starburst model. This suggests that perhaps the AGN phenomenon itself is 

linked to violent star formation and that monsters may not exist. We do not pretend, however, 

to explain the observations of all AGNs with our model. In particular, we do not see (at least at 

present) how to explain observations like superluminal motions or some properties of extreme 

BL Lac objects with only starbursts. Thus, if any, these objects are the best candidates where 

nuclear monsters might exist. 
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Starburst Galaxies as 
Recently Formed Companions 

H.Arp 

Max-Planck-Institut fur Physik und Astrophysik, Institut fUr Astrophysik, 
Karl-Schwarzschild-Str. 1, D-8046 Garching, Fed. Rep. of Germany 

Direct photography and spectra of the companion galaxy NGC 2777 show that 

It Is composed predominantly 01 young stars and that It exhibits outflow of hot 

gaseous material. A hydrogen filament leads back to a larger nearby galaxy. It Is 

proposed that this smaller. currently star forming companion. originated recently 

from material ejected from the larger galaxy. 

It is shown that NGC 2777 is typical of companion galaxies as a class. 

Unrelaxed morphology. young stellar spectra. "hot" Infrared colors and small 

sytematic redshifts characterize this class. The usual assumption that collisional Of" 

merger events are responsible for the starburst is discussed. It is argued that 

exterior perturbations generally do not promote star formation and that in any case 

collision/mergers do not occur with any significant frequency. The disturbed structure 

and starburst characteristics found among companion galaxies Is attributed to their 

recent formation. 

The problem of the origin and nature of companion galaxies is an 

Intriguing one. Study of the nearest galaxy groups such as the Local Group and the 

M81 group reveals that there are smaller galaxies distributed around the larger. 

dominant Sb spirals. These companion galaxies often have unusual properties. There 

is a tendency for peculiar shapes. young stellar spectra. anomalies in their gas and 

dust and systematic redshift peculiarities. The conventional scenario of galaxies all 

condensing at the same time. -2 x 1010yrs ago from some primeval medium. does 

not explain the observed characteristics of these companion galaxies. In the following 

paper we discuss the preliminary findings from a detailed large telescope study of 

one such companion. NGC 2777. We relate these results to the general class of 

companion galaxies and draw some conclusions as to the recent origin of this class 

of companion galaxies. 

Fig 1 shows a CCD image of the companion galaxy NGC 2777 as recorded 

with the 4 meter reflector at KPNO. CArp and Sulentlc. to be submitted). It is 

obvious that this galaxy has an irregular. amorphous shape which permits no 

presently relaxed. dynamical state. 
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Fig 1. Direct image of NGC 2777 with CCD detector at Cass o focus of the 4 meter. 

KPNO reflector. (From Arp and Sulenlic. in preparation) 

It is clear that a recent perturbation must have disturbed this galaxy and 

that perturbation must either be from the exterior or the interior. In order to 

investigate what interior disturbance could be present we consult the spectrum of the 

galaxy. 

Fig 2 shows a spectrum of NGC 2777. Aside from an emission line of 

excited oxygen emission ([ 0 111) the major features apparent are strong absorption 

from the Balmer series of hydrogen. The only other feature ia a very weak Kline 

of Ca II. This an extremely unusual spectrum because larger. normal members of 

groups have spectra dominated by metal aborptlon lines characteristic of a later 

type. older stellar population. The spectral type exhibited by the spectrum In Fig. 2 

Is characteristic of a young stellar population In the range of 108 to 109 years age 

(Arp 1963; Sandage 1963). Arp and Sulentlc were able to obtain spectra further 

toward red wavelengths (not shown here) with the cryogenic spectrographic on the 4 

meter KPNO telescope. Those spectra revealed that there Is a strong. broad . blue 

wing on the H alpha emission line coming from the body of NGC 2777. The 
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Fig. 2 Spectrum of NGC 2777 with double spectrograph and "20 FRUTTI" 

detector on 5 meter Palomar reflector. 

Implication of this Is that excited hydrogen gas Is flowing out from the galaxy. The 

gas on the far side of the galaxy which Is flowing away from the observer Is 

obscured by dust so we see only the approaching velocities. Rapid star formation 

accompanied by an outllowlng wind from the central regions of the galaxy NGC 253 

was first noted by M. -H. Ulrich (1978). 

The Hydrogen Content of NGC 2777 

It turns out that this companion galaxy has an unusually large amount of 

H I for Its size. Measures with the Areclbo radio telescope give a very large signal 

(Arp and Sulentlc 1985). Even more Interesting Is the fact that this H Is 

distributed In a large tall which reaches far outside NGC 2777. The picture derived 

from radio hydrogen mapping Is shown In Fig. 3 (from Haynes 1981>. It Is clear 

that the tall of hydrogen reaches directly back to the larger galaxy. NGC 2775. 

The fact that the hydrogen tall goes directly back to the center of NGC 

2775 and not tangential to the side. Is evidence §,ID!UlJ'.! a tidal encounter between 

the two galaxies and evidence for the ejection origin of the companion from the 

center of NGC 2775. Moreover the morphology of NGC 2775 Is not disturbed as in 

a recent encounter. The sharp circular absorption arc in NGC 2775 opposite the 
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I I Fig. 3 A hydrogen (H I) map 

30' - - with Areclbo antenna by Haynes 

N2777 ( 1981>. Hydrogen contours around 

~~, NGC 2777 reach back toward 
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direction to the companion would be more compatible with an ejected jet 01 material 

In the direction of the companion. Finally the redshlft of the companion Is + 139 

km/sec with respect to NGC 2775. Indicating on an encounter Interpretation. that 

NGC 2777 Is on the far side 01 NGC 2775 and trailing Its tall away from us. But 

the H I In the tall Is 50 km/sec greater redshlft than NGC 27771 The tall cannot be 

preceding the companion In an encounterll In the ejection hypothesis material 

emitted later could be moving faster In this direction and there are also non-velocity 

redshlfts Indicated for companion galaxies as a class (Arp 1987b). 

Infrared Measures and Hot Dust 

NGC 2777 has a very high measure of 60 micron Infrared radiation 

compared to 100 micron radiation. The ratio R=60/L1l00/L Is R=0.58 as table 1 

shows. R~O. 5 Is typical of well known star burst galaxies like M82 and NGC 5253. 

It Is generally accepted that dust Is associated with star formation processes and 

that the newly formed stars warm the dust so that It has the "hot" 60/1001' ratiO of 

emissivity. Burbidge (1986) has proposed some of these Infrared galaxies are very 

young. Table 1 attempts to list all the brightest apparent magnitude. best known 

galaxies which have properties like NGC 2777. These properties are: 

1) Morphological class Irregular or peculiar (usually classified amorphous) 

2) Spectra show early type absorption features (usually emission lines and also red 

colors) 

3) "Hot" Infrared colors (R~O. 5) 

Inspecting the most conspicuous examples of this classes as listed In 

Table 1 leads to the conclusion that these galaxies are also: 

4) Companions to larger mass galaxies which have older stellar -population types. 

5) These companions characteristically have excess redshlft with respect to the 

dominant galaxy. (l'IZ Is usually accurately quantized). 
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Table 1 

Galaxies Similar to NGC 2777 

Galaxy Class Spectra 601l001! Com~anion Status 

gAz from main Gal~ 

NGC 2777 Am v. early abs. +em 0.58 + 139±9kms-1 NGC2775 

M82 Am early abs. +em 1. 02 +286±5 M81 

NGC3077 Am early abs. +em .59 +57±6 M8l 

NGC404 SO pec early abs. +em .49 +228±10 M31 

NGC5253 Am early abs. +em 1. 06 (-104±9) NGC5128 

NGC5195 SBO(Am) A-F 1.7 + 11±8 M5l 

Comp!! B triple very early abs. 5.400 NGC685 

compact 

Comp!! SW compact very early abs. +em 10.600 NGCl199 

pec 

Possible Com~anions 

NGC520 Am A-F .66 vo=2.350 M31? 

NGC1569 SmIV(Am) very early+em .91 +157±8 M31 

NGC180B Sbcpec .72 vo=B20 ? 

pominant Galaxies In Grou~s (for Com~arison) 

M81 SbHI normal .27 

NGC26B3 SbHI normal .20 

NGC7331 SbHI normal .24 

The currently fashionable explanation for characteristics 1) through 3) Is 

that encounters or collisions of two galaxies leads to enhanced star formation. 

(Joseph and ''''~jght 1985; Telesco. Wolstencraft and Done 19B7) There are two 

major criticisms of this hypothesis: 

A. Collisions and Tidal Encounters are commonly supposed to stimulate 

star formation by shocking or tidably perturbing moiecular clouds within a galaxy. 

But. I would suggest that if a cloud has Its temperature raised by a shock wave or 

its macroscopic internal motions increased by a tidal pull. it will be less likely to 
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form stars than before this event. For example. Solinger. Morrison and Markert 

(1977> conclude that shocking the peripheral gas In M82 would end star formation. 

I would argue that the critical requirement for star formation is Instead to 

keep the material constrained while cooling takes place. There Is an obvious 

mechanism for containment and that Is the magnetic field we observe to run 

lengthwise along jets. If companion galaxies originated by recent ejection from larger 

galaxies (Arp 1987b). the containment within the observed kinds of jets would be a 

favorable site to Inillate large amounts of star formation. 

As empirical support for the conclusion that tidal encounters are not 

responsible for star formation we can cite the many cases. like M82. NGC5195. 

NGC2777. where star bursts are occurring In the companion but not in the larger 

of the interacting pair. The dominant galaxy has even more pre stellar fuel to be 

condensed and has suffered just as much shock or tidal pull. yet is not 

"starbursting" . In addition the spiral arms in the dominant galaxy. where star 

formation is taking place. are not extremely deformed and their linear form as well 

as star formation rate are the same on the side nearest the companion as on the 

side furthest from the companion. 

B. Mergers are currently supposed to account for a whole range of 

observed phenomena from starburst galaxies. to shells and generally any pairs of 

adjacent. disturbed galaxies. I would like to express the opinion. however. that 

mergers almost never occur and are not a realistic explanation for the observed 

phenomena. The first argument is that the Hubble flow of galaxies outward in space 

Is supposed to be very quiet: peculiar motions 01 <50 kms-1 (Yahll. Tamman and 

Sandage 1980). Therefore there Is no significant chance 01 a galaxy wandering In 

Irom an unrelated region 01 space to generate an encounter. Even within groups 01 

galaxies. however. the dispersion velocities are very small. In addition. quantization 

01 redshlfts within groups reduces the allowable peculiar motion 01 galaxies to an 

even smaller value. For example within the Local Group C6Z " ± 17 kms -1 (Arp 

1986) or perhaps even" ±8 kms-1 (Arp 1987a). 

Secondly. even If one had a gravitationally bound group where companions 

orbited around a central galaxy. only occasionally would one Interact with the central 

galaxy. For every current Interaction one would have to have a large surrounding 

cloud 01 companions. analagous to the Oort Cloud which lurnlsh a reservoir lor 

solar system comets. But a populous cloud 01 companions Is clearly ruled out by 

the observations. (see lor egs. Sulentlc. Arp and dl Tullio 1978 lor optical surveys 

around large galaxies. Roberts 1987 for H I In groups 01 galaxies) 

Of course there are cases 01 two galaxies obviously Interacting but there is 

no reason why they were not born In close proximity. Close doubleness Is a 

characteristic 01 extragalactic objects from quasars to small "Isolated extragalactic H 
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II regions" . The latter systems tend to be characterized by young stars and 

energetic events which cannot be very old (Arp 1987b). In any case It would surely 

be absurd to consider blue. compact-dwarf-double galaxies. isolated as they are in 

space. to be products of recent collision. 

In summary we have seen that dynamically disturbed. star forming galaxies 

characteristically tend to be small companions of larger nearby galaxies of older 

stellar population. have argued that the activity In these companions is not a 

consequence of tidal encounter. The only possibility which Is left Is that they are 

recently created galaxies. where star formation is stimulated by the recent ejection 

from the parent galaxy. Some older stars and stellar material may be carried out 

from the larger galaxy in this ejection. More observations of this class of galaxies Is 

needed and close physical reasoning is required to understand further this process 

of galaxy formation and its implication for cosmology. 
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Collision of Giant Molecular Clouds 
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ABSTRACT. High mass star formation Is numerically simulated by considering the 

collision between Giant Molecular Clouds with and without spiral perturbation In the 

Galaxy. The 

presence of 

perturbation 

result reveals: 1. 

spiral perturbation 

(1/3.27x105 yr and 

the collision rate due to orbit crowding 

Is 2. 5 times higher than that without 

1/8.23x105 yr. respectively). 2. with 

In the 

spiral 

spiral 

perturbation most collisions between GMCs are In spiral arm regions. 3. on average 

every collision between GMCs with spiral perturbation transforms 2.6% of two GMCs 

mass to high mass stars. I. e.. every collision forms high mass stars of 

2.04X10"Me · 

1. Introduction 

Since the last decade star formation has been extensively studied because of the 

detection of molecular clouds. It Is generally accepted that star formation occurs In 

molecular clouds. especially In Giant Molecular Clouds. From the Initial Mass 

Function It seems that the formation of high mass stars Is different from that of low 

mass stars [1]. Recently. Scoville et. al. [ 2] found that the rate of formation of 

06 stars depends on <nH2> 1. 9 where <nH2> Is the local mean density of H2 

averaged over 300 pc scale lengths. In addition the efficiency of high mass star 

formation (per unit mass of H2) Is a decreasing function of cloud mass In the 

range 2x105 - 3x106 Me so that they suggested that high mass star formation in the 

galactic disk is initiated. by cloud--cloud collisions which Is more frequent In the 

spiral arms due to orbit crowding. 

In this paper a numerical simulation on the collision between GMCs is made. in 

which the rate of collisions is derived. This gives us a quantitative estimate about 

the formation of OB associations by the collision of GMCs. 

2. Model 

From the observation of molecular clouds in the Galaxy. a molecular cloud ring 

exists between 3 kpc and 7 kpc where the total H2 mass Is about 1.8x109 Me' The 

mass In the disk of the Galaxy is 2x1011 Me' Therefore. the total H2 mass in the 

ring is two orders of magnitude smaller than the disk mass In the Galaxy. Due to 

this reason. when the motion of molecular clouds In the ring is studied. It can be 

accepted that the gravitational potential Is fixed. which Is Induced just by the star 
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disk as adopted by Roberts and Hausman [3]. Most parameters In this simulation 

are the same as In the above mentioned paper except that A = 0.1 and 10 = 200 

are taken. In this case the ratio of the perturbing surface density to the average 

surface density Is approximately 0.055. The loosely wound spiral Is taken as 10 = 

20°. because we are Interested in late type spirals. 

The mass spectrum of molecular clouds is generally 

N(M) ex: M-1 .61 

The Giant Molecular Clouds are defined as the mass of molecular clouds between 

105 Me and 1056 Me. from which the ratio of the mass In GMCs to the total H2 

mass Is ~o. 65. The central subject of this paper Is to deal with the collision 

between GMCs. Actually. collisions between GMCs and smaller molecular clouds will 

occur. But the variation in the motion of GMCs is stili small because the difference 

in mass of the colliding pair Is significant. Thus In this simulation only the Giant 

Molecular Clouds are considered only and smaller molecular clouds are neglected. 

Scoville & Sanders [4] listed the properties of a typical GMC: the diameter Is 

40 pc. the mass is 4xl05 Me and the number of GMCs Is nearly 3000. 

In the simulation 3000 particles. representing GMCs and having the same mass. 

are randomly distributed in a ring at the initial moment. These particles are moving 

and colliding with each other In the given gravitational field. We assume that 

every collision between two GMCs will cause the formation of high mass stars. 

We have run the simulation in two cases: one is without spiral perturbation. the 

other is with spiral perturbation. Every run corresponds to 2xl08 yr. I. e.. almost 

one revolution around the centre axis. In these simulations both the formation and 

the disruption of GMCs are not treated and only the collision between existent GMCs 

are considered. As we know. the lifetime of GMCs Is between 4xl07 and 2x108 yr 

so that this simplification Is reasonable. 

The tlmestep Is to correspond to 105 yr and in every run 2000 steps are carried 

out. At every tlmestep the collision between two GMCs Is checked. If the quantity 

I S-D I Is less than c. where S Is the separation between the centres of two GMCs. 

D = 40 pc Is the diameter of GMC and c = 0.7 pc. this pair of GMCs Is Identified 

as a colliding one. The colliding coefficient in the normal direction Is taken as 

--0.5. that in the tangential direction is 1. Because the dispersion velocity for GMCs 

is less than 5 km/s. the relative displacement for GMCs during every tlmestep Is 

about 0.5 pc. In that case this crlteron for checking collisions between GMCs Is 

applicable. 

3. Result 

The evolution of the distribution of GMCs without spiral perturbation at t = 1. Oxl 08 

yr and t = 2.0xl08 yr is illustrated in Fig. 1. It Is quite clear that the distribution of 

GMCs keeps a nearly random distribution In the evolution _ as no spiral perturbation Is 

applied. 
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(a) (b) 

Fig. 1. Distribution of aMCs without spiral perturbation at (a) 

(b) t = 2.0x108 yr 

1. Ox1 08 yr. 

Flg.2. Collision points between aMes 

without spiral perturbation during 

2.0x108 yr 

Figure 2 gives the sites of collision between aMCs during 2.0x108 yr. I. e .. the 

birthplaces of high mass stars. From this plot. we can see that the collisions 

between aMCs occur randomly In the disk and the high mass star associations. 

generated by the collision between aMCs are distributed randomly In the molecular 

ring. 

In considering the spiral perturbation. It Is shown In Fig. 3 that at about half a 

revolution. the aMCs are crowding In the spiral arm region. As mentioned before. 

although the loosely wound spiral model with 5.5% perturbation is adopted In this 

simulation. the orbit crowding Is prominent and rapid so that It enhances the 

collision rate greatly. 
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t _ I b . /QfI pf' 

Flg.3. Distribution of GMCs with spiral perturbation at different epochs 

The sites of collision between GMCs during 2.0xl08 yr Is shown In Flg.4. It Is 

evident that most collisions occur In the spiral arm region because GMCs are 

crowding there. The detection of most OB associations in the spiral arm region is 

well accounted for by this simulation. 

Figure 5 Is the histogram of the rate of collision between GMCs with and without 

spiral perturbation. res pectlvely. In dealing with the spiral perturbation. the number 

of collisions during 2.0xl08 yr Is 611 and the collision rate is 1/3.27xl05 yr. If 

there is no spiral perturbation. the number of collision is 243 and the collision rate 

is 1/8.23xl05 yr. From this it is derived that the collision rate with spiral 

perturbation is about 2. 5 times higher than that without spiral perturbation. 
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Fig. 5. Histogram of rate of collision between GMXC (a) without spiral perturbation 

(b) with spiral perturbation 

The high mass stars are defined as those with masses between lOMe and 50 

Me. If we take the three segment law of the IMF [1] ratio of the mass in massive 

stars to the total mass (stars with mass between O. 1 Me and 50 Me) is 

0.0127 
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If the rate of star formation in the Galaxy Is taken as 5 Me/yr. the rate of high 

mass star formation is 0.0635 Me' Therefore. every collision should form stars with 

a high mass of 

2.08xlO" Me with spiral perturbation 

5.23xlO" Me without spiral perturbation 

In every collision. the ratio of the massive star formed to the mass of two 

GMCs Is 2.6% and 6.54% with and without spiral perturbation. respectively. 

4. Discussion 

The collision rate between GMCs and the efficiency of massive star birth in collision 

are estimated by using simulations. In this approach it is adopted that the molecular 

clouds are distributed in a thin disk. From the observation the height scale Is 

estimated. In that case a question can be raised: what is the effect of thickness on 

the estimate of the collision rate and the efficiency of star birth. Qualitatively. It will 

decrease the collision rate between GMCs. We leave this question to be solved 

later. 
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I NTROoUCTI ON 

Recently it has repeatetly been claimed [1] that there is now a suc­

cessful "standard model" for galaxy formation. This model involves: 

(i) cold dark matter with~o = 1, (ii) primordial Gaussian fluc­

tuations with a Harrison-Zel'eovich spectrum, and (iii) biasing, 

which presumes that galaxies only form in the rare peaks of density 

perturbations. 
Beside many successes there are important shortcomings of 

this model. First of all, there is no really convincing dark matter 

candidate, in spite of the long list of suggested possibilities. 

Furthermore, the physical origin of biasing is not clear. (I have 

not understood what 'natural' biasing really means.) Finally, it is 

not yet clear whether the cold dark matter scenario can reproduce 

the main observations. In particular, the large peculiar velocities 

on scales up to ~ 100 Mpc may cause great difficulties. 

I think it must be admitted that we do not really know how 

galaxies and their associations have been formed. We cannot even 

answer in any convincing manner simple qualitative questions such as: 

What determines the mass scale of typical galaxies ? 

Some progress has, however, been made. We know now better 

what does ~ work. An important constraint to theory is, of course, 

the enormous isotropy of the background radiation, the limits on 

which have reached an impressive and disturbing level. Hopefully, 

some fluctuations will eventually be seen. 

In this somewhat desperate situation it is important to work 

out different scenarios, in order to see what has a chance to sur­

vive. Cosmic strings provide an interesting - albeit highly specu­

lative - possibility for generating the necessary density fluctua­

tions for galaxy formation [2]. In contrast to some other suggestions 

it can be ruled out - or confirmed - observationally. 

Since this talk addresses a general audience of astrophysi­

cists, I will go in some detail through material which is well known 

to the experts. 
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1. PHYSICS OF VACUUM STRINGS 

As the universe cooled from incredibly high temperatures it certain­

ly went through many symmetry breakings and a variety of topological 

defects may have been produced. Cosmic strings - normal or supercon­

ducting - are defects of dimension one and may stretch across a ga­

laxy or perhaps the whole sky. Except for a few remarks in Sect. 5 

we consider in this talk only normal strings. 

1.1 String Solutions in Gauge Theories 

Vacuum strings are one kind of 'soliton solutions' of certain spon­

taneously broken gauge theories. The prototyp are the Abrikosov vor­

tices of type II superconductors [3], which have been rediscovered 

by Nielsen and Olesen [4] in the Abelian Higgs model, where the Higgs 

field plays the role of the superconducting order parameter. I re­

call briefly the string solutions in the context of this field theo­

retical model. 

The Lagrangian density of the Abelian Higgs model, with gau­

ge group U(l), is given by 

(1.1) 

where Dp. = (6)L - ie ~ , F pv = CO,.A,. - ~"A)C and e is the c~up-z. 
ling constant. The minimum of the Higgs potential V(~) = tl)..(Lct>\-l2.) 
is assumed on the vacuum manifold Mo {<t>: \q,1 =", \ ' which is in 
this simple example a circle. 

Let us look at configurations for which the fields are sta­

tic and constant in one direction taken to be the x3-direction. Then 

we can choose a gauge with Ao= A3= 0 and are thus led to study re­

gular finite energy solutions of the 2-dimensional Yang-Mills-Higgs­

Lagrangian (1). 

For a string solution, + approaches the "Higgs-vacuum" far 

away from the vortex tube, i.e.lq,\ ~ '\ and \D~\ -- 0 for 
txt ---+ <:)d) • The latter condition, together with FPv --I> 0 , 

guarantees that the energy density vanishes asymptotically outside 

the string core. Since ~ lies asymptotically in the vacuum manifold 

Mo ' the Higgs field defines a mapping f: Sl ~ Mo ' which asso­
ciates to each direction in (ordinary) space the asymptotic value 

of the Higgs field in the vacuum manifold Mo' which in our example 

is again a circle. The windinG number (or degree) n of the map f 
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Fig. 1. 

a/ ~ ~", ____ In Order parameter (Re+, Im~) near the core 
, a/ __ ~ \.,. -1 -1) 

,. ~ ~ (with extension mH , mA of a string. 
If ... " 

',t(~ 
" " __ )f;t core 

" -r jf 

is an integer and characterizes the homotopy class (i.e. the element 

in ~l(Mo» of the mapping. This is a simple example of a topologi­
cal 'quantum number' (charge). 

It is easy to show [5] that the magnetic flux of the string 

is n times the elementary magnetic flux 2~/e. An elementary string 
corresponds to n = + 1 and is topologically stable. Strings with 

In\~2 are probably unstable and decay into elementary ones. 
The thickness of the string is determined by the Compton 

-1 wavelengths of the Higgs particle and the vector mesons, m+ 

m;l ,where m~ = \J'2?\'t, mA = if? e «I(. • Usually m~< mA and the 
string has an inner core of 'false vacuum' with linear mass density 
1I.'U (~"l.4). m~~?l2 , and a tube of magnetic field of radius m;l with 
r~ 2 -2 2 ( ) jA-A ~ B m A IV' because the f lux is 2 ~/e • Thus the total mass 
of the string per unit length is roughly 

JL IV 't 2 (1\110-6 m~l in GUTS) • (1.2) 

(A more accurate treatment can be found in books on superconducti­
vity. ) 

More complicated strings are expected to occur, whenever 

~l(Mo) is nontrivial. In the general case of a symmetry breaking 

G ~ H the vacuum manifold is G/H. If ~l(G) = ~o(G) = I 
(G is simply connected) one knows from homotopy theory that 

~l(G/H) = ~o(H) • So H should contain a discrete symmetry. This 
shows that string solutions are expected to occur for example in the 

scheme 50(10) ~ SU(5) x Z2 • Strings form in many grand unified 

theories [2], as well as in the low energy sector of superstring 

theories [6], because these often have an extra U(l) factor. 

1.2 Effective Action 

The internal structure of the string is often unimportant and quan­

tities like the energy momentum tensor T~ can be averaged over 
cross sections. For a static straight string along the z-axis one 
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finds from Lorentz invariance and the conservation law 
easily [2] 

Note that 

f=G 

~ Tpv dxdy = f (1,0,0,-1) • 

2.2 (G}L ) 1010 M I k 
10-6 0 pc. 

