
LA-7092-MS
Informal Report Special Distribution

Issued: January 1978

Fluctuations of Quasars and Other Astronomical Sources:
Final Report on New Research Initiatives Program W-210

James Terrell

losvValamos
scientific laboratory

of fho University of California
LOS ALAMOS, NEW MEXICO 97545

I \
An Alfirmativ* Aclion/Equal Opportiriily Employer

UNITCO ITATII
DIMItTMBNT OF INIIIGV
CONTRACT W-T40I-BNO. If



FLUCTUATIONS OF QUASARS AND OTHER ASTRONOMICAL SOURCES:
FINAL REPORT ON NEW RESEARCH INITIATIVES PROGRAM W-210

by

James Terrell

ABSTRACT

New Research Initiatives Program W-210 pro-
duced a number of scientific results, publica-
tions, colloquia, and talks. Investigations
under this program dealt with power spectra of
fluctuating light sources, the apparent expan-
sion rates of astronomical sources exploding at
relativistie speed, the limits on fluctuation
rates of such expanding (and nonexpandlng) light
sources, and related matters. Probably the most
important result was a study of the time history
of such an exploding light source, which showed
that a widely held belief that unusually rapid
fluctuations of light output would be produced
in this case is not correct. This result has an
important bearing on the interpretation of the
redshifts of quasars and BL Lac objects, indi-
cating that cosmological distance is very diffi-
cult to reconcile with the observations of rapid
variations of luminosity. These results, and
the power-spectrum results, are also of con-
siderable interest in the study of astronomical
X-ray sources.

I. SUM4ARY OF ACTIVITIES

Thit report « u prepared u in account of work
jpotisored by (he United States Government. Neither the
United Sutei not the United States Department of
Energy, not toy of their employee!, rtor iny of their
contractor*, subcontractors, or their employees, imlcei
any warranty, express ox implied, or assumes toy lefal
liability or responsibility for the accuracy, comptetentu
a usefulness of my information, appantw, product or
process disclosed, or represents dial its use would noi
Infringe privately owned rights.

A. Introduction

The physical limits on luminosity fluctuations of astronomical sources such

as quasars, BL Lac objects, and X-ray sources have been investigated, during the



period July 1975 - September 1977, under the New Research Initiatives Program

authorized by the Director of the Los Alamos Scientific Laboratory, H. M. Agnew.

Particularly of interest were the properties of power spectra of such fluctua-

tions, the limits on fluctuation rates of relativistically expanding (and non-

expanding) light sources, and the apparent expansion rates of such exploding

sources. A number of papers on these subjects were produced and published,

talks were given at a number of meetings, and a number of invited colloquia were

presented on these investigations.

Perhaps the most important of the meetings taicen pait in was IAU (Inter-

national Astronomical Union) Colloquium No. 37 on Bedshifts and Expansion of the

Universe, held in Paris in September 1976 Jointly with a CNRS (Centre National

de la Recherche Scientifique) colloquium on The Evolution of Galaxies and its

Cosmological Implications. The principal investigator, James Terrell, had the

honor of representing the Los Alamos Scientific Laboratory (LASL) and presenting

an invited paper at this limited-attendance international meeting. A summary of

the new results presented at this colloquium is given in this report. The talks

presented and papers published under the New Research Initiatives Program are

listed in other sections of this report.

B. Scientific Results

Probably the most significant result of these investigations is the analysis

of the time history of a relativistically exploding light source. Since the

continuing observations of very rapidly fluctuating luminosity in quasars have

been most commonly explained in terms of apparent expansion of the surface at

speeds greater than the speed of light, it is important to know exactly what

physical theory does predi .. The result in this case is that widely held

expectations of rapid pulses from large sources are not justified, even in the

case of relativistic expansion.

The power spectrum of an assemblage of such exploding sources, which may be

a reasonable model of a quasar, is characterized by the average rate of out-

bursts (which determines the portion of the spectrum near zero frequency) and by

the effective pulse length (which determines the width of the power spectrum for

shot noise, that is, for randomly occurring outbursts of given duration and

pulse shape). New methods of characterizing shot noise and their power spectra

have been worked out, in collaboration with K. H. Olsen (LASL Group G-2), and
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published earlier. ' The power spectrum of a source of radiation is essenti-

ally the square of the Fourier transform of a given set of fluctuation data

(time series) and indicates the variance (square of the standard deviation) of

the source luminosity as a function of frequency. These new methods were first

applied to fluctuation data of the brightest quasar, 3C 273, and showed that U;«

varying luminosity could be explained in terms of shot noise due to outbursts

having an effective pulse length of about 3 years, occurring at an average rate

of about 15 per year. '

Later investigation of the puzzling variations in X-ray brightness of the

astronomical source Cygnus X-1 gave the result that the apparent varying

periodicity was best explained in terms of shot noise, corresponding to 0.3-s

outbursts occurring at varying rates, up to several hundred per second. After

some initial controversy both of these results appear to have been accepted.

There appear to be no quasars exhibiting true periodicity, so that their charac-

teristic fluctuations in brightness may have the nature of shot noise. Cygnus

X-1 is now believed to be a "black hole" producing randomly occurring outbursts,

rather than an X-rey pulsar as initially thought.

For a number of years now the very rapid fluctuations of brightness of many

quasars have been explained by many astronomers and astrophysicists in terms of

relativistically expanding emission surfaces. If quasars are at the cosmolog-

ical distances, which their redshifts would Indicate (if interpreted as due to

Hubble'3 law), the resulting incredible luminosity Is generally acknowledged to

be inconsistent with the small surface size, which would be implied by the rapid

fluctuations. As was shown some years ago, ~ the maximum size of a nonexpand-

ing light source is essentially given by the effective pulse length of the fluc-

tuating output. This relatlvistic limit cast considerable doubt on the Idea
7 8that quasars could be at cosmological distances. Shortly thereafter Rees '

suggested that relativistioally-expandlng emission surfaces would be subject to

much less stringent limits, providing a possible escape from this dilemma. He

pointed out that a surface which is expanding at nearly the speed of light would

appear to a distant observer to be expanding much more rapidly than this. Al-

though both Terrell and Petsehek pointed out some fallacies and limitations in

Rees1 argument, it became immediately popular among astronomers and has been

cited in many of the papers reporting new observations of startling luminosity

fluctuations of quasars. The rapid fluctuations would otherwise be all too

obviously incompatible with cosmological distance.



The moat recent discovery of rapid outbursts involves the BL Lacertae object

AO 0235+164. This stellar-appearing object brightened enormously and then

dinned over a period of several months, with peak brightness occurring in

November 1975. This outburst, involving the entire spectrum from radio frequen-

cies to visible light, indicates that the size of this object is no more than
12 1^light-months. However, it has recently been found ' to have two absorption-

p line redshirts (z = D.524 and 0.852). These redshifts, together with its

maximum brightness of V = 14.3, make this object not only a type of quasar but

also perhaps the brightest source ever observed! If this BL Lac object is at

ooamological distance, its brightness is in evident conflict with its small
12size. As one of the reporting groups stated, "It is generally believed that

the radio emission from sources of this type is some form of synchrotron emis-

sion. AO 0235+164 is an outstanding example where the cosmologlcal interpreta-

tion of the redahift and the time scale of tkn variability are very difficult to

reconcile with this hypothesis without invoking highly relativiatic motion or a

special geometry."

