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1

A general result of hydrodynamic simulations of cosmic clinee
formation is that, during the formation of galaxy clusteis grav-
itational collapse, a large amount of gas remains out okth&sic-
tures at the present time. An important fraction of the tbtalons
of the universe (roughly 40-50 per cent) undergoes a prookss
shock-heating that starts at 2 and heats the baryons to an in-
termediate temperature of 26 10 K: this gas phase is often re-
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ABSTRACT

We study the properties of the diffuse X-ray background bgagithe results of a cosmo-
logical hydrodynamical simulation of the concordah&&DM model. The simulation follows
gravitational and gas dynamics and includes a treatmenhydipal processes like radiative
cooling, star formation and supernova feedback. From tmailsition outputs, we produce
a set of two-dimensional maps of the intergalactic mediumay)emission integrated over
redshift. We nd that the signal in the soft (0.5-2 keV) basdagnormally distributed with
a mean intensity of about 410 2 erg s ! cm 2 deg ?; approximately 40 per cent of the
emission originates from warm-hot gas (de ned as baryoiis #° < T < 10’ K), and 90 per
cent comes from structureszt 0:9. Since the spectrum is soft, being mostly provided by the
intergalactic medium at low temperature, the total meamisity in the hard (2-10 keV) X-ray
band is smaller by a factor of about 4. In order to constrainphysical processes included
in our simulation, we compare our results with the obseryaaeu limit (1:2 0:3) 10 2
ergs 1 cm 2deg 2 of the soft X-ray emission due to diffuse gas. To this purpaseremove
the contributions of observable extended objects (gronpsctusters of galaxies) from the
simulated maps by adopting different detectability cr&avhich are calibrated on the prop-
erties of systems at intermediate redshifts observe@hgndra We show that the simulated
diffuse soft X-ray emission is consistent with the presdrgesved upper limit. However, if
future measurements will decrease the level of the unredot¥ray background by a factor
of two, a more ef cient feedback mechanism should be regltioesuppress the soft emission
of the gas residing within laments and group-size haloes.

Key words: diffuse radiation — intergalactic medium — hydrodynamiggataxies: clusters:
general — X-rays: general — cosmology — theory

INTRODUCTION ferred to as the Warm-Hot Intergalactic Medium (WHIM) (ses.,
Davé et all 2001 Croft etaAl. 2€01). Simulations also shbat t
these baryons are not uniformly distributed: they conititu la-
mentary network linking the largest virialized objects #o-called
cosmic webl(Bond et £l. 1996). The existence of these stegta
believed to be the solution to the missing baryon problera, (&g.,
Cen & Ostrikel 1999), namely the fact that more than half the n
mal matter is yet to be detected by instruments: in fact, gresity
of laments is expected to be very low and consequently tHew
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tection is made dif cult by both their extremely low surfabgght-
ness and projection effects (see, however, some rst cladidetec-
tions in X-ray analysesi_Zappacosta el al. 2002; Marke\dtcid.
2003;LFinoguenov et 5l. 2003). In any case, the intermedtiaite
perature of the cosmic web gas suggests that it can produge-a n
negligible X-ray emission through thermal bremsstrahlugiyen
the physical state of the gas, this emission is expected pieaap
mostly as a diffuse background at soft energies.

It is now generally accepted that some of the observed clus-

ter X-ray properties, like the scaling relations betweerssnx-
ray luminosity and temperature and their redshift evohtithe
temperature pro les, or the entropy excess in the centrgibre

however, the feedback mechanism does not appear to be ®&f cie
enough to avoid the production of overluminous groups arat po
clusters.

The paper is organized as follows. In Secfibn 2 we describe th
characteristics of our simulation and present the proeedsed to
create the set of X-ray maps. The general statistical ptiegeof
the XRB extracted from these maps are discussed in SeEliand 3
@ for the soft (0.5-2 keV) and hard (2-10 keV) X-ray bandspegs
tively. Sectior[b is devoted to the comparison of our resuith
previous works. In Sectidd 6 we review the observationafreges
of the contribution of diffuse gas to the soft XRB and we comspa
them with the results of our mock maps in order to obtain gasali

of poor clusters and groups, cannot be reproduced by a simpletive constraints on the modeling of the physical processesded

model of gasdynamics based on gravitational heating alsee (
the discussion in|_Rosati etial. 2002; Voit 2005, and refezsnc
therein). In an attempt to explain these discrepancies, prew
cesses have been included in the models of cluster formation
largely increasing the complexity of the physics of thedntus-
ter medium (ICM): radiative cooling, energy feedback from s
pernovae (SNae) and active galactic nuclei (AGN), thermal co
duction, turbulence, magnetic elds, etc. (see, €.0.. BAh&97;
Cavaliere et dl. 1998; Balogh eflal. 1999; Pearcelet al.! 2BOGin
20001 Tozzi & Norman 2001; Muanwong eflal. 2001; Voit & Bryan
2001b; Babul et all_2002; \oit etlel. 2002;_Tornatore ¢t ald®R0
Jubelgas et al. 2004; Dolag etlal. 2005; Di Matteo &t al. [20aB)
these processes affect the properties of both the gas witfiin
alized objects, like galaxy groups and clusters, and thiigdf
gas component which has low density and temperature. Tdreref
the expected X-ray emission from the cosmic web can seebitiv
change when the parameters describing the ICM physics eeglva
For these reasons, observational data on the soft X-raygbauwkd
emitted by diffuse gas can be used as a probe of these phgsical
cesses, as suggested by different authors (see|_e.q., Byah
2001A| Bryan & Volt 2001, Xue & Wl 2003).