T Jt~,~ = ° 

(1.4) 

The center of a string, where ~ = ° , sweeps out a world 
sheet (Fig. 2) which we parametrize by x~ = f~ (~.~) • where ~ is 

a time like and ~ a spacelike parameter. If the string is straight 
on the scale of its width we can find a simple approximate action by 

performing first a transverse integration. In order to do this we 

introduce the coordinates ('C.~, ~l' ~2) in a neighborhood of the 

world sheet by setting x," = f'" (tt: ,~) + \lnt + ~2 nt, where nl • 
n2 are two orthogonal vector fields normal to the sheet. Close to 

:::.Sheet the spe,::~e ).:tr('~::~1 h8:
2

') t:e::::O~din8te8 the 

where ('gab) is the induced metric. 

For a 'long' string we find for the action, if there is no structure 
along the string, 

S = ~ of R d't, d~ d ~l d ~2 
AJ.. (,~ d- d""" ° ( width ) = -, } ~-~ .~, + radius of curvature· (1.5) 

Thus, to a very good approximation we obtain the Nambu-Goto action 

Seff = - f-~ dA (~ ) 

world sheet 

2. World sheet of a (closed) string 
--~.:;. 
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where dA(~) is the surface area belonging to the induced metric 

~ab • The correction term in (11.5) is only important where the dy­

namics determined by Seff produces cusps. For superconducting 
strings the longitudinal dependence of the fields introduces impor­

tant additional terms to the action. In the approximation (1.6) the 

Lagrangian for the equations of motion for a string is 

f' f . = tD fJA f ,IL • _ ~ flA 
• CO't.' r.- COts" 

Note that the equations of motion are independent of ~ • They de­

pend only on the spacetime metric g. In differential geometric 

terms the equations of motion belonging to (1.6) just state that the 

mean curvature normal for the embedding of the world sheet vanishes. 

(See, e.g., the general variation of volume formula derived in Ref. 

[7].) 

Equivalent Formulation 

Sometimes it is useful to have the following alternative description. 

Beside ~ab we may introduce a 'dynamic' metric hab which is, a 
priori, independent. If f: ~_ M is the embedding of the world 

sheet ~ in spacetime it is natural to consider the action 

S(f ,h) = const ~U df \\ 2 dA(h) , (l.S) 

where II dfU 2 is the following natural coordinate independent norm 

of the differential of f: 

U df q 2 = gJ4" hab q af " C) bf » = hab)f ab • 

This is just the action functional of the bosonic Polyakov string. 

Variation with respect to f says that f is a harmonic map, satis­

fying the equation 

Dh ff + habrplXfl COaflX<}b ffl = 0 • 

(rflXfl are the Christoffel symbols for the spacetime metric g.) 

Variation of h gives on the other hand for the pull-back of g 

under f 

f*g = t \I df \1 2 h , 

showing that h is proportional to the induced metric. Since (l.S) 

is invariant under conformal changes of h, the two formulations are 

indeed equivalent. 
Variation of g in (1.6) gives for the energy-momentum tensor 

Til" = M. f /i4(x-f(ct,IY)) 'tab~aff'll)bf'" R dtt d~. (1.9) 
I) R 
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In a conformal gauge for which the induced metric is conformally flat 

(and which according to Gauss, always exist), we have 

TP =U r /j4(x_f(rc,G')) (rr- f~ - f'l'f''') dor.dr. 
I) H 

Example 

Let us consider as an important case a flat Friedman universe with 

metric 
2 

d~ • 

We choose a parametrization of the world sheet for which the variable 

Tt is just the conformal time of this metric, i. e., dt = a (or) d rc. • 
The other variable ~ can be restricted such that x.x' = 0 holds. 

Then the Lagrangian (1.7) reduces to 

2 ""'\/ 2 2 I 
L a ('t.). V~' (1-25.) 

The corresponding equations of motion are convenient for numerical in­

tegrations [8]. We consider also the energy M(~) of a string. From 

(1.9) one finds easily 

~ \ ~ 'I 
M(te) = k.a(lt) 

I (l_~2)~ 

If the string is practically at rest relative to comoving frames 

(~~O) the total mass grows like the scale parameter. For a rapidly 

moving string the growth rate is reduced as a result of the red shift 

of the kinetic energy. (In flat spacetime the total mass of the 

string would, of course, remain constant.) 

1.3 Damping of Strings 

For 'normal' (non-superconducting) strings the dominant energy~oss 

mechanism turns out to be gravitational radiation. 

Very roughly this can be estimated as follows. Loops of size 

R have frequencies UlIIJ R- l ahd the quadrupole formula gives for 

the energy loss 

(l.10) 

where MN P. R is the mass of the loop. The energy loss is thus inde­

pendent of the size of the loop 1 The lifetime of the loop is 

~ = _M_n, 

g I Mg' 
R 

Gf 
and the energy loss fraction in one oscillation period is 

\ M I 
~. LLN Gf4 M • 

ID 

(l.ll) 

(1.12) 
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In other words, the total number of oscillations is N 

We recall that 

for a typical grand unification scale~~ 1016 GeV • 

More accurate calculations can be performed in linearized 

theory, using the energy-momentum tensor (1.9), for explicit loop 

solutions [9]. If we set (see eq. (1.10)) 

• 
M g (1.13) 

then the dimensionless factor ~} depends on the details of the loop 

solution, but is typically N 50-100. 

Numerically the energy loss is huge 

• 
M g 

(For reference, quasars typically emit 1046 erg/s.) 

(1.121) 

We sketch now why the gravitational radiation is more impor­

tant than the electromagnetic radiation for macroscopic loops, if 

the electromagnetic gauge group is not spontaneously broken in the 

string. (We do not have to consider other energy losses, because 

macroscopic loops can only emit massless particles.) In this case 

the Higgs field of the string must b~ electrically neutral and thus 

does not couple to the electromagnetic field Afl' In the non-Abelian 

case there may, however, be couplings to the expectation value of a 

heavy neutral gauge field in the string through gauge self couplings . 
[10]. Dimensional analysis shows that the radiation loss rate M6 

-2 is, to leading order, proportional to R , with a dimensionless pro-

portionality factor which is independent of the gauge coupling con­

stant, since the gauge field of the string is proportional to the in­

verse gauge coupling constant [ll]. We conclude that \Mg\»\M~ \ for 

G(rR)2/V GM2~ 1 , i.e. for M>'> mpl • 

1.4 Intercommuting 

When two strings intersect, they can change partners (intercommute), 

as shown in Fig. 3a. This phenomenon has been observed in supercon­

ductivity. Double jntersections and self-intersections can result in 

the formation of closed loops (Figs. 3b, c). Numerical solutions [12] 

of the full nonlinear field equations describing colliding strings 

suggest that intercommuting occurs (for normal strings) with high 
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A ~ 
Fig. 3. Intercommuting of strings -(a) ~ 

~ "----" - c:::> (b) ,--

~ - )0 (e) 

probability. (Since this is a very local problem the simulations can 
be done in flat spacetime.) 

1.5 Gravitational Field of Strings 

Eq. (1.3) shows that the string tension~ is equal to the energy per 
unit length of the string. This implies that the gravitational field 
is very different from that of massive rods. Indeed, the correct New­
tonian limit for a quasistatic matter distribution is [13] 

, = S.G (Too - ! tr T) 

and the right-hand side vanishes for (1.3). 
For a straight string it is not difficult to find the exact 

solution of the Einstein equations if the string is idealized as a 

homogeneous energy-momentum distribution. If the string lies along 
the z-axis the metric outside the string is in cylindrical coordi­
nates [14] 

2 2 2 2 ( )2 2 2 ds = dt - dz - dr - 1-4Gf r d, • (1.14) 

This metri~ is locally flat, because the coordinate transformation 

" = (l-4Gf)' brings it locally to Minkowskian form. Since ,'va­
ries from 0 to (l-4Gr) 2.<2. , the metric (1.14) describes a 
lconical space', that is, a flat space with a wedge of angular size 

S.GJl taken out (see Fig. 4). The two faces of the wedge must be 
identified [15]. It is obvious from Fig. 4 that a string would pro­
duce double images of equal brightness of quasars. 

The typical separation angle between two images is 1\1 4.GplV 3-30 arc­
sec for Gf"" 10-6_10- 5• This is a kind of classical analogue of the 

Aharanov-Sohm effect. There is no space-time curvature outside the 
string, but the metric is not globally Minkowskian. 

The conical nature of space around a string has another in­
teresting cosmological consequence. A wake is formed behind a relati­
vistically moving string that has the shape of a wedge with an ope-
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Fig. 4. The conical space 

outside a straight string 

core. 

ning angle IV 8T.Gf- and a density contrast 5f/1 IV 1 • This effect 
may be important for the formation of large scale structure in 'cold' 

matter scenarios (see Sect. 3). 
In order to avoid possible misunderstandings, we emphasize at 

this point that the long range time-averaged field of a loop is just 

that of a point mass with mass equal to that of the loop. Loops could 

thus have served as seeds for the primordial density fluctuations. 

Linearized Theory 

Since this last point is sometimes questioned I present a formal argu­

ment within the linearized approximation for the gravitational field 

(16,17]. 
In flat spacetime eq. (1.9') reduces for the choice 

~= t (= xO ) to 

TJO' = f~ (fNV - f'P. f'~) 5(3)<.~._!.(cr;t» d(1""" • (1.15) 

Recall that this expression holds for a conformal gauge, for which 

in flat spacetime 
• f.f' = 0 (1.16) 

The retarded solution of the linearizad Einstein equation in harmonic 

coordinates is easily found to be 

h)',:J (~, t) = - 4Gf ) d(S" 
~" (~, t ret ) 
\~-!.(r, t ret 'l 

1 

I-nor (<r,t t) - - re 

where tret t - '~-!. (r, t)l is the retarded time and 

F 
P 

~-!. (r, t ret ) 

.!:!. = '~-f.(I.l",tret)' 

The time average for a loop with length L over a period T can be 

written in the form 
(T 
J dt (1.17) 

o 
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Now the acceleration ai of a nonrelativistic particle in the weak-

field limit is ai =_ 
determined by <. hoo'> 

t h . + h i 
00,J. 0,0 

- ~ V <:h '> 
"2 - 00 

and thus the time average is 

(1.18) 

We conclude that this is just the acceleration due to the Newtonian 

potential for a surface matter density 2AkF (~,t)/T = ( 2h/T)r2 • 
I 00 r -

It is not difficult to show (16], by making use of (1.16) and the 

string equations of motion, that the total mass of the surface is 

equal to the total mass of the string. 

This shows that we can approximate the gravitational effect 

of a loop on surrounding matter by a spherical shell of mass 2~Rft. 

2. FORMATION AND EVOLUTION OF COSMIC STRINGS 

As the Universe cools through the critical temperature, fluctuation 

regions with ~~'> f 0 develop, in which the directions of <cP'> are 
correlated over a correlation length § • For a second-order transi­

tion, the correlation length is ~T-l , but can be much larger for a c 
first-order transition. 

Since the free energy tends to be minimized, a slowly varying 

~.~ is preferred. Much of the initial chaotic variations will the­

refore quickly die out in the course of further evolution. However, 

if ~l(Mo) is non-trivial, the formation of topological defects is 

unavoidable. 
One expects that the defect lines have the shape of random 

walks of step given by the correlation length § and typical distan­
ces between neighboring string segments also of this magnitude. This 

is confirmed by Monte Carlo simulations (18] which show also: 

(i) About 80 % of the total string length is due to 'infinite' strings. 

(ii) The remaining strings are closed loops with a scale-invariant 
distribution dndCR-4dR, where R is the characteristic size of the 

loop. 
The evolution of a network of cosmic strings is complicated 

in view of the physics discussed in the previous section. Soon after 

formation the strings become essentially linear objects which can be 

described by the Nambu-Goto action plus reconnection. 
Qualitative discussions (see, for instance, the excellent re­

view article of Vilenkin (2]) and numerical studies (8] lead to the 

following conclusions (19] : 

(1) Expansion of the Universe straightens out long strings on sca­
les smaller than the horizon and conformally stretches them on scales 
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(2) There are just a few segments of 'infinite' strings per horizon 
volume at any time. 

(3) Loops surviving the decay due to gravitational radiation at 

time t have sizes greater than ~ Gjt times the horizon length. In 
particular, the smallest surviving loops today have a size 

tV Gp. to rv few kpc, for Gpl\J 10-6 • 

(4) During the radiation and matter dominated eras, the length di­
stributions of closed loops are, respectively [20] 

dn ( )-2 dA'" tR • (2.1) 

Today, the smallest surviving loops have masses MtvR~ 

tv (G~/10-6) 1010 M and they are typically separated by ~10 Mpc. 
I G> 

(5) During all evolutionary phases, the energy density due to strings 
is always much smaller than the total energy density. Intercommuting 

and gravitational radiation is crucial for this. It turns out that 

the smallest surviving loops dominate the string energy density. 

3. STRING SCENARIO FOR GALAXY FORMATION 

Rapidly moving open string& and oscillating closed loops produce den­

sity perturbations which begin to grow at the time teq of equal 
matter and radiation densities if cold or hot dark matter dominates, 

respectively at the time trec of recombination for a baryon domina­
ted universe. In the former case there is little growth before t 

/ '" eq due to the Meszaros-Zel'dovich effect [21] and in the latter case 

there is strong Silk damping before trec 
Larger loops produce larger potential wells, accreting larger 

masses. These contain smaller loops and matter around them. In this 

way a hierarchy of objects - smaller ones inside bigger ones - are 

produced, which may be identified with galaxies and their associations. 

3.1 Determination of ~ from the Properties of Abell Clusters 

BRANDENBERGER and TURoK have argued [22] that the positions of Abell 

clusters should accurately trace the positions of the very large loops 

that produced them, because there has been hardly any gravitationally 

induced motion of matter since the perturbations started to grow. 

They determined the dimensionless parameter ~ by requiring that 

loops with the separation of Abell clusters virialized the observed 

Abell overdensity inside an Abell radius by the present time. Follow­

ing TUROK [23], we present now the detailed analytic determination 

of GfL by using the spherical accretion model. (These calculations 
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should be supplemented by N-body simulations.) Since it turns out 

[22] that G~ has to be too large for a baryon-dominated universe 
wi th -Clo o ~ 0.1 , we assume an 0. = 1 universe which is dominated 

by some collision less form of matter. We give here the details for a 

cold-dark-matter-dominated universe and only summarize briefly the 
main differences for hot dark matter [24] • 

The analysis involves the following four steps: 

1) Mean separation of loops 

The loops which started the accretion process were formed 

diation-dominated era. Their number density distribution 

as a function of the rms radius R at time t, has been 

numerical simulations [a] to be given by (see eq. (2.1»: 

in the ra­

n(R,t) , 

found from 

(3.1) 

where ti~< teq is some initial time and ." ~ 0.01 , with a relative­
ly large uncertainty. 

The scale factor a(t) satisfies the Friedman equation 

where 'm denotes 
a = 1 • Then the 

= e( l51:G/3 >l' m) eq , 

the matter density. We normalize ~ such that 
2 Hubble parameter at teq is given by Heq 

and is related to its present value Ho through 

a;G (Qm)o = ~ H~q 1 3. 
'l (l+zeq) 

For three massless neutrino flavors we have 

and thus for no = 1 , Zeq = 5. 2Sxl~ • h~D 
This gives 

(3.4) 

Introducing the conformal time ~ by dt 

the solution of (3.2): 

a(~) d~ , we find easily 

1 1 ()2 1 ( ) 1 ( )2 a = V2 Heq rc + 8' Heq rc , t = 2 V2 't.Heq ~ + 24 Heq I"( 't. 

Using this for t i« H;~ in (3.1) leads to 

n(R,t) = 23/4)) R-S/ 2 H3/2 a(t)-3 • 
eq 

This gives for the number density n;> (R,t) for loops with radius 

greater than R 
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( ) S D':> () 2 3/4 n> R,t = n R,t dR = '3 2 ')J 

R 

The corresponding mean separation d(R) today, defined by 

n > (R,to ) = d(R)-3, satisfies 

R = V; (2 l' ) 2/3 H d 2 1 ( 1 + z ) 2 3 eq eq· 

For Abell clusters the mean separation is -1 dCl ~ 110 hSO Mpc • 

(3.S) 

Thus (3.S) gives, together with (3.4) for the radius of the loops 
which produced them 

2/3 2 -2 
Rloop = 1.B ')1.01 d110 hSO kpc • 

Note that Rloop is not much smaller than the Hubble radius H;~ 
at teq (e~.(3.4)). Thus the cluster loops have been laid down close 

to teq • 

2) Loop mass 

We write for the loop mass M = S~R • The numerical simulations [B] 

give S~lO. With (1.4) and (3.6) we find 

(3.7) 

with 

3) Accreted mass 

Next we determine the mass accretion of a loop in the spherical mo­

del. Consider a seed mass m at r = 0 and assume that at some ini-

tial time 

dius 

~ 

giving 

rb 

ti we have an unperturbed Hubble flow, for which the ra­

of a given mass shell satisfies 

-2 _ GM 
= 0 M A..: ri(~b)i rb = 3' rb 

r.(t/t.)2/3 ~b 
1 

= = 
6..:Gt 2 

. 
~ ~ 

(3.B) 

The perturbed flow is determined by 

... !!!. ui := 
M 

(3.9) 

This Friedman equation has the following well known solution in.pa­

rametric form (Oi« 1) 
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3t. 
r t 40.~12 (&-sine) 

1 

(3.10) 

Let rm denote the maximal radius reached at time t m • We have 
[25] 

This gives 

O. (t It.) 2 13 
1 m 1 

(3.11) 

or the well known result 

After turnaround the shell collapses and is thereby virialized. The 

virial theorem and energy conservation for dissipation less matter 

imply that the virialized radius r f is equal to r m/2. 

Later on we have 

where the last factor comes from the dilution of the background den­

sity. This gives 

1 + z = (i)/il )113 1. (i..)2/3 
m ) fb 0 2 3~ • .(3.12) 

On the other hand, we have m = 0i M~c ' where Mac 

ted mass. But from (3.11) 0i= (3~/4) 73 (l+zm)l[l+zi) 

seed mass is related to the accretion mass by (using 

m (O/til ) 113 M 
, )b 0 ac' 

is the accre­

, and thus the 

(3.12)): 

This is not quite the mass of the loop since the calculation assumed 

matter domination. But the cluster loops have been laid down close 

to t eq , as was already emphasized. Thus expression (3.13) for 

zi~ Zeq gives a good estimate for the loop mass: 

M - M (ti)/t) )1/3 _1_ (.!) (3.14) 
loop - ac r}b 0 l+z 2' eq 

Here, the additional correction factor ~ takes into account that 

in reality the accretion at IV t is somewhat less efficient. A eq 
reasonable value for cluster loops should be ~ ~ 2 • 

4) Masses and Overdensities of Abell Clusters 

The mass of an Abell cluster is estimated with the help of the vi-
2 -1 rial theorem Mcl = 3 ~ RA/G for an Abell radius RA = 3 h50 Mpc 
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and a one dimensional dispersion (S"'",7oo-1ooo km/s. Numerically we 
find = 1015 -1 2 

Mcl hSo ~7oo Me (3.15) 

This gives, with (~b)O = ~crit = 7xlolo 2 
hSo M(!)(M PC)-3 , an over-

2 density of about 130Gi7oo • Inserting this into (3.14) a~d setting 

Mac = Mcl yields for the mass of cluster loops 

11 -3 8/3 ( ) Mloop = 8xlo hSo () 700 M(D 3.16 

Comparing this with the independent estimate (3.7) allows us to 

compute GjA;: 
, f6~ 2 -2/3 

».01 (3.17 ) 

The dependence of)l6 on the various parameters, as well as the 
rough accretion model which has been used, make it obvious that 

remains quite uncertain. The uncertainty is at best an order of 

magnitude. Presumably, however, cosmic strings would not help ga­

laxy formation for ~~ 10-7 • Observations of the millisecond pul­

sar 1937+21 may soon establish such an upper bound (see Sect. 4.3). 

String theory makes also definite predictions for the corre­

lation function. Scale invariance implies that it must be a dimen­

sionless function i (rid), where d is the mean separation, with 

no free parameters. From numerical simulations TURoK [26] derived 

the result ~(r/d)~ 0.3 (r/d)2 , which agrees well with observa­

tions [27], both in amplitude and in shape. 

Recently it has been shown [24] that cluster formation in a 

neutrino dominated universe with cosmic strings is rather similar 

to that for cold dark matter. Galaxy masses come out lower than 

with strings and cold dark matter and the spectrum of galaxies 

turns out to be flatter. 

4. OBSERVATIONAL EFFECTS 

Even if strings have nothing to do with galaxy formation, they might 

produce some unique observational effects. 

4.1 Lensing 

One expects [28] that out of ~ 104 quasars, one will be doubled by 

a string. It is, however, difficult to prove that a particular pair 

of quasar images is due to a cosmic string. PACZYNSKI [29] has, 
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therefore, suggested that observations of very distant galaxies 

with the Space Telescope may be a better way for discovering cos­

mic strings. A galaxy may appear cut by a sharp edge if there is a 

cosmic string between the galaxy and the observer. Since the proba­

bility for this is quite small, an extensive observational program 

would be necessary to see this. 

4.2 Discontinuities in the 3K-Background 

KAISER and STEBBINS [30] have pointed out that rapidly moving strings 

would produce step like discontinuities in the 3K-background which 
might be observable. 

The discontinuity can easily be determined. In a frame in 
which the string is at rest and we are moving with four velocity 

U = ~ (l,~), the frequency ratio wl /w 2 of two light rays passing 
on different sides of the string is 

where Kl ,2 are the wave four vectors indicated in Fig. 5. Clearly, 

Kl ,2 w(1'~1,2)' where w is the unperturbed frequency and ~1,2 
are the unit directions of the two rays at the position of the ob-

server. Thus (~ = ~) c 

l-~'~l 

1-~·~2 
l-~ sinOl/2 
l+~ sinOl/2 ~ l-~Ol = 1-8-u:Gft ~ . (4.1) 

This shows that the relative temperature jump in 

diation is ~T/T = 8-u:G}t~ , which may typically 
Present observational limits are consistent with 

K K 

observer 

the background 

be ~ 10 ~ • 
G j(::€ 10-5 

ra-

Fig. 5. Diagram for frequency jump induced by 

a=8~G a moving cosmic string 
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4.3 Stochastic Gravitational Wave Background and Mean-Square 

Timing Residuals of Millisecond Pulsars 

Gravitational waves produced by oscillating loops add up to a sto­

chastic gravitational background which would induce a 'timing noise' 

of millisecond pulsars. 

A quantitative analysis allows one to relate the density pa­

rameter ~ of the stochastic background radiation to the mean 
g 

square timing residuals [31,32] • This analysis goes as follows. 

Let Zg(t) be the redshift of a pulsar signal received at time t. 

In linearized theory we have 

(4.2) 

where ~ is the unit vector in the direction of propagation of the 

pulsar signal and ~~ are the metric perturbations induced by the 

stochastic background in the traceless transverse gauge [5]. The in­

tegral is along the electromagnetic path from the source (emission 

time t) to the receiver. 
s 
We consider Zg(t) as a stationary (wide sense) stochastic 

process. Its spectral density 5 z (w) , which is the Fourier trans­

form of the correlation function g 

00 

.( Z g ( t) Z g ( t + 'C ) '> = 2 ~ cos ( III 't) S ( III ) dill, 
o Zg 

(4.3) 

can easily be related to the. spectral density fg(w) of the gravi­

tational background, assuming isotropy and random phases and pola­

risations. One finds from (4.2) [32] 

81( 

'3 

where B(~) is an explicit distance-dependent function, which is 

close to 1 for Ill-I much smaller than the light distance (which is 

always true in practice). 

The redshift Zg(t) is simply related to the phase resi­

duals cPR(t) : 

Z (t) = -2P 
g 1( 

(4.5) 

where P is the pulsar period. We are interested in the mea~-square 

phase residuals ~R2(T)~ 

190 



T 

R2(T) = t 14>R(t)2 dt , 

o 

where T is the observation time. Using (4.5), (4.3), and (4.4) 

one finds 

_ lli (1!)2 
- 3 P ~'" ~g(w) 

dw 4 
w 

Ot/T 

( 1 _ sin wT) • 
wT (4.6) 

The lower limit in the integral cuts off low frequencies which play 

no role for a finite observation time. The precise value of Ot de­

pends on the actual form of the low-frequency spectrum. A reasonable 

choice is Ot = 2~ • 

Let us take as an example a constant value for 

-Og(w):= w ~g(w)/ ~c 

where ~ c is the critical density. Then 

~g = <:. R2> T-4 Ot4H~ 

or numerically 

Here T is measured in yr and R in Jls • 

(4.7) 

(4.8) 

(4.9) 

Taylor and coworkers [33] have now followed the pulsar arri­

vals times of the millisecond pulsar 1937+21 for more than four years 

with an impressive precision. Fig. 6 shows their post-fit arrival­

time residuals. These imply the safe upper limit [33] 
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Fig. 6. Post-fit arrival-time residuals for PSR 1937+21. 

The inset shows the remarkable accuracy of the 

recent observations (Ref.[33]) 
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(4.10) 

at a frequency )J~0.23 cy y-l (with a bandwidth of a factor of e). 

This limit is already close to what one expects [34] from cosmic 
strings [35]: 

.o.~tringS~ 4xlO-B h;2..n.;1 13 10 ~Ol Ys fo!, (4.11) 

'" A A where ()'s = is 15, 'If = '<! 113 • It may well be that the pulsar ob-
servations will exclude (or confirm) cosmic strings of the type 

which would be interesting for galaxy formation in just a few years. 

5. CONCLUDING REMARKS 

The string scenario for galaxy formation has not yet been worked 

out in sufficient detail. Numerical simulations are needed (and are 

underway) in order to answer questions such as: 

(i) Can string-type models account both for galaxy and cluster 

formation ? 

(ii) Is it possible to explain the formation of superclusters and 
voids ? 

(iii) What about peculiar streaming motions on large scales ? 

(iv) Why is the inferred value of .n.. on the scale of clusters 
0 

;€-0.2, in spite of .0.. = 
0 

1 ? 

Apart from such potential problems, there is of course also the 

question of how to reconcile strings with inflation. While this 
may not be impossible, suggested models need fine tuning in order 

to produce two phase transitions with the right properties. 