An analysis of the time history of such a postulated relativistically

expanding light source was undertaken as part of the New Research Initiatives

Program. The result depends not only on the true expansion speed but also on

optical depth, magnetic fields, electron density, and other factors; a correct

calculation must also consider the varying Doppler shift across the observable

surface. The results have been published In the Astrophysical Journal in some

detail, and in less detail in an American Institute of Physics News Release,

both of whioh papers are reproduced in this report. The general result is that

no real advantage is gained by the assumption of relativistic expansion. In

spite of its rapid rise in apparent area and total brightness, the overall pulse

length and the effective pulse length are about the same as for a nonexpandlng

source, or longer. The difficulties of producing enough light, by any physical

mechanism, fro* a surface whose size is limited by the observed fluctuations are

not avoided by this assumption. Hence the rapid fluctuations of brightness

observed for many quasars still indicate that these objects are most unlikely to

be at cosmologioal distances.

An initial part of the investigations reported here dealt with the

recently discovered and mysterious blue star-like objects in the northeast

radio lobe of the radio galaxy Centaurus A. These objects were found to have

the proper intensity and other characteristics to be very local quasars ejected



at relativistic speed by a gravitational collapse at the center of that gal-

axy. ' They have brightness similar to Type 0 stars, about 10 times the

brightness of our sun, but would appear from the center of that galaxy (NGC

5128) to be only a little brighter (about tenth magnitude) than quasars observed

froa our own galaxy. As observed from our galaxy, these unexpected blue objects

are almost at the limit of observation, at about magnitude 22 or 23. This

points up the difficulty of observing very local quasars (i.e., objects of such

brightness ejected by galaxies), if they exist and are ejected even by the

nearest strong radio galaxy. Only such objects ejected from the center of our

own galaxy would be readily observable, and all such would have red shifts.

This point, though often made, continues to be overlooked by those who object

that no blue-shifted local quasars have been observed.

Such ejected stars would give a physical mechanism for the impressive pro-

duction of radio energy, amounting to about 10 watts, from regions which

extend out to more than a million light-years from the galactic center of

Centaurus A. Relativistic motion of many such compact objects through the gases

and magnetic fields near the galaxy could produce synchrotron radiation of the

appropriate intensity and spectrum; other reasonable mechanisms to produce the

radio emission in such quantity have been very difficult to find.
17

The published paper, also reproduced as an attachment, Included the sug-

gestion that further investigation of these objects might reveal additional

properties, which would be expected of local quasars from a nearby galaxy, such

as proper motion (which might be just observable) and fluctuations in bright-

ness. Spectroscopy, which might reveal either a red shift or a blue shift,

depending on direction of ejection, would be very difficult at this magnitude,

near the limit of observation. These suggestions were commented on with inter-

est by Science News and New Scientist (see Other Relevant Publications). The

nature of these mysterious blue objects near Centaurus A has not yet been clar-

ified.

During the latter part of the program of investigations reported here, cal-

culations were made concerning the probability of observing apparent motion at

speeds much greater than the speed of light for relativistically ejected

objects. This situation has become of increasing Interest lately, as there are
18now three reported cases of such super-relativistic speeds in quasars, in

addition to a borderline case in a Seyfert Galaxy. The internal separation

speeds in the quasars 3C 273B, 3C 279, and 3C 345, as observed by means of



very-long-baseline radio interferometry, are approximately an order of magnitude

greater than the speed of light. The results depend not only on which observa-

tions are considered aost reliable, but on the large-scale structure of the

universe (if quasars are at cosaologioai distance). The largest reported velo-
19,oi^y is (25 ± 3)e. Although there are by now numerous models intended to

account for these Incredible results, all have considerable difficulty in pro-

ducing aore than a few times c as an apparent velocity. The simplest expla-

nation, of course, is that the quasars are not at cosmological distance, but are

several thousand times closer, which would reduce these observed velocities by

the same faotor.

In the course of investigating these problems it was found that the usual
20

equation giving apparent distance in Friedmann cosmology is exceedingly awk-

ward to use, and inaccurate in application, for low values of the deceleration

parameter q . A transformation of the equation which does not have these prob-
° 21

lams was discovered and has been published. Deta
lished paper, which is reproduced as an attachment.

21lams was discovered and has been published. Details may be found in the pub-

C. Conclusion

The program of investigation described above, carried out under New Research

Initatives Program W-210, has yielded substantial results of interest to astron-

omers, physicists, and others. These results have led to a number of published

papers, as veil as colloquia and other talks. It would be desirable at some

future time to continue investigations which were not completed due to lack of

tine, concerned with power spectra of fluctuations, effects of relativistic

notion on observations, and properties of gravitationally-condensed objects.

Much of the work done under Program W-210, and for the latter part of this

period all of the work, fits quite naturally into and is a part of the con-

tinuing programmatic and research missions of P-4, to which the principal inves-

tigator, James Terrell, transferred (from L-2) as of 31 May 1977. The develop-

ment of new methods of analyzing time series, and of characterizing and under-

standing shot noise and other nonperiodic fluctuations of astronomical and other

sources, should be and is of value in accomplishing these missions. There may

well b« an opportunity for proposing to NASA or other agencies further work in

these areau relating to P-4 programs.
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(Reprinted from Nature. Voi 25*. .Vo. SS31. pp. 112-133, November 13, 1»?S)

Radio galaxies and local quasars
A RECENT discovery regarding Centaurus A (NGC5128)1

may have an important bearing on the very local quasar
model (see for example, refs 2 to 5). These observers,
using the new 4-m telescope at Cerro Tololo Observatory,
have obtained remarkable photographs showing visible
filaments extending away radially from the galactic centre
and blue staiiike images never before seen near the galaxy.
These starlike objects might have been called quasi-stellar
had this term not taken on additional connotations since
1963, and this name may indeed be the proper one.

Such blue stars, presumably ejected from the galactic
centre, are just what the very local quasar model predicts.
They bave been found in the area of the north-east radio
lobe of Cen A at a distance of perhaps 80,000 light yr from
the centre of that galaxy. If they have brightness similar
to Type O stars, roughly 10,000 times brighter than the
Sun, they would appear as twelfth-magnitude stars as
observed from the centre of NGC5128. Thus, to hypothe-
tical astronomers in that galaxy, they would appear a little
brighter than the quasar 3C273 as seen from Earth. These
starlike objects near NGCS128 would then be of magnitude
23 or 24 as observed here, near the limit of observation.

If these blue stars are radio sources, as seems quite pos-
sible because of their location in the radio lobe, they could
be producing radio emission by the same mechanism postu-
lated for very local quasars'*', that is, by relativists motion
through the gas and magnetic fields near the galaxy which
ejected them. This would produce synchroton radio
emission in great strength and over a long time, drawing
its power from the kinetic energy of the relativistically-
moving star. It will be of considerable interest for radio
astronomers to determine whether these blue objects are
indeed radio sources.

