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Abstract. Although usual hierarchical clustering scenarios. Introduction

agree with the main observed properties of Lymatiouds and . . .
. . An important test of cosmological models is to check whether
galaxies, they seem to fail to reproduce the cluster temperatyre . . ) .
T . . - ey can reproduce the wide variety of astrophysical objects
- X-ray luminosity relation. A possible explanation is ttiag ) ) .
e observe in the present universe. Several studies have al-

IGM is reheated by supernovae or quasars before cluster formac . . .
ysup d ready shown that the usual hierarchical scenarios (such as the

tion. In this article, using a unified analytic model for quasars : - :

. : standard CDM model) provide predictions which agree reason-
ga!aX|es, L)_/manx absorbers and the IGM, we obtain the redfs;lbly well with observations for galaxies (Valageas & Schaef-
shift evolution of the temperature and the entropy of the gF\sr 1999a: Kauffmann et al. 1993: Cole et al. 1994), Lyman-
and the corresponding cluster temperature - X-ray luminosi }/ uds (Vétlageas ot al 19§9a' P'etitjean ot .al 199’2_ Miralda-
relation. We consider three scenarios: 1) no energy source in%& ' ' ' ’

- L . : scude et al. 1996; Riediger et al. 1998), quasars and reioniza-
glft\gg)tilgzgft\cg?p;?t;%ggzritlri]r? ,azn) 25::1' nugn{\;;yn;:ip(e)r; oV 10n constraints (Valageas & Silk 1999a,b; Gnedin & Ostriker

Q) = 0, with a CDM power-spectrum. We show that althoug 997; Haiman & Loeb 1998). However, within this framework

uasars can easilyv reheat the IGARd raise its entropy up to e simplest model leads for clusters to atemperature - X-ray lu-
q y Py up minosity relationL x o 72 (Kaiser 1986) which disagrees with

the level required by current cluster observatitins energy .
: i . - observations (Ponman et al. 1996). It has been argued (Evrard
provided by supemnovae is unlikely to be sufficiéndeed, the Henry 1991; Cavaliere et al. 1997; Ponman et al. 1998) that

efficiency factor needed for the supernova scenario is of or IrS discrepancy could be exolained by a “preheating” of the aas
unity (asy =~ 1.7) while for quasars we geig ~ 0.008. Thus . bancy co P yap 9 9e

: . which would raise its entropy before clusters form. Indeed, this
the IGM is more likely to have been reheated by quasars. More- . N . :

' . . . er}tropy floor” would lead to a maximum density for the ICM
over, we find that if both scenarios are normalized to prese :h would break the previous self-similar scaling and provide
observations the reheating due to quasars occurs somewhat'® '{ wou ) previou imi aling provi

a Steeper relatioft’ — Lx. On the other hand, it has also been

lier (zs ~ 2) than for supernovaez§ ~ 0.4) because of the )
sharp drop at low of the quasar luminosity function. We alsosuggested (Blanchard et al. 1992; Blanchard & Prunet 1997)

show that the Compton parametanduced by the IGM is well that the overcooling prol_JIem linked to ga_llaxy formation (|.e_.
L . he fact that a small fraction of the baryonic content of the uni-

below the observed upper limit in all cases. Finally, we no{%rse has been converted into stars while simple estimates show

that such a reheating process may partly account for the de- P

cline at low redshift of the comoving star formation rated : ahz?gsgifetﬁfa?ﬁryg?tshseﬂ%u,\lf irr1]ao\$ebret(ce)n ?:\I/ng? t%C;OI Z: fr: gvr\rll)
of the quasar luminosity function. In particular, we show thaga atng pre 9 .

. . . : ooling and falling into the dark matter potential wells. Thus, it
the contradictory requirements arising from clusters (which r%im ortant to obtain a aood handle on the “entropy history” of
quire alarge reheating to affect the relation L x ) and galaxies P 9 Py Y

(which require a small reheating so that galaxy and star forrﬁzgEa universe since it may play a key role in structure formation

tion are not too much inhibited) provide strong constraints @'{Of:strfﬁssgrz::Igeal\?vﬂesr:zevx?lgis;r?gldtlij(:str?]rjc'jel 1o derive the
such models. Thus, the IGM should be reheated at low redsre]:i\];tolution of the e;ntro b of the gas Toythis order. we use a de-
2 S 2uptoT ~ 5 10° K. On the other hand, the reionization” . " Py gas. 1 ’
: : o scription developed in Valageas & Silk (1999a,b) to study the
process of the universe is almost not modified by these entrd : T ) : )
. i r% eating and reionization history of the universe by the radi-
sources which means that our predictions for the former shou 7 . .
be quite robust ation emitted by stars and quasars. This model also provides a
' consistent description of galaxies (Valageas & Schaeffer 1999a),
Key words. cosmology: large-scale structure of Universe kyman-« clouds (Valageas et al. 1999a) and clusters (Valageas
galaxies: evolution — galaxies: quasars: general — galaxies: 8nSchaeffer 1999b). Thus, it ensures that we obtain a realistic
tergalactic medium — galaxies: clusters: general scenario. Then, as detailed in SEEt. 2 we add to this simple model

an additional source of heating which corresponds to a direct
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energy input into the IGM from supernovae or quasars. We aldensity fluctuations in such a cell. Then, we write the multiplic-
describe the modifications induced by entropy consideratioitg.function of these objects (defined by the constraigi/, z))
Next, in Sec{.B we presentthe numerical results we obtain foras (Valageas & Schaeffer 1997):

open universe for both supernova and quasar heating. Finally, in

Sectl# we point out the feedback of such an entropy producti@(rM’ Z)7M _ P *H(z) dz (3)

onto structure formation, for galaxies, quasars and clusters. We M M z

also describe the cluster temperature - X-ray luminosity relatigfherep is the mean density of the universe at redshifivhile

we obtain from these scenarios. the mass fraction in halos of mass betwaérandM + dM is:
dM dx

2. Model WM, 2)—7r = a*H(z) — @

First, we briefly present the main characteristics of our mod@he scaling functiori () only depends on the initial spectrum
Some of them are described in more details in Valageas & Sikthe density fluctuations and must be obtained from numerical

(1999a) (hereafter VS). simulations. In practice, we use the scaling functiéf) ob-
tained by Bouchet et al.(1991) for a CDM universe. The mass
2.1. Multiplicity functions functions obtained in this way have been checked against the re-

sults of numerical simulations for various constraifts\/) in
In order to evaluate the reheating and reionization of the univefﬁ@ case of a critical universe with an initial power-|aw power-
by stars and quasars we need the mass functions of galaxjgsctrum (Valageas et al. 1999b). This description also takes
and QSOs. We also derive the multiplicity function of Lymannto account the substructures which may exist within larger
« absorbers which provide most of the opacity at lowfter opjects and it allows one to derive for instance the amplitude of
reionization. This is necessary in order to model the densite density fluctuations in the IGM (i.e. the “clumping factor”).
fluctuations in the IGM itself. Indeed, at low we consider On the other hand, note that a simp|er model where the density
density contrasts fronil + A) ~ 1072 (voids) up to(1 + field is described as a collection &foothhalos with a univer-
A) ~ 20 (massive Lymanx forest clouds) within the IGM. Of sa| density profile is inconsistent with the results of numerical
course, the need to describe such a large class of objects, def§igfllations, as shown in Valageas (1999) (it implies a wrong

by variousdensity thresholds (which will also be required byehaviour of the many-body correlation functions).
entropy considerations, as shown below) or other constraints

(e.g. on their size), means that we cannot use the familiar Press- .
Schechter prescription (Press & Schechter 1974). Indeed, %’1 - Galaxies

latter is restricted to “just-virialized” halos defined by a densit&long the lines of VS, we use a simplified version of the model
contrastA, ~ 177. Thus, we assume that the non-linear densiffescribed in Valageas & Schaeffer (1999a). We define galax-
field is well described by the scaling model developed in Baliags by two constraints: 1 virialization conditionA > A.(z)

& Schaeffer (1989). This description is based on the assumptigfhereA. ~ 177 is given by the usual spherical model) and 2)
that the many-body correlation functions obey specific scaliagcooling conditiort...,; < tz which states that the gas must
laws which can also be seen as a consequence of the staiige been able to cool within a few Hubble tinigsat forma-

clustering ansatz (Peebles 1980): tionin order to fall into the dark matter potential well and form a
Ay —v(p—1) galaxy (see also Rees & Ostriker 1977; Silk 1977). At late times,
Ep(Ary, s Arp) = A &p(re, ... Tp) () the second condition 2) is the most restrictive for just-virialized

where~ is the local slope of the two-point correlation funch@los (defined b = A.(z)) with a large virial temperaturg.

tion. This model has been checked through the counts-in-cdif¥S means that these objects are groups or clusters which con-
statistics against various numerical simulations (e.g. Colon}Bi" Several subunits (i.e. galaxies) which satisfy the constraint

etal. 1997; Valageas et al. 1999b; Munshi et al. 1999). Then, forWhich approximately translates in this case into a constant

a given class of objects defined by a relatihf), =) (which c00ling radius” Reo, ~ 100 kpc (see Valageas & Schaeffer

implies a specific radiug (1, z)) we attach to each object thel999a fqr a detailed discussion). Thus, we define galaxies by
parameter: defined by: the relationA,,; (M, z) such thatA,,; = A.(z) except for

high temperature halos at lowwhere this constraint would

#(M, 2) = 1+ A(M,z) @ imply R > R...;- Then, these objects are defined by the condi-
’ E[R(M, 2), 2] tion R = R.,, Which gives their density contradt,,; (M, z).