Superconducting strings, which behave as superconducting wi­

res and can produce large electromagnetic effects, have recently 

become very fashinable [36]. The maximal current can be gigantic. 

For bosonic charge carriers one finds [36] 

Jmaxl\.l e v;;:'rvl020 am ps,.6 • (5.1) 

The magnetic dipole radiation is roughly 

• 222 2 2 2 M~'" -(JR Ill) IV - J IV - e'f- (J/Jmax ) 
or 

M~ IV - rxf (J/Jmax)2=-2XlOslf'62(J/Jmax)2 erg/s. (5.2) 

This electromagnetic radiation cannot propagate through the cosmic 

medium since the plasma frequency is very much larger than the wave 

frequencies. Like a giant pulsar, each loop will blow a bubble around 

itself. OSTRIKER, THOMSON, and WITTEN [37] have suggested that the 
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observed voids in the galaxy distribution may have been created in 

this manner and that galaxies have been formed on the boundaries of 

these huge bubbles. 
Unfortunately, time does not allow me to discuss the intere­

sting microphysics of superconducting strings and the various recent 

suggestions about their astrophysical applications [38]. 
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The Correlation Strength of 
Clusters in the Cosmic String Model 

Jia-lu Zhang and Yi-peng Jing 

Center for Astrophysics, University of Science and Technology of China, 
Hefei, People's Republic of China 

It Is known that the two-point correlation functions of galaxies and of clusters of 

galaxies have three systematic characteristics. 1. all correlation functions have power 

laws with approximately the same Index -1. 8. I. e. ~ ( r) =ar -1.8; 2. the correlation 

strength a Increases with the Increase of the mean separations d of the systems 

considered and 3. a also Increases with the Increase of the mean richness of the 

systems (the Bahcall-Sonelra relation). 

A plausible model for these features Is suggested by SZALAY et. al. ( 1) They 

supposed that the large scale structure of the universe Is scale free with fractal 

correlations (frac (r) =0. 3 [fl) 1.8. the observed correlations (obs of galaxy systems are a 

superposition of the fractal and gravitational «(grav) correlations 

and the correlation functions of galaxies and of clusters can be produced by 

Introducing different (grav' However. this picture Involved only the linear sizes of 

systems. so that only the first two observational facts mentioned above can be 

explained. 

The suggestion of SZALAY et. al. can be developed in the cosmic string 

framework. TUROK (2) has shown that the two-point correlation function of loops with 

similar sizes can be represented as 

[ d1 )_ [d1)2 
(lOOP-lOOp -r- - O. 2 -r- . 

Because galaxies and clusters of galaxies are formed by accretion onto different size 

loops we Infer the scale 

Invariant property of loops. 

Invarlance of the large scale structure from the scale 

So. the suggestion of SZALAY et. al. can naturally be 

Introduced In the cosmic string picture. Correlation functions of clusters represent the 

correlation of loops (2) and the correlation function of galaxies can be explained 

satisfactorily by gravitational amplifications (3) (4). Whether the observed relation 

between a and richness N can be obtained In this picture model is an unsolved 

problem. but It Is stili a very Interesting and Important problem. Now we begin to 

study this problem. 

First of all. we plot the observational data of Nand d In figure 1 for clusters 

with different richness. and find that the relation between Nand d can be well 

represented by docN2/3. 

196 



2,00 

Figure 1 The relation between the 

richness N of clusters and their 

mean 

straight 

relation 

separation d. 

line represents 

d=S.4N2I3 . 

observational data are taken 

ABEll [12] and SHECTMAN [9] 

The 

the 

The 

from 

Why .there exists this relation between Nand d has 

usual galaxy formation theory. even at a very crude level. 

relation In the cosmic string model. 

never been solved In any 

Now we will consider this 

In the string theory. clusters of different richness are formed by accretion of 

galaxies onto the loops with different sizes and different mean separations. Here we 

assume that the loops of radius R. form clusters of richness N. We suppose that the 

cosmological model Is Einsteln-de-Sltter universe with 0=1 dominated by cold dark 

matter. and the accretion of strings began at teq. the epoch when matter and 

radiation density were equal. 

Because Abell clusters usually can be considered to be vlrlallzed. the shell with 

radius rA should have the maximum size at the time tmax. which should be less than 

the age of the Universe to' 

According to the spherical accretion model. the dynamical equations of the 

rA shell (assuming Its initial radius Is Yi) are [5] 

r = :'L 
2S j 

(1-c05e) . 
St. 

t= _L~(e-slne) 
4S j 

and the maximum radius of the shell Is r max= ...!l:... later. the shell would have S j 
0" collapsed and vlrlallzed with radius ~ rmax;: rA. 

Using the Initial perturbation expression Sj !t~ff. . where Pj Is the 

mean density of the Universe at the Initial time. we can get the Initial radius of the 

r shell r· = y:. = (-3 R. YA BJI. .\1/4 Then the number of galaxies In the Abell cluster formed A., ~lT P.. I· 
from the R, loop Is 

N 
3/4 

~1!. (1 +lj) 3 n (0) [S/3/LR,r a..J . 
S g--:ffl""pj 
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where n9(0) Is the mean number density of galaxies nowadays and naCO) 

3 4 2 _ ~(I+!j)~ 
(Mpch+)-. (a+Zj) = l+Zeq = 2.5 x 10 h • Pj - 32.11'.6:t. 

From the distribution of loops. we can easily get the expression of R1 in terms of 

the mean separation d of clusters formed around the R1 loops 

_ [2V ]2/3 1 d2t0- 1 . 
R1 - 3 ( l+Zj) ~ 

Therefore 

N [ 
2/3 ]3/4 

41T (1+z.)3/8 n (0) 16~Gu[2V] (t r )3/4d3/2 . 
3 I 9 3 o-A 

where ~. v. IL have the usual meanings In the cosmic string theory. By substituting 

the values of Zj' ng(o). ~. v. r A and to = ~H~1 = 2000 Mpch-1 Into the equation 

above. we can find N = 2100(GIL)3/4d 3/2h9/4. 

If we take GIL 3.2 x 10-vh-1 and express d In units of h-1Mpc. then the 

relation between d and N 

d = 3.4 N2I3 

can be obtained. We plot this relation In Figure 1. and find that It fits well to the 

observational data. The value of GIL we have taken Is reasonable. It is consistent 

with the demands from other observational facts such as the microwave background 

anisotropy and so on. 

On the other hand. from the correlation function of loops. the relation between a 

and the mean separation d of clusters can be expressed by a = 0.2 d2. Therefore 

we have the relation between a and N 

We can easily show that this equation can only be applied to clusters with NC1:20. 

Because the smaller richness clusters are formed from the accretion on to smaller 

loops. the spheres of radius 1.5 h -1 Mpc around the loops may have not collapsed 

and vlrlallzed. Also the gravitational amplifying effects on the correlation function 

become more Important due to their smaller separations. Both these effects make a 

decrease with the decrease of N more slowly than the power law N1. 3. 

BAHCALL et. al. [ 6] have suggested that superclusters might also have a 

invariant correlation function (s= 1500 y -1.8. But because the number of superclusters 

used in their statistical study Is so small. the uncertainty Is very large. Especially. 

KALINKOV et. al. [7] recently have reported that there are no correlations for 

another supercluster sample. So the (s = 1500 y-1.8 for superclusters Is very 

doubtful. Moreover. the definition of the superclusters is very ambiguous. It is not 

necessary to Include superclusters here. 
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BAHCALL et. al. [ 6] also suggested the relation a = 20NO ' 7 for galaxies. 

clusters (not Included the R~3 Abell clusters) and supercluster. FANG [8] has 

proposed that In the cosmic string model this relation (and the first two observational 

properties listed at the head of this paper) can be explained In a phenomenological 

model with strings distributed with fractal dimension to be. 1.4. 

We plot our result In Figure 2. and find that it is completely consistent with the 

statistical results of SHECTMAN [9] (for poor clusters). and BAHCALL et. al. ] 10] 

(for R~ 1. R~2 Abell clusters). It Is shown that the model we used here can explain 

the correlation-richness dependence of clusters. We should point out here that not 

only,s = 1500 Y -1.8 for superclusters Is doubtful. but also the comparison of 

correlation-richness relations of clusters and of superclusters Is difficult and 

problematic because of the very different definitions of their richness. Therefore our 

discussion excludes superclusters. The statistical study of R~3 Abell clusters by GAO 

[ 11] showed that the correlation function can be approximately represented by 'R~3= 

1800 y-l.8. It Is Interesting that this result Just agrees with our Flg.2. 

Finally. we make our conclusions: we have analysed the observational data of 

clusters and found that there exists the· -relation da:N2/3 between the richness of 

clusters N and their mean separations d. We explain this fact and the 

Bahcall-Soneira relation in the cosmic string scenario. The value of GJL = 3.2 x 

10 -6h -1 we have adopted Is consistent with other requirements and with some other 

observed facts. 
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Figure 2. The dependence of the correlation function on the mean richness of the 

system. The straight line ·represents a=2· 3 N 4/3 . The dashed line Is the qualitative 

trend of a aftar considering the unlvlrlallzed and gravitational effects. 
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Fractals in the Distribution of Galaxies 

L.Z. Fang 

Beijing Astronomical Observatory, Academia Sinica, 
Beijing, People's Republic of China 

The cosmic string model [ 1 ] pictures the formation of galaxies as an 

accretion process by density perturbation seeds of cosmic strings which are 

topologically stable. macroscopic defects formed during a phase transition of 

grand unified symmetry breaking In the early universe. The system of cosmic 

strings consists mainly of closed loops. which were produced by a 

self-Intersection process from parent strings. The formation rate of such 

loops Is about one or few per horizon volume per expansion time. In this 

case. the number density of loops with size R can be described by 

(1) 

where D=5/2. The meaning of D can also be obtained from the expression of 

the total number of R loops In a volume with length scale r. It is 

where BR Is constant for a given R. 

Since n (R) and bDn (bR) are Identical in distribution for every ratio b>O. 

the distribution of loops Is diagonally self-affine [2]. Namely. the distribution 

of galaxies should be represented by a self-affine system with local fractal 

dimension D'=1 and global fractal dimension D=5/2. [3] 

It can be shown that the two-point correlation function of objects with 

mean separation d Is given approximately by [4] 

( 3) 

where R Is equal to about (2~3) d. Eq. (3) Is available only for r<R. When r 

Is larger than R. the correlation function Is 

(; (r) (4) 

where L Is the radius of the volume of the sample considered. 

A series of statistical features of the distribution of galaxies can be 

explained by the above-mentioned fractal description of the cosmic string 

model. 
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1. r-1 •8 Law 

From Eq. (3) one can find that the dependence of C (r) with r Is given by 

the term 11 (r/R) 2 [1 - (r/2R) 2] 1/2. which can be fitted by a power law of r 

with Index -1.8 In the range r<R. In fact. this Index Is determined by the 

local fractal dimension 0'. namely. 

1.8-3-0'. ( 5) 

This is just the reason for that the correlation functions of all types of objects 

have the same index 1. 8 [5]. 

2. Deeendence of Correlation Strength on the Scales of Objects 

In the correlation function C (r) =o;r -1.8. the dimensional correlation strength 0; 

is found to be [4.5] 

From Eq. (3). the dimensional correlation strength 0; Is given by 

1/41T2n(R)R. 

Substituting (1) into (7). one finds 

0; _ R1•5 _ d 1.5 • 

in which we considered Ra:d. 

3. Deeendence of Correlation Strength on Richness 

(6) 

( 7) 

( 8) 

The richness of objects related to a loop of size R can be defined as the 

total number of galaxies In a volume with scale R. Therefore. from Eq. (2) • 

one finds that the richness <N> Is 

Considering Eqs. (8) and (9). we have 

0; _ <N>O.6. 

A statistical result is [5] 

4. Flattened Tall in Correlation Function 

( 9) 

(10) 

(11 ) 

It has been found that for r>10 Mpc the correlation function of galaxies has a 

flattened tall. for which the power index is about 1. Recentiy. CfA redshlft 

survey showed that 1) almost all galaxies are distributed on the surfaces of 

bubble like structures: 2) the edges of the bubbies are remarkably sharp: 3) 

the bubbles have a typical diameter of about 25 Mpc. [6] If we consider that 
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galaxies distribute homogeneously on thin shells with radius R. the correlation 

function should be given by 

(12) 

where JL is the mean number density of the shells. In the case of a 

close-packed distribution of the shells JL=ll (2R) 3. we have 

(13) 

where we take R=12.5 Mpc and r is in Mpc. Comparing Eq. (13) with the 

usual result of the correlation function of galaxies ( r) =20r-1.8• one finds 

((r) to have a break at rb=(20/4) 1/0.8=7.5 Mpc. When r>rh' the power Index 

becomes approximately 1. Namely. the r -1.8 law can be used only in the 

range of r< (2-3) d. the Index drops to about when r» (2-3) d the 

correlation function Is then 

(14) 

This result is roughly in agreement with the bubble like structure having a 

flattened tall In their correlation function. 

5. Dependence of Correlation Length on the Size of Sample 

The correlation length ro is defined by ( ro) =1. Therefore. from Eq. (4) we 

have 

log ro = log L - __ 1_ log 60 = log 2L 1 06 3 - 0 - . . (15) 

This means that the correlation length Increases with the scale of the volume 

of the sample considered. This result is consistent precisely with the 

observation. which Is [7] 

log ro = log 2L - 0.96. ( 16) 

6. Magnitude Count of Galaxies 

The number of galaxies with absolute magnitude In M~M+dM. distance In 

r~r+dr and direction In do Is given by 

dN 
dN = 4>( M) ---B dMdr 2n-. (17) 

dr 4JT 

where 4>( M) is the luminosity function of galaxies. Considering (visual 

magnitude) m=M+5 log r+25 and Eq. (2); the above formula can be rewritten 

as 

(18) 

Integrating over r from 0 to infinity and replacing r by r=s100 •2m • leads finally 

to 
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CD 

~ _ = <OBR/41T)100· 2mO ISO-14><-SIOgS - 2S)ds. (16) 
dmdn 0 

The observed value of d~~n In the range of m=14 to 19 was found to be 

[ 6] 

~ ~ 10o.44m 
dmdn 

(19) 

Comparing Eq. (19) with Eq. (16). we have 0=2.2. The deviation of 

~ from the Euclidean result 10o.6m Is due mainly to non-Euclidean 
dmdn 

geometry of the cosmological space. 

possess redshifts smaller than O. 1 • 

spacetime on the count is not large. 

the self-affine distribution of galaxies. 
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1. Introduction 

Observations show that the large scale distribution of galaxies Is like a selfslmilar 

sponge Ill. The term 'sponge" Is due to most of volume observed In the Universe 

being devoid of galaxies 121. there are many voids (diameter at least 60 Mpc) In 

the Universe 131. The 'selfsimilarity' is due to the density _. radius relation 14/: 

Log per) ~ 15.2 - y Log r. y ~ 1.7 - 1.8. (1) 

where p( r) Mgn( r). n( r) Is the mean number density of galaxies In the 

aggregative region of galaxies of radius r; or the galaxy two--point correlation 

function 151. 

From (1). the total mean number in the region of the scale r is 

3 Of N (r) 0: r -y _ r Of ~ 3 - y ~ 1.2 _. 1.3. ( 2) 

From (2). the geometry of the mean distribution of galaxies has been regarded as 

a fractal with the fractal dimension Of 16/. Here. we emphasize that this fractal 

should be a 'selfsimilar sponge" which is called 'Sierplnski sponge" in fractal 

geometry. 

What physicl process In the early universe might produce the selfslmilar sponge 

structure observed today? 

We have suggested a tentative scenario Ill. in which the early perturbations are 

assumed to be adiabatic. Principal difference between our and usual scenarios Is 

that the perturbations which come within the horizon will undergo different 

hydrodynamic processes. In usual scenarios they are supposed to undergo acoustic 

oscillations. but in our scenario they might form the fractal turbulence. 

2. Fractal Turbulence 

Geometric aspects of turbulence. especially Its intermittent behaviour can be 

described as fractals 16.7 and 8/. In this paper. If the geometry of an Intermittent 

turbulence may be described as a fractal. we shall call It "fractal turbulence" (FT). 

As Is known to all. a turbulent motion may be divided into interactin motions on 

various length-scales. and this Is usually expressed by talking of "eddies of different 

scales". If ui Is the characteristic velocity of an eddy of scale ri (the velocity 

fluctuation on the region of size ri)' one may define a Reynolds number. 

( 3) 
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to explain the properties of turbulence. where v Is the kinematic viscosity of fluid. 

In the turbulent cascade process. the Kolmogorov law holds over the Inertial range 

191. I. e .. 

(4) 

where r 0 Is the basic scale (or the scale of the largest eddy) of the turbulence. r d 

Is the dissipation scale corresponding to the Red ~ 1. Note that In (4) one has 

practically assumed the turbulence to be filling space. I. e.. the number nj,l of 

eddies of smaller scale rj generated by an eddy on larger scale rl Is just equal to 

the ratio of their volume 

( 5) 

Thus. the Kolmogorov law can be rewritten as 

(6) 

Equation (6) gives us a well-marked form that can be generalized to the case of 

Intermittent turbulence. 

Because an Intermittent turbulence Is not filling space. in the cascade process 

from rl or rj the number nq. j) of the 'active' eddies of scale rj which are 

generated form an active eddy of scale rj Is only a fraction (3 of the number nl,l' 

I. e .. 

( 7) 

And other (nj,j - nq.l» eddies of rj are 'passive'. The passive eddies do not take 

part In the cascade process. Using nq. j) In place of nJ,j In (6). we then get the 

rate of energy transfer of the Intermittent turbulence among the active eddies of size 

rj and rj. 

II (3 Is constant for any scale In the Inertial range. Of defined by (7) will be a 

constant. In this case. the Intermittent turbulence will be a FT with the fractal 

dimension Of. Thus. for a FT we have 

3 (Df-31 3 3 
ul Ir l = (r,/rj) Uj Irj = (rl/rj) -YUj Irj Y = 3 - Of . ( En 

As can be seen from (7) that If an Intermittent turbulence is a FT (Of = constant>. 

Its structure Is like a selfslmilar sponge. 

The Of of a FT depends on the practical conditions that produce It. If the 

Reynolds number of the basic scale roo Reo = uorolv. Is very large. the turbulence 

will be of filling space. I. e.. nq. j) = nj,l; In that case the fractal structure will 

not be able to occur. The fractal structure occurs. In general. at the Initial stages 

of the transition to turbulence. Thus when the fractal structure occurs. Reo should 

be large enough. but does not need to be very large. 

As an example. we consider the wake of a moving object In a fluid. For 

simplicity. assume the object be a cylinder (or a sphere) of diameter d with 

velocity u. Then the Reynolds number Is Re = udlv. Experiments show 110/ that 
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the behavior of the wake arising from the drag depends on Re. When Re Is greater 

than about 100. the attached eddies are periodically shed from the cylinder to form 

the Karman vortex street. Concentrated regions of rapidly rotating fluid form two 

rows on either side of the wake. An Important transition occurs at a Reynolds 

number a little below 200. Above this. the vortex street breaks down and produces 

ultimately a turbulent wake. At Re » 102• the wake will become fully turbulent. As 

has been pointed out before. the fractal structure occurs. in general. at the Initial 

stages of transition to the turbulence. So. when the basic Reynolds number Re Is 

the order of 102. the FT might occur In the varices of the wake of a moving 

object. If Re » 102. the vortices are not fractal. but fully turbulent. This example 

is very important for us because it gives us a very simple mechanism in which the 

vortices of a rapidiy rotating fluid are generated by the drag. and tells us a 

condition Re 102 on which the vortices might be fractal turbulent. 

Similarity of the geometry between the FT and the galaxy distribution prompts us 

to consider if the origin of the large scale structure had been started In a process 

of the FT in the early universe. It is this clue that led us to suggest the following 

scenario which includes a process of the FT Ill. 

3. Origin of Large Scale Structure 

This scheme involves the following basic assumptions and processes: 

(a) We assume that the density perturbations are adiabatic in the early 

universe. and the spectrum of perturbations has the form 

k = 2rr/". ( 9) 

When the index n = 1. (9) gives the scale-free Zeidovich spectrum. Since the 

amplitude of the early perturbations should be very small. the cosmic fluid can be 

regarded as being Incompressible. The spectrum of velocity perturbatlns for the 

wavelength " has the form 

( 10) 

where Us Is the sound speed In the cosmic fluid. 

(b) At time t before recombination. the perturbations on the scales " < "h = ct 

(the horizon) will undergo dissipative process. Therefore. for the adiabatic 

perturbations the cosmic fluid can be regarded as a viscous fluid with the kinematic 

viscosity 

(11 ) 

where O'T Is the Thomson cross-section. no Is the free electron density. Thus. each 

perturbation with the characteristic length " < "h and velocity u" can be associated 

with a Reynolds number 

(12) 
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Only when ReA - 1. the viscous dissipation Is Important. Since the tlme··scale of 

energy dissipation Is about tA - A2/v - vIU/. all perturbations on the scales A 

that satisfy tA - t do not appear In the cosmic fluid at time t. which are dissipated 

by the viscosity. Then. from tA - t we obtain a smallest scale Ad (I. e.. the 

dissipation scale) at time t and a corresponding velocity ud: 

Ad - (v0 1/2 and Ud - (vlt) 112 • (13) 

On the dissipation scale the Reynolds number Red = udAd/v = 1. 

Assume that the velocity spectrum of the perturbations within the horizon stili 

retains the form of (10). we then can get the amplitude of the velocity spectrum 

from Ad and ud at that time. That Is. 

The characteristic velocity uh corresponding to the largest scale 

horizon is 

uh - ud( Adl Ah) n/'l • 

Thus the Reynolds number on the scale Ah can be worked out by 

from (15). 

from (13). 

(14) 

Ah within the 

(15) 

(16) 

One of the advantages of using the Reynolds number Is that we can get some 

valuable Information concerning the evolution of perturbations in the early universe by 

means of dynamical similarity. In the dynamical similarity the Reh which corresponds 

to the largest scale of the onset of fluid dynamical behavior at time t Is the most 

important. because It determines the basic behavior of the perturbations In the 

cosmic fluid. Clearly. the Reh depends on the cosmological model and the spectrum 

Index n of adiabatic perturbations. 

(c) A perturbation region of scale A may be approximately treated as a ·sphere· 

(or a ·cloud·) with the characteristic size A und u A' Once this sphere comes within 

the horizon the Interaction between It and the surroundlg background universe will 

start the onset. In this sense. an adiabatic perturbation of scale A can be 

described as a moving sphere with radius A and the velocity uA In a viscous fluid. 

According to dynamical Similarity. If the Reynolds numbers are the same for two 

geometrically similar systems. the same flow behavior occurs. Thus. from the value 

of the Rh we can judge If the perturbation sphere described here might produce the 

Karman vortices of the wake as mentioned In Section 2. these vortices arising from 

the drag are fractal of fully turbulent. The condition for which the vortices might be 

fractal Is that the Reh should be of the order of 102 . 

If the above perturbation sphere might produce the vortices of FT. then for a 

vortex the rate of energy transfer In the cascade process from larger scale A, to 

smaller scale AI should satisfy (8). I. e .• 
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y '" 3 -. Of . ( 17) 

On the other hand, assuming that the velocity spectrum in the cascade process stili 

retains the form of (14). we can rewrite it as the form 

(18) 

If we compare (17) with (18). we then get 

y '" 3 - Of '" (3nl 4 + 1). (19) 

Within a fractal vortex the cascade process occurs over a range of scales from 

The eddies on scales around about "d have no longer an 

Interior structure. for them the energy extracted from larger scale eddies Is directly 

dissipated In the background fluid. owing to the viscosity. We call these smallest 

eddies 'elementary eddies'. Therefore. a vortex of FT can be regarded as a fractal 

aggregation of elementary eddies. which Is like a selfslmilar sponge. Clearly. It Is 

the elementary eddies that should be expected to form a typical kind of astronomical 

objects. It Is natural to identify the elementary eddies with the protogalaxles In this 

scheme. We have taken the dissipation scale "d corresponding to the Reynolds 

number Red = 1. If we take the &cale of elementary eddies "pg over a narrow 

range near "d (say. corresponding to the Reynolds number Repg ~ 1-5). we can 

get the associated velocity range upg ' And then. we can obtain the ranges for the 

characteristic mass and angular momentum of the protogalaxles by 

Mpg = (4TT/3) "p~ m and ( 20) 

Within a fractal vortex. one active eddy of scale "I only Includes n(j,I>. active 

eddies of scale "j' and the (nj,1 - n(j.I» other eddies are passive (I. e .• they do 

not take part In the energy cascade). The elementary eddies (the smallest scale 

active eddies whose scales are about "d) only occur In larger scale active eddies. 

In other words. the protogalaxles only may be formed and concentrate In the 

regions of larger scale active eddies. Therefore. It Is reasonable to regard the 

passive eddies within each vortex of FT as the protovoids. Thus. In a region of 

galaxies of scale "I the probability of finding voids of scale "j Is about 

P(j.1> = (nj,1 (21) 

(d) For a given cosmological model. we can work out values of the basic 

quantities In this scenario. Using the present values of the Hubble parameter. 

(22) 

and the density of matter. 

Po = OPe = 1.88xl0-29 (Oh2) g cm-3 . (23) 
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we obtain the following results just before recombination (taking the redshift z,. 
1480): 

Ud,r = (vlt>~12 = 4.62x107 (Oh2)-3/4 cm S-1 

From (20) and taking Repg, r = 1 - 5. we get 

(24) 

(25) 

(26) 

(27) 

(28) 

And then. from (16) and (26) we can get the basic Reynolds number Reh,r and 

the fractal dimension Of (from (19» for different values of the index n in the 

spectrum (9). Several typical results are 

Reh,r = 25(Oh2)3/8. Of = 0.5. y 2.5. for. n 2. (29) 

Reh,r 129 ( Oh2) 9116. Of = 1.25. Y 1.75. for n 1. (30) 

Reh,r = 3x103(Oh2) 15/16, Of = 2.75. y = 0.25. for n= -·1. (31) 

As seen from the results above. for n = 1 the Reh,r Is just the order of 102. 

