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Abstract. Recent observations at low and high redshift seem to confirm the presence of dust in the InterGalactic Medium
(IGM) and especially in the IntraCluster Medium (ICM), at very low abundances. We have studied the impact of this dust on
the IGM conditions, in terms of heating and cooling. Firstly we have described the dust emission by an analytical model, and
we have proved that the dust IR emission can be considered as the dominant cooling agent of the ICM, when the temperature is
greater than T = 107 K and the dust-to-gas mass ratio exceeds a value of Zg = 2 X 1075, This cooling process is more efficient
for small grains, and fills the gap between the cooling by free-free emission at 7 > 10® K and other cooling processes such
as recombination, collisional ionisation and collisional excitation at T < 10° K. Secondly, when the UV Background is strong
enough, Juy(v) = 1072 (v/(13.6 eV))™" ergs™' cm™2sr' Hz™', and the temperature is low enough, 7. < 10° K, dust grains
become an efficient heating agent of the IGM. Moreover these two opposite processes due to dust have opposite impact on the
IGM at different scales: the cooling should be dominant at large scale (in the ICM), whereas the heating is efficient at small
scale (near quasars or star formation regions). The issue of the dust replenishment of the IGM is also considered, taking into
account the process of galactic dust ejection and intergalactic dust production. The recent observations of an intergalactic star
population and the estimate of the reionisation (pop III stars) at z = 12—20, both point toward dust pollution of the IGM early

in the cosmic history, with possible important consequences for the evolution scenarii of the Universe.
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1. Introduction

The presence of dust in the intergalactic medium (IGM) was
first pointed out by Zwicky et al. (1957) and Karachentsev
& Lipovetskii (1969), when observing the extinction of dis-
tant clusters behind rich galaxy clusters. Similar observations
have been made by Bogart & Wagoner (1973), and Boyle et al.
(1988) when counting quasars behind rich clusters. Recently
dust has been detected in emission toward clusters of galax-
ies in the IRAS data (Wise 1993), and toward the Coma clus-
ter (Stickel et al. 1998, 2002). A dust extinction curve at high
redshift has been measured by Motta et al. (2002), using the
differential image of a quasar along different paths through the
IGM by a galaxy lens, attesting the presence of dust early in
the cosmic history. Naturally all these claims remain contro-
versial (see Maoz 1995; Pointecouteau 1999) and have to be
confirmed by further studies. Nevertheless, the recent observa-
tions by the Wilkinson Microwave Anisotropy Probe (WMAP)
(Bennet et al. 2003a) seem to indicate an early epoch of reion-
isation of z = 17 + 5 (Spergel et al. 2003), opening a new area
of massive dust pollution by stars of population III, as studied
by Nozawa et al. (2003).

However even at a very low abundance, dust remains one
of the important actors of the IGM evolution. It could have
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important implications on cosmology, by affecting the count
of galaxies and quasars at high redshift (see Aguirre 1999) be-
cause of dust extinction, or by affecting the measurement of
the cosmic microwave background (CMB) at small scales, and
the cosmic infrared backgrounds (CIB) because of the self-
emission by the dust. Moreover the estimate of the SZ effect
toward clusters of galaxies could be affected too, considering
the high sensitivity of future missions like Planck.

Dust may also have a direct impact on the properties of
the IGM. First revealed by Dwek & Werner (1981, hereafter
DWS81) and Dwek et al. (1987) around supernovae, the dust
emission represents an important cooling agent in such a hot
medium, and might have a similar impact on the intracluster
medium.

In this work we will first present in Sect. 2 a simple model-
ing of the intracluster medium to point out the potential impor-
tance of dust cooling compared to free-free cooling. In Sect. 3,
we will then detail the impact of dust on this type of medium by
taking into account the dust heating and the usual atomic pro-
cesses of cooling to exhibit some spatial and temperature range
of dust cooling efficiency. We will finally discuss in Sects. 4
and 5 the problem of the dust abundance in the IGM, and the
potential impact of dust on the evolution of the structures at
different scales of the universe.
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2. Dust emission from the intracluster medium

In this section, we will focus on the intracluster medium (here-
after ICM), which makes the denser fraction of the IGM. The
ICM represents the nodes of the global network of the matter
distribution in the Universe (e.g. as observed by the 2dF Galaxy
Redshift Survey, Percival et al. 2001). Because of the nature of
these nodes, described as infalling and virialized structures, the
ICM has typical properties of high density (7. ~ 1073 cm™)
and temperature (10® < T, < 10® K), compared with the rest
of the IGM (n. ~ 107° 3and 10* < T. < 10° K). We
will quantitatively investigate in which conditions the dust can
become an important cooling agent of the ICM.