Thanks to the latest generation of X-ray satellit€hgndra
and XMM-Newton, the observational picture about the cosmic X-
ray background (hereafter XRB) in the soft (0.5-2 keV) egerg
band has become much clearer. Very deep pointed obsersation
like the 1-2 MsChandraDeep Fields (CDFs)(Giacconi etial. 2002;
Alexander et £l._2003) and the Lockman HA{&M-Newtondata
(Worsley et all 2004), showed that the soft XRB is largely-pro
duced by individual discrete sources, mostly AGN. Recetit es
mates of the percentage of the resolved contribution ramge b
tween 85 and 95 per cent (see, e.g.. Bauerigt all 2004; Warshy
2005). These results give a conservative estimate of appadely
(L2 0:3) 10 2 ergs?cm 2 deg 2 for the intensity of the
still unresolved soft X-ray background (see the discussioBec-
tion[61): therefore this value can be used to set a stringgper
limit to the background from the diffuse IGM.

The availability of these new observational constraintg-su
gests to re-consider the problem of the soft X-ray emissiomthe
cosmic web and its implications for the ICM physics by upagti
an analysis made by Croft etiél. (2001). The main goal of opepa
is to check the consistency of our model with the observeitdim
by using the outputs of a cosmological hydrodynamic sinmtat
(Borgani et all 2004), which, besides gravitational anddyssm-
ics, includes a treatment of the ICM with radiative coolistar
formation and SN feedback. Our previous analyses (Borgaall e
2004;| Ettori et all 2004;_Diaferio etlal. 2005) showed that th-
sults of this simulation are in encouraging agreement waitimes
of the most signi cant observed properties of clustershsas the
mass-temperature and the X-ray luminosity-temperatuatioas;

in our hydrodynamical simulation. We conclude in Secfibn 7.

2 THE MAP CONSTRUCTION
2.1 The hydrodynamical simulation

The study of the properties of the diffuse X-ray emissionrro
the large-scale structure of the universe and its compangth
observations requires the analysis of the total emissiteyiated
over redshift. Therefore, we need to simulate the entiramel of

the past light-cone seen by an observer located=a0. We con-
struct the light-cone, which enables the production of &xteal
maps of the X-ray intensity, by using the outputs of a cosiickl
hydrodynamical simulation. Speci cally, we use the resuf the
simulation by Borgani et all (2004), which considers theooon
dance cosmological model, i.e a &tCDM model dominated by
the presence of the cosmological constaliy, & 0:3, W = 0:7),
with a Hubble constanitly = h 100 km s IMpc 1 andh= 0:7,
and a baryon density\y, = 0:04. The initial conditions were set
by the cold dark matter (CDM) power spectrum and were nor-
malized by assumingg = 0:8. The run was carried out with the
TreeSPH code GADGET-2_(Springel el Al._2001; Spririgel 2005)
and followed the evolution of 480dark matter (DM) particles
and as many gas particles fromx 49 toz= 0. The cubic box

is 192h 1 Mpc on a side, and the DM and gas particles have mass
Mpm = 462 10°h M andmgas= 6:93 10°h M , respec-
tively. The Plummer-equivalent gravitational softenisgi7.5h 1

kpc atz= 0, xed in physical units betweern= 2 andz= 0, and
xed in comoving units at earlier times.

The simulation, besides gravity and non-radiative hydro-
dynamics, includes a treatment of the processes that inu-
ence the physics of the ICM: star formation, by adopting a
sub-resolution multiphase model for the interstellar raedi
(Springel & Hernauist 2003), feedback from SNae with the atffe
of weak galactic out ows, radiative gas cooling and heatiiyga
uniform, time-dependent, photoionizing UV backgroundisTiun
produced one hundred outputs, equally spaced in the lbgaof
the expansion factor, betwees 9 andz= 0.

2.2 The map-making procedure

In order to create mock maps of the X-ray emission of the tires
within the past light-cone, we follow the same techniquepaeid
by|Croft et al. (2001) (see also similar applications for mapthe
Sunyaev-Zel'dovich effect, e.0._da Silva eflal. 2001; Smeiret al.
2001 White et dl. 2002). The method is based on the repdicati
the original box volume along the line of sight. Since we ass@a
at cosmological model, we use the comoving coordinatesttier