This result is highly Important for our picture. because it means that the adiabatic 

perturbations whose Ar are somewhat below Ah, r might produce the Karman vortices 

before recombination. and the vortices might be fractal turbulent. owing to the 

drag. If the n is not 1. the conclusion will be very different. For n = 2. Reh,r = 
25. it means that the Karman vortices cannot occur yet: If n = -1. Reh,r = 3x103• 

it means that the vortices are not fractal. but fully turbulent. The above results are 

sensitive to the index n In (9). 

It can be seen from (27) and (28) that the characteristic mass and angular 

momentum are comparable with the estimated values of the observed galaxies. So. 

it is reasonable to assume the elementary eddies to be the protogalaxies. 

Thus. in this scenario we can draw the conclusion that if the spectrum of the 

early perturbations is the scale-free Zeldovlch spectrum. they might generate the 

vortices of the FT. the structure of each vortex Is like a selfsimllar sponge which is 

composed of the protogalaxies (the elementary eddies). And the values of Mpg,r' 

Jpg,r and Of have been comparable with the present observations. The basic features 

of the galaxies and the large structure have been formed before recombination. 
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(e) With the onset of recombination the free-electron density no decreases 

rapidly, and then the viscosity v Increases and the Reynolds number Reh decreases 

rapidly to Reh «102 • That leads the process which might generate the vortices of 

FT to stop Immediately. That is, new fractal vortices cannot occur again after 

recombination. 

Owing to the same condition Re « 102, the cascade process within each vortex 

of the FT which have been formed before recombination Is turned off. Therefore. 

after recombination these vortices are no longer turbulent, but their fractal structure 

Is stili left. That Is to say. the fractal structure of each vortex Is frozen In the 

cosmic background. which will expand with the Universe up to the present. Each 

fractal structure Is like an expanding selfslmllar sponge which Is composed of the 

protogalaxles. In this scenario. the upper--lImlt scale of the Inhomogeneity of the 

galaxy distribution observed today Is expected to be about 

(32) 

This means that the distribution of the observed galaxies should be homogeneous on 

the scale > 150(Oh2)-1/2 Mpc: but on the scale <. 150(Oh2)-1/2 Mpc. It Is 

Inhomogeneous and fractal with the fractal dimension Of = 1.25. and the Index y In 

the two-point correlation function and In the distribution of voids expected from 

(21) should be 1. 75. 

4. Discussion 

The principal differences between our scenario and the existing scenario lies In that 

we assume that the adiabatic perturbations which come within the horizon might 

produce the Karman vortices. and the vortices might be fractal turbulent. It should 

be recognized that a number of problems In theory remain unsolved. especially. the 

description of the early perturbations appears to be simplistic. But. disregarding 

there open questions. for the moment. we have found that for the scale-free 

Zeldovlch spectrum the theoretical results coincide with the observations. That Is. 

the typical mass and angular momentum of galaxies. the geometry of the galaxy 

distribution (the selfslmllar sponge structure with the fractal dimension Of = 1. 2 -

1.3) can be explained In a summary fashion. It Implies that this picture might 

Include some factors which are responsible for the origin of galaxies and large scale 

structure. 

In this picture the voids are corresponding to the regions of the ·passlve eddies· 

In which the protogalaxles could not occur. Therefore It Is explained that there are 

no observable galaxies In the voids. But then the voids still contain much matter. In 

which the upperllmlt of the mean matter density Is about Po = OPe: - 10-29(Oh2)g 

cm-3 at present. This Is an open question. because one does not know what It Is 

(black holes. hydrogen clouds. or other things?). To answer this question. more 

observations and detailed studies In theory are needed. 
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The Two-Point Correlation Function of 
Groups in CFA Survey 

Zou Zben-long and Liu Da-qing 

Academia Sinica, Beijing Astronomical Observatory, 
Beijing, People's Republic of China 

The power law form of the two-point spatial correlation function of groups of 

galaxies is observed among a statistically homogeneous group sample based on 

the CfA redshift survey. The co=elation range is from 5 to 40 Mpc (H 0=100 

krn/sec/Mpc). The power index is 1.8, and the co=elation strength is 45 which 

is consistent with its dependence on the mean separation and richness of galaxy 

systems. This co=elation of groups suggests the existence of structure in 

the intermediate scale between galaxies and clusters of galaxies. 

1. Introduction 

Calculation of the co=elation functions of galaxies and galaxy systems is an 

:irrportant method to study the large scale structure of the universe. Several 

papers cover this topic and arrive at the same power law result. The two-point 

correlation functions of galaxies, e.g., GROTH and PEEBLES [1], SHANKS et. al. 

[ 2], DAVIS and PEEBLES [3], clusters of galaxies, e . g ., BAHCALL and SONEIRA 

[ 4 L and superclusters, e.g., BAHCALL and BURGETT [5 L all have the power law 

form t;(r)=Ar-1.8 but different co=elation strength for different systems, and 

the co=elation scale in=eases with the richness of galaxy system. Bahcall and 

co-workers discovered that there exists power law dependence of the correlation 

strength on the mean richness and the mean separation of objects in the system. 

Considering groups of galaxies as a stage in the clustering of galaxies 

it is interesting to calculate the group co=elation function, and check 

whether the correlation strength of groups is consistent with the dependence on 

the richness and the mean separation of groups. 

In a recent paper, ZOU and LIU [6], we calculate the spatial two-point 

correlation function of groups using the Geller-Huchra catalog (hereafter GH 

catalog), GELLER and HUCHRA [7 L based on the CfA redshift survey, HUCHRA 

et. al. [8], and found a marginal power law form of the correlation function in the 

range less than 40 Mpc (HolOO krn/sec/Mpc). Moreover, the co=elation strength 

is consistent with the dependence on thE richness and the mean separation of 

groups. 
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2. Groups of Galaxies in the CfA Redshift Survey 

The GH catalog is a homogeneous sample based on the CfA redshift survey with 

the magnitude limit Blim=14.5 mag. Groups in it are selected according to the 

galaxy density enhancements of a factor larger than 20 in redshift space. There 

are 176 groups in the GH catalog, 123 of them are in the angle area b>40· and 

6>0· (NGP area), and others are in the SGP area. We only consider groups in the 

NGP area. The radial velocities of all groups are less than 8000 kIn/sec in the 

GH catalog. 

The number of galaxies in each group varies very greatly, from 3 to 248. The 

group No. 94 contains 170 galaxies and the group No. 106 contains 248 galaxies 

in the GH catalog, other groups contain the number of galaxies limited in 30. 

The large number of galaxies in group No. 94 and No. 106 may be due to the high 

galaxy density in the Virgo cluster and may have some influence on the statistics, 

especially on the determination of the mean richness of the groups. In order to 

avoid this influence, we cut out these two groups in our work. 

Figure 1 shows the number-radial distance distribution for 121 groups in the 

NGP area. In order to determine the group correlation function, the expected 

group distribution in the same range with that of the real sample is necessary. 

But we can see in Fig. 1 that the number of groups in the bin from 10 to 20 Mpc 

(Group No. 94 and No. 106 are also in the range of this bin) is much larger 

than that in other bins, this is due to the Virgo cluster and will have some 

influence on the determination of the expected distribution of groups in the radial 

direction. In the range larger than 20 Mpc, the fluctuatJ.on of the number of 

groups in each bin around the dashed line in Fig. 1 is nearly less than the 

square root of the number of groups in that bin, then we suspect this dashed 

line is the expected distribution of 88 random groups in the range from 20 to 

80 Mpc. Thus in our determination of the correlation function the dashed line 

distribution is used to generate the random groups. 

... ... 
c 
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Fig. 1. The distribution of group 

distances. The solid line is the 

number-radial distance relation for 

groups in the range from 20 to 80 

Mpc, and the dashed line was used 

to generate random groups. Group 

No.94 and 106 are in the bin from 

10 to 20 Mpc and not in the range 

we considered. 



The mean separation of groups in the range we consider (from 20 to 80 

Mpc in the radial direction, totally 88 groups, and named as the sub-GH catalog 

hereafter) is about 15 Mpc, and the mean riclmess of groups is about 6, which 

is less than that of poor clusters. 

3. Estimation of the Correlation FUnction of Groups 

The spatial two-point correlation of groups f,; (r) was estimated from the real 
gr 

and the randan frequency distribution (F(r) and Fr(r», their relative 

difference gives f,;gr(r) = F(r)/Fr(r) - 1. The real frequency distribution 

F(r) is obtained by calculating the spatial separation of each group pair in 

the sub-GH catalog and counting the number of pairs in each r - r+dr interval 

(dr is the bin size). In order to calculate r(r) in the same way (this can 

have the boundary and other effects in the calculation of f,; (r) removed), we 
gr 

generate 1000 random catalogs, in which the random groups distribute in the 

angle area b>40' and 0>0' unifonnly and in the radial range from 20 to 80 Mpc 

under the dashed line distribution shown in Fig. 1. 

The group selection procedure in the GH catalog paper shows that no 

maaningful correlation should be expected within about 5 Mpc. So the 

calculation of F(r) and Fr(r) begins fran r (group pair separation) = 5 Mpc. 

The peculiar velocity of groups should exist, but their values can not be 

determined. This makes the uncertainties of the center position of groups and 

has some influence on the calculation of F(r) and Fr(r). Using the velocity 

dispersion of each group listed in the sub-GH catalog, we get that the maan 

value of the velocity dispersions of 88 groups is 370-380 km/sec (or 3.7-3.8 

Mpc), so the suitable bin size for the calculation of the frequency distribution 

should be about 7.5 Mpc. This bin size can partly decrease the uncertainties of 

F(r) and r(r), and the bin size smaller or larger than 7.5 Mpc is also 

available. But too small a bin size may increase the uncertainties of F; (r), and gr 
too large a bin size may smooth out the useful correlation information. 

Changing the bin size fran 5.0 to 15.0 Mpc (according to 5.0 + 0.5 i, i 

1,2, •.• ,20) to calculate f,;gr (r), we find that there always exists the power law 

fOJ::m of correlation (within S.D. of f,;gr = 1 a) on the scale less than 40 ~. 

From least square fitting, we find that the power index y varies mainly 

between 1.6 and 2.0 for different bin size, and the mean value is about 1.8. 

Fixing y=1.8 to determine the correlation strength A (in order to check whether 

A is consistent with the dependence on the mean separation and riclmess), we 

get that A varies mainly between 35 and 55 (unit of r in Mpc) for different bin 

size, and the maan value is about 45 (when using the least square fitting to 

detennine and A, if Y is about 1.8 for some bin size, the corresponding A is 

also about 45). Thus the power law form of the correlation function of groups is 

stable. 
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4. Discussion 

We get the correlation strength about 45, which is the value of ~ (r) at gr 
r = 1 Mpc. In the sub-GH catalog, the mean spatial separation of groups is 

about 15 Mpc and the mean richness of them is about 6 ± 4. These values are 

consistent with the dependence of the correlation strength on the mean 

separation and the richness of the galaxy systems discovered by Bahcall and 

co-workers. This result illustrates that groups of galaxies may be a 

clustering stage and there may exist structure in the intermediate scale 

between galaxies and clusters. 

We list some two-point correlation parameters of galaxy systems in Table 1. 

It is remarkable that all power indices yare about 1.8. It is very clear that 

the correlation strength A (or ro) and the correlation range in=ease with the 

richness of galaxy system (Col. 1 in Table 1). It is interesting to note that 

8ur group correlation parameters are just between those of galaxies and 

clusters of galaxies (Col 3 or 4, and Col 5 in Table 1). This also shows that 

the group of galaxies may be the intermediate clustering stage between galaxies 

and clusters of galaxies. The same power law form of the two-point correlation 

functions of galaxy systems (including group) gives a new evidence that there 

exists self-similar structure in the large scale distribution of the 

universe. The power law form of group correlation function requests that any 

theory (trying to explain the correlation phenomena of galaxy systems) should 

permit the existence of the group clustering stage and also explain why the 

group clustering function has the same power law form as other galaxy systems. 

Table 1. Parameters of Correlation Functions of Galaxy Systems 

galaxy A effective 
system 

y ro range 

Galaxies 1.8 20 5.3 Mpc < 10 Mpc 

Groups 1.8 45 8.3 Mpc < 40 Mpc 

Clusters 1.8 360 26 Mpc < 100 Mpc 
Super- 1.8 -1500 60 Mpc < 150 Mpc clusters 

Notes: values of parameters are cited from the corresponding paper (about the 
correlation function of galaxy system) mentioned in § 1 except those of 
groups. 

We are indebted to Professors Z. G. Deng, J. S. Chen, and L. Z. Fang for 

their helpful discussion. 
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1 . Introduction 

The approximately uniform distribution of matter In the early universe and the high 

clustering of luminous galaxies have both been confirmed by observations. A theory 

about the formation and evolution of galaxies has to reconcile these two aspects. In 

addition. the estimated mean mass density from derived masses of clusters of 

galaxies Is lower than the critical value by a factor 3-5. as pointed out by Davis 

and Peebles 11. 21. but the Inferred mean mass density from the Inflation model 

131 would be equal to the critical value. Because the Inflation model Is able to 

solve many cosmological problems. many theorists are willing to accept this idea. 

To coordinate these different aspects. astrophyslsts are Invoking the non-baryonlc 

matter predicted by some particle theories. If dark matter follows the same 

clustering distribution as luminous glaxles. the dynamical methods should Include Its 

effects in the inferred masses. The only way to avoid the discrepancy between the 

theoretically Inferred value and the observationally estimated value of the mean mass 

density Is to suppose that the luminous galaxies do not trace the distribution of 

matter. That Is. the overall distribution of matter Is approximately uniform In the 

universe. but the galaxies are formed only In some regions which have certain 

preferable environment. The dynamical method cannot find out any uniformly 

distributed matter. 

Various mechanisms of biased galaxy formation have been suggested 141. All of 

them suggested that the' formation of galaxies Is significantly affected by one or 

more environmental conditions which segregate galaxies from the underlying mass. 

DEKEL and SILK 151 have argued that In a "bottom-up" model the normal bright 

galaxies are likely to originate from high-density peaks (2a-3a) In the Initial 

fluctuation field; typical (-1 a) peaks cannot make a luminous galaxy at all. because 

the gas Is too hot and too dilute to cool In time. This would lead the bright 

galaxies to be biased towards the clusters and the dwarf galaxies may trace the 

mass and provide an observational clue to the distribution of dark matter. But. the 

analyses for the segregation between the high and low luminosity galaxies have not 

got a decisive conclusion yet. EDER et. al. 161 have studied the distribution of 

dwarfs around a nearby void. They found that neither normal bright galaxies. nor 

low surface brightness galaxies nor dwarfs Inhabit the void. DAVIS and DJORGOVSKI 
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171 try to Investigate the difference between the distribution of high and low surface 

brightness galaxies. But. their analysis has several problems which have been 

pointed out by BOTHUN et. al. 18/. 

But. there Is another way which can also provide Information about the reality of 

biased galaxy formation. In this work. we present the results of two-point correlation 

analysis for galaxies with different luminosity. The samples are sorted out from data 

provided by the efa 191 redshlft survey and should be statistically homogeneous and 

complete. If this kind of selective bias does exist. we would be able to obtain a 

systematic variation of the correlation functions along with the luminosity of galaxies. 

2. Samples 

To analyse the distributions of galaxies with different luminosity the first Important 

thing Is sorting out statistically homogeneous and complete subsamples In given 

luminosity Intervals. Up to now. the available data supplied by the largest field 

redshlft survey Is the efA catalog 19/. This sample contains 2401 galaxies which 

satisfy mpg<14.5 and b II >400. 5>0°. or b I 1<-30°. 5>-2~5. Every galaxy In this 

catalog has a measured redshlft. We use the galaxies In the northern field. I. e. 

with b II>400 and 5>0°. as the parent sample of our analysis. 

The local motion of the earth will distort the Hubble flow of the observed 

galaxies. To correct this effect we transform the coordinates and redshlft of every 

galaxy Into galactic center coordinates. then use the formula given by GELLER and 

HUeHRA 110/. 

(1) 

to correct the effect of the dipole Vlrgocentrlc flow. VLSe Is the correction of the 

galaxy redshlft for a galaxy with right ascension al and declination 51' av and 5v 

are the corresponding coordinates of the Virgo center. Vln Is the Infall velocity to 

the Virgo center which has been assumed to be 300 km/s. 

The peculiar motion of galaxies will also distort the redshlft-dlstance relation. 

The value of the peculiar motion Is difficult to measure for every galaxy. but the 

generally accepted value Is a few hundred kilometers per second. To reduce the 

relative Importance of the peculiar motion we discard the galaxies with corrected 

redshlft smaller than 1000 kmls from our sample. For galaxies with corrected 

redshlft >1000 km/s. we simply assume the corrected redshlft as the Indicator of 

their distances. The possible effect of this approximation will be discussed In the 

last section. 

According to Hubble's law 

M = m - 25 - 5 Ig(v/Ho)' (2) 

we can find out the absolute magnitude of each galaxy In the efA catalog. In (2). 

Ho Is the Hubble constant and has been taken to be 50 kmls Mpc throughout this 

work. We use the following procedure to sort out the subsamples which are 

complete and statistically homogeneous In a given Interval of absolute magnitude 

and space region. 
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If we want to sort out a complete and statistically homogeneous subsample which 

contains galaxies with absolute magnitude between Ml and M2• and suppose that Ml 

Is the absolute magnitude of a galaxy corresponding to the lower limit luminosity of 

the absolute magnitude range. we can Imagine that this galaxy should be observed 

as a galaxy with apparent magnitude 14!"5 If Its corrected redshlft Is 

__ 2.01+Ml 
vmax - 10 5 

(3) 

Because the CfA survey Is considered to be complete to 14!"5 In the given field. all 

galaxies with higher luminosity should be brighter than 14!"5 If their redshlfts are 

less than vmax and will be discovered by the CfA survey. So. If we restrict the 

analysis to galaxies with solute magnitude In the given range and at the same time 

to galaxies with corrected redshlfts less than vmax' we could obtain a complete and 

statistically homogeneous subsample In this given luminosity Interval. 

3. Two-point correlation analysis of galaxies with different luminosity 

Two-point correlation analysis is a powerful tool for Investigating the clustering 

properties In the distribution of given objects. The two-pOint spatial autocorrelation 

function Is defined by 1111 

« r) ns (r) 

nr ( r) 
1. 

Here. ns(r) Is obtained from the analysed sample. 

(4) 

It Is the number of galaxy 

pairs in which the distances between the two galaxies of each pair are In the 

Interval r - r+Ll.r. nr ( r) . Is the corresponding mean number of galaxies given by 

many times Monte Carlo sampling which are produced In the same region and with 

the same total number of galaxies as that of the sample. Because the sample Is 

complete and statistically homogeneous In the region. the Monte Carlo sampling 

should produce uniformly distributed random points. Because the region In which the 

analysis has been performed Is not very large. the spatial geometry can be 

approximated by a Euclidean geometry. 

From the CfA redshlft survey catalog we sort out four subsamples with the 

method mentioned In the last section. These four subsamples are In the absolute 

magnitude Intervals -18.5 - -19.5. -19.5 - -20.5. -20.5 - -21.5 and -21.5 -

-22.5. and are called subsamples. A. B. C. and D. respectively. All these 

subsamples are complete and statistically homogeneous In the given absolute 

magnitude Intervals. the field of the CfA survey. and with redshlft less than the 

maximum redshlfts determined by (3). In table 1. we .gIve the maximum redshlfts 

vmax (and the corresponding maximum distance Dmax)' and the numbers of galaxies 

for each subsamples. 

The number of Monte Carlo samplings Is Increased until It gives a statistically 

stable result for the given subsample. It varies from 25 for the faintest subsample 

to 500 for the brightest subsample. 
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Table 1. The values of maximum redshlfts vmax ' the corresponding maximum 

distances 0max and the galaxy numbers with redshifts less than vmax but larger than 

1000 km/s for each subsample 

sample 

A 

B 

C 

o 

~(r) 
10 

5 

o 

vmax 

(km/s) 

1986 

3148 

5012 

7907 

.. 
\ I, 
i I 

\ \ 
1 I 
; I 

\ ~ : , 
~ I 
: I 
\ I 
\ I 
\ I 

,... \ \.. 
! '\ .... '. .... 

°max 
(Mpc) 

39. 72 

62.96 

100.24 

158.14 

D 

• ---- c 
1 ....... - B 

,.-_.- A 

/ \:. ...... \ 
.. "A.., 

\ .... ..... 
'-" ....... '" ',,-....... ::::,. ..... ""' ..... 

.... ""'.'1' .... "' •. , ........ -

o 5 10 1 5 

r (Mpc) 

range of 

M 

-18.5 - -19.5 

-19.5 - -20.5 

-20.5 - -21. 5 

-21. 5 - -22.5 

2 
195m 

1 

o 

number of 

galaxies 

143 

290 

273 

198 

o 0.5 1 

19 r(Mpc) 

Flg.1a) The spatial two-point autocorrelation function for subsamples A. B. C. and 

0: b) The two--polnt autocorrelation functions of subsam.ples A. B. C. and O. on 

the Ig ( r) - Ig r diagram. The straight lines are obtained from linear regression. 

Figure la gives the resulting two-point autocorrelation functions for these four 

subsamples. The corresponding Ig(O - Ig r diagrams are presented In fig. lb. 

Figure shows that ali the two-point autocorrelation functions of these 

subsamples can be approximated by a power law. I. e. 

(r) = A r-a = (r/ro) -a. ( 5) 

The correlation strength A Is the Interpolated value of the autocorrelation function at 

r = Mpc. and the correlation scale ro Indicates the value of r for which the 

autocorrelation function Is equal to 1. Among A. ro and the power Index there Is a 

relation 
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A = r~ . (6) 

The values of A. ro and a can be found by linear regression. We do the 

regression analysis In the range from the minimum r to the r at which the 

correlation functions have the least values larger than 1 for subsamples B. C. and 

D. Since the first point of subsample A deviates from the straight line determined 

by the other points. we start the regression from the second minimum distance 

r for sample A. The results obtained from linear regression are presented In table 

2. In which we have also given the correlation coefficients y of the regression 

analysis to show how good the correlation function can be approximated by a power 

function. 

Table 2. The power Indices a. correlation strengths A and correlation scales ro of 

the four subsamples obtained from regression analyses. The correlation coefficient y 

of every linear regression Is also presented. 

sample a A roC Mpc) y 

A.. 0.810 6.145 9.44 0.952 

B 1.116 14.642 11.07 0.993 

C 1.268 24.717 12.54 0.982 

0 1.304 48.507 19.62 0.983 

We can see from table 2 that all correlation functions of these four subsamples 

can be approximated by power laws with high accuracy. But. the most striking fact 

revealed from this analysis is that the character of clustering for galaxies with 

different luminosity is obviously different and shows systematic changes. All the 

power indices of these four autocorrelation functions are much less than the value 

1. 8. which is generally accepted. Moreover. the power index a of the correlation 

function Is increasing as the luminosity of the subsample is increasing. I. e. the 

autocorrelation function for the more luminous galaxies is steeper. The values of A 

and ro for the more luminous galaxies are also larger than those of the fainter 

galaxies. The more luminous galaxies cluster stronger and with larger clustering 

scale. In flg.2. we give the plots of A. ro and a as functions of absolute 

magnitude from table 2. 

To completely understand the distribution of galaxies with different luminosity we 

have also Investigated the cross-correlation among galaxies with different luminosity. 

The cross-correlation function between samples 1 and 2 in the same region is 

defined by 

(c(r) = N~2(!2. -1. (7) 

N~2 (r) 

222 



-0.8 

-0( 

-1.0 

-1.2 

-20 
M 

Flg.2a) Diagram for '-a 

-22 

19 At 

19 r. 
1.5 

-20 -22 
M 

vs. M: b) The diagrams for IgA and Igro vs. M. 

N~2 Is the number of galaxy pairs In which the distances between two galaxies. one 

from each sample. are In the range of r - r+lI.r. N~ Is the mean number obtained 

from many times Monte Carlo sampling. 

To do the cross-correlation analysis the two samples have to be both complete 

and statistically homogeneous In the same region. To this end. we would restrict 

the vmax or Dmax for both samples with the value given by the fainter one of these 

samples. To assure that there are enough numbers of galaxies In each 

cross-corre.iation analysis we use an alternative division of the luminosity Intervals. 

We restrict the analsls to galaxies In the absolute magnitude range -19 - -22. and 

divide It Into three luminosity Intervals each spanning one absolute magnitude. So. 

we obtain three subsamples In absolute magnitude Intervals -19.0 - -20. O. -20.0 -

-21. O. and -21.0 - -22. O. and call them subsample Ae' Be and Ce• respectively. 

In table 3. we give the vmax ' Dmax and the galaxy number for each subsample 

Involved In every cross-correlation analysis. 

The resulting cross-correlation functions and the Ig Ce( r) - Ig r diagrams are 

presented In fig. 3. These cross-correlation functions can also be approximated by 

power functions. The straight lines In flg.3 b). are obtained from linear regression. 

Table 3. The vmax' Dmax. and galaxy numbers for each cross-correlation analysis 

cross 

correlation 

Ce - Be 

Ce - Ac 

Be - Ac 

3970 79.4 

2500 50.0 

2500 50.0 

galaxy numbers 

Ce: 91 

Be: 304 

Ce: 42 

Ac: 223 

Be: 145 

Ac: 223 
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Fig.3a) The cross-correlation functions between galaxies with different luminosity: b) 

The Ig (e( r) - Ig r diagrams for these cross-correlation functions. The straight 

lines are obtained from regression analyses. 

Similar to the autocorrelation analysis. we can determine the cross-correlation 

strength Ae. cross-correlation scale reo and the power Index Q e of each 

cross-correlation function from the regression. The results are presented in table 

4. 

Table 4. The parameters of cross-correlation functions and the correlation coefficients 

of linear regressions for the cross- correlation analysis between galaxies with different 

luminosity 

cross Q c Ae reo(Mpc) y 

correlation 

Ce .• Be 1. 266 19.636 10.50 0.985 

Cc • Ae 0.911 8.606 10.62 0.974 

Be Ae 0.926 8.527 10.11 0.958 

We can see from these results that the correlation between thd two most 

luminous subsamples is obviously stronger than the other two correlation. The 

result of the cross ·correlation analysis is consistent with the result of the 

autocorrelation analysis. I. e. the more luminous galaxies are clustering stronger. In 

the luminosity range considered there Is no trace showing that the most luminous 

galaxies are surrounded by faint galaxies. 