This allows us to distinguish clusters or groups from galaxies. In
where practice, as seenin Valageas & Schaeffer (1999a), the condition
_ Bry d3ry _ 4 2) only plays a role at low redshift < 1 for high temperature
§(R) = /V —z - &lrur)  with  V=onR galaxies {" > 10°K). Finally, we also require the virial tem-

peratureT of the galactic halos to be larger than a “cooling
is the average of the two-body correlation functi@rir,, ro) temperature™T,,,;(z). The latter corresponds to the smallest
over a spherical cell of radiug and provides the measure of thgust-virialized objects which can cool efficiently at redshift
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defined by the constraitt,,; = ¢z . Moreover, itis constrained a self-regulated star formation process (within each individual
to be larger than or equal to the temperature of the IGM. At logalaxy) which takes care of the “overcooling problem”. Note
z we haveT,..,; ~ 3 10* Kin our original model (VS) since for that an alternative, as suggested in Blanchard et al.(1992) (also
smaller temperatures cooling is very inefficient (due to recor®runet & Blanchard 1999), would be that this gas gets mixed
bination). From the lower bourif.,,; and the density thresholdwith the IGM and leads to a progressive heating of the IGM
Agq(M, z) we obtain the galaxy mass function usifig (3).  which prevents most of the gas to cool and form galaxies. This

Then, we use a simple star formation model to derive thell also correspond to our supernova heating scenario (SN),
stellar content and the luminosity of these galaxies. This isee SedL. 215.
volves 4 components: (1) short lived stars which are recycled,
(2) long lived st.ars.whlch are not recycled, (3) a pentral gaseqyls Quasars
component which is deplenished by star formation and ejection
by supernovae winds, replenished by infall from (4) a diffude a fashion similar to Efstathiou & Rees (1988) and Nusser &
gaseous component. The star formation ddt&, /dt is propor-  Silk (1993) we derive the quasar luminosity function from the
tional to the mass of central gas with a time-scale set by the dgultiplicity function of galactic halos. Thus, we assume that
namical time. The mass of gas ejected by supernovae is progbe quasar masa/ is proportional to the mass of gad,.
tional to the star formation rate and decreases for deep poteraiailable in the inner parts of the galaxMy = F M. In our
wells as1/T, in a fashion similar to Kauffmann et al.(1993)case this also implies thaf; ~ F' M, wherel; is the stellar
Some predictions of this model (galaxy luminosity functiormass. We usé' = 0.008 which is consistent with observations
Tully-Fisher relation) have already been checked against obgdfagorrian et al. 1998 find that/y ~ 0.006 M,). We also
vations (Valageas & Schaeffer 1999a). Thus, we obtain for taesume that quasars shine at the Eddington limit so that their
mean star-formation rate per Mpc life-time is given byt = 4.4 g 10%yr whereeg = 0.1 is

_ - the quasar radiative efficiency and that a fractign= 0.1 of

(d/’S) _ % p(2) / Maz) e @) 22 H(x) dx (5) 9galactic halos actually host a quasar. Thus, the luminosity of a

dt QG tn S z quasar of masa/y is:
with: 2
1 Iq="932C ®
A(.’L‘) _ 2 1+ TSN - (1 + A)gal(x) (6) @ Lo . .
" Ba T (1+A) and the quasar multiplicity functiong (Mq)dMq /Mg is ob-
tained from the galaxy mass functigp()dM /M by:
wherep/3; = 0.5is a parameter of order unity which enters the M ; dM
definition of the dynamical time, whil&sy = 10° K describes 5, (Mg)—2 = Min {1, Q] AQ Ng(M)— 9)
the ejection of gas by supernovae and stellar winds (see also Q@ tm M
Kauffmann et al. 1993): Heret,, is the evolution time-scale of galactic halos of mass
9 E M defined by:
_ 4 €SN LsN fMmp NISN 16
Tsn = =10°K (7) 1 0
3kmgn -1 _ (10)

v = — *Ug(M)
. . . . M
Herep is the mean molecular weighty y ~ 0.1 is the fraction ng(M) 0t

of the energyE s delivered by supernovae transmitted to th8ince the quasar life-timg, ~ 10® yr is quite short, we have
gas Esy = 10°! erg) whilensy /msy =~ 0.005 M is the no(Mg)dMg/Mq = \q tqg Ony/0t dM /M. Thisalso means
number of supernovae per solar mass of stars formed (note that o (Mq)dMqg /Mg ~ \g to/ta ng dM /M. The factor

in VS we usedlsy = 2 10°K). The factorA e in (B) tg/ty shows that the quasar luminosity function is biased to-
comes from the dependance of the efficiency of star formatiaards large redshifts as compared with the galaxy luminosity
on the properties of the host galaxy. Thus, small galaxies witimction. In particular, it peaks at~ 2 and shows a significant

a shallow potential welll' <« Tsy) are strongly influenced by drop at smaller redshift while the galaxy luminosity function
supernovae and stellar winds which eject part of the gas so tke¢ps increasing untd ~ 0 and the star formation rate only

a small fraction of the baryonic matter is converted into statecreases after < 1. As we shall see in Se€l. 3 this implies
(A < 1). On the other hand, at lowlarge halosT > Tsy) that quasar heating of the IGM occurs earlier than supernova
which formed at a high redshift,,; > A.) have already heating. Note that we only have two paramet¢eg; F/tq)
converted most of their gas into staks$- 1). Indeed, their high and (A tg). Hence a larger fraction of quasakg with a
density (due to their large redshift of formation) translates insmaller life-timet, would give the same results. Moreover,

a small dynamical time, hence to very efficient star formatidhe assumption that quasars shine at the Eddington limit gives
within our model, which leads to the factgf(1 + A) 4, in @). the ratio(e/to) while the parameteF is constrained by the

As in the model used in Valageas & Schaeffer (1999a) and \é8served ratio (quasar mass)/(stellar mass). The normalization
we assume that the gas ejected from the inner parts of snfaditor (A t¢) is constrained by the observed quasar luminos-
galaxies T <« Tsy) remains bound to (or close to) the galactiity function. Our results agree reasonably well with available
halo so that it can cool and fall back into the galaxy. This leadsBeband observations fdr.16 < z < 4.5 (VS and Secf. 412).
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2.4. Lymane clouds regions which fill most of the volume as well as the absorp-

We also include in our model a description of Lymartiouds tion due to discrete clouds (the “Lymanclouds® described
P y " above). We also follow the evolution of the HI, Hell and Helll

These correspond to density fluctuations in the IGM as well ﬁﬁng factors describing the ionized bubbles around galaxies

to virialized halos which may or may not have cooled. More pre- : .

X : : ) and quasars, as well as the clumping of the gas (which also
cisely, we consider three different classes of objects (Valageearﬁers explicitly into the model for Lyman-clouds). The evo-
etal. 1999a). )

Low-density mass condensations with a small virial te |L_Jti0n of the background radiation field, is obtained from the
y M- diation emitted by stars and quasars, which we described in

perature see their paryonlc density fluctuations erased .Ov%gprevious sections, see VS for details. We write the evolution
scaleR, as the gas is heated by the UV background rad'at'%?the temperature of the IGM as:

(or other processes) to a temperatilg, ... More precisely,

we define the scal&,; by: dr ; T Tran T
d By IGM _ o4 Tron — oM o tiem | 1IGM 44
dt a teool theat,J 135
Ra(z) = L1y 0, = L4y [2FIGM 11
a(2) = g H¥s= o *H i, 11) wherea(t) is the scale factor (which enters the term describing

adiabatic cooling due to the expansion). The heating time-scale
whereC; is the sound speed ;s the IGM temperaturei,y ¢, ; which corresponds to photoionization heating is given
the age of the universe;, the proton mass and~ 5/3. These by: '
mass condensations form a first population of objects, defined
by the scalé?y, which can be identified with the Lymamforest ;-1 Am Z /njaj(y)(y _ Vj)Jle (14)
atlow z. We set the characteristic temperatiiig,..; by: reat ] 3 2npkTram - T v

{ 2 < zri ¢+ Thorest = Max (3 10°K, Tigar) (12) wherej = (HI,Hel,Hell), v; is the ionization threshold of the
2> zri + Torest = Tiam corresponding species, its number density in the IGM and
nyp the baryon number density. The cooling time-scealg, de-
scribes collisional excitation, collisional ionization, recombina-
Ut\i;)n, molecular hydrogen cooling, bremsstrahlung and Comp-
hoen cooling or heating. We compute the redshift evolution of the

expansion of the universe, so that at low redshiét 1 we can ionization state of hydrogen and helium and we use the cool-

haveT gy < 3 10% K). As explained in Valageas et al.(1999a)mg rates from Annln(_)s et_al.(1997). In parchIar_, as shown in
. . the upper panel of Fig.4 in VS at lowafter reionization the
these absorbers are not necessarily spherical clouds of radius

Ry. Some may be long filaments with a lengths R, and a main cooling processes in the IGM are adiabatic and Compton

‘ . rf*ooling. Indeed, when the medium is reionized collisional exci-
thicknessfzy. Moreover, they can also be interpreted as dens dtion cooling is strongly suppressed (see discussion in VS and
fluctuations within the IGM rather than distinct entities. Nex g gy supp

otential wells with a larger virial temperature> T do fstathiou 1992).
P ) L larger ~mp forest Finally, we added to the evolution equation we used in VS a
not see their baryonic density profile smoothed out. Thus, thr(]agw terily ¢ ar /t . This corresponds to an additional source of
define a second class of absorbers whichIfas T.,,; corre- [GM /B P