In any case, the radio emission is coming from their
vicinity, and the radio output and blueness give them some

of the properties expected of local quasars—local to the
galaxy NGC5128. If these objects are moving with relati-
vistic speeds their proper motions would be ~0.01"yr",
and might just be observable over a number of years.
Spectroscopy to determine the presence of a redshift or a
blueshift would be very difficult, if not impossible, at this
magnitude—near the limit of observation. Fluctuations in
the optical and radio brightness would, however, be
expected if these objects are indeed quasars local to Cen A,
and should be looked for.

The energy required by the powerful radio emission from
galaxies such as Cyg A and Cen A, which have strong
emission from regions hundreds of thousands of light-years
from the galactic centre, has been as much of a problem to
explain as the energy source of quasars if cosmologically
distant. Thus it may well be necessary to postulate the
existence of very local quasars, massive objects thrown out
(whether before or after condensation) from a gravitational
collapse at the centre of a galaxy, in order to account for
the puzzling properties of radio galaxies1'1. To inhabitants
of those galaxies they would look much the same as quasars
look to us, so that the explanation may well be the same
in both cases.

This work was supported by the US Energy Research and
Development Administration.

JAMES TERRELL
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UNIVERSITY OF CALIFORNIA
LOS ALAMOS SCIENTIFIC LABORATORY
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IN MFUr
uiuTO, L-2/75-436 December 19, 1975
HAIL sropi 552

The Editor
NEW SCIENTIST
New Science Publications
128 Long Acre
London WC2E 9QH
ENGLAND

Dear Sir:

your coment (New Scientist 68, 513 (27 November 1975]) on my recent
paper In Nature (253, 132 (1975)) raises several questions about the
very local quasar model which deserve an answer.

I t U . of course, true that radio galaxies such as Centaurus A
radiate an enormous amount of powfr, Just is quasars do I f their distance
Is Indeed cosmoiogical. The f i rs t of these two diff iculties Is undoub-
tedly real , and the ejection of re la t i v is ts gas clouds which condense to
fora relat1v1st1cally-n»v1ng stars reprasents perhaps the best way to solve
the problem rather than an added diff iculty. The source of such mass
ejection could only reasonably be a massive gravitational collapse at the
center of the galaxy In question. This would be our own galaxy in the case
of 3C 273 and most other observed quasars, or Centaurus A In the case of
the very faint blue objects observed near that galaxy by Blanco, Graham,
Lasker, and Osmer (Aa. J . Lett. 198, L63 (1975)). The extreme faintness
at such a distance oi stariike oEJects which are actually about 10,000
times brighter than our sun Is the reason why blue-shifted local quasars
shot out from other galaxies would not be readily observable. No SDectro-
scopy has thus far been possible for the blue objects 1n the northeast
radio lobe of Centaurus A (NGC 5128).

As to the "uniform" distribution of quasars In spatial direction, the
evidence for this 1s not overwhelming, and in any case I t is not a strong
argument against local origin. The radio source regions near NGC 5128
are most Intense near the galactic poles but cover a large solid angle as
observed from the center of that galaxy - - just as Is true of observed
quasars.

Perhaps the most serious diff iculty among many faces by cosmological
quasars 1s the small size of the emission regions. There Is ample evidence,
1n fluctuations of radio as well as optical brightness, that the mission
comes In many cases from regions no more than light-weeks 1n size. This
conflicts, i f quasars are cosmologies), both with the surface brightness
which is physically reasonable and with recently resolved radio source
angular sizes. I have discussed these physical limits elsewhere (e .g . ,
Ap. J . 147, 827 (1967) and Phys. Rev. Lett. 21.. 637 (1968)). A siai lar
diff iculty for cdsmological quasars is presented by recent observations
of radio-source separation speeds as high as twelve tines the speed of
light for 3C 273 <R. T. Schiiizzi et a i . , Ap. J. 20}., 263 (1975))!

Thus very local quasars would seem to be our best chance to avoid
•any physical dif f icult ies, rather than to create then.

Sincerely,

i Terrell

JT:jp

cc: ISD-5 (2)
L-2 File

AN ESUAL OrWHTUNnv EMPLOYER

(This letter u s published in Xev Scientist 62, 88, 8 J«nuajy 1976)
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Quasar Fluctuations and Size Limits*

James Terrell

Los Alamos Scientific Laboratory

Los Alamos, New Mexico 87545

Rapid fluctuation In brightness 1s one of the most striking characteristics of

quasars, and is also one of the most d i f f icul t to explain i f quasars are at the

enormous cosmoiogical distances given by Hubble's law. I t has been hoped by many

that this dif f iculty is avoided I f the quasar is assumed to have an emission sur-

face exploding outward at nearly the speed of l ight , leading to much faster pulses

of l ight. However, 1t can be shown that this assumption does not help in speeding

up the fluctuations, so that quasars are probably much closer to us than 1s commonly

believed.

I f quasars are simply unusually small and extraordinarily bright galaxies, the

large redshifts which are measured for them lead, by Hubble's law for galaxies, to

cosmoiogical distances of billions of light-years. A serious problem then arises

from the fluctuations in brightness, both in visible light and in radio emission,

which are now known to be a common characteristic of quasars. An object which is a

light-year in size cannot change much in brightness in a day, or a week, because of the

different ttoes required for light to come to us from different parts-of the surface.

A light source which is observed to change greatly in brightness In one day cannot be

more than a few light-days in size. I t is possible to put exact l imits, based on the

Special Theory of Relativity, on the rate of change of a spherical l ight source of a

given size (J . Terrel l , Science 145, 918 (1964); Science 154, 1281 (1966); Astrophysf-

cal Journal 147, 827 (1967)).

Quasars have been observed repeatedly to brighten or dim in months or weeks, es

observed with radio telescopes, or even in less than a day for visible l ight. Thus

their sizes must be much closer to the size of the solar system (about half a l ight-

day, the diameter of the orbit of Pluto) than to the size of a typical galaxy, about

80.000 light-years in the case of our own Galaxy, the Milky Way. I t is very d i f f i -

cult and perhaps impossible to find a way for so small a surface to emit more light (ar

radio emission) than 100 large galaxies, or 1013 (ten thousand bi l l ion) stars. Yet

such a physical mechanism is required i f quasars are really at cosnsolegical distances.

Similar conclusions may be drawn about BL Lac objects, f i r s t thought to be variable

stars without measurable spectral l ines, but now believed to be similar in many ways

to quasars.

* This work has been supported by U.S.E.R.D.A.
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Terrell, p. 2
The conclusion that rapid fluctuations in brightness imply small quasar sizes has

thus not been welcomed by all astronomers. A possible escape from this dilemma was pro-
posed some years ago by M. J. ftees (Nature 2]1.» 468 (1966); Monthly notices of the
Royal Astronomical Society 135, 345 (1967)). He pointed out that a surface which Is ex-
panding at nearly the speed of light would appear to a distant observer to be expanding
much more rapidly, exceeding the speed of light by nearly the factor y (gamma) of Special
Relativity. This 1s the same factor which gives the extent of the Lorentz contraction of
relativity theory, or the slowing down of clocks (time dilatation), and can be much great-
er than 1. This phenomenon of apparent excessive speeds, in spite of its relativistic
nature, is essentially the classical Doppler shift of frequency, in which events appear
to occur more rapidly when the location of the events Is moving toward us. For example,
a surface exploding at 9815 of the speed of light (y • 5} would appear from a distance to
be expanding at 5 times the speed of light!