Combining the results given by auto- and cross-correlation analyses we can 

conclude that the clustering of galaxies with different luminosity Is different. More 

luminous galaxies cluster stronger and with larger clustering scale. The more 

luminous galaxies have also a steeper correlation function than the fainter galaxies. 
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4. Conclusions and discussions 

Our analysis about the large scale distribution of galaxies with different luminosity 

can propose some new problems on the current models of galaxy formation. but can 

also supply some new clues about the formation and evolution of galaxies. 

The results given by our analyses show that the more luminous galaxies have 

steeper correlation function. larger correlation strength and scale. All of these 

properties cannot be explained by the most popular "top-down" and "bottom- up" 

models. even could not be explained by the newest cosmic-'string model. because 

all these models disregard the differences among galaxies with different luminosity. 

The flatter correlation functions for galaxies in any luminosity interval will make 

the time difficulty of the top--down model even worse. The "bottom--up· model seems 

to have more difficulty to explain the differences of power indices In the correlation 

functions of galaxies with different luminosity. The cosmic--string model has problems 

to provide a reason why the more luminous galaxies are more likely to cluster with 

each other than with the fainter galaxies. 

On the other hand. the results given by these analyses have also supplied some 

useful information on galaxy formation. All results can easily be understood from the 

idea of biased galaxy formation. 

In the linear regime of the early universe. there are fluctuations with various 

scales which are randomly superposed. The larger scale fluctuations contain more 

mass and will supply a suitable environment for galaxy formation. Firstly. the 

gravitation of a large scale fluctuation Is likely to stop the expansion caused by the 

expansion of the universe and leave the smaller scale fluctuations to survive and 

grow. Secondly. it supplies a preferrable evlronment. for cooling which Is an 

Important condition of galaxy formation. 

Based on these arguments we might suggest that In the early universe the large 

scale fluctuation might supply a suitable background in which the galaxies can easily 

form. In areas which lack this condition. the galaxy formation will be surpressed 

and voids could evolve. 

According to this scenario the galaxies would form at first in large scale 

fluctuation regions. So. galaxies are clustering from their birth. This model 

explains the results given by our analysis of the large scale distribution of galaxies 

with different luminosity. 

In the analysis presented above. the effects of peculiar motion have been 

disregarded. The effect of peculiar motions would make the clustering of galaxies 

look more disperse than In reality. The more luminous galaxies are most likely to 

be in richer clusters. They would have larger mean velocity dispersion. Therefore. 

the effects of peculiar motion would cause the correlation function of the more 

luminous galaxies to become flatter. and weaken the differences between the 

correlation functions of galaxies with different luminosity. Thus. peculiar motion 

cannot be the reason of the systematic change which Is revealed from our analysis. 
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The most common and reliable method of studying the large scale structure of 

the universe Is through the space distribution of galaxies. and one of the most 

powerful tools In studying the large scale structure Is the two-point correlation 

function of galaxies [1-5]. The study of the distribution of galaxies has confirmed the 

existence of superclusters and revealed the string-void structure (e. g. from the cfA 

survey with a Ilmltlng magnitude In 14 ..... 5) or the bubble-void structure (e. g. from cfA 

survey down to 15~5 [6]). All the results and conclusions are very Important for the 

understanding of the cosmological evolutional scenario and the theory of galaxy 

formation and evolullon. [ 1. 8] 

But the existence of the supercluster-void structure has also drawn attention to 

the problem about the super large scale structure of the universe. 1. e. the existence 

of super-superclusters. It Involves the understanding of the whole scenario of the 

universe and the transition of the clustering on scales about 100 Mpc to the 

uniformltly of the universe as a whole. and It will Influence existing theories of the 

galaxy formation. An Important part among them Is the correlation of superclusters. 

The galaxy distribution analyses cannot solve this problem. because there has not 

been complete galaxy surVey on a large area with the depth of several hundreds Mpc 

as jet. One hope Is to search for It In samples of objects. which have mean 

separations above 100 Mpc and which can mark the posltlons of supercluster. 

Some tentative work has been done using QSOs and radio galaxies as markers of 

superclusters [9.10]. Other objects capable of marking superclusters are clusters of 

galaxies. On the base of the strong correlation of Abell clusters with distance class 

0 .. 4 [11. 12] Baheall and Sonelra determined a specific catalog of supercluster 

candidates ["13] and found a correlation function for superclusters (14) But in 

their study the sizes of the supercluster sample are 12-16. so it is valuable to 

confirm further the concfusions about the correlation of superclusters. This will be the 

main purpose of our work. and we also attempt to extend the correlation investigation 

of Abell clusters to the distance class 0=6 In order to obtain more Information about 

the dependence of the correlation function on distance class O. richness R and the 

morphological type of Abell clusters. We expect that all these type statistical 
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properties will be helpful to trace the large scale structure of the universe Including 

superclusters and voids. search for the super large scale structure. estimate the 

peculiar velocities. Investigate the relation between clusters and superclusters. and 

give the statistical basis for a theory of galaxy formation. 

2. The Distance Indicator of Abell Cluste!§. 

The galaxy redshift has been accepted commonly as Its distance indicator except 

In the case of nearby galaxies with relatively large peculiar velocities. So one extends 

It to the case of clusters and also uses the measured redshlft value of galaxies 

within a cluster as the distance Indicator of the cluster. On this basis many 

Investigators made the three-dimensional analysis of clusters with 0<4 [11.12.15]. 

But when we attempt to extend this to the sample of Abell clusters with 0<6. we find 

that the number of Abell clusters with measured redshlfls Is about 650 which Is only 

one third of the total number of Abell clusters. It makes the three-dimensional 

analysis difficult. 

Furthermore. it is valuable to estimate the reliability of using the redshlft of 

galaxies within a cluster as the distance indicator of the cluster. As we well know. 

the foreground and background galaxies severely affect the determination of the 

members and thus influence the measured parameters of clusters. The Influences are 

not only on the apparent magnitude but also on the redshlft. f-or the latter one 

generally accepts the redshift of two even only one galaxy within the cluster as the 

cluster redshift value. Some observations show that such a suspicion might be 

justified. for instance. after measuring the redshift of two galaxies for each cluster in 

a sample of 26 clusters. one found that in 6 of them the two galaxies have different 

redshlfts· with the differences larger than 2000 km/s. I. e. :: ;'10'111. In another 

r!>dshlft survey with 3/ cluster postmanetal measured the redshifls of 3 galaxies for 

each cluster and found l!.z/z ~10'lll [15). We collect the redshift values of about 600 

Abell clusters and find that 170 clusters among them have two measured values of 

redshift from different observers or two epoches of observations and 83 (about 50'111 

of the test sample) have :: >5'111. That a [~] = O. 1/. I. e. a logz = 0.01. shows 

that due to this foreground effect there are comparatively large systematic errors in 

the redshllt values of Abell clusters. We suppose that this value will be the criterion 

of using redshifl-magnitude relation to estimate the redshlft In our work. 

3. The redshift-magnltude Relation of Abell Clusters 

As for only about one third of the whole Abell clusters redshifts have been 

measured. and only clusters with 0<4 form a complete sample with z value. The 

most useful method to obtain statistical properties of an -Abell sample with D<6 is to 

take apparent magnitudes m Instead of z as distance indicators. But existing z-m 

relations always have comparatively large scatters. For Instance. the deviation of the 

relation obtained recently by Postman et al. [15] Is a logz = 0.14. which is twice of 

228 



the errors of measured redshlfts a logz 

relation for Abell clusters. 

0.07. So we should first Improve the z-m 

The main reasons for the scatter of a z-m relation are the following two: there 

Is the Influence of the foreground effect. and there Is the scatter of optical luminosity 

In whole Abell cluster s'lmple. which Is composed of clusters with different Rand 

various Bautz-Morgon types and affected by the selection effect dependent on the O. 

In order to Improve the z-m relation we suggest that for the former we discard about 

50 clusters with quite different z from the sample. and for the latter we classify the 

sample Into some subsamples according to their values of O. R. and their B-M types. 

After the necessary magnitude corrections. Including A-correction. K-correctlon. Scott 

effect correction. Malgulst effect correction. and B-M classification correction. we 

obtain the improved z-m relations for different 0 and R and various B-M types. All 

the deviations a logz are between 0.09-0.12. which are smaller than the result of 

Postman et al without the classification. Although they are stili larger than 0.07. as 

a tentl'\tive work we can use them to obtain compatatlvely reliable results and to 

discuss the three-dimensional correlation function of Abell clusters and the correlation 

of superclusters determined by using the spacls distribution of Abells. 

4. Two"polnt Correlation Functions of Abell Clusters 

1) 0<4 

As a check we calculate the two-pOint correlation function of Abell clusters with 

0<4. and compare It with the results of Bahcall et al. which were obtained by using 

the measured redshlft values. From Fig. 1 we find that our results agree with those 

of Bahcall et al. except for very small distances. This means that the Improved z-·m 

relations are good enough for the calculation of spatial correlation functions at large 

separations. 

10 

0.1 

10 
+ 

1011 rCMpc) 

Fig 1. the comparison of correlation 

function with 0<4 calculated from the 

measured redShift(·) and the estimated 

redshlft (+) 
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2) The dependence of the two-point correlation functions C (r) on distance class 0 

Fig 2. gives the two-point spatial correlation functions with 0 co 5 and 0 co 6. From 

Fig 2 we find: 

1/. As the regions covered by the samples are larger. the correlation Is contlnous up 

to 300 Mpc. At separations of 100-,300 Mpc the correlation curves become flat. 

21. For separations smaller than 100 Mpc C (r) Is not strongly dependent on 0 

31. At large separations (> 1 00 Mpc) the correlation functions Increase obviously with 

o Increasing. 

How can one explain these results? Comparing w.th Fig 3. which has the 

corresponding angular correlation functions. we find that the curves of the two-'point 

angular correlation functions also become flat at large angular separations. We 

suppose that the flatness of C (r) at large r Is not caused mainly by the estimated z. 

So we can conclude that 

1/. the samples with Oco4. 5. 6 are quite fair except for r>100 Mpc. 

2/. the sample with Oco4 Is deep enough to get mainly the correlation of clusters 

within one supercluster. but the sample s with Oco5 and Oco6 are deep enough for 

testing the correlation of clusters In different superclusters. In Fig 2 we also give the 

composite curves which represent the correlation of clusters located In one supercluster 

(straight line) and In different superclusters (dotted curve). The flatnaness for 

separations larger than 100 Mpc reveals the correlation of Abell clusters In different 

superclusters. So It Is Important to study the sample with Oco5 and Oco6 ., we want to 

search for the correlation between superclusters. though for these sample we have not 

measured all the redshlft. 
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3) The dependence of correlation functions ( r) on richness R. 

Fig 4 Is the spatial correlation functions ( r) for different R. We find that the 

correlation functions ( r) increases as R Increases. It Is qualitatively comparable with 

the relation (. a <N>0.7 which was obtained by Bahcall and Burgett[ 14] - For large 

distances or angular separations. respectively. spatial correlation functions ( r) with 

R=l. 2. ~3 flatten. considerably as 

(Fig. 5) . This supports the explanation of 
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4) the relation between ( r) and B-M types. 

Fig 6 shows the spacial correlation functions for various B-M types. From it we find 

that the correlation functions of type III and type II-III are similar to that of whole 

Abell clusters. but ( r) of type II. HI. and I have different behavior. Fig. 7 shows 

( r) for type I. I-II and there the strange features are more obvious. It seems to 

have three peaks located at about 30 Mpc. 100-150 Mpc. and 300 Mpc. According 

to the Bautz & Morgan classification we know that type I clusters always have a very 

bright galaxy. a cD galaxy. in its centrlcal region the features of bright galaxies in 

type II clusters are between cD galaxies and normal eillpticais. Type III have no 

obviously bright galaxy. Among the 1683 Abells the total number of type and HI is 

122. which is less 10% of the total number of Abell clusters. therefore. the mean 

separation of 180 Mpc is so large. that it can be influenced not only by the 

correlation of clusters within one supercluster but also of clusters located in different 

superclusters. The decline part between 30 Mpc - 60 Mpc represents the correlation 

of clusters within one supercluster as Bahcall et al have shown. The second peak 

between 100 Mpc and 150 Mpc. which is about the size of superclusters. reveals the 
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correlation of clusters in different superclusters. Furthermore. the cD galaxy always is 

a strong radio galaxy. so it is natural that the functional dependence shown Fig 7 is 

similar to c(r) of bright radio galaxies[10]. 

5. The determination of supercluster candidl'illl~ 

Bahcall and Soneira have determined 12-16 supercluster candidates [13] by using 

Abell clusters with 0 .. 4. Bahcall and Burgett [14] further get one point at about 100 

Mpc of supercluster correlation. In order to obtain more properties of the correlation 

function of superclusters above 100 Mpc we should use the Mmple of Abell oluf.iten; 

with larger O. Following the method In [13] we use 

n;;. no 

as the criteria of superclusters. where n is the density of Abell cluster in a 

considered region. no is the mean density of Abell clusters in the sample. and f is 

an enhancement factor for which we take 10. 20. 40... And we also make the 

following improvements: 

1/. We assume the center of mass as the central position of the supercluster 

and take weight of different R as mp=l : mR=2 : mR=3 : mR=4 = 65 105: 165: 250 

2/. We restrict the size of superclusters to radii between 40 Mpc and 100 Mpc 

or slightly larger than 100 Mpc. 

3/. We use no(z) instead of no' where no(z) is the mean density of clusters at 

z. which is obtained from the smoothed function of z distribution of Abell clusters. 

4/. We define the richness Rsc of a supercluster as 

Rsc = 1: Rc 
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and take the richness restriction Rsc;;.3. We can form two kinds of samples. One 

Is a magnitude limited sample. For the tenth bright magnitude of clusters ml0~17?'0 

there are 75 and 37 superclusters for f=20 and 40. respectively. The other sample is 

a distance limited one. There are 45 and 86 superclusters for z~O. 12 (f=20) and 

z~O. 14 (f=20). respectively. 

6. The Correlation of Superclusters 

For the correlation of superclusters there are different conclusion. Bahcall and 

Burgett [14) have found the obvious correlation of superclusters determined by the 

agglomeration of Abell clusters with 0~4. Kalhlkov and Kuneva have found that the 

distribution of superclusters Is random [ 16). Their conclusions were obtained from the 

distribution of cluster within the scale of about or slightly larger 100 Mpc. The 

boundaries and the properties of samples will affect the computational results. So It 

is necessary to extend the scale covered by the samples as far as possible. Recently 

Pietronero pointed out that the usually adopted ( r) provides a consistent 

characterization of correlations only for systems in which these correlations decay at a 

characteristic length that is much smaller than the radius of the sample[ 17). So we 

should use samples with larger scale to test the correlation of superclusters. 

Fig. 8. 9 and 10 are the correlation functns (ss(r) of superclusters which are 

obtained from the Abell cluster samples with the restriction of m 10' 17 • z,O. 12 and 

Z~O. 14. respectively. From It we can find that there are no obvious correlations of 

superclusters at the separation of 100 Mpc - 300 Mpc. The correlation function 

for all samples of mo,17?'O. z~O. 12. and z~O. 14 at 100-300 Mpc is below 0.3 and 

within la regions determined by the Monto-Carlo sampling. Even If we consider the 

correlation at the region from 30 Mpc to 300 Mpc and keep the y -1.8 low. we find 

that the correlation function (ss(r) of superclusters satisfies 850 y-l.8. which 

correlation strength Is stili less than the result 1500 obtained In [14]. 

Although we find the correlation of clusters located In different superclusters In 

the correlation function of Abell clusters In deeper samples. for Instance. D'S. 0,6. 

different R and various B-M types. especially. type I. HI and II. this means the 

existence of supercluster structure. but this does not show the space distribution of 

superclusters. The correlation function (ss( r) will reveal the distribution and structure 

of superclusters. That there Is no obvious correlation of superclusters shows that 

there may not exist a structure of the universe with a length scale that Is much 

larger than the one of superclusters. Random distribution of superclusters favours the 

understanding of the transition from the clustering on the scale of superclusters to 

the uniformity of the universe. Otherwise. If the strength of clustering Increases 

according to the law (oa<n>o. 7. we may ask on which scale it will change and how 

it stops abruptly. 
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1/. Besides the space distribution of galaxies. we can study the large scale 

structure of the universe by using the marking object methods of the superclusters. 

including QsOs. bright radio galaxies. and rich clusters. We have shown that Abell 

clusters and Bautz-Morgan type I and 1-11 are two kinds of marking objects with 

many available observable data. 
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2/. In order to study more statistical properties of correlation functions of Abell 

cluster and the correlation of superclusters we should extend our sample to 0 .. 5 and 

0 .. 6. 

31. As the redshift values are not available for all Abell clusters to use the 

redshlft-apparrent magnitude relation is a very useful method. 

4/. The foreground effect will influence not only the apparent magnitude but also 

the measured redshift of Abell clusters. 

51. The improved z-m relation makes the deviation of estimatd redshift of cluster 

smaller. It is only slightly larger than the systematic errors in the redshlft 

measurements of clusters. 

6/. The computational correlation function of 0 .. 4 from the improved z-m relation 

is very close to that from the measurd redshift except at very small separations. 

71. The correlation functions are independent of 0 for r less thn 100 Mpc. and 

( r) increases with 0 at r> 100 Mpc. 

8/. The correlation functions increase with the richness R. 

9/. Bautz-Morgan type I and I-II can reveal the correlation of clusters located In 

different superclusters. The size from the correlation agrees with the size of 

superclusters from direct observation. 

10/. The correlation functions of superclusters are very small at 100-300 Mpc. 

1 his shows that superclusters are likely to be distributed randomly and there may 

exist no structure of the universe larger than superclusters. 
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A Study of the Cosmic Constant Ho with SNI 

Wu Shirnin, Guo Wanwen, and Li Zongwei 

Astronomy Department of Beijing Normal University 

To determine the accurate value of the Hubble constant Ho Is one of the most 

Important things of cosmology. Since 1929 the value has been revised from 550 

km/s. Mpc to 50-100 km/s. Mpc. 

Sandage and Tammann obtained that the value of Ho Is about 50 km/s but de 

Vaucoulers obtained that It Is about 100. 

It Is difficult to say which Is the better. 50 or 100 km/s? 

We use SNl as standard candle to determine Ho and obtain that It Is about 50. 

From the light curve of many SN 1 (Fig. 1). demonstrated by Kowal (1968) [ 1 ] . 

we can see that the dispersion of the absolute magnitude at maximum brightness Is 

very small. 

It shows that the luminosities of SNl at maximum brightness reach unanimity. As 

a kind of standard candle SNl has an advantage that Its absolute magnitude can be 

calculated from theoretical models. We can obtain the Hubble distance directly and 

it is unnecessary to correct the distance from near to far step by step because the 

luminosity of SNl Is very high. So the problem will become very simple. 

According to Hubble's law for a sample of SN1, we have 

m = 5 IgV+D 

.~.; .. 
. ~. 

o 50 100 

..,' { ...... 

15'0 
day 

Fig. 1 Synthetlo light OlJrVe of many 6N 1 
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m Is the apparent magnitude at maximum brightness of SN1. 

V is the radial velocity of the SN1 parent galaxy as seen in the frame of our 

Galaxy. 

We use a Friedmann cosmological model without cosmological constant 

m-M = 5 IgV-5 IgHo+25 

therefore the constant 0 can be written as 

o = M+25-5 IgHo 

o can be given by a linear fit from the Hubble diagram. 

M has to be determined by a method which is independent of the Hubble 

constant. 

By means of a physical model some authors have obtained the value of M by 

different methods and different samples. Their results are nearly the same (Table 

1). We take their average value 

Author 

Cadanau et. al (1985) 

Tammann (1982) 

Arnett (1982) 

Branch (1982) 

Sutherland et. al (1984) 

Arnett et. al (1985) 

Sandage 

Table 1 

I Method and sample 

I 5 SN1 in Virgo cluster 

I Historical SN1 Tycho and Kepler 

Model-dependent expansion 

Parallaxes of SN1 

SN1 model of exploding carbon­

oxygen white dwarfs Invoke the 

radio-active of decay NF 

I Me( max) 

I -19.75±0.3 

I -20.00±0.60 

-19.8±0.7 

-19.0 

I the same as above I -19.6 

I Carbon deflagratlon model for SN1 I -19. 6±0. 6 

I 1973c and 1954a I -19. 7±0. 19 

M = -19. 6±O. 12 as the maximum luminosity SN1 

We have 114 SN1 samples (Fig. 2). most of them are adopted from 'A Revised 

Supernovae Catalogue' [2] and 11 samples are newly discovered in the period from 

Oct. 1984 to June 1986. 

The procedures used to determine the Ho are as follows: 
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Flg.2 Hubble diagram of 114 SN1 (after correction) 

1. The values of magnitude are corrected to take account Into the Interstellar 

extinction In the Galaxy by 

Apg = 0.24 cscb[ 3]. 

2. Unify mpg' V and B magnitude given in the catalogue by relations 

mpg + 0.4 = B[4] 

B-V = -0.15. 

we change all mpg and V Into B. 

3. K-correction[ 5] 

4. In order to reduce the velocity dispersion we keep most of the samples with 

V>1000 km/sec and discard a few samples with V<1000 km/sec. 

5. Classify the samples into four subsets and take their weight average (Table 2) 

where a, Is the standard deviation of the Ith subset. and +-Is the weighted a, 
factor. of the Ith subset. The error of Ho Is given by 

5.5 krn/s.rrpc 

Finally. we obtain Ho=52±5.5 km/sec. mpc. 

According to the obtained value Ho the formal age of the universe would be 

t=l/Ho = 1. 97x1010 years. which agrees with the age of the globular clusters. 
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Table 2 

Type Number of D k Ho Relative 

samples error of Ho 

SN1a 20 -3.38 0.15 0.69 57.0±15.4 27% 

SNl in elliptical 11 -3.27 0.15 0.88 54. 2±20. 2 37% 

galaxies 

SNl with unassured 53 -2.87 0.15 1.05 45.1±1l.8 26% 

subtype 

SNl disregarded 82 -3.00 0.14 1.11 47.9±10.0 24% 

Ib and Ipec 

all of SNl 86 -3.00 0.14 1.08 47.9±1l.3 24% 

If we take the value of Ho as 100 km/sec. mpc. the Hubble time will be less 

than the age of globular cluster. 

Source of error 

We think that the errors may come from following factors: 

1. Extinction correction 

2. Dispersion of velocities 

3. Dispersion of absolute magnitude of SNl at Its maximum brightness 

4. Magnitude transformation among mpg' V and B 

References 

1. Kowal. G.J. A.J.73 (1968) 1021 

2. Barbon. R. et. al. A. Ap. suppl. 58 (1984) 735 

3. Branch. D. and Bettis. G. A. J. 83 (1978) 224 

4. Bust. B.W .. Thesis unlu illinois 1974; Barbon. R. et.al. Ap.J. 44 (1975) 267 

5. Oke. J.B. and Sandage. A.Ap.J.154 (1968) 21 

Edlto(s note: Unfortunately the author s were unaware of the work by Sandage and 

Tammann on type I SN to determine Ho' 

I recommend to the Interested reader consultation of • e. g. 

Sandage A .. Tammann G .• 1984. Nature 307. 326 

and related papers. 
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The Large Scale Inhomogeneous Distribution of 
Ly-Alpha Absorption Lines in the Spedra of Quasars 

Yaoquan Cbu and Xingfen Zbu 

Institute for Astrophysics, University of Bonn, Fed. Rep. of Germany 
Center for Astrophysics, University of Science and Technology of China, 
Hefei, People's Republic of China 

Using a quite resonable homogeneous sample of Ly--alpha absorption lines in 
quasars spectra, we find some evidence for existence of very large scale 
inhomogeneity in distribution of Ly-alpha absorption line redshifts. We find a 
significant peak at Z'V2.9 in the histogram of redshift distribution. The 
power-spectrum analysis shows that a periodic component at the length of 0.2 for 
the argument x=lrl(l+z). The significance of confidence is not very high, about 
83%, but the lengtll of periods is just the same as for the periodicity of 
emission line redshifts of quasars. Moreover, the ratio R=(l+Zem)/(l+Zab) for 
Ly-alpha absorption lines also shows several peaks in its distribution which is 
in good agreement with the prediction if the periodicity exists in both emissiorl 
line and absorption line redshifts. 

1. Introduction 

In the early days of discovery of quasars, various astronomers noted that 
there might exist a large scale inhomogeneity in the space distribution of 
quasars. Burbidge (1968) discussed the presence of two peaks in the distribution 
of quasars' emission line redshifts at z=0.06 and z=1.95 and he also pointed out 
the probable existence of periodicity in that distributiorl. Subsequent 
investigations performed by Cowan (1969) and Burbidge and O'Dell (1972) 
confirmed further Burbidge's results, while Plegemanrl et. al. (1969) and Wills 
and Ricklefs (1976) could not detect any period. In 1972 Karlsson suggested that 
the periodicity is with respect to argument x=ln(l+z), but not to z. Using a 
much large number of quasars listed in Hewitt and Burbidge catalogue and 
statistical analysis of power-spectrum, we have cofirmed the periodicity in the 
distribution of quasars' emission line redshifts with the periodicity length of 
0.205 irl the variable x=ln(l+z). ( Fang, Chu, et. al. 1982) As for the quasar's 
emission line redshifts, one could argue that the periodic distribution may be 
due to the vary many observational selection effects.( for example, the 
preference of identifications of certain emission lines irl quasars' spectra, 
i.e. Ly-alpha, C IV, Mg II, ... ). However if the periodicity distribution of 
quasars is a real cosmological effect and not due to the selection effect, it is 
reasonable to predict that a similar feature should also exist in the distri­
bution of other high redshift objects. In the present paper we concentrate our 
discussion on the statistical analysis of the redshif t distribution of LY'-a1 pha 
absorption lines and compare it with that of quasars' emission lines. 