projection because the light trajectory is a straight Iméhis refer-
ence frame. We build past light-cones which extend+06. Even
if this maximum redshift can appear too large to still yielsignif- |
icant signal in the X-ray band (this will be con rmed by ouradn |
ysis in SectiofB), this choice is done to obtain, at the same,t [
maps for the thermal and kinetic Sunyaev-Zel'dovich efectot ! ™
discussed in this paper), for which there is a non-neglgdantri- |
bution from the high-redshift gas. The extension of thetlgbne '| ' i |
corresponds to a comoaving distance of approximateR76h 1 | |
Mpc, so we need to stack the simulation volume roughly 30gime '
However, in order to obtain a better redshift sampling, eathan |
stacking individual boxes, we adopt the following procedute |'|
divide the simulated box at each output redshift into thrgeak '| ! ‘
slices along the line of sight (each of them with a depth oh64 il | \l
Mpc); for the stacking procedure, we choose the slice etddac ll L B
from the simulation output that better matches the redsiithe | | |
central point of the slice. Our light-cones are thus builtha®1 -l |
slices extracted from 82 different snapshots. \ E
The necessity of avoiding the repetition of the same strastu -:'-I
along the line of sight requires a randomization of the baxed | | \L
to build our maps: since our simulation assumes periodiatéou I ! i
|
|
|
|
|

i

ary conditions, for each box entering the light-cone we comb '| |
a process of random recentering of the coordinates with aeb0 p [ |
cent probability of re ecting each axis. The slices belorgto the I| | I_
same box undergo the same randomization process to avoid spa L |
tial discontinuities between them: this allows to retaie #ntire
information on the structures within the box and stronglguees
the loss of power on larger scales. By varying the initialdamn
seeds we also obtain different light-cone reconstructiores use -
this technique to produce ten different realizations thatuse to |‘|
assess the statistical robustness of our results. I
In order to have maps covering a larger eld of view, we repli-
cate the boxes four times across the line of sight starticgriov-
ing distances larger than half the light-cone extensian (arger
than about 2200h 1 Mpc, corresponding te> 1:4). The strategy
to pile up boxes is shown in Fifil 1. In this way we obtain maps

3.78 deg on a side. Every map contains 8,192 pixel on a sithe: co Figure 1. Sketch of the con guration adopted to realize the light€ofihe

sequently our resolution is 1.%‘23’0ughly three times the resolution observer is Iocateq at the pqsitidne_\t the centre gf the Iow_est side of the

of the CDFs at the aimpoint. rst box. The past light-cone is obtained by stacking the ceing volumes
We now need to calculate the contribution, to the X-ray emis- of the simulation outputs at the corresponding redshiforiger to obtain

. . . I . a large eld of view of size 378 ded, starting atz= 1.4 we use four
sion, of every Qas _part'de t.hat lies .W'th,'n the.hght-comiume. replications of the box at the same redshift. The red linesvshe volume
The X-ray luminosity of the-th particle in a given energy band i, the light cone corresponding to the eld of view.

[E1; E2], as measured at= 0, is calculated as

Ly:i = (ump) 2xemiriL(Ti;Z;EQED) ; 1)

wherep is the mean molecular weight in units of the proton mass plementation, GADGET-2 includes a prescription to gereenagét-
Mp, Xe represents the ratio between the number density of free elec 45 from SN explosions. This model assumes that only SN+t co
trons and hydrogen nucleid=ni;), m andr are the particle mass  yipyte to the chemical enrichment, under the assumptianstén-
and density, respectively. Since only the gas With 10° K gives taneous recycling, i.e. metals are released instantalyeatren

a signi cant contribution to the X-ray emission, we can $pies- new stars form and the effect of stellar life-times is neglddsee,
sume full ionization of hydrogen and helium for all the pelgs: e.g., [Tornatore et Hi. 2004, for a more detailed implemintaf
therefore the values gfandxe depend only on the metallicity (N0-  -hemical enrichment in GADGET-2). In Eg (1) we adopt theseal
tice thatu= 0:588 andxe = 1:158 for zero metallicity). The cool-  of metallicity ; yielded by this prescription to compute the lumi-
ing functionL is computed by using the plasma emission model nosity of each gas particle.

by IRaymond & Smithl(1977) as a function of temperatfirand

- > - We then calculate the contribution of theh gas particle to
metallicity Z; of the particle and depends on the energy interval e X-ray intensityl as
[ES; ES); this interval isK-corrected for redshifEQ, = Eqp(1+ 2). ’

As we will discuss in the following section, a sizeable centr |, = Ly;=(4pd_(2)?A) ; 2
bution to the soft X-ray background comes from relativelyrwa

particles, with temperature below A&. At these temperatures,  whered, (2) is the luminosity distance anél is the angular area
the emissivity from metal lines becomes non negligible aineke-

covered by a pixel. This quantity is then distributed over pixels
fore, one needs to account for their contribution. In itgio@l im- by using an SPH smoothing kernel given by
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Figure 2. Maps of the soft (0.5-2 keV) X-ray intensity obtained by ddesing all the gas particles (IGM, left panel), and only tjees particles with
temperature in the range 18 T < 107 K (WHIM, right panel). The maps are 3.78 deg on a side and thel ize is(1:66°J2. These two maps refer to the
same realization of the past light-cone.

8

< 1 6x+6x3 06 x<05 distant fainter clusters. These smaller objects give thmidating
W, 21 X3 05<x6 1 (3) contribution in the WHIM maps, because the WHIM does not con-

0 x> 1 tain the hottest particles; on the contrary, in these méeshtight-

est galaxy clusters are much less prominent. Note thatuseoaf
projection effects, neither map shows evident signatufesris-
sion from lamentary structures.