2.1. Energetic balance

One can first note that the dust is never at equilibrium in the
ICM. The smallest grains are stochasticaly heated, and their
temperature has to be modeled with a dust temperature dis-
tribution as describe in Dwek (1986). But in our case, we ne-
glect this effect for the reason of simplicity, and assume thermal
equilibrium for all the dust components. The detailed energetic
balance of the grain is then given by:

Heon(a, Te, ne) = A(a, Tyg) (1)

where Hp is the collisional heating of the grain, and A is the
cooling rate due to the dust thermal emission, as detailed be-
low. We neglect here the radiative heating due to the UV and
Cosmic Microwave Background, given the low radiation field
in the intracluster medium, as described in Sect. 3.2.

The dust cooling will occur via thermal infrared emission.
Aa.T) =45 [ Quntva) BAT) @)
where a is the grain radius, v is the frequency, Q,p is the ab-
sorption coeflicient given by Draine & Lee (1984) for silicate
and graphite grains, B, is the Planck function, and Ty is the
equilibrium dust temperature.

The collisions with electrons will dominate over those with
protons because for the same energy, the electrons have much
higher velocities, implying a higher collision rate. We will use
the collisional heating rate obtained by DW81 which takes into
account the fact that electrons which impinge on a dust grain
will penetrate deeper if they have more energy, and reversely
they will deposit only a fraction of their energy if the grain is
too small. Consequently, the grain heating derived by DWS§1
depends on the grain radius:

538x 1078 n.a®T*  x*>45
337x 1073 n a4 708 x* > 1.5
6.48 x 10% n. a? x*<1.5

3)

Heon (a, Te,ne) =

where H,y is in ergs™', a(um) is the grain radius, n.(cm™)

the electronic density, T, the electronic temperature, and x* =
2.71 x 108 a*3/T,. The electronic collisional heating is less
efficient below T, = 10% K for a grain size of a = 0.5 um as
shown in the upper curve of Fig. 1, and this limit decreases
when the grain size becomes smaller.
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Fig. 1. Heating function of the grain due to electronic collisions, for

various grain sizes: @ = 0.5 um (solid line), a = 0.025 pum (dashed

line), a = 0.001 um (dotted line).

We can then deduce the dust equilibrium temperature T4
by solving Eq. (1), but we have to keep in mind the limitation
of such an assumption of equilibrium in the context of small
grains stochasticaly heated by electrons. In this case, the dust-
temperature distribution peaks below the equilibrium value, but
extends to extremely higher temperatures (74 ~ 1000 K). The
consequence of such a temperature distribution is the broaden-
ing of the IR-spectrum. This will have an impact on the detec-
tion of the dust emission, but it does not change the integrated
flux over the spectrum (DW81).

If we use a simple power law with index 3 for the dust emis-
sivity then the energetic balance of a single grain reads:

8 2 ?kﬁ+4 , )c’8+3

Hoy = 7B+ Ta- Quns(vo a)f (4)
B o1

where we have written Quns(v,a) = Quaps(Vo, @) ( , Oups 18

the absorption coefficient given by Draine & Lee (1984) for
silicate and graphite grains, vy is a reference frequency, 74 is
the equilibrium dust temperature, & is Planck’s constant, c is
the velocity of light, k is Boltzmann’s constant, and x stands
for hv/kT.

The solution can then be expressed as follows:

1/(B+4)
e ) )

2x 1073 cm™3

where C (a, Te, 8) is a coefficient depending on the grain size a,
the electronic temperature 7. and the index B, and n. is the
electronic density. Above T, ~ 2 X 107 K, the resulting dust
equilibrium temperature becomes independent of the electronic
temperature and the grain size for almost the full size range of
our dust model.

As far as B is concerned, the far infrared and submillime-
ter investigations of the Pronaos balloon in various galactic
regions (Dupac et al. 2003) have demonstrated that the dust
spectral index spans a range from 1 to 2.5. Moreover, the same
authors show that the index is anticorrelated with the dust tem-
perature, the higher temperatures (7 = 60 K) corresponding to
low indices (8 = 1). At centimeter wavelengths the dust emis-
sion extracted from the WMAP one year data shows g = 2.2

Ta=C@Tup)
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(Bennett et al. 2003b). Here the exact value of 3 is not criti-
cal since the dust cooling will scale as Ljg T+, We will
use B = 2. With this hypothesis the grain temperature for
T. > 2 x 107 K reads (see also Dwek et al. 1990):

e )1/6 K. 6)