The spectra of high-redshift quasars show a great number of absorption lines 
on the short-wavelength side of the Ly-alpha emission lines ( i.e. the Ly-alpha 
forest). In this spectral region only a small proportion of lines can be 
identified with elements heavier than hydrogen (or metal-line systems). Such 
systems are generally believed to be due to intervening galaxies at the 
distances indicated by the systems redshifts, and the forest lines are far more 
numerous. 

While there is a point of view that these LY'-alpha absoption lines are formed 
by filamentary composition which ejected from the nuclei of the parent galaxies 
during active stage,( see Kundt and Krause, 1985.) it is now generally believed 
that these absorptions lines are due to Primordial Hydrogen Clouds (PHC) , whicll 
are not associated with galaxies. If we accepted that these PHC are located at 
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cosmological distances given by their redshifts, the PHC become a new class of 
objects which have high redshifts comparable witll quasars. So the study of their 
distribution would give us new test to confirm whether the periodicity 
distribution is a real feature of the large scale structure in the universe. 
Indeed, the results we present here show that there is some evidence in favor of 
the existence of periodicity in the distribution of redshifts of PHC. 

2. Sample of Ly-alpha absorption lines 

As is well known, an statistical study of the distribution of absorption line 
redshifts of quasars is difficult because there exist many selectioIl effects in 
process of identifications of absorption lines in quasars' spectrum. Tlle number 
of absorption lines in a quasar spectrum is a function of many variables: 
emission redshift, wavelength covarage, resolution, detector signal/ noise 
ratio, location of the continuum and equivalent··width limit. In order to get 
meaningful statistical results, it is necessery to have a carefully selected 
homogeneous sample in which all quasars are treated in the same way. Here we use 
a quite reasonable homogeneous sample of Ly-alpha absorption lines available in 
the literature compiled by Murdoch et. al. (1986), which was obtai ted at high 
resolution ( 0.8 .. 1. 5 A F1.JHM) and with the same type of detector ( the image 
photon counting system). Ye also set a minimum intriIlsic Ly- alpha equivalent 
width Yo=0.32A. The total sample includes 11 quasars and 277 Ly-alpha absorptioIl 
lines. The observed absorption redshifts range from 1.510 to 3.715 which give 
the largest interval in redshift currently available from the ground 
observation. Relevant details for the Ly-alpha sample are given in Table 1. 

In Table 1 we give the name of quasar, the emission line redshift Zm and the 
low limit of Ly-alpha absorption redshift Zo which we accept in this sample. In 

Table 1. The Ly-alpha Sample 

QSO No. of Lines Zo Ze Redshift of metal Reference 
lines system 

2000-330 73 3.033 3.780 3.182 1 
3.333 
3.549 

2126-158 52 2.500 3.28 2.638 2 
2.769 

0002-422 34 2.200 2.763 2.302 2 
2.464 

PHL 957 29 1.900 2.690 1.929 2 
1.940 
1.948 
2.310 

0453-423 37 2.210 2.656 2.276 2 
2.397 

1225+317 20 1.700 2.200 1.796 2 
1.887 
1.897 
2.120 

0421+019 8 1. 715 2.051 3 
0119-046 10 1.682 1.937 3 
0002+051 5 1. 715 1.899 3 
1115+080 2 1.682 1.725 3 
0215+015 7 1.501 1. 715 4 

References for Table 1: 
1. Hunstead, R. Y., Murdoch, H. S., et. al. Ap. J. vol.301, 522. 
2. Sargent, Y. L. Y., Young, P. J., Boksenberg, A., and Tytler, D., 1980, Ap. 

J., Suppl., vol. 42, 41. 
3. Young, P., Sargent, Y. L. Y., and Boksenberg, A., 1982, Ap. J, vol. 252, 10. 
4. Blades, J. C., Hunstead, R. Y., Murdoch, H. S., and Pettini, M., 1985, Ap. 

J., vol. 288, 580. 
241 



Table 1 we also list the redshifts of Ly--a1pha lines which belong to definite 
heavy-element system for first six quasars. These lines are formed by 
intervening galaxies and we will use these data to calculate the 
cross-correlation function between the galaxies and primordial hydrogen clouds. 

3. The Redshift Distribution of PRC 

The histogram of all Ly'-alpha absorption lines is shown in Fig .1. 
Before we try to interpret such distribution we must point out that there is 

a strong selection effect due to the different wavelength coverages of different 
quasars. A spectrum of one quasar can only contribute the Ly---alpha absorption 
line count between Zm and Zo for this quasars. Therefore we could correct the 
initial histogram by multiplying a factor that is proportional to the number of 
quasars' spectra which cover the redshift bin we study. Each bin of Z which is 
located between the redshift limit of a quasar's spectrum is given a "spectrum 
count" of +1, the Z bin outside the limit is given a spectrum count of zero. The 
procedure is prepared for all quasars in the sample. Finally for each Z bin we 
have the total raw line count N, the total spectrum counts S and the number of 
quasars n. We then have the corrected count Nc given by: 

Nc(Z)=N(Z) * n / S 

The corrected histogram is shown in Fig.2. Of course we have multiplied a 
factor to the counts of each Z bin, so only the relative numbers in the 
corrected histogram have physical meaning. 

Several obvious features can be easily seen in Fig. 2. 
First, there is a very significant peak at Z= 2.9. As we discussed before, a 

similar feature also exists iII the distribution of emission line redshifts at Z= 
2. The reality of the peak at Z= 2 in the distribution of emissioII line red­
shifts of quasars is doubted by many authors due to the fact that there is a 
strong selection effect in the identifications of quasars ( i.e. preference for 
identification of Ly'-alpha lines). But in the case of absorption lines, the peak 
appearing in the corrected histogram is a new result and we don't think it also 
could be interpreted using same selection effect. The similar feature in both 
distributions of quasars and the PRC may imply that the existence of a peak is a 
real feature, which reflects all interesting character of the large scale 
structure in the universe. 

Secondly, we find that the number of PRC increases with increasing of red-' 
shifts. This result confirms the evidence that the number of lines per unit 
redshift increases strongly with redshifts Z (Peterson, 1978). 

Thirdly, the number of PRC in the range of Z > 2.9 is singnificarltly larger 
than that in the range of Z < 2.7. It means that the PRC is one kind of objects 
which mostly exist in the early universe. It reminds us that similar things also 
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happen for quasars ,that is, the number of quasars also has an obvious change 
around Z= 2.5, but in opposite direction. ( Veron, 1987) 

4. Power-Spectrum Analysis 

Besides the peak at Z= 2.9, there are also some other peaks in Fig. 2. So a 
natural question is that does the periodicity also exist in the distribution of 
redshifts of PHC? 

ge have found the periodicity component in the distribution of emission line 
redshifts for quasars, using the power-spectrum analysis whicll is a very 
effective method for a distribution of discrete points. ( Fang, Chu, et. al. 
1982). So, it is interesting to analyse the redshift distribution for PHC using 
the same method. The spectral power pen) of PHC redshift distribution against 
x=Ln(l+z) is given by: 

P (n) = .. ~. f[f::. Cos ( 2tr~i ») 2 + (t. Sin ( 2"~i )J2} 
~=1 i=l 

where N is the number of PHC, Xi=Ln(1+Zi), Zi the redshift for ith PHC, Xm the 
length of X range and n the wave number. It can be shown that the average of 
pen) equals 1 for a random sample. The probability that a given peak ill a random 
spectrum should have a power P ) Po is given by S(Po)=exp(-Po). 

Fig. 3 shows the power-spectrum for all PHC redshifts. The redshift range is 
1.5 < Z < 3.7. ge find a periodic component at n= 3, which corresponds to the 
length of period of 0.2. Although the significance of confidence is not very 
high, about 83~, but the length of period is just the same as we found in the 
distribution of emission line redshifts of quasars ( 0.205)1 (Fang, Chu, et. al. 
1982) 

5. The Peaks in the Distribution of R 

The feature in the distribution of PHC, which we disscussed above, should 
also appear in statistics of other observational quantities of PHC. One of such 
quantities for absorption lines is R=(l+Zem)/(l+Zab). The important POiIlt about 
the ratio R is that they are not grossly affected by small inhomogeneities in 
the spectra of the quasars. R is also related to the ejective velocity which has 
been widely discussed in the study of absorption lines. 

II 1 .,., 

:z 

(0 

(.o( R 
Fig. 4 Distribution of 

n. ratio R=(1+Zem)/(1+Zab) 

Fig. 3 Power spectrum for redshift distribution of PHC 
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In Fig.1 we show the histogram of R for all quasars in our sample. We can 
find that several peaks obviously appear in the distribution of R. Such peaks 
can be interpreted as follows: 

If the periodicity is a real cosmological feature, it should exist in both 
quasars and PHC redshifts. As discussed by Chu, Fang and Liu(1981), for a set of 
objects located in the same direction, the distribution of redshifts should be 
periodic and have a series of peaks. The redshift values corresponding to the 
peaks are given by 

Ln(1+Z)= An +C 

Here A is a constant, C denotes inititial phase which is a function of direction 
of the object and n equals some positive integer. 
For emission line redshifts of quasars we have: 

Ln(l+Zem)= An+Cl 

for PHC we also have 

Ln(l+Zab)= An'+C2 

Since the quasar and the PHC are located on the same line of sight, the initial 
phases are the same,i.e. Cl= C2, so we have: 

~l+zern) 
Ln'l+zab) A4n 

R = l+Zern = eA 4 n 
l+Zab 

whereAn= 0,1,2,3, ..... . 
This indicates that the histogram of R should have a series of peaks. If we take 
the value of A as 0.05 we find: 

An= 1, R= 1.05 

An= 2, R= 1.10 

An= 3, R= 1.16 

These results are consistent with the feature in Fig.4. It is interesting to 
point out that a similar result has been found by Chu, Fang and Liu(1984) in the 
distribution of relative velocity, using a large sample of metal absorption 
lines in quasars from the Hewitt and Burbidge Catalog(1980). 

6. Anti-association of PHC with Galaxies 

Sargent et al (1980) suggested that the primordial hydrogen clouds which 
contribute to the Ly-alpha forest in quasar's spectra are not associated with 
galaxies. Due to the fact that some of the Ly-alpha lines in our quasars' sample 
are identified as belonging to definite heavy-element systems which are formed 
by intervening galaxies at the distance indicated by the redshifts ( see Table 
1), so it is possible to study the association betweerl the PHC and galaxies 
using the cross'-correlation function. 

The statistical method of cross-correlation function has been used to study 
the possible association between quasars and galaxies by Chu, Zhu, Burbidge and 
Hewitt (1984). The basic idea is as follows: the cross-correlation function 
Wgh(s) is defined as the probability of finding galaxy-PHC pair, abve those 
expected from random coincidence, at the separation of s: 
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wgh(s) = ~h( AS) -1 
Nhh( A S) 

_ where the Ngh is the mean number of galaxies-PHC pairs at distance of sand 
Nhh is the mean number of PHC at distance of s. Following Sargent et. al. 
(1982), the distance s for two objects with redshift Zi and Zj is calculated by: 

S= 4Z(1+Z)"K 

where: 4Z= IZi-Zjl 

Z=0.5(Zi+Zj) 

In Fig.5 we show the cross-correlation function for six quasars in Table 1. We 
use the distance resolution 9=0.004 and for all s<0.06. We find that all the 
cross-correlation function Wgh(s) are less than 1! Some of them are even 
negative value. These results provide another evidence that the PHC are not 
associated with galaxies. 

In summary, from several statistical analyses of the distributions of redshifts 
for Ly-alpha absorption lines in quasars, we find very similar results as we 
found in the distribution of emission line redshifts of quasars, i.e. the peaks 
and periodicity distribution of the redshifts. Moreover, we find the same length 
of the periodicity (0.2 for X=ln(l+Z)) for both Ly-alpha absorption line and 
emission line redshifts. It seems very likely that the periodicity is one of the 
features of large scale structure in the universe. 
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Fig. 5 The cross-correlation function for ?HC and metal-line systems 
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The discovery of quasars, about 25 years ago, was one of the most exciting 
events in the history of recent astronomy. Despite the slow growth in our 
understanding of their physical nature, these objects, which have the highest 
known redshifts, still provide the best available probe of the most remote 
observable region of the universe. In recent years the investigation of 
clustering of quasars has become one of the most interesting problems in 
observational cosmology. This is mainly due to the development in observational 
technique and the theoretical understanding of the formation of galaxies and the 
evolution of the density fluctuation in the early universe. 

Thanks to the modern high-efficient detectors, it is now possible to 
construct three-dimensional maps of large regions in the universe. A series of 
systematic measurements of galaxy redshifts have exposed some very interesting 
features in distribution of the matter in universe. Holes, voids, sheets and 
filaments are apparent in the distribution of galaxies. Very Large scale voids, 
about 60 Mpc and simply limited by the size of the survey, have been found in 
the CfA redshift surveys (De Lapparent, et. al. 1986). The supercluster-super­
cluster correlation function show that the structure on scale up to 150 Mpc 
maybe also exist (Bahcall and Burgett, 1986). Also the statistical results 
exhibite that the clusters of galaxies are more strongly correlated than the 
galaxies and the very largest scale structures more strongly correlated than 
clusters. ( Bahcall and Soneira, 1983). In order to explore the structure of the 
universe on much large scale, it is reasonable to expect that the study of space 
distribution of quasars will give us more new information. 

On the theoretical side, many important advances have been achieved recently. 
Several scenarios of clustering have been proposed. Many new ideas, such as 
inflational cosmology, cosmic strings, explosion ... ,have been introduced to 
interprete the observational results. In order to distinguish which scenario is 
the right one, we need information of the larger scale structure at different 
cosmological time, i.e., at different redshifts. However, up to now most of the 
information of the structure of the universe is limited to a very tiny fraction 
of observable universe, it comes from the study of distribution of galaxies, all 
of which with redshifts Z < 1. Only quasars provide us a chance to see the state 
of clustering at redshifts intermediate between those of the microwave 
background,which is very smooth, and the present, which is very clumpy on the 
scale up to at least those of superclusters. So the study of the distribution of 
quasars could give us some information on the evolution of clustering. 

The clustering of quasars is also very important for understanding the nature 
of quasars itself. The physical quasar pairs or quasar groups would provide 
diagnostics of processes and insight into phenomena of quasars, e.g. the role of 
gravitational interaction in triggering and fueling of galactic nuclear 
activity. On the other hand, the possibility that there exists association of 
quasars with different redshifts would support the hypothesis of noncosmological 
redshift. 

In this paper we would like to discuss a series of our statistical research 
on the distribution of quasars. The aim of our study mainly concerns to 
following subjects: to search for large or super-large scale structure; the 
evolution of the clustering and possible remains of physical processes at early 
stage of the universe. 
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2) Distribution of Quasars on the Sky 

Progress in survey for quasars at frequencies from radio to X-ray have been 
rapidly made in last 25 years. Up to now , total number of confirmed quasars is 
more than 3000 and quasar candidates are about 10000.( Barbieri and chu, 1986, 
Hewitt and Burbidge, 1987). From these large samples of quasars, now it is 
valuable to carry out statistical analyses of distribution of quasars. 

At first, we show a plot of all quasars from Hewitt and Burbidge catalogue 
(1987) on the sky using an Aitoff projection and supergalactic coordinates. From 
Fig.1 it can be seen that there is a wide variation in the density of identified 
quasars. Of course this is not a real clustering effect, but it illustrates that 
many of the surveys, particularly those using the objective-prism and grism 
technique, are confined to very small areas in which very large number of 
quasars have been identified. 

Owing to that the quasars' surface density is very lower campa red with that 
of galaxies, it is difficult to detect and to measure reliable clustering of 
quasars. Moreover, the different selection effects in quasar surveys make the 
statistical analyses complicate. There are mainly two approaches in the study of 
quasars clustering: with homogeneous samples, which are generally small (from 
slitless spectrum survey) or contain some fraction of non-quasars( from UVX 
survey);and with large quasar catalogues (for example, Hewitt and Burbidge 
catalogue and Veron-Veron catalogue), which are heterogeneous and much more 
attention have to be paid to the selection effects. 

Fig. 1: Sky distribution of quasars from Hewitt and Burbidge catalogue (1987) 

3) Quasar Pairs 

It has been suggested by Dr. Shaver (1984) that clustering is expected to 
show up amongst pairs or groups of quasars which are close to each other in both 
redshift and position on the sky. By contrast, pairs which have large 
differences in either redshift or pOSition are expected to be physically 
unassociated with each other, and should exhibit no clustering. The search for 
clustering can then be done by comparing these two groups. This has great 
advantage that selection effects (such as survey areas, redshift ranges, 
limiting magnitudes, sensitivity variations, edge effects, etc.) should cancel 
out, making possible to use of large and inhomogeneous quasars' catalogue for 
this purpose. Uith the Veron Catalogue (1984), possible clustering of quasars 
has been revealed by Shaver. 

Recently we apply the same method to the Hewitt and Burbidge Catalogue(1987), 
which contain 3594 quasars with published redshifts( 70 quasars in this 
catalogue without accurate positions have been excluded from our analyses.) The 
angle distance 9 on the sky between two quasars is calculated by: 

cos & =cos1. cosll cos(o(.- Dlz)+sincr.sin~ 
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where ~(' al"are right ascensions and i., lJ.are declinations. 
The proJected separation of quasar pair, ds, is calculated under the condition 
of a standard cosmological model with Qo=O. 

ds=R( t) *r* ~ 

R(to)=c/Ho=3000Mpc, ( Ho=100 km/(s*Mpc) ) 

r=Z*(1+0.5*Z)/(1+Z) 

here Z=0.5*(Z,+Z~) is the average of two redshifts. 

In Fig. 2 we plot the ratio of the number of quasar pairs with small redshift 
difference ( V < 2500 km/s) to the number with large redshift difference, 
against projected linear separation. It clearly shows an excess of quasar pairs 
with small separation and redshift difference. If there were no clustering, the 
ratio in Fig.2 should be constant as a function of separation difference. 
The quasar pairs with small redshift difference from the He_it-Burbidge 
catalogue are listed in Table 1. 

Some of the quasar pairs in Table 1 were previously identified as 
gravitatinal lenses, these pairs are irrelevant for clustering. The problem of 
distinguishing between gravitational lens and physical pair cannot easily be 
solved in individual case, particularly in the case that two quasars are 
seperated only few arcseconds. However, in our sample there are only few quasar 
pairs in which the gravitational lens interpretation is now reasonably 
established ,namely, 0957+561, 2016+112. Other three quasar pairs 1146+111, 
1634+267 and 2345+006, which have no obvious visible lens objects, have been 
claimed to be physical pairs with small seperation (Bahcall, et. al. 1986). So 
the contamination due to lenses seems not likely to be statistically serious in 
our analyses. 

Table 1. Quasar pairs with small separation and redshift difference 

QSO Other Z 9 ds V Comments 
name (arc sec) Mpc (Km/s) 

0000-022 2.20 92 1.8 1869 Grens survey 
0000-022 2.22 

0103-294 2.18 122 2.5 1892 Objective prism survey 
0103-294 2.16 

0107-025 QSOI0 0.956 77 0.8 614 UVX object 
0107-025 QSO 9 0.952 5 QSOs near NGC450 

0120-378 2.15 191 4.0 1898 Objective prism survey 
0120-378 2.17 

0131-401 ( 1.67) 71 1.2 2255 Objective prism survey 
0131-401 1.65 

0307-195A UM680 2.144 58 1.2 2106 Objective prism survey 
0307-195B UM681 2.122 

0952-698 HOAG 1 2.048 121 2.4 590 3 of 6 QSOs found on 
0952-698 HOAG 2 2.054 grism plate of M82 

field 
0953-698 HOAG 1 2.048 214 4.2 788 
0953-698 HOAG 3 2.040 

0953-698 HOAG 2 2.052 128 2.5 1378 
0953-698 HOAG 3 2.040 
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Table 1 (continued) 

QSO Other Z e ds V Conunents 
name (arc sec) Kpc (Km/s) 

0957+561A 1.405 6 0.1 0 Gravitational lens 
0957+561B 1.405 

1146+111 C 1.01 157 1.7 0 Close group of 9 
1146+110 A 1.01 QSOs from objective 

prism survey 

1254+370 B 142 (0.28) 186 0.7 986 UVX object 
1255+370 4C36.22 0.284 Radio source 

1258+285 U8136 1.355 272 3.8 2284 UVX object 
1258+286 5C4.127 1.373 Radio,X-ray source 

1259+357 2.03 252 4.9 988 Grens survey 
1259+357 BF161 2.04 

1623+268 KP76 2.49 147 3.4 2397 Objective prism survey 
1623+268 KP77 2.518 

1634+267A KP86 1.961 4 0.1 0 Objective prism survey 
1634+267B KP87 1.961 Gravitational lens? 

1641+399 3C345 0.595 506 3.6 188 Radio,X-ray source 
1641+399 0.594 Objective prism survey 

2016+112 KG B 3.273 3 0.1 0 Gravitational lens ? 
2016+112 KG A 3.273 

2203-187 F13.18 0.627 412 3.0 1664 Objective prism survey 
2203-188 PK8 0.618 Radio source 

2237+003 (2.2) 213 4.5 0 Objective prism survey 
2238+004 (2.2) 

2340+011 2.35 206 4.6 896 Objective prism survey 
2340+010 2.34 

2345+006 B 2.147 7 0.2 476 Gravitational lens? 
2345+006 A 2.152 

(0 20 rCl H) Mpc 
Fig.2 Ratio of the number of quasar pairs with small redshift difference to 
the number with large redshift difference, against projected linear 
separation 
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4) Clustering of Quasars from Homogenous Survey 

York on the quasar distribution is often hampered by the lack of a complete 
and unbiased sample. Most of homogeneous surveys for quasars list only bright 
quasars, or cover only very small areas. 

In recent years a large number of quasars' surveys have been published. 
Slitless spectrum surveys remain one of the most efficient ways of finding 
quasars in large numbers. More than 10000 quasar canditates have been 
identified. In complement, the ultra- violent excess (UVX) method is best suited 
for quasars with smaller redshifts. Yith a large number of quasars and quasar 
canditates, many statistical analyses of quasar clustering have been done in 
recent few years. Thanks to advances and widespread availability of computers, 
the distribution on one, two and three dimensions of quasars and quasars' 
candidates have been investigated. The most popular method Correlation Function 
(CF), which are widely used in analyses of cluster and supercluster of galaxies, 
makes fairly easy to compare the results between quasar and galaxy 
distributions. Another powerful statistical method to detect week clustering is 
Nearest Neighbor Test (NNT). The basic idea of NNT is to compare the mean 
nearest neighbor distance between objects with that expected from random 
distributed sample. Beside that, power-spectrum is fourier or spherical harmonic 
transform of correlation fuction; the binning analysis is also known as the 
cluster cell method; the percolation test, which were suggested by Zeldovich and 
his colleagues, seems to be sensitive to the clustering pattern. 

In the early stage, the statistical results from different researcher are 
sometimes not consistent with each other. Some of them are even contradictory. 
For example, with the same quasar sample in the CTIO survey, Arp (1980) has 
clai,ned that there is some evidence of quasar grouping, while Osmer(1981) and 
Yebster (1982) have found that there is no clustering of quasars. Chu and Zhu 
(1983) analysed the three-dimension distribution of quasars in two 5·~ 5·survey 
done by Savage and Bolton (1979), and found weak clustering in one field (02h, 
-50°) but no clustering in another field( 22h,-18°). 

In the last few years, very rapid progress has been made in the optical 
surveys for quasars. Yith the automatic measuring machines ( AQD in Edinberg and 
APM in Cambridge) and fibre-optic spectrograph ( FOCA? ), much larger and deeper 
samples of quasars are now being produced, yet so far the results for clustring 
of quasars are still contradictory: Boyle et.al. (1986) and Shanks et.al. (1987) 
find evidence for clustering in their UVX sample. He, Chu et. al. (1986), Kundth 
and Sargent ( 1986), Crampton et. al. (1987) and Clowes et. al. find no 
clustering amongest quasars from their optical-prism or grens survey. 
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Fig. 3, The correlation function for quasars in the fields (02h,-50·) 
(left) and (22h, -18°) (right). Stars: observed values. The soild line for 
the mean distribution and the dashed line for the upper 2~ envelope of 
the population are derived from Monte Carlo simulations. 
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The differences among these results are due mainly to the samples,i.e., the 
numbers of quasars in these early surveys are not large enough to do statistical 
analysis with high signifecance. Meanwhile the criteria of clustering in diffe­
rent statistical methods may not be equivalent. Moreover different selection 
effects may play important role in different surveys,for example: 
a), Variation of limiting magnitudes, it would cause the change of surface 

density in different samples. 
b), Vignetted effect, the surface density even changes in one field, more 

quasars would be found in the central area. 
c), Selection of emission lines, Slitless spectroscopy particularly efficient 

for quasars with redshifts about 2. 
d), Systematically error in the measurement of redshifts from objective prism 

plate. 
e), Misidentification of emission line, i.e. as summed Ly-alpha line could 

really be C IV or Mg II. 
f), Non-quasar candidates, for quasars' candidates it is necessary to make 

follow-up spectra with large telescope in order to confirm and obtain 
accurate redshifts. 

In spite of the differences in different statistical researches, a conclusion 
seems to already be acceptable: the clustering of quasars is rather week, at 
least weeker than that of galaxies. 

5) Evolution of Quasars' Clustering 

After carefully campared all the previous statistical results, we find a very 
interesting fact that all results from the samples containing UVX quasars( or 
quasar candidates) always show stronger clustering than others ( see, Chu and 
Fang 1986). As we know that the redshifts of quasars found by objective prism 
and grism are generally higher than that of quasars found by UVX methods. 
Therefore the stronger clustering in UVX samples may imply that the strength of 
quasar clustering depends on the redshifts of quasars, namely, the clustering is 
evolving: the larger the redshifts, the weaker the clustering. 

For showing the evolution of clustering, we should do the clustering analyses 
for quasars in different redshifts range. Fang, Chu and Zhu ( 1985) analysed the 
Savage-Bolton sample, which consists of two classes of quasars identified by 
objective prism technique and UVB two colour method and whose redshift spreads 
on more broad region than that of other samples at that time. Yhen we began to 
study the evolution of quasars' clustering, it was the most convenient sample to 
do the comparision between quasars with larger and smaller redshifts. 