The distribution of the values assumed by the intensity {con
sidering the 1.68ixels) is shown in FiglI3 for both the IGM and
the WHIM. The thin lines refer to each of the ten light-coneltre

In the previous expressions Dg=a;j, whereDqis the angular
distance between the pixel centre and the projected papiosi-
tion anda; is the angle subtended by the particle smoothing length
provided by the hydrodynamical code. In order to consergddtal
intensity emitted by each particle we normalize to unityshen of

the weightsV over all “touched” pixels. Finally, the intensity for a

given pixel is obtained by summing over all the particlesdaghe izations, while the thick solid line shows their average edl dis-
light-cone. persion between the different realization is evident: ihisainly

To avoid spurious effects in the computation of the X- due to the inclusion, in the maps, of a larger or smaller nurobe
ray intensity, we exclude the particles having a mean elec- 9alaxy clusters at relatively low redshi{ts. Inzgenerzalﬂve av-
tron density ne > 0:26h2cm 3. According to the model of  eraged distributions for  loglx (erg s *cm < deg ©) are very

[Springel & Hernquist [(2003), these particles are assumeteto close to a Gaussian distribution. In particular we hes 12:81
composed by a hot ionized phase and a cold neutral phasegwhos With @ corresponding r.m.s. of 1.05 for the IGM, .aﬁet 1301
relative amounts depend on the local temperature and gleBsite with a corresponding r.m.s. of 0.94 for the WHIM; the skeveniss
these particles are meant to account for the multi-phaseeaf 0.30 and 0.25, for the IGM and the WHIM respectively. Of ceurs

the interstellar medium, we correctly exclude them fromdben- the distributions. differ for larger uxes: this is due to tlfa_mt that
putation of the X-ray emissivity. the ux of the brightest structures comes from gas at highpem

ature.

The values of the intensity averaged over the ten map realiza
tions is reported in Tabld 1 for both the IGM and the WHIM. The
quoted errors are the dispersions computed in elds of 2deg
allow a direct comparison with the corresponding resulpored
Examples of intensity maps obtained by adopting the metleed d in [Croft et al. ml). We nd that the mean intensity for th@M
scribed above are displayed in Fig. 2 for the emission in tie s is about 4 10 12 erg s 1 cm 2 deg 2, a factor 1.8 larger than
(0.5-2 keV) band. FoIIowinmlﬂOl), we distigutwo in[Croft et al. m). The corresponding dispersion is édsger:
X-ray contributions: the contribution from the intergaiaenedium about 50 per cent compared to about 20 per cent_in_Crofi et al.
(IGM, left panel), i.e. from all the gas particles, and thatcitbution dZQTO.l). Again, we checked that the high map-to-map spreddes
from the warm-hot intergalactic medium (WHIM, right panelg. to the presence of some bright galaxy clusters very clodestob-
from the gas particles having a temperature betweémf@ 16 K. server and giving a strong contribution to the total emisstbis
The IGM map is dominated by several extended bright galaxg-cl ~ effect is also evident in the pixel distributions of indiual maps
ters (with ux in the range 1012 10 lergs ! cm 2) that give shown in Fig[B. By looking at the WHIM contribution, we ndaih
signi cant contributions to the total ux; there is also ardge num- its mean intensity is about 40 per cent of the total bremisktng
ber of smaller structures, corresponding to nearby galasys or emission in the soft band (see Talle 1). Again this valuergeia

3 THE PROPERTIES OF THE SOFT X-RAY
BACKGROUND
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Figure 3. Distribution of pixel values of the intensity in the soft Xy band.
Upper and lower panels refer to the IGM and the WHIM, respelti The
thin lines show the results of ten different realizatiorie thick solid line
is the corresponding average.

Table 1. Average value of the intensitl in the two different X-ray bands
for the IGM and the WHIM. The average is computed over tenecfit
map realizations; the quoted errors are the rm.s. in efdsded.

WHIM
(ergs cm 2deg ?)

Energy band IGM (total)

(ergstcm 2deg ?)

10 12
10 12

SOFT(0.5- 2 keV)
HARD (2 - 10 keV)

(4:06 2:19
(L0l 1:53)

(168 062 10 12
(2292 2:46) 10 4

than in the analysis of Croft et al. (2001), who reported ai@al
of 415 10 B ergscm 2 deg 2, corresponding to about 20
per cent of the total intensity of the IGM. However, we emjras
that we cannot make a direct comparison between thesegesult
those presented in Croft et al. (2001) because the simalatia-
lyzed in that paper considers a much smaller box(30Mpc on a
side), assumes a slightly different cosmological modeldguni-
verse withW, = 0:4 and a primordial spectral index= 0:95) and,
most importantly, the included physical processes arehesame
(see the discussion in 5).

To determine which sources contribute most to the soft X-ray
emission, in Fig. 4 we show how the mean intensity varies wieen
include pixels with uxes above a given threshold. The resshow
that the bremsstrahlung emission is dominated by very bogh
jects: pixels having a surface brightness larger thart4@rg s 1
cm 2 deg 2 (mainly corresponding to galaxy clusters and groups
as shown in Section 6.2) contribute to more than 50 per cethieof
total value, for both the IGM and the WHIM.