Ty ~ 20 (—
d 2% 103 cm™3

2.2. Dust emission from a massive cluster

The IntraCluster Medium in massive clusters seems to be the
best candidate to observe the dust emission, because of its high
density and its high electronic temperature. This is why we
have calibrated our simulation on the Coma cluster A1656. We
use an isothermal spherical model, with a high electronic tem-
perature 7., and an electronic density profil n.(R) given by a
King Model

o
ne(R) = neo[l + (R%) ] : )

where 79 is the central density, R, the core radius, and « the
power coefficient of King’s law. The dust density profile ny(R)
is chosen proportional to the electronic one, without local fluc-
tuations, and given by:

na(R) = ZioM 1 (”—H) ne(R) (8)
<mg> \ ne

where ny/n. = 0.86 is the ratio of the hydrogen to electronic
density of the gas that consists of totally ionized hydrogen and
helium in agreement with the cosmic abundance (X = 0.75,
Y = 0.24); ug = 1.32 is the mean atomic weight per H atom;
my is the mass of the hydrogen atom; <myg > is the mean dust
weight of a graphite-silicate grain mixture integrated over the
whole size range 0.001 < a < 0.5 um, with a grain size distri-
bution given by N(a)da = a~33da (Mathis et al. 1977, hereafter
MRN); and ZI™ = My/M, is the dust-to-gas mass ratio of the
ICM.

The expression of the IR luminosity integrated over the
whole galaxy cluster is given by:

LM = 167° f f f n4 @ Qavs By(T)R*N(a)dadvdR. )
Using the energetic balance of a grain, we obtain:

L™ = 4n f f na(R) Hoonl(@, Te, ne)R*N(a)dadR. (10)

The thermal conditions of this galaxy cluster T, = 10® K and
the grain size range of our dust model lead to a simplification
of the collisional heating function, corresponding to the third
case in the Eq. (3). We obtain an analytical expression of the IR
luminosity (in ergs~!) integrated over the whole cluster and all
grain sizes, which depends only on the electronic density, the
dust-to-gas mass ratio and a geometrical coefficient:

zZxM neo  \2
ICM _ 45 e
LM =3.7x10 (10_5)(10_3 Cm_3) Geom (11)
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R, \' (R
G m = J _C7
0 (MP ) f(Rg a)

with R, the critical radius, i.e. the maximum radius of the spa-
tial integration given by n.(R.) = 1073 ne(R,), that means
approximately R. =~ 9.95R, (Voshchinnikov & Khersonskij
1984). The term f is the following function:

f@6a) = f [1+ 7% 2de. (12)
0

2.83. Comparing IR and X-ray luminosities

To estimate the efficiency of the dust IR luminosity in the cool-
ing process, it has to be compared to the X-ray luminosity
(Bremsstrahlung), considered as the main cooling agent of the
ICM. The expression of the X-ray luminosity integrated over
the cluster is given (in ergs~!) by Mushotzky et al. (1978)

neo

T 2
ICM _ 45 €
L™ =66x10 Vit K (10-3 cm-3) Geom

where T, is the electronic temperature, and G, has the same
expression as for the IR luminosity. The ratio of Egs. (11)
and (13) gives a good estimation of the relative contributions
by IR to X-ray luminosities which depends only on the elec-
tronic temperature and the dust-to-gas mass ratio.

L’ _ 564 ( T )‘”2
M = 1075 JU108 K

This result, which is valid only for high electronic tempera-
tures T, > 107 K (rich clusters), shows that the IR luminosity
of intracluster dust can be higher than the X-ray emissivity of
the gas for a dust-to-gas mass ratio as low as 107#~107>. This
is 1072—1073 lower than the typical dust-to-gas mass ratio in
our Milky Way. In order to establish the cooling efficiency of
the dust emission in the intergalactic medium for temperatures
lower than T, = 107 K, it is important to use the full expression
of the dust heating in Eq. (3), and to compare the integrated
dust cooling function with oher cooling and heating mecha-
nisms. This is done in Sect. 3.

13)

(14)

3. Efficiency of the dust cooling in the IGM

We have already shown the efficiency of the dust cooling com-
pared to the free-free cooling in a simple case. We will now
examine in detail the impact of the dust, in regard to both as-
pects of cooling and heating: first we will compare the cooling
by dust emission with the heating by the photoelectric effect
on dust in order to identify domains of dust cooling or heating,
depending on the temperature, the density and the UV back-
ground of the IGM; then we will compare the cooling by dust
emission with atomic processes of cooling, that are commonly
known as efficient cooling agents of the IGM.
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3.1. Dust heating and cooling

When dust grains are placed in Lyman-« absorption systems,
with strong UV Background (hereafter UVB), they may heat
the medium by the photoelectric effect. The photoelectric effect
consists of the emission of an electron to the gas after absorp-
tion of a very energetic single photon (Weingartner & Draine
2001). This heating process by dust is not negligible and can
affect the history of the IGM, as first claimed by Nath et al.
(1999). Inoue & Kamaya (2003) showed that at very high red-
shift from z = 1.5 to z = 6 the photoelectric heating by grains
can dominate other heating mechanisms, like photoionisation,
by a factor 3 to 10, depending on the grain size; the smaller the
grain, the better the heating.