It has not been realized, however, that such a rapid increase in area, and hence
brightness, of an expanding source will not lead to shortened pulses, but in fact to
very long pulses of light. The expanding light source must eventually reach a distance
R at which it fades in brightness and the surface becomes transparent. It Is this dis-
tance R, perhaps very large, which determines the length of the light pulse, and not the
fast rise 1n brightness. For example, if R is 1 light-year, the effective pulse length
if the surface has uniform brightness will be 1.67 years. If the surface brightness
depends on the Doppler shift at each point of the surface, the pulse length will not be
much different. A stationary opaque surface of this size, however, if merely "turned on"
for a year and then turned off, would be seen to emit a shorter light pulse of effective
length 1.36 years; a much shorter brightening could lead to an observed pulse as short
as 0.75 years.

Thus no real advantage 1s gained by the assumption of a reiativisticaily-expanding
light source. The difficulties of producing enough light, by any physical mechanism,
from a surface whose size Is limited by the observed fluctuations are not avoided by
this assumption. The rapid fluctuations of brightness observed for many quasars, as
well as for BL Lac objects, still indicate that these objects are most unlikely to be
at cosmological distances.

Hence we must consider seriously the possibility that quasars may be relativisti-
cally-moving compact objects, originally ejected by the nucleus of our own galaxy and
now at a distance of the order of a million light-years, Instead of the billions of
light-years commonly assumed. The recent discovery of faint blue objects in the radio-
emitting region of the.nearby radio galaxy Centaurus A (V. H. Blanco, 0. A. Graham,
i. H. Lasker, and P. S. Osmer, Astrophysical Journal Letters 198, L63 (1975)) may be im-
portant In this connection. As has been pointed out' (J. Terrell, Nature 258, 132 (1875)),
this may be an example of the same sort of process taking place in another galaxy.
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These faint blue objects would look, to hypothetical astronomers In the galaxy Centaurus
A, very much like the red-shifted quasars observed from our own galaxy. Further observa-
tions should be undertaken to see whether these blue objects have other quasar-like
properties such as fluctuation In brightness.

Definitions:
Light-year: the distance covered by light In one year, 9.5 x 10 kilo-

12meters or 6 x 10 miles . The nearest star is about S light-years
away from our sun. The size of the solar system 1s less than 1 light-
day (a light-day 1s 26 billion kilometers, or 16 billion miles).

Redshift: the fractional Increase 1n wavelength of light emitted by stars
in distant galaxies. Indicating motion of these galaxies away from us
due to expansion of the universe.

Hubble1s Law: the distances, of galaxies are proportional to their red-
shifts. Recent data Indicate that a redshift of ICE corresponds to a
distance of about 1.5 billion light-years.

Caption for Figure:
This figure shows the observable position of a relativisticaliy-expanding light-

emitting surface, as calculated for various times. It is assumed that the surface
will fade out and become transparent at a distance R from the center of the explosion
which is first observed at time TQ. At time T1 the nearest part of the surface will
be observed to become transparent at the center, so that light from the rear surface
can be seen. At time T» all the light will come from the back half of the expanding
surface, which 1s apparently ellipsoidal in shape because of the relativistic retarda-
tion of observed events. At time T 3 the light-emitting surface will attain Its
maximum diameter ZR and will then decrease in visible area until it has faded com-
pletely out at time T^. The quantity Y is the relativistic factor involved in the
Lorentz contraction of moving bodies, and is taken to be 3 in this figure. The
light pulse emitted from such an event Kill have a total length in time of more than
2R/c, where c is the speed of light. For example, if R is 1 light-year the pulse of
light will last for more than 2 years. Thus no shortening of the light pulse is
obtained by the assumed relativistic expansion at nearly the speed of light.
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I recently attended International Astronomical Union (I. A. 0.)
Colloquium No. 37, Redshifts and Expansion of the Universe, and
Centre National de la Recherche Scientifique (C. fl. R. S.) Colloquium
No. 263, The Evolution of Galaxies and its Cosmological Significance.
These two colioquia were held jointly in Paris, September 6-9, at the
Centre des Echanges Internationaux (Foyer International d'Accueil de
Paris, 30, Rue Cabanis, 75014 Paris). These international meetings
were attended (by invitation only) by about 150 astronomers and
astrophysicists with "a record of long and deep involvement with the
subject area". They were held in conjunction with, and following, the
triennial General Assembly of the I. A. U. in Grenoble, France.

The chief topics of the meetings were the redshifts of galaxies
and quasars. It appeared to be the consensus of the group that, in
spite of decades of effort, the Hubble constant is still not accurately
pinned down, but lies in the range 50 to 100 km/sec/Mpc. On the usual
assumption of an expanding universe this corresponds to an age of 10
to 20 billion years. The Hubble constant has been notorious for its
continually decreasing value, as astronomical techniques improve, but
now Shows some signs of increasing from the low values recommended by
Sandage and others. The problems involved in defining this number
Include those of the uncertain absorption of light by our own galaxy
1n various directions, the evidence of possible anisotropy of the
expansion, and the difficulty of avoiding a biased sample of galaxies
(biased by brightness or color) for various directions and distances,
as emphasized by Vera Rubin of 0. T. H. It appears impossible at this
stage to determine more delicate matters such as the precise variation
with distance of the Nubble relationship between redshift and distance,
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depending on acceleration of the expansion. Philip Morrison of H. I. T.
stated in his stannary of the conference that the questions to be
settled by Hubble's program of observations remain just about the same
now as then.

The question as to whether the very large redshifts of quasars
are due to the same cosmoiogical cause as those of galaxies, with
consequent enormous distances and brightnesses, remains one of the
most hotly debated topics of modern astronomy. K. I. Keiiermann of
N. R. A. 0. discussed the recent very-long-baseline interferometry
(VLB!) observations of quasars, which in several cases have given
evidence of internal motions much greater than the speed of light, on
the assumption of cosmological distance. It is with increasing difficulty
that all these cases can be described as illusions due to motion toward
the observer.

V. L. B. I. evidence was presented by J. J. Wittels of M. I. T.
that the relative proper motion between two quasars lying at almost
the same angle but with different redshifts is less than 0.0005" of
arc per year. She concluded that, 1f quasars were ejected from the
center of our own galaxy, the event must have occurred at least 4 x 106

years ago, on the basis of equations I published in 1966 and 1968. I
pointed out that such an age (and distance scale) was essentially
Identical to the one proposed by me on many occasions, and that It will
be difficult to reduce proper motions below this figure, since the
Internal proper motions which have now been measured for a number of
quasars, by the same methods, are only slightly smallsr.

A. M. Wolfe of the University of Pittsburgh, M. S. Roberts of
NRAO and B. f. Burke of M. I. T. presented evidence of red'shifted
21-cm absorption lines In quasars. Although they seemed to prefer the
Interpretation of absorption In intervening galaxies rather than in
hydrogen clouds ejected by the quasars, the extreme narrowness of the
absorption lines 1s not readily accounted for on this basis.