. . . energy, which we assume here to be uniform. In particular, this
spondtothe ga"?‘c“c halos (objeqtg mnre“.< T< Tml’ i term models in our framework the energy output provided by
such arange exists, simply are virialized objects which have ns%t ernovae or hich has b d : . i
guasars, which has been advocated in the littera
cooled hence have not formed stars). Note that one.s.,uch Ob{E?R in order to raise the entropy level of the IGM (e.g. Ponman
can produce a broad range of observed column densities dep%rtlta?i 1998: Tozzi & Norman 1999). As explained in SEGE. 2.2, in
ing on the impact parameter of the line of sight. This population =" ’ ! P SN

o . aur original model the influence of supernovae was restricted to
corresponds to Lyman-limit systems. Finally, the deep cores Qf . . : : :
their parent galaxy (note that this is consistent with numerical

e e it y o Low & Ferara 1089 whch sugest it
' gjection is negligible for galactic halos wiflf > 10°M). In
contrast, one model we investigate in this article corresponds to
2.5. Evolution of the IGM a “maximally efficient” scenario where the energy produced by
supernovae reheats the IGM as a whole. In the actual universe,
the effect of supernovae is likely to lie somewhere in-between
Asin VS the gas in the IGM is heated by the background radirese two cases, but these two models allow us to get an estimate
tion while it cools because of the expansion of the universe aofthe allowed range for the reheating process (see also Tegmark
several atomic processes (collisional excitation, ionization, ret-al. 1993 for a study of reheating and reionization of the IGM
combination, molecular hydrogen cooling, bremsstrahlung abg supernovae-driven winds).
Compton cooling or heating). Meanwhile, hydrogen and helium We note that using a uniform source of energy (i.e. we do
are reionized by the UV flux. In our calculation, we take intaot let the energy source term vary in space as a function of

account the opacity due to the gas present in the underdetisedistance to the nearest galaxy or quasar, although we model

wherez,; is the reionization redshift arifl;;,, is the temper-
ature of the IGM. At lowz the term3 10* K models photoion-
ization heating for the clouds (the IGM is also heated by the
flux butin addition it undergoes adiabatic cooling because of t

2.5.1. Temperature evolution
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this effect for photoionization heating) is probably a better apthereag < 1 is the efficiency factor similar teg in (8).
proximation than it may seem at first sight. Indeed, at late timelewever, if there are some additional energy sources (e.g. the
z S 2 when this process dominates most of the matter is entecay of some exotic particles) we could have an effeative
bedded within positive density fluctuations (filaments, virialarger than unity. Of course, in this case the time-dependence
ized halos, see VS) which show a strong clustering patternaighis hypothetic energy source is unlikely to be proportional
seen in numerical simulations (e.g. Bond et al. 1996). Note thatthe star or quasar formation rate and one should explicitly
this is included in our model of the density field, described idetail the origin of this process to get its time-evolution. In
SectZ1. For instance, we obtained in Valageas et al.(1998a3 article, we shall restrict ourselves to the formulatiod (15)
the amplitude of the two-point correlation function of Lyman- which models the possible effect of supernovae or quasars on
clouds and we describe in Valageas et al.(1999c) the bias of the IGM, but one cannot disregard the fact that our source term
various objects we observe in the universe (Lymaolouds, Tqa/te may in fact correspond to some new process. From
galaxies, quasars, clusters). Thus, most of the volume consibts expression$ (16) anld {17) we can directly obtain a simple
of low-density regions while most of the matter is embeddetstimate of the magnitude of these effects. Indeed, ftain (16) we
within small or thin structures (filaments, halos) which are Isee that supernovae heat the IGM to a temperdtutg, s of
cated close to galaxies since most clusters and galaxies fdahm order:
on density peaks within these mass condensations, though there
may also be some isolated galaxies amid low-density regiohsza,sv ~
(note that this “bias” translates into the correlations of these ob-
jects). As a consequence, the energy provided by supernovagioere we used{7) and the fact that at late times. 1 the
quasars does not need to travel very far in order to heat mfyattion of baryonic matter which has been converted into stars
of the matter. Indeed, for this it is sufficient to “spread” thé&s F;,,. ~ 0.1. Thus,supernovae can reheat the IGM up to
energy over filaments while leaving cool voids in between. 10® K at most On the other hand, frori (1 7). (8) ard (9) we see
this case, the temperatui@ ), would rather correspond tothat quasars heat the IGM upToqas,¢ Of the order:
a “mass-averaged” temperature, describing the network of ha-
los and filaments which contain most of the matter while voids ] (oto)
would be cooler. Of course, one may also expect voids to be eak?M@ ™ o1 V@@
ily heated to the temperature of the filaments since due to their
low density and small mass they only require a small amouiihere we used the parameters introduced in Ee¢t. 2.3 and we
of energy in order to reach the temperature of the neighbodgefined:
ing regions. Thus, the assumption of a uniform energy source
' . . 2umyc
appears to be a reasonable first order approximation. Howevey,= —*"—
it is clear that a carefull study of this problem would be inter- 3k

esting, but this would probably require very detailed numericghe factorF.;,, comes from the fact thatly = F M, ~
simulations which are beyond the scope of this Study. F M@r which agrees with observations. Thqgasars can po-

In this article, we consider the additional energy describ@@imia”y heat the IGM to a very high temperatunauch larger
by the termT’1car /t e in (L3) to be provided by supernovae Ofhan the temperature induced by supernova heating, because
quasars. Thus, we can write: guasars are very efficient engines to convert the rest mass en-
ergy of matter into radiation or energy while a small fraction
of the matter converted into stars leads to supernovag( )
which themselves have a small efficiency facter [0?) so
whﬁch explicitly shows the;e two possible sources of energiat 7 ~ 10~5Ty,. Note that the estimateS{18) afd](19) are
Using our model for galaxies which we described in Secl. 2.ary robust, independently of the details of the model, since
we can write the source terifyq s /tp, s due to supernovae they are directly constrained by the observed galaxy and quasar
as. luminosity functions. On the other hand, the new parameters
Ticm asy Tsy [ dps asy andag are only constrained to be smaller than unity. One
tp.sN ~ 01 7u(2) ( dt ) (16) would need a detailed study of many physical processes which

B . i i are still poorly known to set a precise value for these efficiency
wherep, (2) = €2,/ p(2) is the mean baryonic density 0f the, .4 "Iy this article, we shall treat them as free parameters,

universe (the fraction of matter within stars is always negligiblg).i -, \ve take to be constant in time. Thus. our goal is to eval-
andasy is the efficiency factor, similar teg,y in (@), which uate the possible effects of these energy sources, which in turn

measures the fraction of the energy produced by supernow}ﬁagive us some constraints on their magnitude.
which is available to heat the gas. Thus, we hayg, < 1.

Next, from the model of quasars presented in $edt. 2.3 we have _
for the quasar contribution: 2.5.2. Entropy evolution

Trem  aq 1 I dLg . From the model of the IGM described in the previous sections,
tg.Q T 01 3/2nyk Q 1e(Lq) Lo a7 we can also obtain the evolution of the entropy of the gas. The

ASN

W Fotar Tsn ~ asny 10° K (18)

F
Ef)ﬂmmmmeum
Q

2
~ 4.3102 K (20)

T T Tran
iom _ Tiem | Tiom (15)
tg te,sN tg,Q




730 P. Valageas & J. Silk: The entropy history of the universe

entropy of a Maxwell-Boltzmann gas is given by the Sackuwhere the mean density contrdst+ A) ;s is given by:
Tetrode equation: . i
v 5 (14 A)rgm = (1+A)u+/ xQ‘H(x)? (27)
Sm.p.(N,V,T) = Nk {111 (N)\?’) + 2} (21) 0
T It corresponds to the mean density (total mass over the volume)
whereN is the number of particles, within the volurig and: of the matter which is not embedded within virialized halos
which have cooled, from very underdense regions up to for-
A — [ 2mh? 22) est clouds seen as density fluctuations in the IGM. Since the
=N mkT entropy is an additive quantity, the relevant quantity is indeed
the mean(S) ;s which describes the average entropy of the
IGM, see[(21). In particular, at late times the quanfifywhich
6 ( kT nb—2/3 ) corresponds to the small fraction of matter located within voids
= Og

Thus we define the specific entropyas:

(23) is much larger. We also define the mass-averaged overdensity

1 keV en (1+A) 1, characteristic of the matter outside galaxies and clus-
wheren; is the baryonic number density (and we nbte the  1€7S bY:
decimal logarithm). As explained in details in VS, we consider 1
that at late times most of the volume of the IGM consists ofl + A), = ——— {(1 +A)?
large underdense regions with a density contfast A),, (“u” {1+ A)em (28)
for underdense) given by: /“”’ 9 dx
1+ A H(zx)—
S AN R (8

(1+ A), = Min [ 1, E(Ry) /(=) ] (24)
The quantity(1 + A)r, corresponds to the average overden-

This simply states that at high(when&(R,;) < 1) we have sity of IGM particles, weighted by the number of particles and

p. = p (i.e. the universe is almost exactly a uniform mediumot by the volume they occupy. Finally we introduce the mean

on scaleRy) while at low =z we havep, < p since most of temperaturd’y,,:

the matter is now within overdense objects (clusters, filaments,

etc.) while most of the volume is formed by underdense regio 1

The scaleR, was defined inf{11) while the exponents given ¥ ~ (1 + A) ;o {(1 A e

by the power-law behaviour of the scaling functiéi(z) at Teool da (29)
small z. In addition to these “voids” and the virialized halos +/ T(x) a:QH(:c)}
which are identified to galaxies or clusters, there are also density 0 *

fluctuatior_1_s (GIOUdS’ filame_nts) which form the Lymarferest This takes into account the fact that some of the gas outside
or small virialized halos which have not cooléd € Te,.1) and alaxies and clusters is located in Lymarferest clouds with
can have a larger temperature than the underdense regions{the 3 10* K (due to photoionization heating) which may be

temperg?ure of the gas within these _small halog is of the or grrger tharT;c;a; (which also involves adiabatic cooling), and
of the virial temperature of the potential well). Itis 'mportamﬁ%ossibly within some virialized halos Wity < T < Thoo;

take into account these density fluctuations since at late tiNG5ich have not cooled (due to their low virial temperature which
(z < 1) the “overdensity'(1 + A),, is as low as~ 10~ while implies inefficient cooling)

the density contrast of forest clouds reache&0. This wide
variation of the local density means that the average entropy of
the IGM can be significantly different from the entropy whici?-5.3. Effect of the IGM entropy on galaxy formation
would be computed fron{(23) within “voids”. Thus, we firstyg gravitational clustering builds increasingly large structures,
define the entropy,, characteristic of the underdense regiong,e 1)aryonic matter content of the universe gradually becomes
which fill most of the volume by: embedded into virialized halos where it cools and forms stars,