An estimation of the photoelectric dust heating rate was
made following the formalism developped by Weingartner &
Draine (2001) and applied to a grain mixture of graphite and
silicate as defined by the MRN model. The grain charge was
calculated assuming equilibrium between the electron collision
rate R. (depending on the electronic density, the grain size
and the temperature) and the photoelectric ejection rate Rpe
(depending on the grain size and the UVB). We have used
Bake & Tielens’ (1994) values for the electron escape length
Il = 1077 cm and the photon attenuation length /, = 10™®cm
into the grain. The UV background spectrum is modeled by a
power-law given by Kitayama et al. (2001)

e
Jy = Ja (—)
Vo

where vy is the frequency of ionization of hydrogen (hvy =
13.6eV), J»; is the UV intensity at the Lyman limit of hydrogen
in units of 10~ erg sT'em™2 sr~! Hz™'. The coefficient J,; has
been estimated from recent reionisation models for redshifts
z = 0to z = 20, and has been determined to be around unity or
less, depending on the redshift (Kitayama et al. 2001). Bajtlik
et al. (1988), Bechtold (1994), or Giallongo et al. (1996) have
estimated this coefficient at different redshifts near QSO’s and
found J; = 10%%3, but its value for the IGM is still highly
uncertain. Its estimate near star formation regions can also be
given by the parameter G which is defined as the ratio of the
total energy density in the radiation field and Habing’s (1968)
estimate of the average starlight energy density in the range
6-13.6 (eV), the latter one being equal to 5.33x 10~'* erg cm ™.
The relation between this two parameters in terms of total
energy is given by G = 2.12 x 1072 J,,. The photoelectric
dust heating rate was finally estimated using the approxima-
tion of Inoue & Kayama (2003), which is consistent with the
Weingartner and Draine method.

We have compared this heating rate with the dust cool-
ing rate derived in Sect. 2. This is shown in Fig. 2, where
we draw contours for the difference between the two rates
(in ergs~'cm™), as a function of electronic temperature and
UVB. This has been done for three grain sizes: a = 0.001,
0.025, and 0.5 um, with a hydrogen density ny = 107% cm™3
(cf. Figs. 2—4, respectively). One can first remark that the steps
in the contours are not due to numerical problems. They are the
result of the quantification of the grain charge. The dust cooling
is predominant in all cases for T > 10° K and J»; < 10*. But

15)
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Fig. 2. Absolute value of the difference between the dust cooling rate
and the photoelectric dust heating rate (in erg s~! cm™) depending on
the temperature and the UVB, for a grain size a = 0.001 um and a
hydrogen density ny = 107% cm™; cooling dominant (solid line) and
heating dominant (dashed line). The level of 99.9% of ionisation is
drawn as a dotted line.
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Fig. 3. The same as in Fig. 2 with a grain size a = 0.025 ym.

when the grain size increases, the efficiency of the photoelectric
heating decreases rapidly, reducing the heating domain to the
lower temperature and medium UV background. This domain
corresponds to the IGM properties, near quasar or standard star
formation regions. One can remark that the maximum value of
the dust cooling rate remains the same at all grain sizes. But
the higher is the grain radius, the higher is the temperature
limit of the maximum level. This will be considered in detail
in Sect. 3.2.

Another parameter is the density of the medium. On one
hand the dust cooling is proportional to the dust density and to
the electronic collision rate. On the other hand the photoelectric
heating rate is naturally proportional to the dust density, and to
the photoelectric yield. However the variation of the density,
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Fig. 4. The same as in Fig. 2 with a grain size a = 0.5 um.
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Fig. 5. The same as Fig. 2, but with a density ny = 1073 cm™. The

level of ionisation is drawn at 99.9% and 90% (dotted line).

and the electronic collisional rate, implies only the modifica-
tion of the grain charge equilibrium, but not of the photoelec-
tric yield which is not very sensitive to the grain charge (just
a factor 1 to 2 between minima and maxima of grain charge).
Hence the dust cooling increases as the square of the density
whereas the photoelectric dust heating is only proportional to
the density. This impact is pointed out in Fig. 5, where we
draw contours of the difference between the heating and cool-
ing rate for a grain size a = 0.001 ym, and a hydrogen density
ny = 1073 cm™, typical of the ICM, and 10? times higher than
in the previous cases, which are typical of the IGM. When com-
paring Figs. 5 and 2, we observe that the higher is the density,
the larger is the domain of cooling efficiency, covering almost
the whole range of UVB for the highest density. The impact of
this density effect is detailed in Sect. 3.3.
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3.2. Cooling by dust and atomic processes

As pointed out in Sect. 3.1, cooling by dust emission will
be more efficient in a very hot medium, like the intracluster
medium. But before we compare it with other cooling pro-
cesses, we have to check that the UV background of this type
of medium is weak enough to neglect the dust heating.

