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From: Edward L. Wright, UCLA Dept. of Astronomy

The paper "Effect of Intervening Galaxies on Quasar Counts and
Colors", by Edward L. Wright, has been accepted by the Astrophysical
Journal. Another paper on quasars counts, "Source Counts in the
Chronometric Cosmology", by Edward L. Wright, has been submitted to
and accepted by the Astrophysical Journal. A copy of this manuscript
is enclosed. The paper "The R/IR Evolution in Galaxies - Effect of
the Stars on the AGB", by Arati Choksi and Edward L. Wright, has been
submitted to the Astrophysical Jourmal. A copy of this manuscript is
enclosed. 1In addition, I presented a poster paper at the IRAS
meeting in Pasadena, "Using SIRTF to Study Extragalactic Star

Formation", by Edward L. Wright.

I have also attended one Science Working Group meetings, and
organized one meeting of the Ned Wright Committee. A large amount of

Ned Wright Committee work has taken place by TELEMAIL.



SOURCE COUNTS IN THE CHRONOMETRIC COSMOLOGY
by
Edward L. Wright
UCLA Department of Astronomy

T Los Angeles, CA 90024

RECEIVED: 1986 April 28;

ABSTRACT

The chronometric cosmology (a static, homogeneous and hence
non-evolving medel proposed by Segal) is unable to explain the steep
number vs. f£lux law N(S) for quasars or extragalactic radio sources.
The explanation given by Segal (1976) to expiain the steep N(S) laws

"1.5, aI'ld

gives at best a smali increase over a Euclidean N(S) « S
requires that the source spectral index « be close to but greater
than zero to create the effect (where F, < v %). For typical radio
spectral indices « = 0.75, the chronometric model cannot give a
quantitative fit to the excess number of 1-3 Jy sources that the
standard cosmology attributes to evolution. Thus the chronometric
model can explain a steep N(S) law only for flat spectrum sources,
while the observations show the steepest N(S) law for steép spectrum
sources. Furthermore, the observed N(S) law for ultraviolet excess
quasars is steeper than the steepest possible chronometric
prediction. The agreement between the chronometric theory and the
quasar counts claimed by Segal, Loncaric and Segal (1980) and Segal

and Nicoll (1986) is a side effect of the restricted redshift rahge

used by these authors, rather than a correct prediction by the



chronometric theory.

Subject Headings: cosmology - quasars - radio Sources:

general - radio sources: spectra



INTRODUCTION

Source counts provide one of the strongest indications that the
Universe has evolved from a more active state in the past to a
quieter present. They have been used as evidence against
cosmological models that propose an unchanging Universe, for example
the Steady State. Such models predict a number vs. flux law that is

~-1.5

less steep than the Euclidean S relation, while the observed

-1
radio counts follow a steeper S 1.8

law for bright sources. The
standard Friedmann models without evolution have the same deficiency,
but in an evolving Universe an evolving source density is logically
consistent. The chronometric model proposed by Segal (1976) is a
static, homogeneous, nonevolving cosmology, so one would expect the
same difficulties with N(S) would arise; but Segal gives a
qualitative argument that suggests that the radio source counts could
be reproduced for sources with spectral index « < 1. This paper
makes a quantitative calculation to find out how much less than one
the spectral index must be for the chronometric prediction to match
the 408 MHz source counts in Wall, Pearson and Longair (1980). The
same method is then used to compare counts of optically selected
quasistellar objects with the chronometric prediction. I find that
the good fit of the quasar counts by the chronometric theory claimed
by Segal, Loncaric and Segal (1980, hereafter SLS) and Segal and

Nicoll (1986) is due to their redshift cutoff and not to the

chronometric theory.



CALCULATION

Segal’s (1976) chronometric cosmology is based on a static

Universe with a spherical geometry for space. The distance is given

by
d = 6r ‘ (1)

where R is the radius of the Universe. The redshift in this model is
due to differences between the two generators of time-like
translations in the conformal group 0(4,2): it is not caused by
expansion. The most remarkable prediction of the chronometric
cosmology is that the redshift follows the sguare of the distance for

small distances:
z = tan?(6/2) (2)

The chronometric cosmology predicts the following redshift-flux law

for power law sources:
_ \2-a
F, = (LV/16nR2)(l+z) /Z (3)

The volume-redshift law is given by:

av/dz = 16mR320 2 /(1+2)°. (4)

The qualitative explanation for the excess of medium flux sources
involves the redshift-flux law, which for « < 1 reaches a minimum
flux Fin 2t @ redshift Zin’ then rises for larger redshifts. Thus
~a source can appear bright either by being close to the observer or

close to the antipode where 6 = n and z = «. This produces a large

number of sources with fluxes near Fmin' which can explain the excess
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of medium flux sources over the Euclidean expectation. The magnitude
of this effect depends on «, however, and it is never very large.

Figqure 1 shows a plot of 53/2

N(>S) vs. S for « = -0.25, 0, 0.25,
0.5, 0.75 and 1.00. As « approaches 0" the rise above Euclidean

" increases until it abruptly falls when « < 0.

The rise above the Euclidean law does not continue to increase
with decreasing « after « = 0 because for o < 0 the high redshift
region giving an apparently bright source becomes larger than the low
redshift region giving an equally bright source. The volume-redshift
law has the property that the volume with redshift < z is the same as
the volume with redshift > 1/z. When « is negative, Zin is less

than 1, and the region with z > zﬁin has a larger volume than the

region with z < Zine Since the flux for z >> Zin follows

F e gl (5)

the volume with z >> Zoin that gives a flux > S goes like

Vv o« 2—1;5 « 5_1.5/(l-a) (6)

for @ < 1. Thus the high redshift region contributes an N(S) law

that follows

N(§) « g +-2/(1-a) (7)

at high fluxes, which for 0 < « < 1 is steeper than Euclidean, as is
required. But for « < 0 this becomes less steep than Euclidean, as
can be seen in the curve for « = -0.25 in Figure 1. Models with

o« £ 0 in the chronometric cosmology are very improbable, since the

brightest sources in these models are dominated by objects with
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z >> 1, unlike any known sample.