T —2/3 as described in Se€t. 2.2 where we detailed our model for galaxy
S, = log (’GMn“> (25) formation. In particular, the “cooling temperaturé?.,,;(z)

1 keV cn? which characterizes the smallest virialized halos which can cool

. . . . was given by the conditioty.,,; = ¢y where the cooling time
Wh'el’enu“IS the baryonic den§|ty obtam('ad from[24). Then, Wihich depends on the density and the temperature of the gas
define a “mean IGM entropy('S) ;qar by: satisfies:

T

nbA(T) (30)

(S)ram = {(1 +A)y Sy teool X

(1+A)ram

26
+ /wml S(z) sz(x)dj whereA(T) is the cooling function. Thus cooling is more ef-
0 x ficient for larger baryonic densities, (because collisions are
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more frequent). In the original model the cooling time attachede have the same situation. Then, along the lines developed in
to a given halo was computed using the virial temperalyfe  Valageas & Schaeffer (1999a) to distinguish galaxies from clus-
for T' and a density contragk.(z) ~ 177 to obtain the gas ters atz ~ 0, we assume that gravitational clustering is stable
density. However, if the IGM is preheated and gets a large eand that, to a first order approximation, galaxies which form at
tropy at earlier times, the gas may not follow the dark mats do not evolve significantly at later times when they get em-
ter to form a mass condensation with mean baryonic denditgdded within larger structures which cannot cool as a whole.
o = (1 + A.)p,. Indeed, during the adiabatic collapse of th&hus, afterzs these galaxies may get closer to form a group
gas (before it cools) its temperature increase¥,asc ni/g_ but we neglect their possible mergings. Note that the gas which
Hence the compression will stop,; reached,;, before the cooled before,s and fell into these potential wells to build these
density contrast reaches,. Indeed, gas with” > T,;, does galaxiesformed “small” dense entities (the baryonic distribution
not fall into the potential well. Thus, we obtain an upper bourktends to smaller radii than the underlying dark matter halo)
ny, 4 for the baryonic density reached within a virialized halwhich are likely to keep their identity for a longer time than their

of temperaturd’,;,, defined by: surrounding dark matter halos which may join to make a larger
_2/3 object. Furthermore, we note that the presence of substructures
ETyir 1y g within dark matter halos themselves and the dependance of the

(S)16a = log ( 1 keV cn? ) (B1)  characteristic density of a halo on its mass (it is proportional

to the average density of the universe at the time this mass-
We can also write the density contrgst- A),q given by [31) scale turned non-linear, e.g. Navarro et al. 1996) suggest that

as: this picture may also be a good approximation for the dark mat-
T.N32 ter density fluctuations themselves (see discussion in Valageas

(1+A)ga=(1+A4), (TW) 102 (Su=(Shiem) (32)  1999). Thus, we assume that afterthese galaxies keep their
IGM

mass, radius and density unchanged. As a consequence, their
Thus, in order to compute the cooling timeg,; from (30) we density contrast at a later time is nat.(z) but:
use the overdensitiyl + A), given by:

3
Ay = Min (A, Agy) (33) #<zs : (L+A)ga(z) = (1+A)(2s) (T;ZZS) (34)

Using this prescription we compute the “cooling temperaturgthys, at small redshifts < zg we no longer define galaxies
Teoot(2)- It is obvious from[[3D) and(33) thae effect of the py the virialization conditiom = A, (z). Instead, we use the
entropy of the intergalactic gas is to make cooling less efficieggnstraintA — Agai(2) as defined in[{34). As explained in
which leads to a possible increase of the characteristic temp&fact[ 271 this can be done in a straightforward fashion within
atureTo0 - In particular, at late times:(< 3) ifthe entropy pro- oyr description of the non-linear density field: we simply use
duction is sufficiently large it may happen that the cooling tengis density contrasf\,,;(z) in @) to obtain the multiplicity
peraturel,,, does not exist any more. Indeed, as we explaingghction. Of course, as can be checked[ih (2) &nd (4) the pa-
above the large entropy of the gas diminishes the gas dengifeter, attached to such galactic halos does not evolve with
which enters[(30). Moreover, the raflg’A(T') displays a min- time which also implies that the fraction of matter embedded
imum at a finite valuel” ~ 10° K since at large temperaturesyithin these objects is constant with time. Thus our prescription
the cooling function behaves &$7') oc v/T (bremsstrahlung js self-consistent. This relies on the fact that in the non-linear
is the main cooling process) while belaw* K it nearly goes regime relevant for galaxies the two-point correlation function
to O (note that in our original model the high temperature halggows ast(R, t)  a(t)? at fixed physical lengtt®, wherea(t)
which cannot cool are identified to clusters while the low tens the scale-factor, as predicted by the stable-clustering ansatz
perature objects are Lymanabsorbers). As a consequence, {fpeebles 1980). This behaviour is indeed consistent with nu-
the entropy level is such that the gas density within the halgferical simulations (e.g. Valageas et al. 1999b). Then, at low
with a virial temperature« 105 K is too small to allow efficient redshifts we deﬁné—‘cool as being equa' to the value it hadZ@t

cooling, no halo can cool. Of course, this does not mean thaiore exactly for: — =), with the constraint that it is larger
there are no galaxies! It simply means that all just-virialized hgqan 7, ;-

los (i.e. overdensities defined by the density threskgl)fiare

identified to “clusters” (or “groups”) in the sense that they cor < zs : Tecoot(2) = MaX[Teoor(25), Tra ] (35)

sist of one or several smaller higher-density subunits (galaxiefé:
e
W

is is indeed the virial temperature of the smallest galaxies,

which could cool at earlier times when they formed, embedd ich cooled ats, with T > Tyy,. This latter constraint is

within a larger structure containing some hot gas. Oque to the fact that the gas within small halos Withe Tyc

Let us notezg the largest redshift where no halo can cool . - .
. ; . will be heated up td’; ¢, and it will escape from the potential
(i.e. T.o01(zs) as defined above does not exist). We shall have . .
: s well (but of course there will remain a small galaxy made of old
zg < 3 since the entropy production is linked to galaxy or

quasar formation and cooling is less efficient at low redshﬁ{ars)' However, this condition does not play any role in practice

. L : sinceT’ does not increase much aftsy.
where the baryonic density is lower. Moreover, since the mean — /¢M e

entropy(S) ;¢ increases withtime, at smaller redshifts. z¢
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3. Numerical results

We can now use the model we described in the previous sec- ¢
tions to obtain the entropy history of the universe, as well as a
consistent description of its reheating and reionization, together
with the formation of quasars, galaxies and Lymadouds. We
shall consider the case of an open univélge= 0.3, 2, = 0,
with a CDM power-spectrum (Davis et al. 1985), normalized to
og = 0.77. We choose a baryonic density paramétgr= 0.03
and Hy = 60 km/s/Mpc. ‘
We shall consider three cases for the “entropy scenario”.
First, for reference we present some results we obtain for F— .
asy = ag = 0, as in VS. Then, we study both cases where” ‘
only one of these two efficiency factors is non-zero. This a||OV\§
us to see clearly the influence of each of these processes, aswell 4
as the magnitude of the relevant parametereeded to get an =
appreciable effect. More precisely, in both cases we choose tife
value ofa such that the mean IGM entrof§) ;s defined in - 2
(26) which we obtain at = 0 satisfies(S) ;g =~ 2. Indeed,

Ponman etal.(1998) find that the “entropy*= T/nﬁ/3 of small - ] L L L
cool clusters seems to depart from the expected scaling law and !
to converge towards a floor value~ 100h~'/% keV cn?. This
provides an upper bound for the IGM entrof®) ;g (z = 0)

since these objects have just formed and we can expect the en-
tropy of the hot gas to increase (e.g. through shocks) rather than
decrease during gravitational collapse (before it cools). More-
over, if we assume that supernovae or quasars are indeed the
source of this entropy floor (since gravitational collapse effects
shoud not break the expected scaling law) this gives the value of
the corresponding parameter In the actual universe it might
happen that both sources of heating, supernovae and quasars,
have the same magnitude. Then, the parametgrs and og

would be close to those we obtained for the individual caségg. 1. The redshift evolution of the characteristic temperatures of the

However, such a coincidence would be somewhat surprisinginiverse. We display the IGM temperatufec., (solid curve) and
the virial temperaturél’.,,; (dashed line) of the smallest galaxies.
] ) The upper panel correspondsd@gy = ag = 0 (only photoion-
3.1. Reheating of the universe ization heating), the middle panel labelled “SN” to supernova heating

PR . . . sn # 0, ag = 0) and the lower panel labelled “QSO” to quasar
We show in Fig[lL the reheating history we obtain for the thr(%%eating fon = 0, aq = 0). The vertical line in both lower figures

cas_,es. The _temperatufEn IS & mass-averaged_ te”mperatur&ows the redshifts. In the upper panel we also show the mass-
which takes into account all the matter, from “voids

k VI up to filarSlveraged temperatug, (dot-dashed line) and the mean temperature
ments, galaxies and clusters. The decrease with time of the IGM (dotted line) of matter located outside galaxies and clusters.