We divided whole sample into two groups Z>2 and Z<2, and applied the 
nearest neighbor test. In a standard cosmological model, if two quasars i and j 
have redshifts Zi and Zj and the angle distance betweem them is the linear 
distance in space is given by: 

{ 1 2. [ ;t Ji I X )Z,}~ D=R(t)* r~ sin6+ \(1+ rj ) -r~cosO(1+ rio )l. 

where R(t) is the cosmic scale factor, at present time to, R(to)=c/Ho= 3000Mpc, 
Ho=100 krn/s*Mpc, r. and rj are the dimensionless comoving radial coordinates of 
quasars i and j respectively. The main results are given in Table 2. 

In Table 2, N is the number of ~[uasars, <D(> denotes the sample's mean of 
nearest neighbor separations, ~ and ~ are the mean and standard deviation 
from Monte Carlo sample respectively. In order to estimate the statistical 
sigificance, statistic Gr is defined as: 

cf == NY,. 
For a random sample the distribution of Dr is asymptotically normal with 

mean 0 and variance being 1. Therefore 1 P( 0- ) is the probability of 
clustering to be found in the sample. Table 2 show apparent clustering at 951 
significant level for quasars with Z<2 in both fields, and there is no evidence 
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Table 2, Nearest neighbor test for Savage-Bolton sample 

Redshift N Quasar data Monte Carlo data 0- 1-P(G) 
D~ Mpc 

,. 
<Ds> Mpc a-

( 02h ,-50e ) field 
Z< 2 62 141,7 159,0 79 ,6 -1,72 961 
Z> 2 48 201,0 205,9 83,2 -0,40 661 

( 22h , -180 ) field 
Z< 2 57 146,7 165,8 77 ,9 -1.84 971 
Z> 2 26 207,1 193,0 75,9 > 0 

N 

Fig A 

IS 

N Fig,5 

If 

Z >2 ME''-

Fig,4 The nearest neighbor distribution for quasars with Z < 2 and Z > 2 from 
field ( 02h. -500 ) 

Fig,5 The nearest neighbor distribution for quasars with Z < 2 and Z > 2 from 
field ( 22h. -18 0 ) 

of clustering for quasars with Z>2 at all, These results can be more clearly 
seen in Fig, 4 and Fig, 5, in which the distribution of the nearest neighbor 
distance for each field are ploted, The observed Z<2 distribution (soild Line) 
deviate obviously from the Monte Carlo samples (dashed line) on the scale of 
about 100 Mpc, It means that the distribution of Z<2 quasars does have about 100 
Mpc clustering, The Z>2 quasars distribution does not show the difference from 
that of random sample, namely, there is not distinguishable inhomogeneity, 
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Hore evidences for the evolution of quasar clustering have been found 
recently. Iovino and Shaver (1987) analyse three deep quasar samples ( 376 
quasars from UVX and Grens survey) and find strong clustering (at 51' 
significance level) for quasars with Z <1.5 and no clustering for quasars with Z 
) 1.5. Using the quasar pairs from Veron catalogue, Kruszewski (1986) also find 
strong redshift depence of quasars clusterimg 

In one word, a common result in these studies on clustering of quasars from 
different samples is that the clustering exists in the distribution of Z< 2 
quasars, but not of Z> 2 quasars. 
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Nine complete samples of quasars are analysed for correlations in 

positions. The detected correlations show apparent dependency on 

redshift. 

The present results agree very well with those obtained using 

an incomplete general catalog of quasars (Kruszewski /1/). 

1. Introduction 

The studies of quasar clustering properties are difficult to carry 

on because quasars are rare objects usually situated far away from 

nearest neighbours, so that any pair statistics analysis is suffer­

ing from small number of relevant pairs. In addition the bulk of 

known quasars do not form a sample which could be considered com­

plete in any sense. The early complete samples have been typically 

only around 100 objects rich. However, the observational data on 

quasars have been accumulating steadilly and the paper by Oort, Arp 

and de Ruiter /2/ has indicated that it may be already possible to 

investigate clustering among quasars. The complete sample which 

seemed then to be best suited for such work was that published by 

Osmer and Smith /3/. The three analyses performed on this sample 

have resulted with different conclusions. Osmer /4/ has found no 

any correlations, Webster /5/ has found correlations among objects 

with redhifts smaller than 1.0 but he has attributed it to the 

existance of a single group of 4 quasars with redshifts 0.37 or 

0.36 (see also Arp /6/). Finally Fang, Chu and Zhu /7/ have con­

cluded that the clustering is present there only in the range of 

redshifts smaller than 2.0. 

Another sample used for such analysis was the sample published 

by Savage and Bolton /8/. Papers by Chu and Zhu /9/, Fang et al. 

/7/, and Zhou et al. /10/ contain marginal detections of correla­

tions and also suggestion that the correlation is present only for 

redshifts smaller than 2.0 /7/. 
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Clowes /11/ and also Knuth and Sargent /12/ have used their new 

samples and concluded that there is no any correlation in quasar 

positions. 

Thus the work done on complete samples prior to 1987 has gener­

ally resulted in marginal, inconclusive and sometimes contradictory 

results. This has prompted the use of incomplete samples which are 

more difficult to analyse properly but which should already be 

sufficiently rich for obtaining statistically significant results. 

The first step in that direction was made by Shaver /13/ who using 

the general catalog of quasars (Veron-Cetty and Veron /14/) has 

concluded that quasars treated together irrespective of redshifts 

cluster in a similar way like ordinary galaxies do. This discovery 

have been followed by the analysis of the same catalog divided into 

7 subsamples according to redshift with the conclusion that the~e 

is a strong dependence of clustering amplitude with the redshift 

(Kruszewski /1/). The quasars seem to cluster in recent epochs as 

strongly as clusters of galaxies do, while at redshifts larger than 

1.5 there are no detectable correlations in quasar pOSitions. 

The prospect of studying quasar clustering has served as an 

additional stimulus for creating more numerous complete samples of 

quasars. The work in that direction is being conducted presently at 

several observatories. One such sample have been completed recently 

and the quasar data have been published (Crampton et al. /15/). 

This sample is not sufficient by itself for drawing any definite 

conclusions about quasar clustering, yet after combining it with 

other complete samples it can be hoped that the informations con­

tained in such combined material may be already sufficient for 

testing conclusions reached with the use of the incomplete sample 

of Veron-Cetty and Veron. 

2. The Sample 

The samples used for the present analysis have been chosen using 

the following criteria. First of all, a sample has to be complete 

in some well defined sense. The definition of completeness may be 

different for different samples. Next, all the objects should be 

confirmed and have its redshift determined with help of slit spec­

tra. The sample should not be composed of less than 25 objects. 

And finally, a particular sample should have sufficiently wide sky 

distribution. Samples limited to a single Schmidt plate or smaller 

have not been considered. 
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The following 9 samples fulfilling the above criteria have been 

known to me at the time when this research were started. The first 

is the sample of Crampton et al. /15/. The sample objects have been 

identified in that case with help of the CFH telescope by means of 

grism technique. Eight fields with complete identifications have 

been used. The second sample is an objective prism sample of Osmer 

and Smith /3/. It covers a 9h long and 5° wide strip of the south­

ern sky. The third is the Cerro Tololo 4-meter grism survey of 

Osmer /16/. It is composed of 17 prime focus fields in 7 separate 

regions superposed on the objective prism survey area. These three 

samples contain most of informations about short range correlations 

in quasar positions. The remaining samples are more uniformly 

distributed on the sky and therefore they are usefull mainly for 

investigating of clustering on large and very large scales. The 

Palomar-Green survey (Schmidt and Green /17/) covers high galactic 

latitude regions of the northern sky. The objects have been identi­

fied by presence of ultraviolet excess down to apparent magnitude 

15.7. The 3C quasars listed in Hewitt and Burbidge /lS/ catalog 

have formed the fifth sample. Four more samples are taken from the 

list of radio quasars published by Wills and Lynds /19/, there are 

two 4C and two PKS samples with different limiting flux. 

Some objects belong to more than one sample. The method of 

analysis requires that objects are divided between samples so that 

each object should be labeled as a member of only one sample. 

Therefore in case of multiple membership an object is labeled as a 

member of the least numerous of relevant samples. The total number 

of objects is 629. 

3. The Method 

In order to infer about correlation in quasar positions one has to 

calculate the observed distribution of pair separations and compare 

it with the expected distribution. In an ideal case, when the char­

acteristics of true sky and redshift distributions are known for 

each of considered samples, it is possible to simulate uncorrelated 

space distribution by assigning randomly redshifts and positions 

for all the objects. It is difficult to do this for real cases. The 

redshift distribution of objects is subjected to strong redshift 

dependent selection effects which depend strongly on the method 

used for identification of objects. The sky distribution is also 

affected by factors like telescope optics vignetting, absorption by 
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interstellar matter in our galaxy, or seeing and emulsion dependent 

variations in the plate limiting magnitude. One can try to determi­

ne empirically various selection factors and approximate them by 

some interpolation formulas, but especially in case of non numerous 

samples it is difficult to say what features in an apparent dis­

tribution are due to selections and where the real clustering comes 

in. As a consequence of approximations made in an attempt to simu­

late the selection process an apparent correlation may be under­

estimated or overestimated thus influencing the final conclusions. 

Therefore it was decided to play it safe and make no assumptions 

about selection effects except that within a single sample the 

selections in redshift and sky distributions are mutually independ­

ent. The analysis is performed by means of reshuffling technique. 

The reshuffling is done for each sample separately. The sets of 

redshift values and object pOSitions in a particular sample are 

kept unchanged. Only the assignment of particular redshift values 

to specific positions is changed randomly by reshuffling redshift 

values. The pair statistics is performed for all 9 samples togeth­

er. Only the reshuffling is done separately for each of the sam­

ples. The reshuffling was repeated 100 times and the average of as 

many pair statistics was taken as a reference. 

Such procedure removes not only selection effects but also real 

correlations existing in the projected distribution of the objects 

on the sky and in the projected redshift distribution. Therefore 

the obtained values of the correlation function will be systemati­

cally smaller. Such an approach have been chosen in order to be 

sure that there is no any effect that can produce spurious correla­

tion. 

The formula for calculating comoving separations between any two 

points in the expanding Universe was used after Osmer /4/. The 

calculations have been done only for the Einstein - de Sitter flat 

cosmological model. The Hubble constant was assumed equal to 100 

km/s/Mpc. 

4. The Results 

The quasar pairs have been divided into redshift classes according 

to mean value of pair redshifts. The pair statistics and the evalu­

ation of correlation function is then performed for each of classes 

separately. 

Figure 1 shows the resulting correlation functions in case of 

division into three redshift classes. Bordering values of redshift 
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Figure 1. Quasar correlation functions obtained for three redshift 
ranges using 9 complete samples of quasars 

have been chosen so that there is approximatele equal number of 

pairs and therefore comparable accuracy for each of classes. We can 

see that there is an evidence on about 2-sigma (or 95%) signifi­

cance level for the existance of correlation at small redshifts and 

that the correlations are undetectable for larger redshifts. This 

evidence is limited to pair separations on the order of 10 Mpc. 

Fig. 1 sets also tight limits on possible correlations for larger 

separations. 

It is interesting to see how the results of the analysis per­

formed on the complete samples compare with similar results ob­

tained with help of a large incomplete sample. Such comparison is 

presented in Fig. 2. The data obtained from 9 Gomplete samples 

divided into five redshift classes is compared there with results 

of the analysis of the incomplete sample (Kruszewski /1/). The 

plotted values represent correlation function averaged over the 

range of separations between 0 and 16 Mpc. We can see that there is 

perfect agreement between two sets of data, supporting both the 

statistical significance of the claimed evolutionary effect and the 

correctness of the treatment applied to the incomplete sample. 
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Figure 2. Comparison of average quasar correlation function for 
separations up to 16 Mpc as a function of redshift basing on 9 
complete samples (open circles) and on incomplete general catalog 
of quasars (filled circles) 

5. Conclusions 

Recently some additional results have been obtained basing 

mainly on new samples of quasars. Shanks et aL. /20/ have performed 

an investigation of quasar clustering basing on a new, unpublished 

redshift survey with results which agree well with that of Shaver 

/13/. Clowes, Iovino and Shaver /21/ analysing another unpublished 

sample conclude that there is no detectable correlations for red­

shifts larger than 2.0. Iovino and Shaver /22/ have analysed the 

sample of Crampton et al. /15/ together with two new unpublished 

samples confirming the presence of clustering and suggesting pres­

ence of evolution. Shaver /23/ has summarized all these works 

including the present one and also his new analysis of the third 

edition of Veron-Cetty and Veron /24/ catalog concluding that 

quasar clustering is established at a high level of significance, 

and that there is strong evidence for its evolution. 

Thus it is clear that the available observational data is al­

ready sufficient for analysing the evolution in quasar clustering. 

The influx of new data should help to obtain better accuracy and 

higher significance of results. It should also help in taking into 

account the possible effects of absolute magnitude. 
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More numerous data is also needed for analysing clustering at 

larger separations because the quasar clustering are more likely in 

that case to reflect the distribution of matter. A prospect for 

detection of transition to negative correlations at some large 

value of separation is very atractive because it would provide an 

excellent opportunity for cosmological tests. Negative values 

visible in Fig. 1 around 200 Mpc are not yet statistically signifi­

cant. Clearly more numerous data is needed. 

Another feature which is visible in Fig. 2 but is not statisti­

cally significant is the presence of negative correlation values 

for redshifts larger than 2.2. The correlation values presented in 

Fig.2 are averaged over separation range 0 - 16 Mpc, therefore the 

negative sign would imply that in the early Universe there is a 

deficit of quasars (and possibly also other objects) around a 

bright quasar in regions about 30 Mpc in diameter. This size is 

strikingly similar to the present day sizes of voids. A seemingly 

related feature is observed in the distribution of La clouds, which 

appear less frequently in close neibourghood of the quasar (Cars­

well et al. /25/, Carswell et a1. /26/, Murdoch et al. /27/, Baj­

tlik et al. /28/). Therefore it is very interesting to check if the 

negative correlations seen in Fig. 2 are real. 
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The Observational Status of 
Super Clusters at High Redshifts 

M.-H. Ulrich 

European Southern Observatory, Karl-Schwarzschild-Str. 2, 
D-8046 Garching, Fed. Rep. of Germany 

This field is in a state of flux. The significance of the results on the distribu­

tion of objects depends on observations of large and homogeneous samples. The 

increasing interest in the field and the continual instrumental advances are such 

that more and better data become available every month. Here, I am presenting the 

status of the field as of July 1987. 

1. Aim 

One wants to determine the redshift or the redshift interval at which clustering 

of galaxies occurred and compare it to the predictions of cold dark matter models, 

string models and other models. 

2. Approaches 

2.1. The best approach is to measure the redshifts of galaxies from z = 1 to 

z = 2 (larger redshifts are out of reach for the foreseeable future unless there 

is unexpectedly strong evolution in magnitude and colour), and determine their 

three-dimensional distribution. 

The galaxies at z = 1 and probably also at z = 2 are already being recorded 

on deep CCD images taken with existing large telescopes (e.g., TYSON [1 ]). The 

problem is to measure their redshift with sufficient accuracy to detect groups, 

clusters and superclusters, as is done currently at low redshifts, z ~ 0.5 (e.g. 

DE LAPPARENT, GELLER and HUCHRA [2]). 

The feasibility of the spectrographic observations at large redshifts has been 

investigated by ULRICH [3J with regard to the scientific programs of the ESO Very 

Large Telescope Project. It is found that while it is within the reach of the next 

generation of telescopes to obtain velocities of a large number (i.e. large enough 

to form statistically significant samples) of galaxies at z = 1, the measurement 

of velocities of galaxies at z = 2 will be possible only if the technical capabil­

ities of these new instruments are pushed to their limits and if there is in addi­

tion an evolutionary brightening of galaxies by - 2 magnitudes. 

2.2. The next best approach is to study the distribution of the absorption lines 

of metals in quasar spectra. The numerous Lya lines are unsuitable because the 

nature or the objects producing them is unknown. With the metal absorption lines, 
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we are rather certain to be dealing with galaxies. Resu£ts on the distribution of 

absorption lines and possible discrepancies from a Poissonian distrtbution are 

presented below. 

2.3. The third approach is to study the distribution of quasars on the sky and 

in z and ~ that quasars are, at all epochs (regardless of redshift8 and ab­

solute luminosities), markers of the distribution of galaxies. 

3. Results on the distribution of quasars, and on the distribution of 

absorption lines in quasar spectra 

From analysis of catalogues of quasars and of complete quasar samples, clustering 

on co-moving scale has been detected for z = 1.5 at the 5 cr level (SHANKS et al. 

[4]; CHU and FANG [5]). The clustering at z < 1.5 is found to be twice that at 

z > 1.5, with a significance of 2 cr (Kruszewski, this volume; Iovino and Shaver, 

preprint). 

Several remarkable groupings at z > 1.5 are known. We outline here the char­

acteristics of the most interesting ones. 

3.1. The triplet of quasars near MB2. The three quasars lie in a circle 3.6 

arcminutes or O.B Mpc diameter and have z = 2.04B, 2.054 and 2.040. The signif­

icance of having these three quasars so close in the sky and in red shift is highly 

significant. The probability of chance occurrence is < 10-4 (BURBIDGE et al. [6]) 

and suggests that at least one supercluster existed at z = 2 (see also OORT [7]). 

3.2. The field of Tololo 1037-27. The study of this field was initiated by 

the discovery of the remarkably rich absorption line spectrum of the brightest 

quasar in the field, Tol 1037-2704 (m = 17.4), by ULRICH and PERRYMAN [B], who 

suggested the possibility of a super cluster on the line of sight to this quasar. 

The emission redshift is 2.2 and 5 CIV absorption line systems with rest equiv­

alent width larger than 0.3 A, are found in the range 1.9 to 2.15. 

Then the second brightest quasar, Tol 103B-2712 (zem = 2.33) was observed spec­

troscopically and it was found that it also had five absorption line systems in 

the same redshift range. The two quasars are at 17!9 arc minutes apart or 4 Mpc 

(H = 100, qo = 0.5). Considering that the average number of absorption lines with 

rest equivalent width (Wrest) larger than 0.3 A at z ~ 1.7 is 1.5 per unit red­

shift interval, the number of absorption lines seen in each of the two quasars 

Tol 1037-2704 and 103B-2712 is highly improbable (~4x10-4) (JAKOBSEN et al. [9]). 

However, in both quasars the two absorption lines with highest redshifts are 

broad and complex. Thus perhaps, they are intrinsic to the quasars and represent 

material that each quasar has ejected, in which case they must not be included in 

the statistics of absorption lines assumed to represent intervening galaxies. On 
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the other hand, perhaps, the lines are broad and complex because they are in fact 

a blend of absorption lines caused by individual galaxies in a cluster. 

If the two absorption lines with the highest redshifts in each of the two 

quasars are caused by ejected gas then there remain 3 absorption lines in each 

quasar spectrum with Wrest ~ 0.3 A in the internal ~ = 0.15. The probability of 

finding such a grouping is 10- 2 in each line of sight. Other quasars in the same 

field have been observed and five more emission lines and absorption lines have 

been found in the same redshift range 1.85 to 2.15 where appear the absorption 

lines in Tol 1037-2704 and Tol 1038-2712. This is summarized in Table 1. 

Number* 

19 

Table 1 

Emission and Absorption Line Redshifts of Quasars 
in the Field of Tololo 1037-2704 and Tololo 1038-2712 

in the Range of Red shift 1.85-2.15 

Name** Ref. zem zabs 
Tololo ••• 

1037-2704 1,2,3,4 2.23 1.912 1.972 2.0289 2.08 
complex 

2.13 
complex 

22 1038-2712 1,2,3,4 2.32 (1 .85) (1 .89) 1.956 2.014 2.08 2.146 
trough broad 

23 1038-2707 3,5 1.92 1.89 
broad 

21 1037-2742 3 1.88 spectrum of insufficient quality for 
absorption line detection 

16 1035-2737 5 2.15 1.98 2.125 

7 1033-2653 5 2.42 no absorption in fairly good spectrum 

17 1036-2713 5 3.09 CIV in spectral range 1.85-2.15 falls 
Lya forest 

*) Numbers refer to numbering sequence in BOHUSKI and WEEDMAN [10]. 

**) 1037-2704 means 10h37m -27 0 04' 

References: 1. ULRICH and PERRYMAN [8] 
2. JAKOBSEN et al. [9] 
3. SARGENT and STEIDEL [11] 

4. CRISTIANI et al. [12] 
5. JAKOBSEN et al. [13] 

in 

If the quasars and the galaxies producing the emission lines and the absorption 

lines are physically associated, then they are in a supercluster whose dimension 

are: - 10 Mpc in projection on the sky, and - 40 Mpc along the line of sight (this 

latter figure coming from the spread in redshift 1.85-2.15 and H = 100 km s-l/Mpc, 

qo = 0.5). These dimensions are consistent with the sizes of superclusters in our 

vicinity at the present epoch. The elongation of the supercluster along one dimen-
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sion - here along the line of sight - can be understood if most galaxies are dis­

tributed in sheets forming the thin walls of vast adjacent bubbles and if we are 

looking along the interface between two bubbles (STEIDEL, SARGENT and BOKSENBERG 

[14]). Some evidence for such large bubbles have been found at low redshifts by DE 

LAPPARENT, GELLER and HUCHRA [2]. 

4. Clustering of absorption lines in quasar spectra 

The CIV doublet at A 1548, 1550 A is the strongest metal absorption line observ­

able in the optical range for redshifts larger than 1.5. The first step in a study 

of the clustering of metal absorption lines in quasar spectra is to obtain optical 

spectra of a large number of quasars, with a well defined limit for the rest 

equivalent width of the CIV doublet. In each quasar spectrum the useful range of 

wavelength is between the CIV emission line and the Lya emission line since at 

wavelengths shorter than Lya, the CIV doublets are practically lost in the dense 

Lyman-a forest. The next step is to compare the number of systems observed along 

each line of sight to that expected for a Poisson distribution with the same mean 

number of systems per line of sight. One can note that if galaxies are distributed 

in large structures which are not 3-dimensional - e.g., sheets or filaments - then 

one expects some occurrence of a large number of absorption systems along the 

line of sight corresponding to the cases where we are looking along such large 

structures, thus violating Poisson statistics. To apply the "Poisson" test one has 

to assume that, in first approximation, there is no evolution in the number dens­

ity of absorption systems per unit redshift in the interval of redshift covered by 

the sample. 

At present the largest and best quality sample of quasar spectra suitable for a 

study of the clustering of the metal absorption lines is the one which has been 

assembled and which is being analyzed by Sargent, Boksenberg and Steidel (1988, in 

preparation). Preliminary results can be summarized as follows: The sample con­

tains 57 quasars which have all been observed spectrographically with a limiting 

rest equivalent width of the CIV A 1548, 1550 doublet of 0.15 A. 

The interval of redshift adequately covered by the sample is 1.5 < z < 3.4. The 

average number of absorption lines with Wrest) 0.15 A per interval of redshift 

6z = 1, is 2.135. 

The number of absorption systems per quasar spectrum is consistent with a 

Poisson distribution except for a tail consisting of 2 quasar spectra which each 

have 6 systems. The number of such spectra expected with a Poisson distribution is 

0.3, corresponding to a rejection of the Poisson distribution hypothesis with 

~ 95% confidence. 

Moreover, for the 2 spectra which have 6 absorption systems one has 5 systems 

within ~z = 0.32 and the other has two groups of 3 systems with ~z = 0.17 and 
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~z = 0.15. These two distributions of absorption lines are similar to that which 

is found in Tol 1037-2704 and Tol 1038-2712, suggesting that such distributions 

are not as rare as might be expected if the absorbers were to be randomly distrib­

uted on large scales (STEIDEL, SARGENT and BOKSENBERG [14]). 
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An important problem in the theories of galaxy formation is the evolution of density 
inhomogeneities in the regime where perturbation theory fails. Here, several exact solutions 
of the equations of Newtonian hydrodynamics for self-gravitating matter are discussed, that 
provide models for the "pancake"-collapse, for flat, one-dimensional structures with non­
vanishing gas pressure and for a "pancake"-like collapse with pressure in two dimensions: 
The general exact solution for vanishing pressure and two vanishing eigenvalues of the 
expansion tensor is derived, modeling a highly anisotropic collapse on large scales. It is 
also shown that all nonlinear plane-wave solutions in an isothermal gas can be generated 
by a sine-Gordon equation, leading to soliton solutions for the gravity system. A two­
dimensional solution with gas pressure is obtained by conformal transformations from the 
hydrostatic equilibrium showing a "pancake"-like collapse on certain hypersurfaces which 
are determined by the nodal lines of a two-dimensional Laplace equation. 

1. Introduction 

There are several scenarios to explain the evolution of structure in the universe 
([1],[2],[3],[4],[5]) differing mainly by the assumptions on the dominant matter content 
in the universe (baryons or dark matter), the initial conditions and other physical proces­
ses which single out different length scales on which the clustering of matter occurs first. 
But all the scenarios have in common that gravity is the driving force for the evolution 
of clumpiness. In an early stage, prior to the recombination era, the matter is supposed 
to be almost homogeneously distributed with small wrinkles in the density superimposed 
on this homogeneous, isotropic background. In this stage for which the fractional density 
contrast 6 (6 == £:::..eJJ.., where P is the true density and Po is the density of the background) 
is small compared'to one, the growth of density fluctuations is well described by the linear 
theory of perturbations on a Friedman-Robertson-Walker background [5],[8], [9]. After re­
combination density inhomogeneities must reach a regime where 6 > 1, since for instance 
the density contrast on galactic scales today is about 105 • For 6 > 1 perturbation theory 
clearly breaks down and another method has to be employed to describe the evolution 
taking account of the inherent nonlinearities of gravitational systems. Numerical N-body 
simulations are used to tackle this problem [6],[7]. There is also an analytic approach 
by Zeldovich ([10],[11],[12]) based on an approximate solution of the gravity system with 
zero pressure that lead to the so-called "pancake"-scenario, realized either by a baryon­
dominated model or a model with hot dark matter [13],[16]. Zeldovich predicted that the 
evolution of density fluctuations on large scales generally gives rise to flat, "pancake" -like 
objects, for which the motion of matter is primarily in one direction. These analytic claims 
were corroborated by numerical calculations [14],[15]. 