This mechanism for explaining the steep N(S) law for radio
sources has a definite limitation: the rise above a Euclidean law is
always less than a small factor. To quantify the rise above
Euclidean given by the chronometric model I will define a Euclidean
excess ratio for the flux range Sl < 52 in a number vs. flux law

N(S) as
E(S,,S,) = (5,/5,)1"° N(s))M(S,) (8)

This ratio can be calculated both for theoretical models and for
observed counts. Theoretically E depends on the density of sources
with spectral index « and luminosity L: p(e,L). But if p can be

written as the sum of two non-negative functions £(«,L) and g(e,L),
p(e,L) = £(e,L) + g(e,L) (9)
with corresponding Euclidean excesses Eg and Eg such that

{E | (10)

E ’
g

£

then the Euclidean excess for p, Ep, satisfies

<E <E. (11)

Eg <E < Eg

This implies that the extreme values of E will always be attained by

models with a single type of source, having
p(e,L) = 5(0:—0:0) S(L—LO). {(12)

For the chronometric cosmology the largest value of E for any e, Sq

= 3n/2 in the limit « > 0%, § = F ., and 5, > =

and S min

2 1S Emax
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Observationally Eobs is 17.21 for quasars in the flux range from
19.8th magnitude (35 quasars in 1.72 deg®, Marshall et al., 1984) to
15.4th magnitude (29 quasars in 10,700 degz, Schmidt and Green,
1983), which is much greater than 3n/2. The maximum E predicted by
the chronometric model is less than 3n/2 for a finite flux range,
such as SZ/Sl = 58 corresponding to the 4.4 mag range for Eobs’

Figure 2 shows Emax vs. Sz/sl, and the chronometric model predicts E

< 3.3 for this flux range.

Other non-evolving cosmologies, such as a non-evolving Friedmann
model, the Steady State model, or the tired light model, dec not
produce any rise above Euclidean at all. This requires that Emax'z 1
for these models. By contrast, an evolving cosmglogy has a source
density that can depend on the redshift z as well, and Enax is
infinity fér a single type of source at a single redshift. Thus the
chronometric cosmology can give a steeper N(S) law than other
non-evolving models, but the observed quasar counts seem to rule out

all the ncn-evolving cosmologies.



RADIO SOURCE COUNTS

A quantitative comparison of the chronometric model with the
observed radio source counts depends on the luminosity function.
Wall et al. wuse identifications of bright sources to construct a
luminosity function, but this method depends on the cosmological
model. I have used a more general approach in my calculations, by
asking whether any positive luminosity function can fit the data.
Thus I have performed a linear least-squares fit to the 408 MHz
source counts using the values of the luminosity function in bins of
width 0.1 in loglOL as parameters. The density of sources in each
bin is constrained to be positive, so the problem can be solved by
quadratic programming. To be specific, let the observations give N,
sources in solid angle Qi in the ith flux bin, and let the model
specify the density pj of sources with luminosity Lj. Define Vij as

the volume/steradian in which a source with luminosity Lj would give

a flux in the i:h flux bin. Then
5 .
2 = - . . . .
X zi.(Ni 2, }j ATALZ (13)

and the calculation consists of minimizing X? by varying the pj
subject to the constraint that pj > 0. I have done this calculation

many times with different values of the spectral index «a.

Figure 3 shows the result of this calculation. The effect
postulated by Segal can be seen as the Xx? improves toward smaller «.
The best value of X? is 30, obtained when o« = 0.19. Since there are
24 flux bins in the Wall et al. data, this fit is acceptable, if one

ignores the number of parameters fitted to the data. The actual
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calculations had 40 free parameters, defining the luminosity function
over a 104:1 range in luminosity; but the densities of only 12 bins
were non-zero and truly free. Figure 4 shows the counts from Wall et
al. compared with fits for three different values of «. The jagged
structure in the model curves at low fluxes is real. It is caused by
the sharp peaks in N(S) at S = Foin for fixed luminosity, and the
small bin width in my model luminosity functicns. As a result the
quadratic programming algorithm can give an exact fit to the low flux
counts wherever N(S) is less steep than Euclidean. Thus the fairly
good value of X2 = 30 is obtained by a model which gives a mediocre
fit to the steep N(S) at high fluxes. However, even if I assume
every non-zero value of the luminosity function is a free parameter,
X? = 30 with 12 degrees of freedom occurs 0.3% of the time from
statistical fluctuations alone, which is similar to a 3 sigma

fluctuation.

My interpretation of these results is that the fit to the source
counts is marginally acceptable for 0.1 < « < 0.4. Wall et al.,
using a five parameter evolving luminosity function in the standard
Big Bang cosmology, obtained X* = 23.8, which is somewhat better than
the best chronometric medel, and do not require unrealistic spectral
indices. 1In an evolving model the "X corrections" to fluxes implied
by different values of the spectral index can be absorbed into the
luminosity evolution, so the X? of the fit is independent of the
assumed spectral index. Wall et al. actually used « = 0.75. The
observed spectral index distribution of sources selected at 408 Mhz
has been measured by Katgert (1976), who gives <o> = 0.79 + 0.024 (sd

of mean) for sources brighter than 5.5 Jy at 408 Mhz, and
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<> = 0.87 + 0.028 for a sample of 61 sources brighter than 0.06 Jy.
For these measured values of « the best fitting chronometric model

gives X? > 140 which is totally unacceptable.

Considering radio samples with known spectral indices makes the
deficiency of the chronometric mcdel most evident. Machalski (1978)
gives counts from the the GB2 survey of sources with 408-1400 MHz

spectral indices « > 1. This steep spectrum sample shows an N(S)

following
_ -8
N = NOS (14)
with 8 = 1.90 + 0.11. Figqure 1 shows that the chronometric model

will have B < 1.5 for « > 1, so the chronometric model fails by 3.6
g. For flat spectrum sources with « < 0.5, which could have 8 > 1.5
in the chronometric model, Machalski finds that 8 = 1.36 + 0.09.
Thus the chronometric cosmology can not explain the observed
steepness of the steep spectrum source counts. It could explain a

steep N(S) law for flat spectrum sources but this is not observed.