In order to have an indication of the typical distances of the
soft X-ray sources, we follow Croft et al. (2001) and comptibe
each pixel, the mean redshift of the particles contributmghe
XRB weighted by their uxes. The resulting map for the same
IGM realization shown in the left panel of Fig. 2 is displayied
Fig. 5 (left panel). Almost all the bright clusters are at lmdshift
(z< 0:15), while the emission from the faintest structures mainly
comes from redshifts around unity. This is con rmed by the-di
tributions of the ux-weighted redshifts (central panel Eig. 5),

4x10712F

3x10712F

(erg s7! cm™2 deg™?)

2x10712F

1x10712F

Total Intensity

0 C
10-14

1013

10-12 10-"" 10710 1079
Intensity limit (erg s=! cm~2 deq~2)

Figure 4. The value of the mean intensity (averaged over ten differeayt
realizations) as a function of the lower limit of the pixelface brightness.
The solid and dashed lines refer to the IGM and the WHIM, retpaly.

computed from the complete set of ten realizations: the eshap
the distributions for the IGM and the WHIM are very similaiithv

a peak az 0:7. Notice that few realizations have an excess of
contribution from sources at relatively low redshiftq 0:15): this

is the origin of the large spread of the mean intensity presiip
discussed. The analysis of the maps also clearly shows reoprth
jection of nearby and distant objects makes it very dif citsee
imprints of the lamentary network present in the largelscstruc-
ture of the universe. Finally, in the right panel of Fig. 5 vhew the
integrated soft X-ray intensity as a function of the limgiredshift.
The curves for both the IGM and the WHIM reach half the total
value atz' 0:3, the 90 per cent level is reached around 0:9 for
the IGM and atz' 0:8 for the WHIM. We can also notice that the
sources az > 2 contribute less than 1 per cent of the soft X-ray
ux.

3.1 The autocorrelation function

We analyze the clustering properties of the IGM in the softa)-
band by estimating the autocorrelation function in our $ared
maps. Following Croft et al. (2001), we calculate the costtdéx)
de ned as

de)  [Ix()=T] 4)

wherelx (%) is the surface brightness at the positioand] is the
average of each map. The contrast is then used to compute-the a
gular correlation function as

w(g) = hdG)d(x+T)i ®)

The results are shown in Fig. 6, where we plot the average
of the angular correlation functions calculated by considethe
ten different realizations of the light cone; error bars te error
on the mean obtained from the scatter of the maps. We notite th
the mean function is always positive updo 30 although some
of the realizations show negative values tp& 8° the smallest
scale at whichw(q) is compatible with a null value is 20From the
plot it is also evident a slow change of the logarithmic slopigs
is con rmed by our analysis: by tting our mean function unde
the assumption of a power-law relation(q) p g2, we nd a

0:9anda  2:6intheintervals A%< q< 2%and #< gq< 3P
respectively.

1;
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Figure 5. Left panel: the map of the ux-weighted redshift, computed the IGM in the soft X-ray band. The plot refers to the sarghtlicone realization
shown in Fig. 2. Central panel: as in Fig. 3, but for the disttion of the ux-weighted redshift in the soft X-ray bandigRt panel: the integrated soft X-ray
intensity (normalized to the total value) as a function afstaft. The solid and dashed lines refer to the IGM and the M/Hiespectively. The values plotted

are the mean of ten map realizations.

100.00

10.00

0.10

0.01
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Figure 6. The angular correlation function of the IGM in the soft (@5-
keV) X-ray band. The solid line is the average over ten diffemaps 3.78

deg on a side; error bars are the error on the mean calculatedtie scatter

of the maps.

perature and also gives some contribution in this band. Tapsm
presented in Fig. 7 show the hard band intensity for the IGtitha
WHIM (left and right panels, respectively) for the same tigbne
realization shown in Fig. 2. We note that, even if in some fpmrss,
corresponding to the hottest clusters, the intensity canlreval-
ues similar to those obtained in the soft X-ray maps flérg s 1
cm 2 deg 2), outside virialized objects the hard X-ray maps are
much fainter. In the map for the WHIM the signal is strongly re
duced and limited to the cluster atmospheres, with no evieleis-
sion from the diffuse gas: this makes the cosmic web not @bser
able in this band because of its very low signal-to-noisi rand
projection effects. However, the high contrast betweestehs and
diffuse regions in the hard band maps suggests an empiraatav
identify the positions of galaxy clusters in our simulateah®s. This
method will be used in Section 6 to separate the emissionr@pmi
from extended objects from that produced by diffuse gas.

The small contribution of the IGM and the WHIM to the hard
XRB is con rmed by the average total intensity reported ifolEal,
for both components: we nd about 110 12ergs 1 cm 2 deg 2
and3 10 “ergs®cm 2deg 2, for the IGM and the WHIM,
respectively. These values account for approximately 25cpat

Our results can be directly compared to those obtained by and 2 per cent of the corresponding mean intensity in thebsofd.