temperature at large redshift>- 24 (log(1+2) > 1.4) isdue to
the adiabatic expansion of the universe. Then,at24 the IGM

Is slowly reheated by stars and quasars untilitreaches 1 a by regions of even lower density, which have decoupled from

maximum temperaturé;cy ~ 3 10* K where collisional ex- . .
o : . the expansion of the universe. Hence they do not cool because
citation cooling prevents any further increase. Eventually, at looﬁ(

log(1+2)

; . .adiabatic expansion (or at least this term is much smaller than
z the temperature starts decreasing again because of the

. . . . N o'r%he IGM). In particular, we stress that on strongly non-linear
batic expansion of the universe since the heating time becomes . . ;

. P scaleseven objects with a density contra&tequal to0 are
larger than the Hubble time (see upper panel in Fig. 3 below

and Sect.8.2 in VS). As described in S&cil 2.4 and Valagené)lst descnbeq b.y'the Ilngar thearyhus, the average density

o oses the significance it has on large scales in the sense that
et al.(1999a), at lowx we set the characteristic temperature ! Joes not define anv lonaer a density boundary between two
Lyman- clouds to3 10* K whenT; g becomes smaller than y'long Y y

. . sically different regimes. In fact, this role is now played by
this value. Indeed, although the density contrast of small clo #y X : : : i
can be small and even negative (their “overdengity} A) can € density contragtl + A),, defined inl(24), which describes

reach the minimungl + A), ~ 10-2 shown in Fig. 5 below) most of the volume of the universe seen at small scales (see

i . gal geas & Schaeffer 1997). In these regions, patches of matter
they correspond to filaments or underdense objects, surroun eﬁl o . o .
with the densityp appear as density peaks. This is clearly seenin
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Valageas et al.(1999b) where a comparison with numerical sisufficient (though not by far sincesy = 1.7 is enough) to
ulations shows that theame formulatiorf3)), which is based on explain the break of the clust&r— L x relation, as discussed in
a stable-clustering approximation in a statistical sense, providesct[4.8. However, since we must havey < 1 we keep this
a reasonable description of objects defined by a density contrastie for the supernova efficiency factor. On the other hand, we
which can vary from(1 + A) = 5000 downto(1 + A) = 0.5.  note that a very small value for the quasar efficiency faetpis

As compared to the original model with only photoionizasufficient to raise the entropy of the IGM to a level high enough
tion heating (upper figure) the main difference when we include explain the cluster observations. Note also thgt < ¢,
a source term corresponding to supernovae (middle figure)vdrereeg = 0.1 defined in Seck.Z213 measures the quasar ra-
quasars (lower figure) is that the IGM temperature keeps itiative efficiency. Thus, the quasar scenario (QSO) appears to
creasing untik ~ 0 to reach a valu&g (2 = 0) =~ 5 10°K  be quite reasonable while the supernova hypothesis (SN) seems
(the decline ofl;¢ s at low z in the original case, and for theless likely. However, further work is needed in order to assess
guasar scenario at~ 0, is due to adiabatic cooling, becausevith a sufficiently good accuracy the efficiency of these two
of the expansion of the universe). In this case, as seénln (pE)cesses of energy transfer before one can draw definite con-
we take the Lymanr clouds to be heated to the same temperalusions.
ture in order to have a self-consistent model. However, this high
temperature could make it difficult to recover the observed prop
erties of Lymane clouds at lowz. Although this would deserve
a detailed study we do not further investigate this pointin this aiMe display in FiglP the redshift evolution of the entropy of the
ticle where we mainly consider the energy requirements impligds. It increases with time as structure formation develops and
by efficient reheating. Moreover, the opacity due to Lynaan-heating processes grow. The specific entr8pwf underdense
clouds at lowz does not influence much the reionization antegions is larger than the mean IGM entrof$) ;car, and in-
reheating history of the universe (the medium is optically thiereasingly so at smaller redshift, because of their low density
as shown by the Gunn-Peterson test). Besides, in order to ggtAs was the case for the temperature evolution, we note that
reliable estimates of the properties of Lymarclouds in the the entropy shows a faster rise at levior the supernova sce-
case of strong reheating by supernovae or QSOs one would oo (SN) than for the quasar heating (QSO). Again this is due
tainly need to take into account the spatial inhomogeneitiestofthe fact that the quasar energy output (proportional to the
this reheating process, which is beyond the scope of the predentinosity function) peaks at ~ 2 contrary to the galaxy con-
study. tribution which keeps increasing until< 1. The entropyS.oo

In order to obtain the same entropy and temperature-at  is defined from the temperatuie,,; and the density contrast
for the IGM, we see that the redshift (shown by the dashed A4 (2). The fact thatitis lower tha(S) ;¢ as, €specially at low
vertical line), where no just-virialized halo can cool, is higher, shows that the smallest galaxies are influenced by the entropy
for the quasar scenario (QSO) than for supernova heating (Stior set by the IGM. However, we recall thét,,; is not the
Indeed, we obtain: entropy of the gas in such a galaxy, since the gas compression

stops when it reaches the density contragt; < A. and it

SN+ 25 >~ 04 ’ QSO : 252 (36) subsequently cools and falls into ';[r{e dark matter potential well,
Thisis due to the peak of the quasar luminosity functionat2  which diminishes its entropy (transfered into the radiation).
and its sharp decline at lower redshift. Indeed, this implies that We note that if we could measure the temperature and the
most of the heating process occurg at 2. On the other hand, entropy of the gas within Lyman-clouds or small groups at
since the galaxy luminosity function evolves more slowly ankigh redshiftz = 1 we might be able to see which scenario,
does not drop at ~ 0, the heating process due to stars keegSN) or (QSO), is best favoured, using the fact that the redshift
going on untilz = 0 so that it appears delayed as compared &volution is slower for the quasar heating process. However, it
the quasar scenario, see discussion in §ett. 2.3. This also shiswkear that this would not give a definite answer because of the
in the behaviour of ;¢ 3s which keeps strongly increasing untiluncertainty associated to these poorly known processes.
z = 0 for supernova heating while it remains roughly constant
(and even shows a slight decline) aftgr for quasar heating. 3.3. Time-scales
The efficiency factorsisy andag we use are:

2. Entropy production

We display in Fig.B the redshift evolution of the various char-
{ SN i asy =1, ag=0 (37) acteristic time-scales. For the original model (upper panel), at
QSO : asy =0, ag =0.008 large redshif8 < = < 24 the smallest time-scale is the pho-
We can check that they are consistent with the estimpfés (I@pnization heating time, defined in{14), which means that the
and [I9) and the requirement tHiit;,, ~ 5 10°K at z = 0.  IGMtemperature increases in this redshift range (seéFig. 1). At
This latter value fofl; ¢, is due to the constrain(tS);cy = lower and larger redshift, the smallest time is the Hubble time
1Og(an;2/3/1 keV cnt) ~ 2 which we impose in order to ty (z) (corresponding to the ordinate O in the figure) which im-
get the break al’ < 1keV of the relationT” — Ly for clus- Plies that the IGM cools due to the adiabatic expansion. The
ters, as explained above and described in details in[Sect. 4.31@ghed curve which shows a peakay(1 + z) ~ 1.4 corre-
fact, for supernova heating the efficiency faatany = 1 is not sponds to atomic processes within the IGM (collisional excita-
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Fig. 2. The redshift evolution of the characteristic entropies of the urfig- 3. The redshift evolution of the characteristic heating and cool-
verse. We display the mean IGM entrofs) ;s (dot-dashed curve), ing time-scales. All times are shown in units of the Hubble time
the entropyS., of underdense regions (solid line) and the entropy whichi (2). The dashed curve shows the cooling or heating time associ-
would correspond to the smallest galay.; (low dashed line). From ated to atomic processes (Compton cooling, collisional excitation,...).
top downto bottom, the various panels correspond to photoionizatibie solid line labelledy.c.¢,, shows the photoionization heating time.

heating only, supernova heating and quasar heating, as [ Fig. 1. The dot-dashed (resp. dotted) line labelleds y (resp.ts,q) shows
the heating time-scale associated to supernovae (resp. quasars). From

top downto bottom, the various panels correspond to photoionization
heating only, supernova heating and quasar heating, as [0 Fig. 1.

tion, collisional ionization, bremsstrahlung, Compton cooling

or heating,...). Most of the time it is dominated by Compton Note that in all three cases the IGM is reheated and reion-
cooling or heating which explains the peaka@t(1 + z) ~ 1.4 ized by the energy output of galaxies and QSOs (whether it is
whentgimpton = 0 (Tram = Temp)- At higher redshift the radiation or kinetic energy). Thus in all scenarios we expect a
IGM gas is heated by CMB photons while at lowethe IGM  proximity effect (along a line of sight to a distant QSO the IGM

is cooled through the interaction with the CMB. Around reioris more ionized close to the quasar) since these processes are
ization atz ~ 9 the main process is collisional excitation (seaot exactly homogeneous (they are more efficient close to the
VS for details). In both lower panels we also display the heatisgurces). This also holds for the (SN) scenario because QSOs
time-scaletg g Or tg o associated to the additional energyre associated with galactic cores (where a black hole is sur-
source. We can see that it becomes the dominant process somgaded by an accretion disk) which means that they are em-
what after reionization at < 8. Then, since becomes the bedded within regions of star formation (which occurs in the
smallest time-scale the corresponding energy source heatshibst galaxy). In fact, this proximity effect provides a measure
IGM up toTrqar ~ 5 10° K. We can note again that the superef the inhomogeneity of the reheating and reionization process.
nova heating is somewhat delayed as compared to the quadate that Davidsen et al.(1996) and Reimers et al.(1997) do not
scenario. The rise at lowof ¢1.,: s as compared to the upperobserve any proximity effect which suggests that our homoge-
panel is due to the growth of the IGM temperature, Eek (14).neous approximation is reasonable.
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Fig. 4. Redshift evolution of the background UV fluk, . The dotted
line corresponds to photoionization heating only, the solid line to super- F—t—t— } F—t—t— } F—

nova heating and the dashed line to quasar heating. The data points are Qso |
from Giallongo et al.(1996) (square), Cooke etal.(1997) (filled square), W
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Vogel et al.(1995) (triangle, upper limit), Donahue et al.(1995) (filled 2
triangle, upper limit) and Kulkarni & Fall(1993) (circle).