I presented a paper on Size Limits of Expanding Light Sources,
the main point of which was that relativists expansion does not alter
the size limits which may be deduced from pulse lengths of radio or
optical sourcts, thus posing extreme difficulties for cosmological
quasar models.
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H. C. Arp of Cal Tech presented impressive photographic evidence
of associations between quasars and some nearby galaxies. What is
difficult to evaluate is the probability of chance coincidence of
direction, which will take more knowledge than is now available.

6. R. Burbidge of U. C. S. 0. gave his views on the improbability
that quasars are at cosmological distances. He is not impressed by
the reports that quasars are cosmological which he receives from
Cal Tech each spring, once on April 1. He believes them to be more
local, and even in some cases (such as 3C 273) probably to have been
ejected by our own galaxy, as I have suggested. However, he does not
think it reasonable that all or even most quasars have this very local
origin.

Martin Rees of Cambridge defended the cosmological quasar view.
He compared Arp's views to extrasensory perception in their lack of a
well-established model, and felt that my very local quasar model is too
protean In character. He stated, however, that he would be delighted
to find evidence of non-cosmoiogical ("anomalous") redshifts and is quite
disappointed that no convincing evidence has turned up. I asked him
whether he considered the evidence of multiple redshifts in many quasars
to indicate that at least some redshifts are not valid distance
indicators using Hubble1s law; he was not persuaded by this argument.

Philip Morrison, summarizing the conference, was still in favor of
cosmological distance for quasars. However, he supported Burbidge's
view that calling a given astronomical object a galaxy should require
some evidence of the presence of stars and not merely a blur on a
photographic plate. He felt that any change of opinion as to the
cosmological distance of quasars would require a spectacular piece of
evidence, similar to the meteorite shower which fell on Normandy
around 1800 and convinced the French Academy that stones could indeed
fall from the sky. He would not be too surprised if Arp produced such
evidence, with "the crazy galaxies which he pul'is out of a hat".

There were no formal conclusions reached by the conference. It
seemed clear, though, that much additional data will be needed to
clarify the exact relationship between redshift and distance for galaxies,
and that the quasar distance controversy is far from being settled. I
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felt that ths meetings were very worth while, both in clarifying the
present state of redsbift and quasar evidence and in the personal
contacts with others working in these fields. Future u. S.
participation in such I. A. U. colioquia is certainly recommended.

!James Terrell

JT:sp
Attachments: Scientific Program of the Coiloquia

Paper presented by J. Terrell at the Colloquia
(LA-UR-76-2133, Size Limits for Expanding Light
Sources).

22



THX ASTXOPHVSICAL JOOENAL, J13:JW3-L97,19?? May 1
O MM. Tht Americui Astrooomlol Society. All ri.bu rcsnved. Primed in U.S.A.

SIZE LIMITS ON FLUCTUATING ASTRONOMICAL SOURCES*

JAMES TERRELL
University of California, Los Alamos Scientific Laboratory

Received 1916 September 1; reviled 1916 December 14

ABSTRACT
It is shown that expansion at relativistic speed does not significantly change the limit on lumi-

nosity fluctuations of an astronomical source of given maximum effective radius R. The effective
pulse length is shown to be T, > R(l +• t)/c for an expanding source with redshift z, the same as
for a source of constant size. Thus relativisUc expansion does not permit larger source sizes for
given fluctuations, and does not resolve the conflicts between size limits based on observed fluctua-
tions of quasars and BL Lacertae objects and the minimum surface area needed to radiate sufficient
power, if at cosmological distances.

These size limits should apply with equal force to other types of fluctuating objects, such as
novae, supernovae, and X-ray sources.
Subject headings: BL Lacertae objects — quasars — radio sources: variable

n . FLUCTUATION U U T 5 FOR NON-
EXPANDING HGDT SOURCES

The relativistic limit on fluctuation of luminosity for
a spherical, nonestpanding light source of radius R has
been shown to be

Rapid fluctuation in brightness is one of the most
striking characteristics of quasars, and one of the most
difficult to explain if quasars are, as is often assumed,
objects of galactic size, distance, and mass. The chief
evidence for this assumption is the redshift of quasars.
If quasars obey Hubble's law for galaxies, they must
be at distances amounting to billions of light-years,
with brightnesses orders of magnitude greater than
even the brightest galaxies. A serious problem then
arises from the observed fluctuations in radio and
optical brightness, which take place in months, days, or
even hours.

A light source which is observed to change greatly in
brightness in 1 day cannot, without rather special
assumptions, be more than a few light-days in size,
because of the different times required for light to come
to us from different parts of the surface (Terrell 1964,
1966, 1967). Thus such quasars must be very much
smaller than the size of a galaxy, and closer in size to,
for example, the solar system. This straightforward
conclusion has not been welcomed by all astronomers,
as it is very difficult and perhaps impossible to find a
way for so small a surface to emit more electromagnetic
radiation than 100 large galaxies, on the assumption of
cosmological distance. Perhaps because of the difficulty
of this problem, the conclusion by Rees (1966, 1967)
that a relativistically expanding light source could
evade these size limits for fluctuating sources has been
widely accepted, and used in innumerable papers.

It is the purpose of this Letltr to show that relativistic
expansion of a light source does not lead to greatly
shortened light pulses, so that the dilemmas of cosmo-
logical quasars are not eliminated by this mechanism.
Preliminary accounts of these results have been given
elsewhere (Terrell 1976*, c).

• Work supported by the Energy Research and Development
Administration.

\ at I
2cL

* ) '

in which Z is the average luminosity, c is the velocity of
light, and z is the redshift, whether due to gravitational
potential or to the Doppler effect (Terrell 1964, 1967).
This equation is based on the small-fluctuation limit
of the modulation transfer function for sinusoidal
fluctuations.

A more general limit may be derived for the case of
surface luminosity varying in arbitrary, nonsinusoidal,
even pathological fashion with time. If the surface
brightness variations are assumed to be the same at
all points of the surface in the source reference frame,
we may define an "unsmoothed" luminosity of the
source, £•(<), defined as the surface brightness observed
(with sufficiently good telescopic resolution) for the
nearest part of the surface, times i • • e area rR'. Calcula-
tion of the effect of differing retardations then yields
the relation (Terrell 1967)

where the integration is from / — (1 + i)R/c to t.
The integral term in equation (2) is the average value

of t . over the preceding time interval R/c, as measured
in the source reference frame, end may be designated
as £„. The exact relation, equation (2), differs from
equation (1) principally in that the average brightness

L93
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£. b replaced by (£» — £.). This difference can never be
greater than Lam the maximum value of £», and can
never be less than -Z™,. Thus the exact relativistic
limit for arbitrary dependence of surface brightness is
given by

\dL

which becomes the same £S equation (1) in the limit of
small fluctuations.

m . FLUCTUATION LOOTS TOR RELATTVISTICALLY
EXPANDING UGBT SOOTCES

These limits on the size of rapidly fluctuating light
sources have caused considerable difficulty in the con-
struction of cosmological quasar models. Even syn-
chrotron-radiation surface brightness is not nearly
enough if the surface size is limited by the observed
fluctuations. A possible escape from this dilemma was
proposed by Rees (1966, 1967). He pointed out that a
surface which is expanding at nearly the speed of light
would appear to a distant observer to be expanding
even more rapidly than this. What is involved is
essentially the classical Doppler shift, in which events
appear to occur more rapidly when the location of the
events is moving toward the observer.