Croft et al. (2001). In general the autocorrelation funceéatracted
from our maps is larger by a factor of about 6. Moreover we nd
that at large scales the decrease of théa) is slower (they found

Note that, while for the WHIM our ux is a factor of two larger
than Croft et al. (2001) result, for the IGM there is a subsahn
agreement. In fact, the lack of large-scale power in the kitizn

a= 1:4). These discrepancies can be easily explained by con- by Croft et al. (2001), due to the small box size, is compessat

sidering the differences between the two simulations.tFasd
most importantly, the size of the simulation box used by Cebhl.
(2001) is about four times smaller than our box size: theltiegu
lack of large-scale power can lead to a signi cant undenesté of
the clustering strength. Second, the physical processagied in
our simulation produce higher values of the soft X-ray sipas a
consequence, the contrakalso tends to be ampli ed, thus origi-
nating a larger autocorrelation function.

4 THE CONTRIBUTION IN THE HARD X-RAY BAND
It is well known that the hard (2-10 keV) X-ray band is strongl

by the higher dynamical evolution associated to the higladwes

of W, for a xed power spectrum normalizatiosg assumed in
both analyses. Moreover, the effect of feedback on the haralyX
emission by rich clusters is expected to be less relevanthaVe

to consider, however, that the eld-to- eld variance is tiiarge

for the hard X-ray band, because most of the signal comes from
nearby bright clusters: in fact, the hard X-ray spectrunrekeses
exponentially and, even for hot objects, the bulk of the aiga
rapidly shifted into the soft band at increasing redshifts.

A way to discriminate the AGN signal from that coming
from clusters and the cosmic web is based on the energy ux
hardness ratioHR), here de ned as the ratio between the inten-
sities in the hard and soft bands at each pixel positléR

dominated by the emission from AGN. However, a small portion 1x[2 10keV]=Ix[0:5 2keV]. The emission from AGN is in fact

of gas, mainly located within the richest clusters, is ahhigm-

expected to havelR> 0:5, while much lower values are common



Figure 7. Maps of the hard (2-10 keV) X-ray intensity for the IGM and iNv&1IM (left and right panels, respectively). The map is 3. 2§ @n a side and the
pixel is 1.666n a side. These maps have been obtained from the samedigatrealization shown in Fig. 2.

for galaxy clusters and diffuse gas. The map for ithe obtained
from the same IGM realization displayed in Figs. 2 and 7 isxsho
in the left panel of Fig. 8: in the plot it is easy to recognize posi-
tion of the richest galaxy clusters, while the connectingmentary
structure is almost completely absent. The distributidnheHR
values for the ten realizations and their average are showtiei
right panels, for both the IGM (up) and the WHIM (down). In the
former case the median value is aroud® = 0:03, and less than
a few per cent of the pixels ha¥¢R > 0:5; in the latter case the
median is smaller than 0.01 and no pixel k&#:> 0:1.

5 COMPARISON WITH PREVIOUS WORKS

In this paper we study the properties of the X-ray background
from the large-scale structure of the universe. In particule fol-
lowed the same method to build light-cone realizations iagddby
Croft et al. (2001), performing then similar statisticastee From

a comparison between our and their analysis, we found thatrin
soft X-ray maps the mean intensities of the IGM and the WHIM ar
larger than the intensities obtained by Croft et al. (2004 abac-
tor of 1.8 and 4, respectively. The autocorrelation funcid the
signal is also larger by a factor of about 6. As for the harday-r
band, we nd a substantial agreement with Croft et al. (20f0t)
the IGM contribution, while our contribution from the WHIN a
factor of 2 higher.

These differences can be understood in terms of the differen
characteristics of the two hydrodynamic simulations onchtthe
analyses are based. The main reason for our higher vallet ise
followed the evolution of a much larger (almost 60 times)wvok.
This allows us to obtain a better representation of very ivass
clusters that contribute to most of the emission (see treugon
in Section 3). The larger sampled volume is also the main-moti
vation of our higher autocorrelation function, which indés the
contribution of longer wavelength modes.

However, an important difference between the two hydrody-
namic simulations is also related to the treatment of thesighy

processes affecting the evolution of the baryonic compbrigme
simulation of Croft et al. (2001) did not consider the poksinul-
tiphase nature of the starforming gas. For this reason thdytd
resorta posteriorito a correction of their results to account for it.
On the contrary, the GADGET-2 code used for our simulatidn fo
lows the different physical processes (radiative coolstgr; forma-
tion and supernova feedback) in a self-consistent way. firicodar
the inclusion of a phenomenological description of gataatinds
provides a much more ef cient energy feedback than that émpl
mented in the simulation by Croft et al. (2001). Moreoverthde
directly considers the effect of a photoionizing time-dwegent UV
background. Globally this gas treatment produces a largetibn

of WHIM. This explains why larger differences are found fbet
contributions of the WHIM, while less signi cant differeas are
found between the signals in the hard X-ray band, which argtlsno
originated by the hottest objects. We also assumed a cogmolo
ical model which is closer to that suggested by the most tecen
observational data witi, = 0:3, while Croft et al. 2001 adopted
W = 0:4: thus we have a higher contribution from baryons at high
redshifts due to the slower dynamical evolution of the stmes.
The apparent agreement of our result for the hard band emissi
the IGM with Croft et al. (2001) is due to a combination of &l o
these factors (see the discussion in Section 4).