3.4. Reionization history ////W

We show in Fig the redshift evolution of the background UV~ 2
flux Jo; defined by: L | ‘

. f:],/ JH[(V) dTij

Jo1 = -
Jouiw) Fig.5. The redshift evolution of the characteristic density contrasts.

The very sharp rise at.; ~ 9 corresponds to the reionization’/€ display the density contrast + A), of large underdense regions

redshift when the universe suddenly becomes optically thin. \}?ethe IGM (lower solid line),(1 + A) s for the mean IGM density
C
f

I

T
=
+
=

o
©
o]
—
—
[o}]

/1072t ergcm2s71Hz 'sr ! (38) log(1+2)

. - .~ (lower dashed line)1 + A)r, for the mass-averaged density within
can see that all scenarios give nearly the same results sin WL+ Ay d y

eaEGM upper dot-dashed line) arjd + A),,; for galactic halos
large redshift the entropy of the IGM is not sufficiently Iarg%uploelr so(lidpri)ne). ) aiid + &)y for g

to significantly affect galaxy and quasar formation. This was

also apparent in Figl1 and Fig. 2. In particular, at higthe

gas densities are large so that cooling is quite easy. As a 8% characteristic density contrasts

sequence, the entropy of the IGM cannot prevent the gas from

cooling and falling into galactic halos to form stars or quasars ¥¢e present in Fid.]5 the redshift evolution of the characteris-
thatthe reionization redshift does not depend on the efficientiy density contrasts within the universe. The lower solid line
factorsa. This is in fact reassuring, since it shows that moshows the “overdensity(1 + A), of the underdense regions
of the results we obtained in VS (e.g. ionization state of hyvhich cover most of the volume, sée24). At largae have
drogen and helium,...) are still valid and do not depend on tfie+ A),, ~ 1 since very few baryonic structures have formed
injection of energy into the IGM by stars or quasars (the reioand the universe appears as a nearly uniform medium. At low
ization redshift we obtain here is larger than in VS because wét declines and can reach very low valugs+ A), ~ 1072
useTsy = 105K instead of sy = 2 10°K). The UV flux as “voids” appear amid filaments and halos. It is larger for both
in the quasar scenario (QSO0) is somewhat larger than for baitver panels because the IGM temperature is higher, which
other cases at~ 7 (log(1+ z) ~ 0.9) although the star forma- means that the scalg; is larger, and dark-matter density fluc-
tion rate is a bit smaller (see FIg. 7 below) because the opadiations are smaller on larger scales (following the behaviour
of the universe is lower. Indeed, this implies a smaller absomfthe two-point correlation function). On the other hand, the
tion of the radiation emitted by stars and quasars. This is doean density contragi + A) s, which takes into account

to the larger temperature of the IGM (see Elg. 1) which leaddl the matter which is not enclosed within galactic halos where
to a lower opacity from Lymarx clouds. However, this is only the gas was able to cool, from “voids” up to filaments and forest
relevant forz = 5. Lyman- clouds, remains close to unity. Indeed, the fraction of
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matterl — F,,,; Which is not embedded within galactic halos

somewhat earlier.

remains large untit = 0 since we havd,,,; < 0.6 atz = 0, -5 r ]
see Fig.B. The meai + A) 1, is larger tha{1+ A) ;s since 6 E E
itis weighted by mass which gives more weight to dense regions F Yhales _-— "~ T 7 =
(filaments, clouds) as compared to low-density areas. Finally, 7 F E
the density contragk ;,; corresponds to the small galactic halos F - ]
(which are not influenced by the cooling conditiBn< R..o;). 8 F Yy =
Thus, at all times in the upper panel and:at 2 in the lower g ;T T T T 7
panels it is equal to the “virialization” density contrast(z) 9 Yiem // ;
obtained from the usual spherical model. At low redshift in both R
lower panels it is larger thai\.(z) and equal to the expres- 5 3
sion defined in[(34) because of entropy considerations. Again, r 1
we note that for the quasar scenario (QSO) this effect appears _g [ Vi, -

(y)

a0
O
et

3.6. Comptory parameter

The hot gas within the IGM or virialized halos (e.g. clus-
ters) scatters some photons of the CMB from the low energy -9
Rayleigh-Jeans part of the spectrum up to the high energy Wien

tail. The magnitude of this perturbation is conveniently de- -5
scribed by the Compton parameter

2 dt kT
y(Z) = ‘/0 C@dz T Ne m (39)

We consider three components to the global Sunyaev-Zeldovich
effect. Thus we defing, (notedy;qgas in VS) describing the
effect of low-density regiong; ;¢ which takes into account
all the matter within the IGM (from voids up to filaments and
Lyman- forest clouds) andy.;.s Which describes the effect
from virialized halos abové,,,; (i.e. galaxies and clusters).
Both v, andy;gas reach a plateau at.; = 9 since at earlier
times the universe was almost exactly neutral. On the other hdigl 6. The Compton parametey up to redshiftz describing the
Ynalos SAturates earlier because the fraction of matter embed@edyaev-Zeldovich effect from the “voidsf:, (lower dashed line),
within massive virialized halos declines at largeThe contri- the IGM as a whole (voids, filaments and cloudg):s (solid line)
butiony., of low-density regions is always small since it onlyand virialized halosysa.s (upper dashed line).

contains a small fraction of matter at lowwith a small tem-

perature. Similarlyy;.;.s from galaxies and clusters is much

larger thary; s in the upper panel because although both corabservations. On the other hand, it shows that we do not con-
ponents contain similar fractions of baryonic matter the tertradict the data, hence these heating processes remain plausible
perature of these virialized halos is much larger than the IGdkplanations for the cluster observations.

temperature (see Figl. 1). However, when there is an additional We can also compute the X-ray background provided by
source of energy from supernovae or quasars,; becomes the IGM, from underdense regions up to Lymarelouds in
non-negligible, especially for the quasar scenario (QSO) whédilaments. However, we find that it is negligible since we get
Traum rises earlier. Note that on general grounds we can expattmost (for the QSO scenario) a flux in the 0.5-2keV band
yraar to be at most of the same order @s,.. since a large of ® ~ 1077 erg s'! cm~2 deg™? from the IGM, and® ~
fraction of matter is embedded within virialized halos and th)~!3 ergs~! cm~2 deg2 from virialized halos which have not
temperature of the IGM should not be larger thafik whilethe  cooled, as compared to the observed extragalactic intehsity
temperature of these collapsed objects can be much larger (8.50~'2 ergs ' cm=2 deg 2 (Miyaji et al. 1998). On the other
clusters hav@ ~ 107 K). A more precise study of the Comptorhand, the contribution from galaxies and clusters is of the order
parameter induced by clusters is presented in Valageas & Sabfat0~!! ergs ! cm~2 deg 2. Indeed, the X-ray flux is very
effer (1999b). In any case, we find that the Compton paramesensitive to the density (it varies a$) and to the temperature.
from any contribution is much lower than the COBE/FIRAS hus, most of the contribution comes from high temperature
upper limity < 1.5 10~° provided by observations (Fixsen etlustersT 2 0.5 keV while the low temperature of the IGM
al. 1996). This means that we cannot constrain the entropy s€g=y, ~ 5 10° K ~ 0.08 keV implies a very small contribution
nario from its effect on the Compton parameter using curresiniceexp(—0.5/0.08) ~ 1073.

log(1+2)
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Fig. 7. The redshift evolution of the comoving star formation rate. The L e B B B LA s s e
dotted line corresponds to photoionization heating only, the solid line - :
to supernova heating (SN) and the dashed line to quasar heating (QSO). 0 L QS0 ]
The data points are from Madau (1999), see references therein. - - s
_1F ]

4. Feedback on structure formation i
4.1. Star formation 5 7:
As described in Se¢t. 2.5.3 the entropy of the IGM inhibits the ]

cooling of the gas which in turns decreases the efficiency of 05 1
star formation. In particular, after the redshift the gas which log(1+7)
would become embedded within new non-linear structures can-
not cool within a few Hubble times at formation because its ehig. 8. The redshift evolution of the fraction of baryonic matter em-
tropy prevents its density to reach large enough values to skf@ded within cooled objects...; (solid line) and starg’;.- (dashed
cooling efficiently. Thus, in our model we obtain a populatiof{?®)- The data point at ~ 0 shows the observed mass within stars,
of “old” galaxies which gradually convert their matter conterffo™ Fukugita etal.(1998).
into stars but the overall fraction of gas which can cool does
not increase any more. After a while, when a large part of this
matter has formed stars, this leads to a decrease of the starifodifficult to get a sudden stop of the star formation process be-
mation rate at lowt. Note that we neglect cooling flows withincause there is plenty of gas available (although one can obtain in
groups and clusters which provide an additional source of c@hatural fashion a decline as shown by the dotted line). On the
gas which may form stars. However, this feedback effect ortther hand, the supernova or quasar heating of the IGM is able
galaxy formation is likely to persist in a more detailed modelto suddenly change the conditions of star formation when the
We show in Figl.¥ the comoving star formation rate we olentropy of the gas becomes of the order of the entropy generated
tain for the three scenarios. We clearly see the inhibition b gravitational collapse within the new non-linear halos.
star formation as compared to the case with photoionization Although the shape of the redshift evolution of the comoving
heating only. This also shows at large redshift- zg, where star formation rate we obtain for the quasar scenario (dashed
new galaxies appear but the high entropy of the gas prevelinie) agrees with observations, its normalization is somewhat too
the formation of the smallest galaxies which occur in the cak®v. This might be the sign of a shortcoming of our description,
with gy = ag = 0. As explained in Sedt.2.3.3 this feedbackn particular the assumption that reheating is uniform could lead
effect is larger at lowz where structure formation is further de4o an overestimate of the entropy feedback onto star formation,
velopped (hence the energy source is high) and the baryaosiicce in a more realistic model with inhomogeneous reheating
density is lower (hence cooling is less efficient). Moreover, thikis effect may require more time to affect all the gas (especially
feedback effect onto star formation may partly explain the shdgp the small galaxies which form far away from clusters or
drop of the star formation rate observed at low redshi#t 1. groups of large galaxies and quasars). In fact, the star formation
Indeed, this decline is not very easy to obtain in usual modetge for the photoionization only case is already a bit two low at
since atz ~ 0 the fraction of baryons which has been converted~ 1. Thus our model of star formation is not perfect yet and
into stars is still very smalFy;,,- ~ 10%. As a consequence, itwe might underestimate the supernovae heating by a factor 2.