We have estimated the UVB in two different cases: in the
first one we use the cD galaxy of the galaxy cluster Abell
1795, and in the second we use the integrated field of galax-
ies of the Coma cluster. An estimate of the UV magnitude
myy of the cD galaxy of Abell 1795, contained within a cir-
cle of radius 25”, has been performed by Smith et al. (1997)
with a far-UV filter with 2 = 1520 A and A1 = 356 A.
They have found myy = 15.54 £ 0.09 mag, corresponding to
aflux F = 221 x 1075 ergs™' ecm 2 A, using the relation
myy = —2.5 log(F,) — 21.175. We have assumed that this flux
at 1 = 1520 A is constant in the range 911 < A4 < 2000 A, and
obtained an over-estimate of the UV energy density of this ob-
jectin the range 6-13.6 eV, givenby u < 2.18x10"* ergcm =,
This energy density is obtained within the cD galaxy or in
its close neighbourhood. This gives G < 0.4, and then Jy; <
18.86. For the second case, we have integrated the contribu-
tion of all the galaxies inside the field of the Coma cluster, con-
tained within a circle of radius 50’, with the same method based
on the photometric study performed by Donas et al. (1991) on
the FOCA telescope with A =~ 2000 A and A1 =~ 150 A. We
have found a UV energy density u = 6.92 x 1077 ergcm™,
yielding G = 1.3 x 107% and J>; = 0.061. These two cases are
consistent with a weak UV background inside the intracluster
medium. Using the set of Figs. 2—5, we can easily check that
the domain defined by J,; < 100 and T, > 10° K is totally in-
cluded within the domain dominated by the dust cooling. This
confirms our assumption of neglecting the UVB in first order
in the intracluster medium.

The model used to compare the cooling by dust emission
and the other atomic cooling processes is that given by Cen
(1992), an updated version of the Black (1981) model. The in-
tergalactic gas is modeled by a mixture of hydrogen and helium
in cosmic proportion (X = 0.75, Y = 0.25), with a dust-to-gas
mass ratio fixed at Z; = 107*. The processes taken into ac-
count are the recombination of HII, Hell, and Helll; the col-
lisional ionisation of HI, Hel, and Hell; and the photoionisa-
tion of HI, Hel, and Hell. First the concentrations of all the
particles (ngy, Ry, Byel, MHell, MHemn, and n.) must be calcu-
lated for the equilibrium stage, for a given temperature and
background radiation field. This can be easily done, by resolv-
ing a system of six equations and six unknowns, consisting
of three conservation equations (one for each species HI, Hel,
and Hell), two mass conservation equations (for H and He),
and one neutrality equation. This system can be reduced to a
polynomial of 4th order in n., and solved numerically. This
step determines the level of ionisation of the gas. The cool-
ing function is then determined for a wide temperature range
10> K < T < 10° K, by summing up the contributions by
all the cooling processes: recombination, collisional ionisation,
collisional excitation, bremsstrahlung, and dust emission as de-
scribed in Eq. (10).
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Fig. 6. Total cooling rate A/n (ergs™' cm?) (solid line) in the ICM,
with a dust-to-gas mass ratio of Z; = 10*and a grain size a = 0.5 um.
Individual contributions are: collisional ionisation (dotted), recom-
bination (dashed), collisional excitation (dash dot), bremsstrahlung
(dash dot dot), dust emission (long dashes).

All these individual cooling function curves are plotted in
Fig. 6, for the special case of a dust model restricted to a single
grain size (a = 0.5 ym), and without any UV radiation field
(i.e. without photoionisation) as justified above. We see that
the atomic mechanisms of cooling are dominant in the range
10* K < T < 10° K, where the medium is not fully ionized.
For higher temperatures, T > 10° K, where up to now the
Bremsstrahlung was considered to be the most efficient cool-
ing mechanism, the dust is the dominant cooling factor, as ex-
pected from the discussion in Sect. 2. Another interesting point
is the dependence of the cooling function on the grain size. The
dust cooling function keeps the same absolute level when the
grain size decreases (from a = 0.25 ym to a = 0.005 um), but
this cooling effect becomes important already at lower temper-
atures, filling the less efficient cooling gap between atomic and
bremsstrahlung cooling (cf. Fig. 7). This means that the tem-
perature range of efficient dust cooling is 10° K < T < 108 K,
depending on the grain size distribution.