- 10 -



OPTICAL QSO COUNTS

Since the N(S) curve for optical quasars is much steeper than
Euclidean, and is in fact steeper than the radio source counts, the
limited ability of the chronometric cosmology to give steep source
counts is quite inadequate to explain quasar counts. Figure 5 shows
the quasar counts of Koo and Kron (1982), normalized to a Euclidean
law with 2 quasars per square degree brighter than 18th magnitude.
The counts for bright quasars were read from Figure 7 in Koo and
Kron, as was the luminosity evolution model of Braccesi et al.
(1980). However, the points for B < 16 are from Schmidt and Green
(1983), and the Green & Schmidt 1978 point has been replaced by two
bins taken from Table 2 of Schmidt and Green (1983), using the counts
for all objects, not the sample restricted to“MB < =23. By analyzing
just the#N(S) curve for quasars without using their redshifts, the
radio source count calculation can be used without modification. But
now the best fit, which is obtained with « = 0.15, gives Xx? = 69 for
15 degrees of freedom, which is quite unacceptable. This best
fitting chronometric model is plotted in Figqure 5, and it is unable

to match the observed N(S).

- 11 -



DISCUSSICON

My conclusions about quasar counts in the chronometric cosmology
are completely different from those reached by SLS and Segal and
Nicoll (1986), and it is important to examine the causes of this
disagreement. SLS present the theory of number counts in the
chronometric cosmology in their section II, and explain the
steepening of the number counts near Fnin’ in a manner that is
completely consistent with this paper. However, in section III,
"EMPIRICAL COMPARISON", SLS introduce a lower limit to redshifts, z >
z; = 0.1, which is the actual reason their calculated N(S) is steep
at high fluxes. 1In fact, the most luminous gquasar in the SLS
luminosity function would have m.= 15.5 at z = 0.1, so SLS could
predict an infinitely steep N(S) with no bright quasars at all. Thus
when SLS conclude that the chronometric theory fits the quasar
counts, this conclusion is not a consequence of their theoretical
discussion, but rather a side effect of the apparently innocuous
parameter z,. Introducing a lower limit to redshifts will produce a
steep N(S) law in any theory where flux is anti-correlated with
redshift: for example, the N(S) law for galaxies with z > 0.1 is

very steep near B = 16, but this is not a result of evolution.

The use of a restricted redshift range by SLS is a very strong
assumption in the chronometric cosmoleogy. For a fixed absolute
magnitude, the total range of apparent magnitudes in the redshift
range 0.1 < z < 4 considered by Segal and Nicoll (1986) is only 1.62
mag for « = 0.5, and only 1.31 mag for « = 0.15. Contrast this with
an @ = 1 Friedmann model which gives a range of 8.66 mag. Thus by
limiting the redshift range Segal and Nicoll destroy the power of the

- 12 -



N(S) test, because apparently faint quasars must be intrinsically
faint, while apparently bright quasars must be intrinsically
luminous, and an arbitrary N(S) can be fit by adjusting the
luminosity function. But the calculations in this paper show that a“
large number of bright quasars with z < 0.1 are predicted by any
chronometric medel that matches the quasar counts at 18-19th
magnitude. Figure 6 shows a comparison of the Segal and Nicoll model
(the extended RLF from their Table 7) with the quasar count data. To
make this plot I have used « = 0.5, and adjusted the count and flux
normalization to best fit the peak and the sharp drop. By requiring
z > 0.1 Segal and Nicoll get a fair fit over the range from 15.5 to
19th mag, and could fit all the data with a more extended luminosity
function. But the predicted counts from the same model without the
redshift restriction are ten times higher than the observed counts at

the bright end.

Certainly some correction for the resolution of low redshift
quasars into N galaxies and/or Seyferts must be made, but the
redshift cutoff used by SLS does not match the de ggégg definition
based on a stellar appearance on the POSS. Half of the quasars with
B < 15.4 in the Schmidt and Green (1983) sample have z < 0.1. On the
other hand, there is no difficulty in distinguishing galaxies from
stellar cbjects down to 18th magnitude on the POSS. Thus the abrupt
redshift cutoff used by SLS rejects scme true quasars and passes some
true galaxies. The proper selection model would require a minimum
difference between the magnitude of the nucleus and the magnitude of
the underlying galaxy before accepting the nucleus as a quasar; and

if this difference were independent of the magnitude of the galaxy

- 13 -



then no redshift or magnitude dependent correction to the counts
would be needed. The analysis by Yee (1983) of the ratio of the
nuclear luminosity Ly to the galaxy luminosity LG in Markarian
galaxies shows that LN/LG < 1; while the studv bv Gehren, Fried,
Wehinger and Wyckoff (1984) of fuzz around low redshift quasars shows
that LN/LG > 1 for most quasars, and finds no trend of LN/LG with
redshift. Thus it appears that a stellar appearances on the POSS
reguires LN/LG > 1 independent of redshift, so the resolution
correction to quasar counts is negligible, and the results presented
above eliminate the chronometric theory as a possible model of the

Universe.

Schmidt and Green used a model dependent luminosity cutoff,
My < -23, to define quasars, but I have analyzed their total sample
without this cutoff. Some of these objects show associated
nebulosity on the POSS: 50% of the objects with B < 15, and 14% of
those with 15.4 < B ¢ 15. Eliminating these slightly nebulous
sources would make the quasar counts even steeper, and the fit to the

chronometric model even worse.
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CONCLUSIONS

Segal’s chronometric cosmology provides an adeguate f£it to the
radio source counts only for an unrealistic choice of spectral index.
Since the typical observed spectral index of 0.75 gives a completely
unacceptable X? = 136 with 24 (or fewer) degrees of freedom, I
conclude that the actual Universe does not fit the chronometric
model. Counts of ultraviolet excess quasistellar objects also show a
steep N(S) curve that the chronometric cosmology cannot explain.
Claims to the contrary by Segal, Loncaric, and Segal (1980) and Segal
and Nicoll (1986) depend on a seemingly innocuous assumption that in
fact destroys the power of the N(S) test. Even though the
chronometric model gives .a better fit than other non-evolving models
(such as the Steady State, the tired light mecdel of LaViclette (1986)
or a non—evoiving Friedmann model) it must be ruled out along with

all non-evolving cosmologies.