(@]
—
o))
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Although this would translate into a supernovae efficiency factor ‘ ‘

smaller than unitypgy ~ 0.8, this value remains quite large ° E 0.16<2<0.4
and it does not modify our conclusions (e.g. thatthe IGMismore  _g -
likely to have been reheated by quasars). Thus, we think these E E‘E .
results are already quite encouraging, in view of the simplicity -7 B i
of our model. On the other hand, note that we obtained a correct E [
amplitude for the UV flux as shown in Fig. 4. -8 - 3
We show in FigiB the fraction of matter enclosed within E 1
cooled objects (galaxies) and staFs:(,, = Qstar/Q). We see -9 E
that our results agree with the observed mass of stars (whichmay £ i o ‘E‘ L

be more robust than the observed redshift evolution of the star
formation rate itself). This could be expected since our model  _g4
for galaxy formation (though in a more detailed version) was
already checked in Valageas & Schaeffer (1999a) against obser- —~
vations. In particular, the cooled fractid®,,; atz = 0 obtained

with photoionization heating only (upper panel) is rather large,”  —8
However, the mass of stars we obtain agrees with observatiogs
which shows that we do not encounter the overcooling prob-.
lem. This is due to the small star formation efficiency impliecs
by several processes: ejection of matter by supernovae and stgi-
lar winds, energy released by halos mergings and collapse. &

1.9<z<2.2

2.6<z<3.5

Of course, we recover the behaviour seen in[Hig. 7. In partit; °
ular,for strong heating of the IGM we clearly see the saturation -7
of the mass of cooled gas at lasand the upper bound for the
mass of stars it impliesNote that this feedback effect is quite -8

general. Indeed, we require the reheating of the IGM to be large
enough to affect cluster formationat- 0 for halos with a virial
temperaturd” ~ 0.5keV. It is clear that this implies a signif-

[
A
[
—a—

I NS N NS A A [ NS s s AN N [ R EE SR NS RN RN N 1 N FEEa SR N RN

icant effect onto galaxy formation at low redshift, since galax- s

ies consist of shallower potential wells < 0.1 keV. Since we s B

mustsimultaneouslgescribe galaxies, quasars and clusters, this E

leads to contradictory constraints. Indeed, the cluBter L x —» L

relation requires a high reheating temperaflirg 5 10° K (see -

Sectl4.8) while the observed star formation rate requiresasmall -8 |-

enough reheating < 5 10° K, so as not to inhibit too much E

galaxy formation. Thus, we see from Hi§. 7 and Eig.11 that —9 [

these constraints imply a reheating temperaffire 5 10° K 1T 15
andag ~ 0.008. This clearly shows the importance of using log(Lg/Le)

global models like ours (even though simplified) which aIIov[g.

ig.9. The evolution with redshift of the B-band quasar luminosity
one to evaluate the consequences of such processes on all obj <Son in comoving Mpc?. The dotted lines correspond to pho-

(galaxies, clusters,...). Indeed, this provides strong constraigjgnization heating only, the solid lines to supernova heating and the
on such descriptions and it is the only way to testglubalva-  gashed lines to quasar heating. The data points are from Pei (1995).
lidity of these scenarios which shousimultaneoushaccount

for all structure formation processes. We also note that a large

fraction of baryonic matter at ~ 0 is embedded within den- tion' at small redshift S 0.5 the entropy “floor” induced by

sity fluctuations in the IGM and Lymaa-clouds with a rather quasar heating leads to a decrease of the quasar luminosity func-
large temperatur < 5 10° K. Part of this component may betion which slightly improves the agreement with observations.

difficult to observe. Thus, although the decline at lowof the QSO multiplicity
function is a natural outcome of our model even for the original
4.2. Quasar luminosity function scenario with photoionization heating only (dotted line), part

of this decrease may also be due to the entropy production by
We display in Fig.P the redshift evolution of the quasar lumguasars at earlier times. In view of the simplicity of our model
nosity function for all scenarios. We can see that at large regr quasar formation, which is a natural outcome of our de-
shifts = < 2 all curves nearly superpose since the additiong¢ription of galaxies, we think our predictions agree reasonably
energy source (from quasars or supernovae) plays no roleyal| with observations. Of course, the physics of quasars may
early times. On the other hand, as was the case for star forrga-more intricate than the description we use in this article but
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the IGM occurs earlier than for the supernova case (SN). More-
over, since the quasar luminosity function drops at s that
adiabatic cooling becomes the main process, as seen [ Fig. 3,
T.4,c: decreases at low. On the other hand, for the super-
i QS0 nova scenario the fact that the redshigtis smaller leads to a
- . smoother evolution at ~ 0. In any case, we see that we obtain
\ at small redshift a characteristic temperatilig .; ~ 0.5 keV.
\ This is similar to the values which are used in studies of cluster
—— \ formation (Cavaliere etal. 1997 ugg, ., ~ 0.5-0.8 keV while
AN | Valageas & Schaeffer 1999b usg, ., ~ 0.35keV). Indeed,
| . | | this is how we chose the parametergOf course, smaller effi-
\ Ae=i ciency factors than those setin{37) lead to smaller IGM entropy
e \ and lowerT,q ;. However, it is interesting to note that a larger
o b ag does not change much our results:a& 0 for the quasar
5 Ll LA scenario (QSO) because of the feedback effect we described
0 0.5 1 1.5 above. On the other hand, for the supernova scenario (SN) the
log(1+z) available range is already limited by the upper bougd, < 1.

From the mean entropy of the IGM, or the characteristic
Th%mperaturd“ad,d, we can obtain the cluster temperature - X-
ray luminosity relation, as in Valageas & Schaeffer (1999b).
The bolometric X-ray luminosity. x of a cluster of volumé/
is

log( Tyou / 1 keV)

Fig. 10. Redshift evolution of the characteristic temperatig .
which describes the influence of reheating on cluster formation.
dotted line corresponds to photoionization heating only, the solid li
to supernova heating and the dashed line to quasar heating.

any meaningfull improvement would require a detailed modeg|, , — / n2Ay(T,)dV (41)
of the accretion processes leading to quasar formation, which is v

beyond the scope of this study. wheren, is the electron number density amig (7,) is the

bremsstrahlung emissivity function (in erg¢sr!) at temper-
4.3. Clusters atureTy. Thus, contrary to the Sunyaev-Zel'dovich effect, see
), the X-ray luminosity strongly depends on the density pro-
lle of the hot gas within the cluster. During the gravitational
collapse of the cluster shocks heat the gas up to the virial tem-
rperaturél“ of the dark matter halo. However, the adiabatic com-
Egession of the gas from the IGM also heats the gas Up4e;
which is a lower bound for the gas temperatiije In order to
{%%e into account both of these effects, we simply write for the
final temperature of the gas:

As we noticed in the introduction, the reheating of the 1G
by supernovae or quasarszag 1 can affect the formation of
clusters at lower redshifts < 0.5 since it leads to a mimimum
entropy(S) ;¢ s Of the gas which can break the expected scalli
of the relation temperature - X-ray luminosity of clusters. Ino
der to obtain an estimate of the characteristic virial temperat
Taq,c. Where this transition should occur we define:

1+ AN\
Tog,ct = Tram <1 m Ac) 1005 6a=Su 40) Ty=T+ Tod (42)

ﬁ)_(t, in order to obtain the density profile of the gas within

where we used(32). This is the temperature of the gas at the e Jark matter potential well w me isothermal and hvdr
sity contrastA.(z) (which defines clusters in our model) with eda atter potential well we assume 1sothermaland nydro-

the mean entropy of the IGNIS) ;. Thus, massive Clustersstatic equilibrium at the temperatufg and we obtain (see also

with T > T, . are not affected by the entropy floor of theCavallere & Fusco-Femiano 1978):

IGM because shock heating during the gravitational collapse 8 28 . T T

of the halo generates a much larger entropy so that the ustmP =~ <" with (= T " T+ Togu (43)

scaling law is recovered. On the other hand, within smaller po- ! "

tential wells the gas has a larger entropy than the one produedtere we used an isothermal profilec »—2 for the dark matter

by shock heating which leads to a smoother gas density profilglo. Thus, for deep potential wells>> T,,4 .; we haves ~ 1

and to a smaller density. This implies a smaller luminosity sinead the gas follows the dark matter density profile while for cool