The nearest part of a spherical surface expanding
with speed v ~ 0c; as seen in Figure 1 at various times
I after the initial explosion is seen, will appear to be
moving toward the observer with speed t/(l — 0),
which can be much larger than c. Other parts of the
surface will be seen to move at various lesser speeds,
so that the apparent shape of the surface will be that

V-'"
Fw. I.—Apparent shape at various times of a relativistically

expwdiiw minion lurftce which becomes optically thin upon
raiclunjrradiu.K (/<<«itslui tinU). The times JV r, T,
i n discussed in the text. In this figure the Lorenz factor y is
chomitobe3.

of a sphsroid elongated from a spherical shape by the
Lorentz factor 7 m (1 — 0>)-»J. The outer edge of
this surface will move with apparent speed 70, as
pointed out by Rees. Thus, for relatiyistic expansion,
ihe apparent surface area and total brightness can rise
much more rapidly than might have been expected.

It seems not to have been realized, however, that the
rapid increase in brightness of an expanding source
will lead not to shortened pulses, but in fact to very long
pulses of light. The expanding light source must
eventually reach a distance R (indicated in Fig. 1 by
the light dashed circle) at which the surface fades in
brightness and becomes optically thin. It is this distance
R, perhaps very large, which determines the length of
the light pulse, and not the fast initial rise in brightness.
In Figure 1 apparent positions of the expanding surface
are shown for various times after the time 2\> when the
initial expansion is seen (7o should be determined from
an extrapolation to zero size for a surface which is
initially of finite size, And will be set equal to zero
hereafter). At time 7\ the nearest part of the surface
may be seen by the observer to become transparent
at the center, so that light from the rear surface is
visible. At time T, the entire forward half of the
apparent spheroid becomes optically thin and no longer
a significant source of light, so that essentially all the
light vomes from the back half. Up to this time the
apparent surface radius f« c-xpands linearly with time
(, with speed which may be greater than the speed of
light:

r. = ivt, 0 < ( < T,. (4)

The expansion then appears to decrease in speed
until time T,, at which the light-emitting surface is
seen to attain its maximum radius R, after which it
shrinks with increasing speed until it has vanished
completely at time 7V During these latter intervals the
apparent radius is given by

the equation of a circle of radius R in the (ra, cl)-plane.
These times are given by the following equations, for
r O

r,
T.

r.

= *(1 - ff)/v,

= R(l - 0>)/v ,

= R(l + 0)/v.

(6)

(7)

(8)

(9)

The light output pulse produced by such a relativisti-
cally expanding surface, assuming total brightness
proportional to visible area (Lambert's cosine law), is
shown in Figure 2 as the heavy line, for the case 7 « S .
This value of 7, which corresponds to 0 m v/c - 0.9798,
is similar to the cases considered by Rees (1966,1967).
(Such extraordinary speeds, or even larger ones, are
also believed necessary, on the assumption of cosmo-
logical distance, to account for the internal motions
recently observed for a number of quasi-stellar radio
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fELfflVBTCALLY-EXBlMJING
S0U?CE<»)

TO is
TIME (Ct/R)

Fto. 2.—Theoretical pulse shapes for a relatlvistkaUy-expand-
Ing emission surface of maximum radius R, and for two different
surface-brightness assumptions, compared with apulsed stationary
source of radius A.

sources, involving two or more point radio sources
with apparent separation speeds of the -.der of 10c
[Whitney et <U. 1971; Schilizzi et at. 1975; Cohen et al.
1976]). For such a relativistically expanding source the
initial rapid expansion given by equation (4) corre-
sponds to a quadratic increase of area with time near
I *° 0. The most rapid increase in area occurs at the
end of this phase (TV), and may be shown from the
equations above to be equal to 2v/R times the maximum
area rS*. This entire initial phase is completed in a
time (l"i = 0,0408/t/c for y = 51 which is almost
negligible compared to the overall length of the pulse
(Tt = 2.0206RA in this case), and the apparent area
at time It, xtP/y1, is only 4% of the maximum area
TR1. The maximum area and brightness occur at a much
later time, and the light output does not vanish until a
time greater than 2R/c. At the end of the pulse the
brightness decreases most rapidly, on these assumptions,
the rate being —2c/K times the maximum brightness.
Thus this relativisticaUy-expanding source results in a
light pulse which is still subject to the limit on rate of
change given in equation (3), and which has an overall
length which is not decreased by the relativistic speed,

The most significant measure of the light pulse f;om
such an explosion is not the overall length in time, but
the effective pulse length 2",. This is defined (Terrell
and Olsen 1970,1972) by

T. • [ f^MQdtJ/ JilhHDdt, (10)

in which h(t) is the intensity as a function of time for a
single pulse. For a signal consisting of randomly
occurring overlapping light pulses (snot noise) the
effective pulse length is directly related to the width of
the power spectrum (which is essentially 1/7",) and to
the variance a'(L) of the luminosity L. In such a case,
which appears to be t t t situataoa for fluctuating
quasars such as 3C 273 (Terrell and Olsen 1970,1972;
Fahlman and Ulrych 1975), the relative standard
deviation of the luminosity is given by:

in which X is the average rat? of occurrence of pulses
and £ is the average luminosity.

In the case of the apparent area of a relativistically-
expanding source, as shown in Figure 2, the effective
pulse length is given by T. = SR(\ + 0)/30 (3 - $)c,
which for a highly relativistic expansion differs insignifi-
cantly from the relativistic limit of SR/Sc. For example,
we find T. = DS67O R/c far y = 5.

Even when the effect of nonuniform surface bright-
ness is considered, the effective pulse length will not be
greatly different. An expanding synchroton-radiation
source, for example, will have surface brightness pro-
portional to (D/fl)"* for frequencies at which it is
optically thick, in which D is the Doppler shift factor
and H is the magnetic field in the source reference frame
(Slish 1963; Terrell 1966; Rees 1967). This gives
surface brightness varying across the expanding surface
because of the spread in Doppler shifts. If th-i magnetic
field H which is encountered by the expanding source is
assumed, for simplicity, to be constant, the Doppler
effects will lead to an earlier peak in the light curve, as
shown in Figure 2. The total brightness (normalized to
the maximum brightness, as in the other cases) will be
lower during the last half of the light pulse, when the
front part of the expanding surface is optically thin.
In spite of these effects, the effective pulse length for
this case, with i = 5, is T. = 1.717 R/c, which is 3%
longer than in the case of uniform surface brightness.
It is also clear that the limit on rate of change, equation
(3), will still be valid, since the increase in surface
brightness due to Doppler effects for the nearest part
of the expanding surface will be greater than the
average effect over the entire visible surface.

A nmexpanding pulsed light source with the same
maximum radius R can easily have an even shorter
effective pulse length, however. Such a light pulse is
illustrated in Figure 2 (dashed line) for the case of a
uniformly bright source which is turned on for a lime
R/c, just enough for the entire surface to appear
lighted. During the increasing portion of the light pulse
the luminosity is proportional to 2ct/R — {ct/R)1, and
during the decreasing portion to (2 — ct/R)' (Terrell
1964). Although this light pulse has overall length
2R/c, only sligntly less than for the relativistically
expanding source, die effective pulse length is noticeably
smaller, being given by 7", = 15R/11« =• 1.364JJ/e. An
even shorter pulse will be obtained, of course, if the
source is pulsed on for a time shorter than R/c. It can
be shown that the effective pulse length for this case
approaches the lower bound O.75fi/c. Equation (3) is
still valid, of course.