Finally, a similar result to the one of Croft et al. (2001) has
been obtained also by Bryan & Voit (2001) for the soft X-rayi@m
sion of the IGM from their AMR simulation which includes a
simple feedback model. Again the difference with respedht®
present work is maninly due to the relatively small volumensa
pled by their simulation.

6 THE CONTRIBUTION OF DIFFUSE GAS TO THE
SOFT X-RAY BACKGROUND

The goal of this section is to extract, from the soft X-ray sdfs-
cussed above, the contribution produced by the cosmic veelihe
baryons which are not included in the groups and clusterslaikg
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IGM

WHIM

P(Hardness ratio)
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Figure 8. Left panel: the map of the hardness ratio (hard band to sof{#dR. This map is obtained from the same realization of the IGMtligone shown
in the left panels of Figs. 2 and 7. Right panels: distributtdHR for the IGM (up) and for the WHIM (down). The thin lines shovetresults for ten different

realizations; the thick solid line is the correspondingrage.

ies currently identi ed in deep X-ray surveys. In order toeck
whether the modelling of the physical processes treatedibihy
drodynamical simulation (which also in uence the low-dipgas
regions) is reliable, we compare our results with obseowati esti-
mates (mainly upper limits). We have to notice that in theréture,
as reviewed in the following subsection, there is no robagtahi-
nation of the contribution of diffuse gas to the soft XRB: tlzdue
that we will use later for comparison is based, to some extant
interpretation of the existing data.

6.1 Observational estimates

In recent years, thanks to the availability of new X-ray kate
lites like Chandraand XMM/Newton there have been many ef-
forts to measure the total XRB and to resolve it in its differ-
ent components (see, e.g. Giacconi et al. 2002; Moretti @082;
Alexander et al. 2003; Worsley et al. 2004; Bauer et al. 20&4d
references therein). In fact the possibility of recogrgzthe dis-
crete sources which give the main contribution opens newlviis

to study the connection between AGN and galaxy formation and
most importantly for this work, constrains the possiblenaig from

the diffuse gas.

At present, the most reliable estimate of the total XRB in the
soft (0.5-2 keV) band has been obtained by Worsley et al.§200
By assuming the shape of the XRB in the [1-8 keV] band deter-
mined by De Luca & Molendi (2004) fronBeppoSAXdata, and

by taking into account the steepening of the spectrum below 1

keV as found by Roberts & Warwick (2001), Worsley et al. (2005
estimate an XRE@:5 2keV] = (812 023 10 P ergs!?

cm 2 deg 2. Note that this value is larger than the one adopted by
Bauer et al. (2004), who found XR&5 2keV]=(7:52 0:35)

10 2erg s 1 cm 2 deg 2. The discrepancy is originated by the
fact that Bauer et al. (2004) extrapolate the hard spectruthe
soft band by assuming a slope ofl:4: of course, this does not
take into account the steepening due to the non-AGN cotititou
which, by the way, is the one we are most interested in. This to

tal value includes any contribution, namely the Local HotbBu
ble, the Galactic halo, unresolved galactic stars, and imgsor-
tantly, the extragalactic components (both bright andtfdiom
point sources (AGN), clusters, groups and the truly diffgss.
The resolved (to date) XRB in the soft band produced by these
extragalactic sources has been recently estimated by &yazthl.
(2005), who found6:9 0:2) 10 2ergs ! cm 2deg 2. Simi-

lar results for the resolved component are presented byridad
(2004):(6:7 0:3) 10 2ergscm 2deg 2. Therefore, by as-
suming the values found by Worsley et al. (2005) for the t§fRB

in the soft band, the emission which is still unresolved igrag-
imately(1:2 0:3) 10 2ergs?cm 2deg 2. This value rep-
resents an upper limit to the possible contribution fromdlffeise
gas, because it still includes the unknown Galactic and ILdoa
Bubble contributions. Notice that the latter componentsbpbly
dominate the XRB below 0.5 keV, making highly uncertain the e
timate of the extragalactic contribution in the lowest X-emergy
band, where the signal from the cosmic web is expected todme ev
more signi cant.

6.2 Separating the diffuse soft X-ray emission from galaxy
groups and clusters in the simulated maps

By comparing naively the estimates of the IGM soft X-ray con-
tribution reported in Table 1 with the observational dascdssed
above, we would notice that our simulated XRB accounts fouab
50 per cent of the observed value of the XRB, but it is muchdarg
(by a factor 4) than the observed upper limit obtained by réngp
the discrete sources. Even considering the signal from thiéWV
only, i.e. from gas having temperature betweef 40d 10 K, the
signal in our maps would be too large. However, this comparis
is quite misleading, because in the results from the sinmate
still include the portion of the warm gas located in groupsror
the external atmospheres of galaxy clusters; on the cgntitas
gas is not present in the observed valt2 10:3 10 2ergs?



cm 2 deg 2. For this reason we need a more detailed analysis of 6.3 The soft X-ray emission from the cosmic web in the

our maps, where these objects need to be excluded.

We already know, from the previous analysis of our original
hydrodynamical simulation (see, e.g., Borgani et al. 200t the
modeling of the included physical processes produces vl
nous groups and poor clusters of galaxies. As discussedain th
paper, additional sources of energy (like feedback from|&NF
AGN) would help to solve this discrepancy. This excess iated
in high-density regions, whereas we are interested in tfieXsay
emission from the cosmic web: therefore, we need to idetify
remove the X-ray extended sources, which correspond togala
clusters and groups, from the total intensity of our maps.