This work was supported in part by grant number NAG2-315 from

the NASA Ames Research Center.
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FIGURE 1: Chronometric model number counts (divided by a Euclidean
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THE R/IR EVOLUTION IN GALAXIES - EFFECT OF THE STARS ON THE AGB
Arati Chokshi and Edward L. Wright

Dept. of Astronomy, University of California, Los Angeles, CA 290024

ABSTRACT

The effect of including the AGB population in a spectral synthesis model
of galaxy evolution 1is examined. Stars oun the AGB are luminous enough and
also evolve rapidly enough to affect rad and infrared evolution in galaxies.
The validity of using infrared colors as distance indicators to galaxies is

then investigated in detail.
INTRODUCTION

Over the years ample evidence has gatherad indicating that galaxies
evolve (eg., Djorgovski and Spinrad 1985; Bruzual and Spinrad 1981). One of
the primary motivations for studyipg galaxy evolution has been that galaxies
and galaxy distributions are principal probes for the study of the nature of
the Cosmos and, in principle, can be used to derive values for cosmologically
interesting parameters, such as the deceleration parameter qo. Systematic
effects of galaxy evolution must first be fully understood, however
before one can successfully use giant elliptical galaxies at cosmologically
interesting look back times, to probe the expansion of the universe. Also,
the effects of galaxy evolution could completely mislead the efforts direscted
in estimating a value of q, via the standard route of Hubble plots (Tinsley
and Guon 1976). Evalution makes the distant youﬁger galaxles brighter.

This effect must be decoupled from a similar effact of a positive value for qq

1



or £, (the ratio of the prasent density in the universe to critical density),
which provides a smaller comoving volume wirhin a specified z and therafore
makes the galaxies appear brighter [because thevy are aczually closer] than for

the g = 0 case.

One of the methods that has frequently besn used to study the evolution
of stellar population in galaxies is that of evolutionary speczral synthesis
pionearad by Tinslevy (1972) and elaborataly modelled by Bruzual (1981). The
input physics these models require ars analytical expressions for the IMF and
STR, and the evolutlionary tracks for stars on the HR diagram. Galaxy
evolution [luminosity and spectral evolution] is then govermed by the
evolution of stars on the HR diagram. A general description of galaxy
evolution may be given as follows: When a galaxy is young, its light is
dominated by hot, bright, blue stars on the main sequence. Evolution causes
an incresased population of stars on the giant branch and it is the light from
these red giants that dominates the rad and infrared colors of galaxies. It
is also apparent that evolutionary effects depend on the galaxy type in
question i.e. different types of galaxies undergo star—-formation at different
rates and are therefore characterised by different spectral enerzy
distributions at a given epoch. Further the effects of galaxy evolution are
most pronounced in the near UV and visible and it is generally accepted that
they do not effect the infrared colors significantly. Spectral energzy
discributions in the infrared are similar for all galaxy types since it comes
the K and M giants. For these rzasons, Infrared colors are regarded as good
distance indicators for galaxies. One point that has generally been
overlooked is the rapid evolution of the bright red giants on the AGB, which
could significancly affect the R/IR colors of galaxies in the course of thelr

evolution. A detailed inclusion of the stars on the AGB into the spectral

2



synthesis model of galaxy evolution has not been feasible to date simply
because of a lack of reliable evolutionary tracks in this phase of stellar
evolution. In this paper, we attempt to include the AGB light, in an
evolutionary correct fashion, into the models of galaxy evolution develgved by
Bruzual(1981). We do this mainly from the energy output considerations, using
a procedure developed by Renzini (1981), instaad of at:ampting to extand the

evolutionary sequence for stars on the HR diagrzam.

Section II details the procedures involved. Section III contains the
results and analysis. The question of IR colors as - -distance indicators is

re~axamined. Section IV outlines a summary.
II. PROCEDURE

We make use of Renzini's model (1981) for a Simple Stellar Population
(sspP), which iIs defined as a coeval population of single stars of the same
initial chemical composition (assumed solar). The model enables a calculation
of the fractionmal contributions of the various phases of stellar evolution to
the total integrated light of a SSP. Renzini points out that the critical
factors that determine these fractions are not the individual luminosities of
stars in the various PMS (Post Main-Sequence) phases, nor the individual
durations of the phases, but only the total amount of eﬁergy liberatad, or the
"fuel” burnt by a star in a particular phase of evolution. Thus, one does not
need to consider the time evolution through the various FMS phases. Also,
gsince the total time spent as a PMS star is small comparad to the lifetime of
a star, one can assume that the initial masses of stars in the various PMS
phases are equal to the main sequence turnoff mass in a S3P. It is important

to notice that the contribution of the AGR light in Renzini's SSP comes in



very sharply and also very strongly at a definizz age and it very soon
dominatas the integratad brightness of the S3? [see Fig(l) of Renzini and

Buzzoni(1983)].

We adapted this method to calculace the energy(=Esgp) liberated bv scars
of various masses in their AGB phase. We used the calculatiocus for the PMS
contributions to the total light [see Fig(l) of Renzini and Buzzoni(1983)],
calculacted the flux of stars passing through the PMS(=b ) and the total
bolometric luminosity of a SSP(=Le.go¢) as a function of time. The stallar
energy contribution in any PMS phase (for example the AGB phase) as a fumction
of the age of the SSP, or its turnoff mass was then derived as follows: The
percentage contribution in the AGB phase{=AGBZ) for a given turnoff mass is

AG3Z = lOOBEsga/Leoe
or,
Eagy = AG3Z Lege/(100b) ————=(1)
Fig (1) shows the energy contributions in the various phases as a function of

stellar mass. WNotice that the AGB contribution is important for stars between

1 co 8§ M,.