From the discussion above we see that, for spherical
symmetry and in the absence of special assumptions,
the effective pulse length emitted by a surface of
effective (or maximum) radius R is limited by

whether the surface is static or relativistically expand-
ing.

One special assumption which would necessitate
(11) another definition of R is that made by ?etschek (1967)
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in the cue of a very short pulse of light emitted by an
opapu expanding surface while at the radius R. The
assumption of continued opacity of the surface after
the emission of light has the effect of preventing light
emitted from most of the surface from reaching the
observer. The overall pulse length is thereby shortened
to the value R(l — 0)/e by the effective anisotropy of
emission. It should be noted that R in this case is not
the observable (apparent) value, which would never be
larger than R/y. Only an infinitesimal portion of the
surface would be lighted as seen at any one time, result-
ing in a very faint light pulse. Ac observer estimating
surface site from the observed maximum brightness
would thus be unlikely to find any conflict with surface
site deduced from equation (12), even in this special
case.

The results obtained here for the case of a relativisti-
cally expanding light-emitting surface which suddenly
becomes transparent and nonluminous at a distance R
from the explosion center should also apply to the more
complicated—and more likely—case of gradually dimin-
ishing surface brightness, given a reasonable definition
of the effective cutoff distance R. It has been suggested
that Type I supemovae correspond to such a case, in
which ultraviolet radiation emitted from the explosion
center stimulates visible fluorescent emission as it
moves outward at the speed of light- (Morrison and
Sartori 1966, 1969). The apparent expansion speed
would initially be much greater than the speed of light.

In this supernova model the roughly exponential
decrease of brightness from the initial peak, with a
decay time of SO to 100 days, is accounted for as
"optical reverberation." The primary ultraviolet radia-
tion is assumed to be absorbed with a mean free path
A of 50-100 light-days, so that the effective cutoff
radius R for the expanding surface would be of this
same order. If the light pulse could be exactly described
as exponential decay with time constant R/c, the
effective pulse length would be 2R/c (Terrell and Olsen
1970). However, the assumptions made by Morrison
and Sartori lead to a light puke of exponential-integral
shape, with the result T. » A/e In 2 - 1.4427 A/c. In
any cue it is clear that T, corresponds to the maximum
size attained by the light source rather than to the fast
initial rise, so that equation (12) holds even for expan-
sion at the speed of light.

• W . DISCUSSION

From die preceding results it is clear that expansion
of a luminous source with relativistic speed does not
by itself lead to a noticeably shortened light pulse. The
advantage gained by the initial rapid increase of light
is counterbalanced by the long time during which the
output continues to rise, and then to decay. It should
not be surprising, of course, that the minimum length
of a light pulse is essentially determined by the size
of the source region, as in equation (12). Although
Morrison and Sartori (1968; see also Terrell 1968) have
argued that quasars such as 3C 273 could, by rela-
tiviitic expansion, show rapid increases in light emitted
from regions as large as 1000 light-years, it is clear
that the increase would necessarily last for a very long

time, i.e., that the pulse length would also be of the
order of 1000 years.

Power-spectral analysis of the light output from 3C
273 indicates, on the contrary, that the fluctuations
are consistent with random outbursts (shot noise)
occurring at the average rate X = IS ± 5 per year and
having an effective pulse length of T, = 3.2 ± 1 years
(Terrell and Olsen 1970, 1972). The emission surface
for most of this light, on the basis of equation (12),
cannot reasonably be more than a few light-years in
diameter, whether or not it is expanding with rela-
tivistic speed. Many other quasars are fluctuating
strikingly on time scales of months, days, or even
hours, so that their effective sizes must be correspond-
ingly smaller. Such limits on the emission surface size
are very difficult to reconcile with the enormous powers
required if quasars are at cosmological distances,
particularly at radio frequencies. Far too little surface

. brightness can be produced at radio frequencies by
inverse Compton processes (Colgate, Colvin, and
Petschek 1975; but see Fetschek, Colgate and Colvin
1976), so the most likely source is still synchrotron
radiation. The maximum surface brightness for given
relativistic electron spectrum and magnetic field ran
be readily calculated and is known to be insufficient
for surfaces of the size indicated by the fluctuations
(e.g., Terrell 1966).

A striking example of such a fluctuation in brightness
has been observed recently for the BL Lacertae object
AO 0235+164, which suddenly brightened at radio,
infrared, and optical wavelengths, the outburst lasting
2 or 3 months (MacLeod, Andrew, and Harvey 1976;
Ledden, Aller, and Dent 1976). The polarization and
broad spectrum are consistent with the synchrotron
process, and the peak magnitude reached was V = 14.3.
Since this object has been found to have large absorp-
tion-line redahifts (z = 0.524 and 0.852), its luminosity
for given redshift is at least as much as that of the
brightest quasars, and would be equivalent to more
than 3 X 10" £Q if the redshifts are of cosmological
origin (Rieke a al. 1976; Burbidge el al. 1976). On a
cosmological basis, for radius R < 100 light-days based
on the pulse length, the apparent brightness tempera-
ture of this object would amount to ~ 1 0 " K at 8 GHz,
which is inconsistent with the upper limit of 10" K,
considering the inverse Compton process (Ledden,
Aller, and Dent 1976). Ledden el d. calculated that thr
disparity could be removed by relativistic expansion
with y ~ 10, or by giving up the assumption of cosmo-
logical distance for this quasar-like object.

The same two possible explanations have been given
by Jones, O'Dell, and Stein (1974) and by Burbidge,
Jones, and O'Dell (1974) for the surprisingly rapid
fluctuations in brightness of the quasars 3C 454.3 and
CTA 102, and of VRO 42.22.01 (BL Lacertae). They
point out the difficulties of other possible explanations,
such as coherent or highly anisotropic radiation sources.

Relativistic expansion will not, in fact, lead to highly
shortened pulses of light, as discussed above. The
difficulties of producing enough light, by any known
mechanism, from a surface whose size is limited by the
observed fluctuations are not avoided by this assurap-
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tion. Thus consideration should be given to the alterna-
tive of giving up cosmological distance for quasars
(Arp, Pratt, and Sulentic 197S; Burbidge, Jones, and
O'Dell 1974; Terrell 1964,1966,1968,1975a, 4,1976a).

The size limits given here must also apply to other
types of fluctuating astronomical sources, including
novae, supernovae (as discussed), fluctuating X-ray
sources such as Cygnus X-l (see Terrell 1972), and
X-ray bursters. Their maximum sizes are indicated by
their pulse lengths, with or without relativistic ex-
pansion.

I wish to thank A. S. Goldhaber for stimulating
discussions and for assistance in the removal of some
obscurities from this paper. This work was supported
by the U.S. Energy Research and Development
Administration.