3.3. Time and spatial domains of dust cooling
efficiency

In the two previous Sects. 3.1 and 3.2, we have explored how
the dust cooling behaves with respect to the temperature and
density conditions. These properties can be understood as time
and spatial domains.

First, the temperature range of dust cooling efficiency is
10° K < T < 108 K, which is typical of the ICM. Second, we
have shown that the ratio between the dust cooling and heating
efficiencies becomes higher when the density increases. This
again is in favor of the ICM. Thus, the ICM is the place where
the dust cooling could play an important role.

Regarding time now, the previous remark on the density
dependance of cooling upon heating efficiency means also that
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Fig. 7. Total cooling rate A/n (ergs™ cm?), for different cases: with-
out dust cooling (solid), with dust cooling with grain size a = 0.5 um
(dotted), a = 0.025 um (dashed), and @ = 0.001 um (dash dot).

the dust cooling might have been much more efficient at high
redshift, when the density was higher because of a smaller uni-
verse. Moreover at redshifts about z ~ 3-5, the star forma-
tion activity was at its maximum in the cosmic history, lead-
ing to an intense dust enrichment in the IGM due to violent
galactic winds by supernovae (Springel & Hernquist 2003).
If we assume an average life time before dust destruction of
Tsput = 108 yr (Draine & Salpeter 1979), this high dust amount
at high redshift inside the IGM becomes localized in time, and
cannot be extrapolated to lower redshifts. All these facts point
to a higher dust-to-gas mass ratio in the IGM at higher redshift
than now, leading to an increase of the dust cooling efficiency
early in the cosmic history.

To conclude, dust has been able to play a role in the very
early thermal history of the Universe, and especially in the
dense and hot structures of the IGM, the clusters of galaxies.

4. Dust abundance threshold

The dust abundance in the IGM remains highly unknown. We
will give here the dust abundance required to have the dust
IR-luminosity equal to the X-ray luminosity. We will then
check that this dust abundance threshold can be reached if one
takes into account the mechanism usually admitted for dust en-
richment, which is pollution by galaxies. We will finally go
further and present another mechanism, which is the in situ
dust-production by intergalactic objects, and estimate its con-
tribution to the dust enrichment of the IGM.

4.1. Dust threshold

As already noticed in the expression of the IR luminosity (11),
the dust cooling is proportional to the dust-to-gas mass ratio.
Thus we can derive a dust abundance threshold that corre-
sponds to the dust-to-gas mass ratio for which the dust cool-
ing is equal to the free-free cooling. We neglect here other
cooling processes such as recombination, collisional ionisation
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Fig. 8. Dust abundance threshold, defined as the dust-to-gas mass ratio
for which the IR cooling equals the X-ray cooling

and collisional excitation in this temperature domain, in accor-
dance with the results in Sect. 3.2. This parameter is shown in
Fig. 8 for T, = 103 to 10° K, and for a MRN grain model. This
means that for all values of the dust-to-gas mass ratio above this
curve, the IR cooling will be more efficient than the X-ray cool-
ing. Hence considering the dust-to-gas mass ratio estimated by
Stickel et al. (1998) for the Coma cluster Zg = 107%, the IR
cooling is more efficient than the X-ray cooling for a temper-
ature range from T, = 10° to 10° K. However, according to
the simulations of Aguirre et al. (2001a) detailed in the next
paragraph, the dust-to-gas mass ratio in the IGM is only about
Zg = 2.37 x 1073, and the temperature range for dominance of
the dust cooling extends therefore from T, = 107 to 10% K. But
in all cases, the cooling by dust is not a negligible process, and
might even be predominant.

The key point is obviously to obtain a good estimate of the
dust abundance in the IGM, and to compare it with the critical
value plotted in Fig. 8. Aguirre et al. (2001a) have performed
complete simulations of dust pollution of the IGM, including
several ejection processes of the dust from the galaxies toward
the IGM. Another dusty enrichment process is the in situ pro-
duction by intergalactic stellar objects.

4.2. Dust pollution by galaxies

Galaxies are basically the place of birth and death of stars, and
consequently of dust production. The first idea to explain the
presence of dust in the intergalactic medium is the dust ejection
from galaxies.

Pecker (1972) was the first to point out the dust enrich-
ment of the IGM by radiation pressure. Aguirre et al. (2001a)
have performed a complete and detailled simulation of the
metal enrichment of the IGM, including the following mech-
anisms: dynamical removal during gravitationnal interactions
(see Gnedin & Ostriker 1997), galactic winds due to SN (see
Cen & Ostriker 1999; Aguirre et al. 2001b), and radiation pres-
sure. The estimate of the fraction of the galactic dust expelled
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to the IGM during its lifetime has been given for each pro-
cess: 2% to 4%, 2% to 25%, and about 8% respectively. The
dust-to-gas mass ratio of the intergalactic medium derived from
this simulation is Z°™ = 2.37 x 107>, which is in agreement
with the presence of dust above the dust abundance threshold
in the intergalactic medium restricted to the ICM, presented in
Sect. 4.1.