We incorporatad the AGB contributions into Bruzual's (1981) galaxy
evolution models as follows: Evolutionary tracks for stars in the HR-diagram
that Bruzual used went oaly up to the Red Giant Tip(RGT) or the core helium
buraing phase in stars. Followiang Tiaslew (1978), Bruzual attampted to
remove the deficiency of stars cn the AG3 by semi-empirically extanding the
liferimes that stars spent at the end of their rad giant branch evolution,
so that the synthetic red and infrared colors matched the R/IR observatioans

of the E/SO galaxies by Frogel et.al.(1978). This procedura, although



adequatz in describing the R/IR light in early type galaxies at the prasenc
epoch could not be reiied om to producz an evolutiomary corract sequencs of
IR contributions at earlier epochs.

We modified the evolutionary steps along the giant branch in Bruzual's
progrzon as follows: We removed the empirical corraction for the AG3 stcars
such that the evolutionary tracks corrasponded to the original giant branch of
Tinslev and Guan (1976). We next added on the AG3 enerzy contributions for
stars of variocus masses, at their respective RGTs, such that a star remained
at the RGT [i.e. at the same luminosity and temperature] for as long as was
required to liberate the right amount of enerzy, as derived from Renzini's
model. We believed it justifiable to use the same temperature as at the RGT,
since the tracks on the AG3 follow roughly the Havashi tracks, but also
because this was a reasonable avproximation in the absence of detailed track
information. Also, since the evolutionarj time spent by a star on the AGB is
short, a non—evolving luminosity was again a reasonable approximation as long

as the energy output requirements were fulfilled.

A point that we have considered in the praesent work was the effect that a
separate population of carbon stars might have on the infrared colors of
galaxies. Some stars on the AG3 go through a short phase of being carbon
gstars(Renzini, Voli 1982). Their spectra are characterlsed, amongst
other things, by an ultraviolet deprassion which makes their visual colors
considerably redder than those of normal red giants. Howesver their effective
tamperatures are not very different from K and M giants with similar
spectra at red wavelengths (Gunn, Stryker 1983 =-figs 2p and 2s). Also Renzini
and Voli (1982) estimate that only about 10Z to 20% of the AGB stars go

through the carbon star phase. For all these reasons, we believe, that carben



stars cannot make significant differances to the IR colors of galaxies and
therefore all AG3 stars used in model calculations are O-rich. The effect of
including such a population would be much more pronounced in the B-YV color
index and this has been considerad by Wvse (1985).

For a consistaency check, we also used Renzini's model of an S3? to build
up a svantheric galaxy. We combined a large number of SSP's such that they
mimicked the overall shape of an exponential star—-formation rate (SFR) that
described a Bruzual model galaxy. We call this a Simple Galaxy (SG). In all
cases we used Bruzual's parameterisation of an exponential SFR by u, which
represents the fraction of the total galaxy mass that is converted into stars

in 1 Gvr. i.e.,
u=1--exp (-1 Gyr/T) ————eeen(2)

where T is the characteristic time scale for galaxy evolution. The value of u
that we generally use is W = 0.7. Such a model would imitate an early type
galaxy with a high SFR at early epochs and very little residual star formation
at the present epoch. Each of the SSP making up our SG was described by

Miller and Scalo's (1979) four-segment power law IMF, which is

IMF= AqM -(1+x) —————(3)

where, x= 0.25 for 0.08 < M <1.01

1.01 for 1.01 < M <1.95

[}

X
x= 1,30 for 1.95 & M <8.37

x= 2.30 for 8.37 < M <25.0 ————————— (%)

where the normalisation factors A; make the IMF continuous . Then to derive

the PMS contributions from this SG we just added up the coatributions of the



various PMS pnases for all the SSPs making up the galaxy. We could now mske a

direct comparison between these results and the corrected Bruzual's model.
II RESULTS AND ANALYSES

The results that we derived for the fracrzionmal PMS contribution from a
model galaxy are shown in Fig 2. Here, the fractional PMS bolometric light is
plotted as a functiom of the age of the galaxwv, for Bruzual's original model,
for the corractad version of Bruzual's model and for a SG. One notices that
the corrections to Bruzual's model produces rasults that appear to be
consistent with what we derive from Renzini's model, at later stages of
evolution. Also, at younger galaxy ages, we notice that there is an agreement
between our model, Bruzual's model and;a SG oy;y’if we were to'agnore"ﬁhe
Horizontal Branch (HB) stars contributions in Renzini'é model. -This implies
that Bruzual's models are deficient in HB light at early epochs of galaxy
evolution, although the residual star formation in a u~model at later times
are adequate in providing an empirical fit between the observed and
synthesised spectra in the UV. Note that we have ﬁade no attempt to correct
for a HB population in Bruzual's model and this explains the similarity of the
two results at earlier times. A better overall fit would require a careful
consideration of the HB population especially at younger galaxy ages. Fig 3
is a plot of the ratio of light from various PMS phases to the total PMS light
in a SSG, as a function of age. Notice the importance of HB population at
early epochs. The figure also illustrates the strong dominance of the AGB
light at a fixed epoch after the galaxy formation.

A very interesting feature of our corrections to Bruzual's model 1is its
effect on the spectral evolution of the model galaxy. Fig 4 is plot of

galaxy spectra [Log Fy -Log A] as a function of galaxy age. One notices a



"hump” appear at the red end of the spectra at a galaxy age of about 0.2 Gvr.
.

This represents the sudden appearance of stars on the AG3. Such a feature is

reproduced in our infrared color evolution plots showing (V-X), (J-Z) and

(B~7) plotted as a functzion of galaxy age [FIG 5]. Mo significant differences

ara noticed in the evolution of (B-7) color index. Table(l) lists the various

color indices as a function of galaxy age. Model paramerars are specified.