Since velocities and gravitational fields involved in this process are comparatively 
small, Newtonian gravity as a limiting case of Einstein's theory of gravitation is appropriate 
and will be used for all calculations in the sequel. Denoting the velocity field, the density, 
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the pressure and the gravitational acceleration by u, p, p, g, respectively, the basic equations 
of Newtonian hydrodynamics read: 

Pt + V· (up) = 0 
_ (_ '")_ _ Vp 
Vt + V· v V = g - -

p 

V·g = -p 

Vxg=O 
p;::: 0 

'* g=-V~ 

(la) 

(lb) 

(le) 
(ld) 
(le) 

The hydrodynamic equations may be used for the description of baryonic matter as well 
as for weakly interacting particles (dark matter) on scales large compared to the mean free 
path, if one identifies the square of the speed of sound ~ with the velocity dispersion. 
For small scales a refined description by means of distributIon functions has to be adopted 
(Vlasov-equations) [171. 

In this context we do not refer to a particular scenario of galaxy formation, but 
investigate the system (1) by constructing exact solutions based on assumptions which are 
supposed to reflect some generic features present in any scenario of gravitational collapse. 

In section II. the fact that the gravitational collapse in its late stages is highly anisotro­
pic is modelled by the idealized assumption of two vanishing eigenvalues of the expansion 
tensor. The general solution with p = 0 and rotation-free velocity field can be derived, 
whereby the density still depends on three spatial coordinates without being invariant 
under some symmetry transformations [191. 

Plane-symmetry is an idealization suitable to describe objects for which the spatial 
variation of all quantities is large in one direction compared to the typical length scales 
in the other two directions. In the "pancake"-collapse pressure forces begin to counteract 
gravity in a stage where the typical scale of density variations in the direction of most 
rapid contraction is of the order of the Jeans-length. In section III. it is shown that all 
nonlinear plane-wave solutions of (1) with an isothermal equation of state can be generated 
by a sine-Gordon equation, by means of which it is possible to construct soliton solutions 
of (1) [321. 

Section IV. deals with a two-dimensional solution of (1) with pressure exhibiting an 
interesting collapse behavior. The matter piles up only on certain hypersurfaces determined 
by the nodal lines of a two-dimensional Laplace equation. 

n. An exact model of the "pancake"-collapse 

In a baryon-dominated model or a universe filled with hot dark matter (e.g. massive 
neutrinos) damping scales (photon-viscosity in the baryonic case, "free-streaming" for neu­
trinos) determine the size of objects that collapse first after recombination. In both cases 
the typical mass associated with these damping scales is of the order of 1013 - 1015 Me 
at recombination, much larger than the Jeans-mass which is I':i 106 Me at that time. This 
justifies the assumption of vanishing gas pressure for the description of objects of cluster 
and supercluster size. The rotation of the velocity field is also assumed to be zero, since 
there are no large scale rotations observed in superclusters of galaxies. Moreover, linear 
perturbation theory predicts initial vorticity to decay in the course of the evolution. The 
third assumption on which the following solution of (1) is based, is the vanishing of two ei­
genvalues of the expansion tensor Oij which is defined as the symmetric part of the velocity 
gradient 
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(2). 

Wij is the antisymmetric part and vanishes for zero vorticity. aij is the trace-free part of 
eij describing a volume preserving distortion of fluid elements and e is the trace of eij. 

Since the eigenvalues of eij are the expansion rates along the eigendirections in each fluid 
element, this assumption means that every fluid element contracts/expands in one direction 
only which in general can vary from fluid element to fluid element. This is a possibility to 
model anisotropic motions dominant in a certain region in the late phase of the collapse. 
It is possible to derive the general solution of (1) under these three assumptions. 

To obtain solutions of (1) with p = ° it is useful to transform from Eulerian coordinates 
Xi to Lagrangian coordinates Xi (i = 1,2,3) defined as the labels of the integral curves 
x = [(X, t) of the vector field 

df - - 'I dt =v(f,t) J;(X,O)=Ji=,Xi (3) 

It or equivalently a "dot" denotes the total derivative along the path of a fluid element 
at + v· V. The dynamics of the flow is completely determined by this map f;: Xi 1-+ 

f;(X, t) between Eulerian and Lagrangian coordinates. The derivative Jik = :11. and its 
determinant J = det(Jik) obey the following evolution equations: 

. aVi . 
Jik = -a Jik, J = (V. if) J (4). 

Xi 

With (4) the continuity equation (la) is easily integrated 

po(X) 
P=-­

J 
(5). 

po{X) is an arbitrary function specifying the initial (t = 0) density distribution since 
J(t = 0) = 1 for f;(X,O) = Xi. The Euler equations (lb) read 

(6). 

Then (ld) and the Poisson equation (lc) can be completely written in terms of the map 
Ii- Denoting the functional determinant of any three functions h1 (X, t), h2(X, t), h3 (X, t) 
by 

D(h h h) = a(h1> h2' h3) 
1, 2, 3 - a(X X X) 1> 2, 3 

(7) 

inserting (6) and (5) into (lc) and (ld) yields four equations that contain only f; and Po: 

fpqljD(iiJ,!p,fq) = ° 
1 .. 
2fabcD(fa, fb,!c) = -Po 

(8a) 

(8b). 

Eabc is the totally antisymmetric tensor in three dimensions. (8a) may be considered as 
three evolution equations for f; and (8b) as a constraint, since Po is arbitrary and has 
only to satisfy Po = 0. From a solution of (8) one can recover the original variables gi, 
Vi via the relations gi = ii, Vi = ii and the density via (5) with J = D(h, /2, f3)' The 
transformation back to Eulerian coordinates is obtained by solving Xi = f;(Xi' t) for Xi 
which is possible as long as J =1= 0. The singularities of the transformation J = ° {:} p -+ 00 

are associated with the "pancakes" in Zeldovich's scenario [21]. 
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In order to see what the assumption of two vanishing eigenvalues of Oij implies, one 
considers one fluid element labeled by Xi whose path is 

1: t ~ /i(Xi,t) (9). 

In general the evolution equation for a vector ni connecting two infinitesimally seperated 
fluid elements X~, X~ + 6Xi along 1 is ([18]) 

(10) 

Now, if nj is an eigenvector of Oij and if Wij = 0, then from (10) follows it; = 0 . Thus, 
for rotation-free motions the eigenvectors of Oij do not change along a path 1. This allows 
one to fix a coordinate system at t = 0 in which Oi; is diagonal and remains diagonal for 
t > o. Note that this coordinate system is different for different fluid elements. From (4) 
one deduces that Jik remains also diagonal along 1 if Oij is diagonal and if Jik(t = 0) = Oik. 
Then, it is easy to check that in this case the evolution equations (8a) for Ii are identically 
satisfied along 1 if Oijl'l = diag(OI,O,O). (8b) yields 

(11) 

implying 
(12). 

Since these considerations hold on each "{ and the transformations relating different coor­
dinate systems in which Oij is diagonal on different paths are linear, one has the general 
form for the time dependence of the map Ii 

(13). 

Vi, iii are the initial conditions (t = 0) of Vi, gi, respectively, which still are constrained by 
(8). The remaining task is to plug (13) into (8) and solve the resulting 17 equations for 
the six functions Vi, iii. The equations and the lengthy calculation to solve them can be 
found in [191. The result is the following: 

VI = F(iid, V2 = HUh), Va = K(iid 

iiI = E(XI + A'X2 + B'Xa), ih = A(iid, iia = B(iid 

F'A' = H', F'B' = K' 

(14a) 

(14b) 

(14e). 

F,H,K,E,A,B are arbitrary functions of one argument. Since (ld) guarantees the existence 
of a potential ~ defined by iii = -~ ,Xi the constraints (14b) for iii can be expressed in 
terms of equations for ~ whose solution is 

~ = o:XI + A(o:)X2 + B(o:)Xa + C(o:) 

0= Xl + A'(o:)X2 + B'(o:)Xa + C'(o:) 

For the prove of (15) see [191. 

(15a) 
(15b). 

Finally one can write down the complete solution of (1) for p = 0, V x V = 0 and two 
vanishing eigenvalues of Oij: 
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Po 
P = l' 

1 + F' Pot - '2Pot 2 

-(1 + A,2 + B'2) 
Po = A"X2 + B"Xa + Gil 

Vl = F(a) - at, 

V2 = H(a) - A(a)t, 

Va = K(a) - B(a)t, 

H' = F'A', 

gl =-a 

g2 = -A(a) 

ga = -B(a) 

K' = F'B' 

1 2 
Xl = Xl + Ft - -at 

2 
1 2 

X2 = X2 + Ht - 2At 

X3 = X3 + Kt - ~Bt2 
2 

o = Xl + A'(a)X2 + B'(a)X3 + G'(a) 

(16a) 

(166) 

(16c) 

(16d) 

(16e). 

A particular solution is determined by a choice of the four functions A,B,C,F. (16e) gives 
a(X) and H,K are determined by (16c). The inversion of (16d) yields the solution in 
Eulerian coordinates ii. 

Setting 112 = 113 = 0 {:} H = K = A = B = 0 leads to the general one-dimensional 
dust solution of (1) since G and F are still free functions of one variable that can be fixed 
by an arbitrary choice of P and v at t = 0 [20]. 

For Po > 0 there exists always a finite time te = F' + ;0 J P5F' + 2po for which 
J(t = te ) = O. Therefore, every particle hits a hypersurface of infinite density in a finite 
time. For F' = 0 tc is simply the free-fall time. The expansion fJ = Trace(fJij) measuring 
the rate of change of a fluid element's volume is given by 

fJ = (F' - t)p (17) 

If F' > 0, during the time intervall 0 ~ t ~ F' the corresponding fluid element expands 
fJ > 0, but no matter how large F' is, this expansion turns always into a contraction at 
t = F'. 

An important information on the density distribution (16a) is contained in the pro­
perties of the level surfaces 

P = const. (18). 

(18) may be viewed as an implicit representation of a two-dimensional hypersurface in 
Eulerian space. With a function M(a) defined by M'(a) == I+A'2 +B'2 (18) reads simply 

M" = M'a" = const. (19). 

It turns out that the Gaussian curvature Kg of (18) is negative for any choice of initial 
conditions and for t ~ 0: 

a 6M4 2 
Kg = - " " [Bill A" - Alii B"] I -M4 p-eonst. 

"" 
(20) 
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III. Nonlinear plane waves and the sine-Gordon equation 

Having collapsed down to an extent of the order of the Jeans-length, pressure forces 
can no longer be neglected in the evolving "pancake"-like objects. Since in this phase of 
the collapse the motion is already almost one-dimensional in a large part of space one can 
assume that all quantities p, p, g = (g(x,t),O,O), v = (u(x,t),O,O) depend on one spatial 
coordinate x and time t only. It is shown in this section that under these simplifying 
assumptions and for an equation of state 

p = "tP, "t = canst. > ° (21) 

the system (1) can be reduced to a sine-Gordon equation ([32]), which in turn is solvable 
by an "inverse-scattering" transformation [25],[26],[28]. The sine-Gordon equation has two 
salient features: the existence of solitons (almost elastically interacting localized humps) 
and a definite asymptotic behavior that is independent of the initial conditions. It turns 
out that for subsonic motions this asymptotic behavior carries over to the gravity system. 
Arbitrary non-characteristic initial data decay into a superposition of solitons for t -+ 00. 

All solutions of the 1-d version of (1) with (21) generated by all possible one- and two­
soliton solutions of the sine-Gordon equation can be constructed explicitely. It has been 
conjectured by Liang and Barrow ([4],[24]) that such soliton structures might exist also in 
gravity systems (see also [22], [23]). 

Firstly, one transforms (1) with all quantities depending on (x, t) to characteristic 
coordinates (>',p,) defined as the labels of the two characteristics running through each 
point in the (x, t)-plane: 

>. = canst. 

p, = canst. 

Transforming the gravity system to (>.,p,)-coordinates yields 

xp.=(u+~tp. 

x,\ = (u-~t,\ 
1 

pUp.+ [2y1'Y g2 + yl'YpJ,p. = ° 
1 

-pu'\+(2y1'Yg2 + yfYp],,\ = ° 
gp. = -yfY P tp. 

g,\ = yfY P t,\ 

(22). 

(23a) 
(23b) 

(23c) 

(23d) 

(23e) 

(231). 

It can be shown in general ([31]) that the initial value problem for the 1-d version of (1) 
is equivalent to the corresponding initial value problem of the characteristic system (23). 
One of the equations (23e,f) is redundant since (23) are six equations for the five functions 
p(>.,p,), u(>',p,), g(>.,p,), x(>.,p,), t(>.,p,). With a new variable R == lnp the integrability 
conditions for u(>.,p,) and t(>',p,) derived from (23c,d) and (23e,f) yield two second order 
equations for Rand g 

(24a) 

(24b) 
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Multiplying (24a) with g~ and g>., respectively, one gets two linear equations for g! and 
g~ whose solutions contain two arbitrary functions of A, p,. Since (23) is invariant under 
a relabeling of the characteristics A -+ f(A), p, -+ h(A) it is possible to choose the free 
functions in the solution of (24a) such that 

(25) pluged into (24b) yields one second order equation for R: 

R>.~ = -~V4 -R~V4 - R~ 
To solve (26) one introduces two new dependent variables a(A,p,), P(A,p,) 

a+p 
R>. = 2cos(-2-) 

p-a 
Rp. = 2cos(-2-) 

(25a) 

(25b). 

(26). 

(27). 

(27) imposes no restrictions on R since g and R have to be real, see (25), (26). From (26) 
one derives two first order equations for a, p: 

1 P - a 
2(a~ + Pp.) = sin(-2-) 

1 . a+p 
-(P>. - a>.) = sm(--) 
2 2 

The integrability conditions for a, P following from (28) are 

aA~ = sin a, P>.p. = sinp 

(28a) 

(28b). 

(29). 

(28) is nothing else than the auto-Backlund transformation of the sine-Gordon equation 
(29) mapping solutions of the sine-Gordon equation onto itself ([27], [29], [30]). 

The recipe to produce a solution to the gravity system in 1-d is as follows: start with 
any solution of the sine-Gordon equation, say a, generate a second one P via the Backlund 
transformation (28), then all the original quantities p, g, u are determined by the following 
quadratures: 

a+p 
R>. = 2cos(-2-) , 

p= eR 

. ~.l.R • (a+P) gA = -y2"fe 2 sm -2- , 

1[ 1 2 ] 
U>. = p 2..;;:yg +..;;:yp ,A , 

p-a 
Rp. = 2coS(-2-) 

(30a) 

(30b) 

(30c) 

(30d) 

(30e) 

A disadvantage of solving differential equations in characteristic coordinates is the depen­
dence of the transformation (:c, t) +-+ (A, p,) on the solution itself which makes it impossible 
in general to relate a region in (A,p,)-space to the corresponding region in (:c,t)-space wi-
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thout already knowing the solution. Especially initial data for the gravity system can not 
be related to initial data of the sine-Gordon equation without having worked through all 
the quadratures (30). But fortunately the whole variety of solutions of the sine-Gordon 
equation can be divided into two classes: the solitons and the so-called radiation part 
which correspond to the discrete and continuous spectrum, respectively, of the eigenvalue 
problem associated with the sine-Gordon equation via the" inverse-scattering" procedure. 

Another prominent feature of the sine-Gordon equation is its asymptotic behavior. 
The sine-Gordon equation divides the (A, f-t )-plane in two causally disconnected regions 
whose boundary is the" lightcone" A 2 - P, 2 = 0 with A = A + J-L, P, = A - J-L. For p, ~ 00 the 
solution of the sine-Gordon equation decays into a superposition of solitons if the initial 
data are given in the region p,2 - A2 < O. Because of the symmetry ex ~ -ex,>' _ p, this 
holds also for >. ~ 00 if initial data are given in p,2 - A2 > O. For the gravity system one is 
interested in the behavior of the solution for t ~ 00 on curves x = const. if initial conditions 
are prescribed on curves t = const .. Thus, the question is, under which conditions do the 
curves x = const. and t = const. lie in causally different regions in the (>',jl)-plane? The 
modulus of the tangent vector of the curves x = const. in the (>., jl)-plane endowed with a 
Minkowski metric is 

A2 A2 2 1 (2 )1 f-tt - At = ..fi J u -, x=const. 

where J is the Jacobian of the transformation between (x, t) and (A, f-t)-coordinates. 
modulus of the tangent vector of the curves t = const. in the (A, p,)-plane is 

A2 A2 2 1 
J-L x - Ax = ..fi J It=const. 

(31) 

The 

(32). 

Therefore, the curves on which initial data are given and the curves on which the 
asymptotic behavior is investigated lie in causally different regions only if the sign of (31) 
and (32) is different. This is obviously true for subsonic flows u2 <,. In this case the 
behavior of the physical quantities in the asymptotic region t ~ 00 is obtained by letting 
p, ~ 00 in the parametric representation ofthe solution of (30) provided that (u2_,)} > o. 
Otherwise t ~ 00 corresponds to A ~ 00. This means, for subsonic flows the solution of 
the gravity system in the region t ~ 00 is essentially generated by the asymptotic form 
of the solution of the sine-Gordon equation, namely a linear superposition of N solitons. 
In the discussion of particular solutions generated from all possible two-soliton solutions 
of the sine-Gordon equation it can be shown that a solution of two moving solitons of the 
sine-Gordon equation indeed produces a solution with two moving humps of matter. For 
the case of N solitons one can expect that this produces also a N-soliton solution of the 
gravity system. The sole imprint of initial conditions is the number of remaining solitons 
N and the amplitude distribution. 

We now come to a brief discussion of particular solutions (see [32]) constructed from 
all the possible two-soliton solutions of the sine-Gordon equation. Since the associated 
eigenvalue problem in the" inverse-scattering" procedure is not self-adjoint there exist not 
only two solitons with non-vanishing relative velocity but also bound states of two solitons 
(" breather" ) . 

The one-soliton solution: Starting with the trivial solution ex = 0 the Backlund trans­
formation (28) produces a kink f3 = 4 arctan( eJL+>') and the quadratures (30) yield: 
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p = Asech2 [~(x - !tot)], A = const. 

!t = !to = const. 

(33) 

g is obtained from go; = -po (33) is a single hump in the density moving with a constant 

velocity !to. The typical nonlinear feature is the dependence of the width {'ij on the 
amplitude A (this is similar to the KdV-solitons). The density in (33) is nothing else than 

the hydrostatic equilibrium in 1-d transformed into a frame moving with velocity !to. An 
analysis of linear perturbations of (33) shows that this one-soliton solution is marginally 
stable for arbitrary amplitudes A (see [32]). 
The two-soli ton solution: If ex is the one-soliton solution of the sine-Gordon equation, 
fJ is the two-soliton solution containing a new constant E which is the relative speed of the 
two kinks in the (>',JL)-plane. The corresponding solution of the gravity system can be 
constructed explicitly. Since it consists of very lengthy expressions it will not be written 
down in this summary (see [32]). An analysis of the local extrema shows that the two 
kinks indeed generate a solution with two humps in the density moving with different 
non-constant velocities. The speed of the minimum between the two humps is constant 
and determined by E. The amplitude of the two solitons changes during their motion but 
reaches asymptotically a constant value. The relative velocity tends to zero asymptotically. 

Since 0: and fJ do not enter the quadratures (30) and the Biicklund transformation (28) 
symmetrically, an exchange of two solutions of the sine-Gordon equation that are related 
via (28) might produce a different solution to the gravity system. But (28) is invariant 
under 

0: H fJ, >',JL -. ->,,-JL (34). 

(34) applied to the pair 0:, fJ which generated the single soliton (33) yields simply the 
homogeneous 1-d solution for which Po; = 0 ([32]). 
Pulse on a homogeneous background: (34) applied to the two-soliton solution produces 
a solution of the gravity system which can be interpreted as a single pulse moving on 
a homogeneous background. The remarkable property is a diverging density p -. 00 

occurring after a finite time that depends on the background quantities and the amplitude 
of the pulse. 
Breather I: Only the limiting case of the bound state of two solitons for which the 
oscillation frequency is infinite is related to a real solution of the sine-Gordon equation via 
(28). The corresponding solution of the gravity system represents a single hump at rest 
onto which two smaller pulses collide symmetrically. The three local maxima are separated 
by discontinuities in the density gradient. 
Breather II: (34) applied to the set of solutions of the sine-Gordon equation that ge­
nerated the "breather I" yields a completely different solution for the gravity system. It 
exists only in a finite range of the (x, t)-plane and may be interpreted as a layer of gas 
that is trapped between two surfaces of infinite density located at x = ±~. The local 
minimum between these two planes is 4A, A = const .. 

IV. Two-dimensional solution with pressure 

In this paragraph a two-dimensional (translationally invariant in one direction), time­
dependent solution of (1) is generated from the hydrostatic equilibrium by means of time­
dependent conformal transformations. It exihibits an interesting collapse behavior on 
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special hypersurfaces determined by the initial conditions. It might serve as a model for 
collapsing, elongated structures with non-vanishing pressure. The assumptions about the 
symmetry imply v = (u.(x,y,t),v(x,y,t),O), pz = 0, gz = o. The equation of state shall 
be again (21). 

We start with the hydrostatic equilibrium in two dimensions determined by 

-1.'1> t.... 0 p = ce .., , c = cons., v = (35). 

(35) is a Liouville-equation for q; whose solutions can be mapped to the solutions of a 
two-dimensional Laplace equation. On account of p > 0 the solutions can be represented 
as 

(h2 + h2) - 2 Z 1/ 
P - 'Y cosh2 (h) , l::>.h = 0 (36). 

Next, we apply a time-dependent conformal transformation 

x = n(x,y,t) , y = "Ill (x, y, t) 

(37) 

to the Liouville equation (35) which is invariant if q; is transformed like q; - q; + 'Y In J 
where J is the Jacobian of (37): J = n~ + n~. If the equilibrium is assumed to be 
maintained under (37) p has to be transformed like 

(h~ + h2 ) 
P = 2'VJ g with hu + hgg = 0 (38) 

, cosh2 (h) . 

(38) inserted into the continuity equation yields three equations for n, "Ill and J which are 
all satisfied if the velocity field is given by 

(39) 

These expressions for 1£, v plugged into the remaining Euler equations determine finally 
the form of the conformal transformation (37). It is much easier to work in the complex 
coordinates z = x + iy, z = x - iy. Then the solution of the Cauchy-Riemann equations 
(37) is 

(40) 

and (39) reads 
v = ~[&l _ &2] 

2 a~ a~ 
(41). 

("prime" and "dot" denote derivatives with respect to z or z and t, respectively). The 
Euler equations are satisfied for (41) if al(z,t) fulfills the following evolution equation: 

(42) 

Since the conformal transformation must be real a2 is simply the complex conjugate of al. 
It can be shown with the help of a Legendre transformation that the general local solution 
to (42) is given implicitly by 
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(43). 

F, G are arbitrary. The complete solution contains three free functions F, G and h(x, fi) 
as a solution of a Laplace equation. A special choice of F, G determines a1 via (43), this 
in turn fixes tI., v via (41) and p is given by (38) with J = 4a~a~, a2 = iiI, 

All the free functions involved in this solution are solutions of a two-dimensional 
Laplace equation. To extract general properties it is more useful to represent these free 
functions as Fourier serieses: 

co 

h = L Ai cosh(x;ix) sin(x;ifi) + Bi cosh(wix) sin(wifi) + ..... . (44) 
i=l 

Ai,Bi, ... X;i,Wi,'" = const. 

If a1 is expanded like (44) then it is easy to see from (38) that the density diverges for 
x, y -+ ±oo on the lines where h = O. To avoid such a behavior one uses simply a Fourier 
expansion for a1 which is deduced from an expansion in terms of products of sinh, cosh, 
sin, cos by an inversion with respect to the unit circle in the (x, y)-plane: 

~ . (ki) (ii) (mi) . (ni) a1 = ~ aismh - + bi cosh - + CiCOS - + dism -
. z z z Z 
1=1 

(45) 

where the coefficients ai, ... ki, .. , can still depend on time. Such a a1 produces a p (38) 
that is well behaved in the whole (x, y)-plane. The time dependence of the coefficients is 
determined by the evolution equation of a1 (42). (45) inserted into (42) yields an infinite 
set of ordinary differential equations that are solved by 

ki ex: ii ex: mi ex: ni 

ai, bi, ci, di = const. 

(46a) 

(46b) 

(46c) 

Since all the coefficients ki' ii, mi, ni grow linearly in time, a1 and h and its derivatives 
grow exponentially, but p (38) decreases for t -+ 00 at all points where h =1= 0 because of 
the additional exponential in cosh-2 (h). But at all points where h = 0 cosh(h) = 1 and 
the growth of a1 is not compensated by the more rapidly decreasing cosh -2. In general 
this solution describes the collaps of matter on particular hypersurfaces given by h = O. 
The density is finite in the whole (x, y)-plane anli decays for t -+ 00 at all points where 
h =1= O. 

This interesting behavior is best illustrated by means of a special example. Let 

F = -2ca1, G = -2a1 c = const. 

h = acosh(qi) sin(qg) , q = ~ b In(x2 + y2) a, b = const. 

then the density in x, y, t coordinates reads: 

( ) 2 (ct+1)2 [. h2 (bx(ct+1)) 2 (by(ct + 1))] 
p = 2,,/ ab (2 2)2 sm 2 2 + cos 2 2 X 

X +y x +y x +y 
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h2 [ h(bx(ct + 1)) . (by(ct + 1))] x sec a cos 2 2 sm 2 2 
X +y x +y (47) 

On the hypersurface y = 0 (47) is 

(ct + 1)2 (b ) p(x, y = 0, t) = 2-y(ab)2 x4 cosh2 ;(ct + 1) (48). 

For x,y - ±oo p falls off to zero and decays for t - 00 everywhere except at y = O. (48) 
shows that p(x,O,t) grows like 

2 al!ll p ___ te z • 

In three dimensions this means that the matter piles up only on the plane y = o. 
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