One can first remark that these simulations could be im-
proved by increasing the resolution to fully understand the
dynamical process of dust ejection (see Gnedin 1998). For
example, simulations carried out on encounters between two
galaxies reveal that about 90% of the galactic gas is removed
from the parent galaxies (Duc et al. 2002).

Moreover one can stress the two following aspects implied
by the mechanism of dust destruction during the transit through
the galaxy: the decline of the dust-to-gas mass ratio from ISM
to IGM, and the modification of the grain size distribution. The
dust residing in a hot gas with 10 < 7' < 10° K is destroyed by
thermal sputtering, whose efficiency is given by the sputtering
rate as quantified by Draine & Salpeter (1979)

cm™3 a
ot = 2 X 10
Tput yr( . )(0.01 ,um)

where g,y is the lifetime until sputtering, ny the hydrogen den-
sity, and a the grain size. For typical values of the grain size
from a = 0.001 ym to @ = 0.5 um (MRN), and a hydrogen
density typical of dense galaxy clusters ny ~ 1073 cm ™, the re-
sulting lifetime spans from 2 x 10° yr for small grains to 10° yr
for big grains. As already noted above, the small grains are rela-
tively fragile, and can be destroyed easily. Moreover, according
to a study of Ferrara et al. (1991) and Shustov & Vibe (1995),
a dust population with a size range from 0.001 yum to 0.5 um in
the ISM (cf. MRN), is restricted to the range 0.03 < a < 0.2 um
after its transit through the galactic halo. This special destruc-
tion and selection effect could be counteracted by other dust
enrichment processes like pollution by intergalactic sources as
investigated in Sect. 4.3.

(16)

4.3. Dust pollution by intergalactic sources

The existence of a diffuse intergalactic stellar population has
already been proposed by Zwicky (1951), motivated by a
starlight excess between galaxies toward the Coma cluster. But
the detection of isolated objects inside the intergalactic medium
is quite new: intergalactic planetary nebulae in the Virgo clus-
ter (Feldmeier et al. 1998) and in the Fornax cluster (Theuns
& Waren 1997), individual red giant stars in the Virgo clus-
ter (Ferguson et al. 1998; Durrell et al. 2002), more recently
intergalactic SNe among a sample of Abell clusters (Gal Yam
et al. 2003), and HII regions in the Virgo cluster (Gerhard et al.
2002). From these observations it was concluded that as much
as 20% to 50% of the stellar mass remains in the intergalactic
medium. All these claims are still under discussion. The lack of
observational statistics does not yet allow us to be highly con-
fident in the estimate of the intergalactic stellar fraction. This is
the reason why we decided to choose an average value of this
estimate, 40%, in order to derive the dust-to-gas mass ratio in
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the IGM due to this intergalactic stellar population, as detailed
just below.

The stellar population outside galaxies is of a great inter-
est for our work, because it can be considered as an additional
source of dust production without any destruction processes oc-
curing during a galactic ejection step. This in situ production
could increase the dust-to-gas mass ratio of the IGM above the
dust abundance threshold described above. A simple estimate
of this production mechanism can be obtained using the fol-
lowing formula:

Jicsp Mpust/sN TSN Tsput
MGas

Mpysticsp
Mgas

a7

where Mp jcsp is the dust mass produced by the IntraCluster
Stellar Population, Mg, is the gas mass of the cluster, ficsp
is the fraction of the stellar mass present in the intracluster
medium, Mp/sn is the dust mass produced per SN event, rsn
is the supernova rate integrated over the galaxy cluster, and
Teput 18 the lifetime until sputtering given by relation (16). We
have chosen ficsp = 40%, in agreement with the proportion
range given by the different authors for the observation of an
intergalactic star population as discussed above. For the life-
time until sputtering an average value of Ty, = 10 yr is taken.
The supernovarate rgy is given by the integration of Tgy, which
is the number of SN per century per solar blue luminosity, over
the galaxy cluster. We have chosen 7y = 1 SNU (SNU =
SN per century per 10'° Lgs) in accordance with estimates
done at low and high redshift (see Cappellaro 2001; Hardin
et al. 2000; Pain et al. 1996, 2001). The blue luminosity is cho-
sen equal to the blue luminosity of a Coma-like cluster which
means Lg ~ 10'3 Lgo, within a radius of 1 Mpc (see White
et al. 1993). With this combination we obtain a supernova rate
rsy = 10 yr~'. The gas mass contained within the same radius
is then given by integration of a typical density profile (defined
by King’s law) with a central density ny = 10~ cm™, which
yield Mg, ~ 2 X 1013 M. The last parameter of this approxi-
mation is the dust mass production per SN event. This was de-
rived by Todini & Ferrara (2001) for SN II and various initial
metallicities and stellar masses. In our case, we have chosen an
intermediate metallicity Z = 102Z,, yielding an average value
Mp;sx = 0.5 Mo, Finally, using Eq. (17) and the estimates of
its different parameters detailed just above, we have obtained
a dust-to-gas mass ratio from the intracluster stellar population
Mbpusticsp | MGas = 1073, which could represent a major frac-
tion of the total amount of dust inside the ICM. What is really
of interest here is less that the amount of dust from intraclus-
ter stars is predominant compared to the galactic production,
but rather that it can produce some local overdensities inside
the intracluster medium, and then induce some local dust over-
cooling which can finally have a local impact at this scale (see
Gnedin 1998).