We note in the infrared color evolution plots that at galaxy ages larger
than about a billion years the infrared colors flatten into a plataau i.a.
there 1s no significant IR evolution up to rather large z in the galaxy rest
frame. However, if the epoch of galaxy formation is sufficiently recent, as
considered by some authors (Tinsley 1977) then one will begin seeing the
effects of eyqlution at fairly short lookback times and, interesfﬁngly, 1f one
is_examiﬁing the :éé/infrared colors, the tendency will be éor the galaxies to
first appear redéer at younger”éges and then get bluer. However such a trend
will not be apparent in the visual or blue color indices. Table II lists the
redshifts up to which IR evolution,in the galaxy rest frame, can be regarded
as in—significant. " This is shown as a function of Hy and 5. From Figs
5(a,b) we notice that there is very little IR color evolution beyond a galaxy
age of t* 3 Gyrs (or, log(age)= 9.5). Assuming the limiting case for the
epoch of galaxy formation at z = =, and values for Hy and {,, enables a

calculation of the look back time (At) to the epoch when galaxy evolution

becomes significant. This is then converted into redshift via.,

z = [1-H, ot]"1 -1 for qo= 0 or 5= O.

z = [1-1.5 Hy ae]=(2/3) -} for qo= 1/2 ot = 1  =———mmem—e (5)

One interesting point that we noticed in our calculations was that



even if we repeated the entire procedure for a very slowly evolving galaxy
[eg., u=0.01] i.e., a galaxy with significant amount of current star forming
activity or a late type system, the "hump” feature is reproducad both in the
spectra [Fig 4] and in the IR color évolution plots (see Figs 5 and Table 1) at
the same epoch after galaxy formation as in early type systems. Also it
appears that the late type systems retain a considerable amount of their AG3
populations all through their evolving lifetimes. This is evidenced in their
red R/IR color indices at late times éven though they are much bluer in B-V
than the early type systems. It thus appears that the infrared evolution in
galaxies is almost independent of the SFR in galaxies.

A very exciting possibility then seems to be that since this "hump” in the
IR colors and spectra seems to appear at such a well defined age after the
galaxy formation and is irrespective of the galaxy type, one could in
principle, constrain the epoch of galaxy formation based upon observed red
evolution of the IR colors. This is certainly feasible if the epoch of galaxy
formation is sufficiently recent. A similar suggestion that color evolution
may be used to constrain the epoch of galaxy formation has been considered by
Wyse (1985).

Two factors that influence the observed fluxes and/or colors from a galaxy
are the radshift of the galaxy continuum i.e., the K-correction and the galaxy
spectral energzy distribution (s.e.d) at that redshift i.e. the evoluticnary
correction. Table III lists the observed IR color, defined as the ratio of the
observed fluxes at 2 and 4 microms, from model galaxies with threse diffarent
S¥TRs given by u = 0.01, 0.7, 0.9 respectively and from a non-evolving galaxy,
where only the effect of redshifting the z = 0 continuum for a w = 0.7 galaxy

has been considered. Tabulations include two different cosmologies (85=0 and



2,=1) for Hy=50 at a galaxy age of 12 Gyr and two different galaxy ages Tg= 19
Gyr and 15 Gyr for cosmological parameters H,=30 and Qy=0 respectively. The
effect of using different 4 on the measured fluxes or observed colors is as
follows: A given time t measured from any event up till now, corrasponds to a
larger redshift in a Q=1 universe than in the case of an empty or 0=)
universe, or in other words a redshift of galaxy formation zg5pp corrasponds
to a more recent event in a @=1 model. This means that one tends to see
younger galaxies and stronger evolutionary effects in models with larger Q.
most extreme case that we consider (Tg = 12Gyr and {5 = 0) one essentially
reaches the epoch of galaxy formation at z =l.5. Obviously, such a case is be
ruled out by the observations of galaxies at raedshifts of up to 1.84
(Djorgovski, Spinrad 1984)., if one makes the-simplifying assumption of a
siug}e epoch of all galaxy forﬁation. . The latter assumption however may not
be viable.

Figs 6 é—d are.plots of the ratio of 2 to 4 micron monochromatic
fluxes vs. redshift for the four cases discussed above. One notices that for
large galaxy ages (Tg=l9 Gyr) there 1s of the order of a magnitude difference
in colors between the evolving and non-evolving galaxies at a redshift of 5.
The most striking feature about all these plots is that beyond a redshift of z
= |1 the observed colors seem to flatten out or get bluer implying that the
evolutionary effects compensate ;nd even dominate the effect K—-correction at
these IR wavelengths and are independant of the galaxy tyvpe i.e., the SFR.
This would limit the use of IR-colors as distance iandicators to fairly nearby
galaxies. 1In principle one could apply evolutionary correction to galaxy
fluxes, especially since the affect of varying the SFR seems secondary. The
primary factors neccessary before this can be done are the constraints on

galaxy age Tg and the cosmological parameters Hy and €,. However, although 1t
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is possible to estimate the galaxy age observationmally, as discussed above,
the determination of H, and &, present a much more formidable task especially
since one does not have a readily available method of distance derermination
for distant galaxies.

Finally, Figs 7 a-b show a comparison between our predicted H-X color
index as a function of redshift with the results of near ipfrared photometTy
on giant elliptical galaxies with known redshifts (Eisenhardt, Lebofsky,1986).
The data are compared with model predictions based on both non-evolving and
evolving spectral energy distributions for each of the following two cases:
(1) tg= 9 gyr, Ho= 100, qo= 0 and (2) tg=16 gyr, Ho= 50, qo=0. SFR parameter
U4 = 0.7 is used to characterise the star formation activity in elliptical
galaxies. It should be noted that the real data are based on the observations
of both optically selected and radio selected galaxies. However the authors
find no significant evidence for differences between these two galaxy types
based on the properties of their infrared colors.