Lx « n?.In {@0) we used the virial density rather than the comustersT” < 7,4 we get3 < 1 and the gas density profile is

density, which is significantly larger, because most of the magmoother than the dark matter distribution. This change of the

is characterized by densities of order and we assume isother-shape of the gas density profile leads to a break in the relation

mal equilibrium. However, it is clear thdi{40) is only a rougtl, — L x. Moreover, in the inner parts of the cluster the density

estimate which could be uncertain by a factor 2. is large enough to lead to a small cooling time so that a cooling
We show in Fig_1D the redshift evolution @}, ;. Again, flow develops and some of the gas forms a cold component

we can check that in the quasar scenario (QSO) the heatingubich does not emit in X-ray any longer. Thus, we define the
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cooling radiusR,. as the point where the gas density reaches the
thresholdp,. such that:

3uimykT,

b= With  teoor = 5~
cool H cool QMPgCA(:(Tg)

(44) 44

e SN
e

whereA..(Ty) is the cooling function (which is dominated by..-
bremsstrahlung cooling far > 1keV) andt () isthe Hubble 7 o
time. At large radiir > R, the density is lower thap,. hence % L
the local cooling time is larger than the Hubble time. Then, the !
gas distribution and the temperature had not had time to evolve
much and the X-ray emissivity is proportional 4§ A,(T,), W
see[(4ll). On the other hand, within the cooling raditysthe ~
gas had time to cool and form dense cold clouds. However, we
consider that some of the gas is still hot and emits in X-ray as
cooling does not proceed in a uniform fashion (Nulsen 1986;
Teyssier et al. 1997). The density of this remaining gas has to
be of orderp,. and we write the X-ray luminosity of the cluster
as:

R I RERRI B

T R I B

0.5 1
log(T,) [ keV ]

2 3
Lx =c¢ <pg('> Ay(T) 4ch Fig. 11. The cluster temperature - X-ray luminosity relationzat 0
45—3 (45) (solid lines) anc: = 1 (dashed lines). The upper panel shows the su-
% {1 + 3 ll _ (Rf> ] } pernova scenario (SN) and the lower panel the quasar scenario (QSO).
46— 3 R, The data points are from Mushotzky & Scharf (1997) for clusters and
from Ponman et al.(1996) for groups.
where the factot describes the contribution of the core, within

R., and the second term comes from the halo (note that the
contribution withinR,. is never much larger than the one fronflependence of the relatidfy — Lx. This suggests that obser-
r 2 R.). The factore = 3 is a parameter of order unity whichvations of the evolution of the temperature - luminosity relation
we use to normalize our relation to observations for massig@elow Lx could provide some contraints on the (QSO) sce-
clusters [, > 1keV). We expect 2 1 which is indeed the nario. On the other hand, at large there is almost no redshift
case. It measures the density fluctuations of the gas distributiewglution, which is consistent with observations (Mushotzky
sinceLy o (n?) and at any radiugn?) 2 (n.)2. Note that & Scharf 1997). Finally, we note that we may underestimate
our description is similar to the model developed by Cavalietiee effect of the heating from supernovae or quasars onto clus-
et al.(1997,1998) to describe the relation between the gas &idformation in our model. Indeed, while we assumed this en-
the dark matter density profile, which shows in the quantigrgy source to be homogeneous the gas which will later build
3. However, while they define a core radius from the densigcluster is more likely to be reheated than an average calcu-
distribution itself (because they use a dark matter profile whition would show since clusters form at density peaks where
grows more slowly than—2 at smallr) the core radius we usethe local density of galaxies and quasars is higher than average.
describes the cooling of the gas, independently of the profileBiis means that the break of the relatifin — Lx could ap-
the underlying dark matter halo. Using a shallower dark matteear at a slightly larger temperature than shown in[Eig. 10. This
density profile would give similar results with a slightly largemight “help” the supernova scenario as an efficiency faetoy
Taa,c @andag (see also Valageas & Schaeffer 1999b). smaller than unity could be sufficient. However, it would prob-
We show our results in Fig. 111 at= 0 andz = 1, for ably remain close taxsy = 1. On the other hand, we note
both (SN) and (QSO) scenarios, using the redshift evolution Wt our constraints for the reheating of the IGM do not depend
obtained in Fig 10 fofl 4 ;. First, we can check that our re-much on the details of the model of clusters since in any case
sults agree with observations for hot clustérs- 1keV. Then, in order to get a break of thE, — L relation atT, < 1keV
we see that the initial entropy of the IGM leads to a break ohe necessarily needs to introduce a characteristic temperature
the relationT, — Lx at low temperatures. However, for theluq,« ~ 0.5keV (Fig[10) which sets the location of this bend.
supernova heating scenario we would requitgy ~ 1.7 to A more detailed model of clusters is presented in Valageas &
get a sufficiently large effect (though even fogy = 1 we Schaeffer (1999b) where a good match with observations is ob-
already see a knee in the relation- L x). On the other hand, tained withT; 4 . ~ 0.35keV.
for the quasar heating case we neggl~ 0.008. Note that the
strong redshift evolution dfy, 4 .; in the quasar scenario, seeni
Fig.[10, leads to a clear redshift dependence of the break of
relationT;, — Lx. On the contrary, the slow redshift evolutiorin this article we have described an analytic model for structure
of T4, In the supernova scenario leads to a smoother redsHiéftmation processes which deals in a consistent fashion with

%ﬁ eConclusi on
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quasars, galaxies, Lymanabsorbers and underdense regiori®n of structure formation processes. Indeed, we note that at
within the IGM. This allows us to obtain the reheating and reion-~ 0 we describe objects which span a wide range in density,
ization history of the universe, as well as the evolution of tfeom (1+A) ~ 10~2 for voids and low-column density Lyman-
entropy of the gas. We considered three scenarios, with differenbsorbers up t¢1 + A) ~ 103 for old galaxies, as well as
efficiency factors for the transfer of energy from supernovae ior mass, fromi0° M, for Lyman- clouds up tal0% M, for
quasars into the IGM. Thus, we have shown that the energy pecbssters. The fact that we can build a unified consistent model
vided by quasars is sufficient to reheat the universe and raiseftirethis broad variety of structures strongly suggests that hier-
mean entropy of the IGM up to the value required to match tlaechical scenarios like ours, with adequate models for galaxy
“floor” level observed in cool clusters. This is an upper bourfdrmation and radiative processes, provide a realistic descrip-
on the entropy production and this value allows to explain thien of the actual universe.
behaviour of the clustél — L x relation. On the other hand, the
supernova _heatlng scenario would require an efﬂmgncy facfi%ferenc&s
of order unity (vsy ~ 1.7). Thus,the IGM is more likely to
have been reheated by quasars than by supernovae Anninos P., Zhang Yu, Abel T., Norman M.L., 1997, NewA 2, 209

Of course, a more realistic treatment would account for t&lian R., Schaeffer R., 1989, A&A 220, 1
details of the quasar interaction with their gaseous environmégignchard A., Valls-Gabaud D., Mamon G., 1992, A&A 264, 365
However, our study already shows that quasar-driven outfloft@chard A., Prunet S., 1997, astro-ph 9710050, Proc. 13th IAP Col-
can provide animportant heating mechanism. On the other hagd loguium, eds. P.Petitjean & S.Charlot, Nouvelles Frerets, Paris

. . . ond J.R., Kofman L., Pogosyan D., 1996, Nature 380, 603
a detailed model of the inhomogeneous character of this ESuchet FR. Schaeffer R.. Davis M. 1991 ApJ 383, 19

heating is probably necessary in order to. evaluate its effegts Jjiere A., Fusco-Femiano R., 1978, A&A 70, 677

on Lymane clouds since most of the opacity may come frorgayaliere A., Menci N., Tozzi P., 1997, ApJL 484, L21

clouds located far away from quasars which have not been ¢gwaliere A., Menci N., Tozzi P., 1998, astro-ph 9810498

heated. Cole S., Aragon-Salamanca A., Frenk C.S., Navarro J.F., Zepf S.E.,
We showed thathe feedback of entropy production onto 1994, MNRAS 271, 781

structure formation may partly account for the decline at lo®olombiS., Bernardeau F., Bouchet F.R., Hernquist L., 1997, MNRAS

z of the comoving star formation rate and of the quasar lumi- 287,241

nosity function, in addition to cluster observatiofidis is an Cooke A.J., Espey B., Carswell R.F., 1997, MNRAS 284, 552

interesting prospect since it links different processes to the saf/is M., Efstathiou G.P., Frenk C.S., White S.D.M., 1985, ApJ 292,

phenomenon and it gives additional weight to the hypothessg;vidsen AF. Kriss G.A., Zheng W., 1996, Nature 380, 47

sucha reheat?ng scenario. Moreovers, it prqvides anarrow range - M., Aldering G.. Stocke J.T., 1995, ApJL 450, L45
for the reheatlng of the IGIV[Z(.N 5 1Q .K) since we must sat—. Efstathiou G., Rees M.J., 1988, MNRAS 230, 5p

isfy the contradictory constraints arising from clusters (WhiGBstathiou G., 1992, MNRAS 256, 43p

require a large reheating so as to modify #e- L x relation) gyrard A.E., Henry J.P., 1991, ApJ 383, 95

and from galaxies and quasars (which require a small reheatfiigsen D.J., Cheng E.S., Gales J.M., et al., 1996, ApJ 473, 576
so that galaxy formation is not too much inhibited). Thus, Rukugita M., Hogan C.J., Peebles P.J.E., 1998, ApJ 503, 518
is important tosimultaneouslyddress these processes in ord&iallongo E., Cristiani S., D’Odorico S., Fontana A., Savaglio S., 1996,
to check the validity of a given scenario. On the other hand, ApJ 466, 46

the reionization process of the universe is almost not modifi€@edin N.Y., Ostriker J.P., 1997, ApJ 486, 581

which means that our results for the ionization state of the ga&man Z., Loeb A., 1998, ApJ 503, 505

and the background UV flux should be quite robust. aiser N., 1986, MNRAS 222, 323
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