Moreover this intergalactic production could replenish the
initial grain size distribution in the range of the small grains,
which are destroyed to a large fraction during the transit
through the galactic medium. As pointed out by Todini &
Ferrara (2001), small grains are preferentially produced by
such SNII with low metallicity, which would replenish this type
of grain and balance to the destruction by sputtering.
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5. Discussion and conclusion
5.1. The role of dust in the evolution of the IGM

We have shown in the previous Sects. 2 and 3 that dust can
be an efficient cooling agent of the ICM when the temperature
is between T = 10° K and 7 = 10® K, if the dust-to-gas mass
ratio exceeds 2x 107>. On the other hand the dust can be a good
heating agent of the IGM when the temperature is less than
T = 10° K and the UV background is strong, i.e. greater than
Jo1 = 0.1. These two opposite effects have opposite feedbacks
at different scales in the Universe.

As proposed by Nath et al. (1999), the feedback of dust
heating could be: at small scales, an increase of the dust abun-
dance will heat the IGM by the photoelectric effect, increasing
the temperature and thus slowing down the accretion process.
This prevention of small structures accretion implies a decrease
of the dust enrichment of the IGM. This type of negative feed-
back could have been efficient during the first ages of the uni-
verse, when the temperature was around 7" = 10*=10° K, at the
beginning of small structure formation.

Following the same approach, the feedback of the dust
cooling could be: at large scales, under low UV background
an increase of the dust abundance implies more cooling, thus
increasing the accretion rate. This acceleration of the accretion
process implies an increase of star and dust formation. This
positive feedback could have occured during the hierarchical
clustering of the big structures, and becomes interesting when
taking into account the inhomogeneous spatial distribution of
the dust in the IGM pointed out in Sect. 4.3.

The inhomogeneous distribution of the dust in the IGM, im-
plying an inhomogeneous cooling, could explain another cru-
cial question of cosmology: the problem of preheating. The
slope of the Lx—T relation in galaxy clusters given by sim-
ple models (Kaiser 1986) is not confirmed by observations
(Ponmann et al. 1996). To explain this discrepancy, it has been
proposed to increase the entropy of the IGM by a “preheat-
ing phase” before cluster formation (see Valageas 2002). But
the existence of such a “preheating phase” is not yet clari-
fied, and Muanwong et al. (2001) proposed that the entropy
is not increased by preheating, but by inhomogeneous radia-
tive atomic cooling. This produces an increase by formation of
sub-structures, and there is a good accordance between simula-
tions (Muanwong et al. 2001; Pearce et al. 2000), and the fits of
the slope of the Lx — T relation based on observations (Xue &
Wu 2000). Hence dust cooling could be understood in the same
way, playing the same role as the atomic radiative cooling but
in another temperature range, from 7 = 10 Kto T = 10® K,
as described in Sect. 3.2.

5.2. Perspectives

We have presented an analytical description of dust emis-
sion in the IGM, depending on the physical properties of
the dust (grain size distribution) and the medium (7., e,
Zi5M). We have shown that the dust emission is the dominant
cooling mechanism in an intermediate range of temperatures,
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10K < T < 108 K, for a dust-to-gas mass ratio larger than
ZéGM =2x107.

The issue of the average value of the dust-to-gas mass ratio
in the IGM is still open, and needs to be studied further, taking
into account galactic and intergalactic sources. Currently such
simulations are still difficult to carry out, because of the high
resolution needed and the high uncertainty in the efficiency of
the transport mechanisms from the galaxies into the IGM, and
the unknown proportion of intergalactic sources.

The feedback of dust on the evolution of the IGM is ad-
dressed for the first time by this work. Cosmological simu-
lations, including dust heating and cooling will be performed
soon, with simple models of dust enrichment, in order to con-
firm the role of dust in the formation of both big and sub-
structures of the universe.
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