One observes that the model predictions do follow the basic trend of
the data quite well, although one must be cautioned against relying on models
to reproduce either the detailed characteristics or make accurate description
of color evolution in galaxies. This is mainly due to the fact that the model
s.e.ds of galaxies are only coarsely described at the near infrared
wavelengths and any improved treatment would requirs an imclusion of the
detailed spectral charactaristics of cool stars that dominate the longer
wavelength regime. At this point it is encouraging that Bruzual's models do
roughly reproduce the visual (Bruzual 1981) and the iInfrared colors observed
in the nearby galaxies as well as show the same trend as the data as with

increasing redshifts. A final point that should be made is that the data only

11



xtend up to a redshift of 1.2 at which point the different models are barely
beginning to show the evolutionary effects due to the AGB stars that we have
included. More observations of this kind that extend to larger redshifts are

neccessary before one can understand and/or quantify the evolutionary effects

in galaxies.



IV. CONCLUSION

We conclude that (1) a population of AGB stars can make significant
changes to the evolution of galaxies in the R/IR colors. In particular
galaxies at a higher z would appear to get redder inm their rest frame.
However, such effects of evolution would be observable only if the epoch of
galaxy formation were sufficiently recent. One could, in principle, comstrain
the epoch of galaxy formation by observing the evolution of infrared colors.
(2) Late type systems seem to have a considerable amount of red and infrared
stallar light i.e., their colors and luminosities are governed by a very wide
variety of stellar population. (3) Addition of the AGB populatfén-;r8Auces
coiors that are still consistent with the observed range for E/SO galaxies
since its effect will not be apparent till about a redshifc of 1. (&) Near IR
colors can be used as distance indicators up to z < 1, but at higher redshifts

spectral evolution causes a wide range in colors.
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TABLE T

COLOR EVOLUTION IN MODEL GALAXIES (Rest Wavelengths)

U = 0.7 [old] u= 0.7 u = 0.01
AGE(Gyr) V-X  J-4  B-¥ v-x J-3 B~7 V- J-8 B~
0.01 =0.45 0.00 -9.21 -0.45 0.00 -3.21 -30.453 0.00 -0.21
0.05 1.37 0.53 -0.11 1.37 0.58 -0.12 1.35 0.57 -0.11
0.10 1.47 0.56 =0.03 ;-60 0.59 -0.01 1.58 0.59A -0.02
0.20 1.96 0.67 0.02 3.62 0.89 0.05 3.57 0.833 0.04
0.30 -f2:16 0.64 0.22 J3-31. 0.84 0.23 3.32 0.84 0.20
0.40 2.07 0.62 0.24 3.15 0.81 0.29 3.19 0.82 0.25
0.75 1.76 0.55 0.21 2.93 0.78 0.32 3.02 0.79 0.29
1.00 1.74 0.51 0.21 2.73 0.75 0.30 2.89 0;78 0.28
2.00 2.20 0.61 0.39 2.86 0.75 0.45 2.87 0.76 0.36
3.00 3.05 0.76 0.60 3.67 0.84 0.63 3.22 0.80 0.44
4.00 3.13 0.76 0.58 3.72 0.84 0.69‘ 3.29 0.81 0.47
5.00 3.28 0.77 0.77 3.85 0.85 0.79 3.35 0.81 0.50
6.00 3.25 0.76 0.81 3.80 0.84 0.82 3.38 0.81 0.52
7.00 3.23 0.76 0.84 3.72 0.83 0.85 3.39 0.81 0.54
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TABLE T [continued]!

4=0.7 [old] u=0.7 4=0.01

AGZ(Gyr) V=X J-g B~V v-X J-4 B-V V-X J-3 B-v
.00 3.28  0.76  0.87 3.76 0.833 0.88  3.51 0.81  0.55
9.00  3.23  0.76  0.87 3.70 0.82 0.88  3.42 0.81  0.57
10.00  3.24  0.76  0.88 3.69 0.82 0.89  3.43 0.81  0.58
11.00  3.26  0.76  0.90 3.70 0.82 0.90  3.43 0.81  0.59
12.00  3.27  0.76  0.91 3.71 0.82 0.92  3.4h 081 qlso
13.00  3.30  0.76  0.93 3.70 0.82  0.93 ‘3.43_, 0.81  0.61
14.00  3.31  0.76  0.94 3.66 0.81 0.9  3.45 0.81 0.6l
15.00  3.36  0.76  0.95 3.67 0.81 0.95  3.45 0.81  0.62
16.00  3.34  0.76  0.96 3.63 0.81 0.97  3.45 0.81  0.63
17.00  3.35  0.76  0.97 3.62 0.80 0.97  3.46 0.81  0.63
18.00  3.35  0.76  0.97 3.62 0.80 0.98  3.46 0.81  0.64
19.00  3.32  0.76  0.97 3.55 0.79 0.98 3.4 0.81  0.64




TABLE II

Cosmology Age (To) To - ¢~ z
Ho= 100
Q= 0 9.78 10° 6.78 2.26
Q= 1 6.55 107 3.55 0.69
Ho= 75
Q5= 0 13.04 109 10.04 3.34
2= 1 8.74 109 5.74 1.05
Ho=50
Q= 0 19.56 . 16.56 5.52
Q= 1 14.11 10.11 1.71

* Note: t is the age of the galaxy up to which the effacts of evolution are

pronounced. t= 3x10% years [see Figs 4]
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TABLE IIla

OBSERVED IR (2-4)MICRON COLOR FOR MODEL GALAXIES

Tg = 12.0, z(formation)=1.58, Hy=30, 2,=0.

Log [Flux (2um) / Flux (4um)]

Age(Gyr) z Xel2]1F Agl4]
= 0.01 0.7 0.9 0.7 [NE]
0.40 1.457 8139.06 16278.12 0.0334 0.0569 0.0792 0.0294
1.50 1.159 9263.80 18527.61 0.2553 0.3501 0.4216 0.0899
3.00 0.852 10797.55 21595.09 0.3766 0.3263 0.3032 0.3502
4.00 0.692 11820.04 23640.08 0.4997 0.4814 0.4771 0.4928
5.00 0.557 12842.54 25685.07 0.5866 0.5821 0.5809 0.5855
6.00 0.442 13865.03 27730.06 0.6444 0.6415 0.6415 0.6435
7.00 0.343 14887.53 29775.05 0.7210 - 0.7177 0.7210 0.7193
8.00 0.257 15910.0£l 31820.04 0.8248 0.8235 0.8254 0.8254
9.00 0.181 16932.51 33565.63 0.9818 0.9805 0.9809 0.9823
10.00 0.114 17955.01 35910.02 1.0334 1.0294 1.0334 1.0334
11.00 0.054 18977.51 37955.01 1.0899 1.0864 1.0864 1.0899
12.00 0.000 20000.00 40000.00 1.1790 1.1790 1.1790 1.1790

Note: Ag[2] is the emission wavelength in angstroms at a given z for the

flux F) to be observed at 2 um.