Nok added in proof.—The numerical examples of
expanding sources treated by Rees (1967), although
based on somewhat different assumptions regarding
source geometry and magnetic field, do not seriously
conflict with the results presented above. For the case
of a synchrotron source with spectral index a — 0
(Rees's Fig. 3), evaluation of the effective pulse length
indicates a 21% decrease between 7 — 3 and 7 - 6 .
The physically more interesting case of a - 1 (Reel's
Fig. 4) corresponds to a decrease of only 2% in the
effective pulse length for the same range of y. Tans
Rees's calculations tend to support, rather than
contradict, the conclusion that the effective pulse
length is not significantly decreased by relativistic
expansion of the source.

REFERENCES

AID, H., Pratt, N. M., »nd Sulentic, J. W. 197S, Ap. J., 1W, 565-

Burbldge, E. M., C»ldwe)l, R. D., Smith, H. E., Liebert, J., and
Spinrtd, H. 1976, Ap. J. (UUtn). 205. L117-L120.

BuXidge, G. R., Jone», T. W., ind O'Dell, S. L. 1974, Ap. J.,

Cohen, M. H., MoffM, A. T., Romney,J. D.. ScMliiu, R. T.,
Sdehtad, G. A., KeUennann, K. I., Purcell, G. H., Shaffer.
D. B., Paullny-Toth, I. I. K., Pieuss, E., Witid, A., and
Rlnchirt, R. 1976, Ap. J. (UUtrs), 20ft, L1-L3.

ColjKe, S. A.. Colvin, J. D., Petschek, A. G. 1975, Ap.J. (UUrs),
l°7,tl05-L108.

Fahtaan, G. G.f Mid Ulrych, T . J . 1975, Ap. J., SOI, 277-286.
JOTMIT; W., o'Dell, S. L., and Stein, W. A. 1974, Ap. / . , l « .

Ledden, J .E. , Allcr, H. D., u d Dent, W. A. 1976, Noam, J « .

MuLeod. ' j . M., Andrew, B. H., and Harvey, G. A. 1976,
Nairn,200,751-752.

Morriwn, P., »nd Sartor!, L. 1966, ftp. Rn. LtUm, M, 414-419.
. 1968, Ap.J. (LtUtrs), 152. L139-L143.

I9» , Ap. J., I5», 541-570.
PetKhek, A. G. 1967,5cimtt, 156,239-240.
PetKhekJA. G., ColjMe, S. A., and Colvin, J. D. 1976> Ap. J.,

Rea, M. 1.1966, Nclurt 211,468-470.
-. Ml, tlJUt.A£., US, 345-360.

Rldu. G. H., Grudtlen, G. L Klnmu, T. D., Hinuen, P.,
WOtl, B. J., u d WiUi, D. 1976, Nairn, 360, 754-759.

Schltal, R. X, Cohen, M. H., Romney, J. D., Shaffer, P. B.,
Kellennan, K. I., Swenson, G. W., Jr., Yen, J. L , and Rinthirt,
R. 1975, ^*./.,aol.263-27«.

Sliih, V. I. IM3, Naliat, IW. 682.
Terrell, J. 1964, Selena, 145, 918-9»i reprinted in r*« BtdsMfl

OmirmtKi, ed. G. B. Field, H. Arp, u d J. N. Bihal l (Retdinf:
Benjunln, 1973), pp. 227-228.

. 1966. Science,!!*. 1281-1288.

. 1967, At. J.litl. 827-832.

. 1968, Phy- Ktt. IMI*s, 21,637-641.

. 1972, A*. / . , 174, L3S-L41.

. 1975a, flume and ExptHmmlt i
(Proc. OrbU Sdenti>c n , Conl Gtbli
B. Kuraunoglu, A. Pcrimutter,
York: Plenum), pp. 457-473.

. 1975*, HaSi; 2SI, 132-133.

. 197«a, HwSctmlisI, <B, 88.

. 19766, Bull. A.fS., 21, 522; Lof Mtmot Document
LA-UR-76-883.

. 1976c, paper presented at IAU Colloquium No. 37,
Redshifts uid Enunlon of the Univcne (C.N.R.S. Colloque
263), Paris, 1976 Septraober 6-9.

TeneU, J., and Olaen, K. H. 1970, Ap. J., Ml, 399-413.
. 1972, PTK. IAU SymttsUm Na. 44, ExHml GtUum

and QuuttUtor Oijtds, ed. O. S. Evam (Dordncht: Rddel),

wfitiiey, A. R.. Shapiro, 1.1., Rofen, A. E. E., RoberUoa, D. S.,
KoMt, C. A.7cSrk, T. A., GoliUtdn, R. M , Manndino,
GTS!, and Vandenbcif, N. R. 1971, Sdma, 17J, 225-230.

JAUES TEUELL: University of California, Los Alamos Scientific Laboratory, Box 1663, Los Alamos, NM 87545

27



Aabriean Journal of Physios, Vol. 45, pp. 869-370, Septeabor 1977

The luminosity distance equation in Friedmann cosmology
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We propose a new form of the luminosity distance
equation (and of the apparent distance equation) Tor
Fricdmann cosmological models, which appears to have
advantages over the usual equation in clarity, convenience,
and cqmputational accuracy.

The luminosity distance d>. in Friedmann cosmological
models (A - 0) was shown by Mattig1 to be given by

s - I )M
(1)

in which Wo is Hubble's constant, go is the deceleration
parameter, and z is the redshift. This form of the equation
is given in apparently all subsequent treatments of cos-
mology, such as by Sjndagc.2 Wcinberg.3 Misner, Thorne.
and Wheeler.4 and Lang,5 The apparent distance dA of an
object at cosmological distance, as indicated by its angular
size, is calculated from the same equation together with the
relation which is valid for any Robertson-Walker met-
ric.

(2)

Equation (I) is valid for go > 0. but is somewhat awk-
ward to use. especially for small values of q0. Many cos-
mological treatments thus make use of a series expansion
of this equation in order to clarify the dependence of lumi-
nosity distance on z and go- Such an expansion, valid for q&
< 14, may be written as:

(c/tfo)[* + \ (I ~ - \ 9o( I - ?o)z3 + • • ] •

For go ™ I. Eq. (I) takes on a particularly simple form:

? o - l . (5)

For other values of qa. however. Eq. (1) is far from
transparent. An additional problem is that computation of
luminosity distances for small values of <ftp will be appre-
ciably in error if Eq (1) is used. A computer which uses 12
significant figures internally, for example, will yield result!
which arc seriously in error Tor qtt a IO~4 and completely
useless for qoz g 10~6. Far from converging to the correct
value for qa — 0 given by Eq. (4), such a computation con-
verges instead to Eq. (5) at an early stage. The problem, of
course, arises from the fact that in Eq. (!) the terms almost
cancel, for small (jo:. a> two different stages of the calcu-
lation.

It is possible to transform Eq. (1) to a form which elim-
inates this problem and is also more instructive as to the
dependence of luminosity distance on <?o and i:

dL = <M

This equation, valid for <7o g 0. fives correct computational
answers for small t/<£ and clearly yields Eq. (4) for the case
qo - 0, without the need for expansion in power series.

This transformation of Mattig's result thus appears to
be more useful and instructive and less cumbersome than
the usual form of the luminosity distance equation, given
inEq.(l).

Work supported by the Energy Research and Develop-
ment Administration.

2y such methods it may be shown that the luminosity dis-
tance for <jo = 0 is given by the same simple form as in
special relativity:

C 0. (•)
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