TABLE III b

Ty = 12.0, z(formation)=4.38, Hy=530, Qy=l.
Log [Flux (2um) / Flux (4um)]
Age(Gyr) =z Aal2] Aalt]
U= 0.01 0.7 0.9 0.7 [NE]

0.40 3.345 4603.45 9206.90 0.3909 0.3766 0.3636 0.0128

1.50 1.976 6720.45 13440.90 0.2227 0.3243 0.4014 -0.0458

3.00 1.184 9157.23 18314.46 0.1399 0.0531 0.0128 0.0899

4.00 0.885 10612.00 21224.00 0.3263 0.2718 0.2601 0.3054

5.00 0.670 11972.97 23945.93 0.5145 0.4969 0.4928 0.5092

6.00 0.508 13260.48 26520.95 0.6085 0.6053 0.6053 0.6075

7.00 0.380 14488.22 28976.43 0.6893 0.685% 0.6884~$. 0.68753

8.00 0.277 15665.95 31331.90 0.7959 0.7945 0.7966 0.7966

9.00 0.190 1§800.94 33601.89 0.9576 0.9566 0.9571 0.9581
'10.00 0.117 17898.80 35797.61 1.0294 1.0294 1.0294 1.0294
11.00 0.055 18963.97 37927.93 1.0864 1.0864 1.0864 1.0864
12.00 0.000 20000.00  40000.00 1.1790 1.1790 1.1790 1.1790
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Tg = 15.0, z(formation)=3.6, Hy=30, 2y=0.

TABLE

IIIc

Log [Flux (2vm) / Flux (4um)]

Age(Gyr) =z Aal2] Ao 4]
u= 0.01 0.7 0.9 0.7 [NE]
0.40 2.944 5071.58 10143.15 0.3201 0.3096 0.3054 0.0128
0.75 2.684 5429.45 10858.90 0.2529 0.2529 0.2601 0.0253
1.00 2.518 5685.07 11370.14 0.2504 0.2923 0.3304 0.0086
2.00 1.982 6707.57 13415.13 0.1818 0.1931 0.1732 -0.0223
3.00 1.587 7730.06 15460.12 0.0792 -0.0334 -0.0878 0.0334
5.00 1.046 9775.05 19550.10 0.1614 0.0792 0.0645 0.1664
8.00 0.5?7 12842.54 25685.07 0.5855 0.5832 0.5855 0.5855
11.00 0.257 15910.02 31820.04 0.8254 0.8241 0.8241 0.8241
12.00 0.181 16932.51 33565.03 0.9814 0.9823 0.9805 0.9795
13.00 0.114 17955.01 35910.02 1.0334 1.0334 1.0334 1.0294
14.00 0.054 18977.51 37955.01 1.0899 1.0864 1.0899 1.0864
15.00 0.000 20000.00 40000.00 1.1790 1.1761 1.1790 1.1761
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TABLE ITIId

Tg = 19.0, z(formation)=33.6, Hy=50, Q4=0
Log [Flux (2vm) / Flux (4um)]

AgelGyr z Aal2] Aal4]
p= 0.01 0.7 0.9 0.7([NE]
2.5 5.392 3128.84 6257 .67 0.0086 -0.2240 -0.6274 -0.9031
3.0 4,494 3640.08 7280.16 -0.01386 -0.2534 -0.6345 -0.5817
5.0 2.518 5685.07 11370.14 0.1139 -0.0414 —0.5217 0.0453
7.0 1.587 7730.06 15460.12 0.0414 -0.0123 -0.9930 0.0828
9.0 1.046 9775.05 19550.10 0.1584 0.1335 0.1303 0.2014
11.0 0.692 11820.04 23640.08 0.4987 0.4914 .4886 0.5079
13.0 0.442 13865.03 27730.06 0.6444 0.6444 0.6436 0.6464
15.0 0.257 15910.02 31820.04 0.8267 0.8241 0.8267 0.8267
16.0 0.181 16932.51 33865.03 0.9823 0.9809 '0-9814 0.9814
17.0 0.114 17955.01 35910.02 1.0334 1.0334 1.0334 1.0334
18.0 0.054 18977.51 37955.01 1.0899 1.0899 1.0864 1.0864
19.0 0.000 20000.00 40000.00 1.1790 1.1761 1.1761 1.1761
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FIGIURE CAPTIONS

Energzyv contributions as a function of turnoff mass for stars in

“~ o4

various Post Mzin Sequence (PMS) phases.

Fraction of PMS to total bolomezric light in a model galaxy as a
function of galaxy age: a comparison between various model

predictions

Fraction of the total PMS light coming from various stellar

evolutionary phases as a function of age of a model galaxy.

Evolving spectral energy distribution for a model galaxy with

H=20.7.
Color evolution in the galaxy rest frame (a) B-V (b) V-X (¢) J-H

IR [2-4 um] color evolution as a function of redshift in the
observer's frame for different choices of omega (%) and galaxy age tg
() =1, tg =12 (B)2 =0, tg = 12 (c) =0, tz = 15 (d)® = 0,

ty = 19 Gyrs.

Comparison between model predictions for H-X color index as a function
of redshift with observed data for giant elliptical galaxies.
Filled squaress represent optically selectad galaxies and stars

represent the radio selected galaxies. Observed data from Eisenhardt

and Lebofsky<1986)- (a) HO = 100, tg = 7 Gyr (b) HO = SO, tg = 16 Gyr
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