The proper procedure would be to identify and remove all the
clusters and groups from mock observations of our simulatéd
umes. In practice, this is unfeasible, because it wouldireqim-
ulating a full wide—area survey with all the related obstoral
aspects, which is far beyond the aim of this paper. Therefoee
will remove clusters and groups on the basis of their totad as it
appears on our ux maps. To establish a de nition of a clustea
group to be applied to our bidimensional maps, we use aniident
cation criterion based on the surface brightness value.défatify
as an X-ray extended source (group or cluster) all the cdadec
regions of pixel above a surface brightness threshold.

To accomplish this, we use the maps in the hard (2-10 keV)
band because the emission from the diffuse gas in this banddh
lower than in the soft band and therefore it is easier to itletite
regions corresponding to virialized haloes (see Fig. 7enThve
choose the value of the surface brightness threshold by atisyg
the faintest groups identi ed in the deepest X-ray obseéoves to
date. Speci cally, we consider a group (CDFS-594) iderdi in
the CDF South (Giacconi et al. 2002)at 0:7 0:8. Its emission
is detected with a high signal-to-noise ratio over a circrégion of
approximately 2700 arcs&cAfter tting its spectrum with amekal
model (see, e.g., Liedahl et al. 1995, and references tt)aveiob-
tain a temperature of about 2.1 keV. Therefore, the corredipg
averagesurface brightness in the hard band 88 10 2ergs !
cm 2 deg 2, which will be used as the reference value in the fol-
lowing analysid. Notice that this average value corresponds to the
central part of the group (typically about 3 core radii), ehhis the
region where the emission can be realistically detectedvener,
some emission associated to the X-ray halo is expected tidero
sub—threshold contribution up to the virial radius. Sinewant to
remove all the X-ray emission associated to a given haldaridl-
lowing analysis we will also consider smaller, up to 8 timmsface
brightness thresholds. We choose these thresholds, leetteusur-
face brightness of an isothermal gas in the central regibau@3
core radii) is roughly 8 times larger than at the virial radibinally,
we consider a threshold for the minimum angular size of theore
that can be identi ed as a group or a cluster. For this purpese
choose a reference physical length of 100 kpc, that correfspto
a minimum angular size of 10 arcsec (a¢ 1) for the cosmologi-
cal model assumed in our simulation: this gives a minimunuéarg
surface of 310 arcset This quantity roughly corresponds to the
minimum size of the central detectable regions of X-ray geofsee
Willis et al. 2005). This last criterion has a small impactoe nal
results (i.e. the expected average surface brightneseafasmic

web changes of few percent when doubling the minimum angular

size of the haloes).

1 Similar results are obtained by considering a differentagyal group
(CDFS-645), again identi ed in the CDF South exposure.

simulated maps

By applying the previously discussed thresholds of theaserf
brightness and size on the maps produced in the hard (2-1&eV
ray band, we create a catalogue of connected regions condisyy

to the extended objects like groups and clusters. We use &lsean
mask on the soft (0.5-2 keV) X-ray maps to remove their erorssi
and nally obtain the diffuse contribution. By averagingesvour
ten different realizations, we nd that the signal from thifudse
gasis 157 10 12 ergs 1 cm 2 deg 2 which is comparable to
the observed upper limit. 69 per cent of the diffuse emiss@mnes
from gas with temperature in the range1010” K, whereas the to-
tal contribution of clusters and groups to the XRB i4® 10 12
erg s 1 cm 2 deg 2; this value is larger than the total contribu-
tion from clusters and groups estimated from the observetbeu
counts (Rosati et al. 2002, see also the corresponding sdiscu
at the end of this section). As noted above, the adopted crurfa
brightness threshold can be considered as an average afdine g
emission at intermediate redshifts, and then it could béhtgb to
account for all clusters' and groups' emission. In fact wel that
31 per cent of the:57 10 2ergs ! cm 2 deg 2 emission is
still produced by gas having a temperature larger thankL( his

is further con rmed by a visual inspection of the masked maps
the external regions of nearby clusters are not excludeid.i$lan
indication that in general the surface brightness threstelning
high density regions associated to groups and clusterslaxiga

is probably lower than the adopted value. For this reasoniene
peat the previous analysis by using thresholds which ardleama
by factor of 2, 4 and 8. The results, reported in Table 2, show a
reduction of the contribution of the diffuse gas by a factér2o
when the surface brightness cut is 8 times smaller; the spored-
ing fraction of the signal from the WHIM increases up to 82 per
cent. In general we can conclude that the soft X-ray emidsan
the diffuse gas computed from our simulation is consistettt the
upper limit coming from observational data. The feedbacldeho
we are assuming is ef cient in the WHIM and/or in regions with
intermediate density, although it can show problems in tepést
potential wells.

Finally, as a self-consistency check, we compute théllog
logS function (always in the soft X-ray band) for our connected
regions. The results are shown in Fig. 9 for the four difféeteresh-
olds reported in Table 2. Again, we notice the excess witheets
to the observational data, represented by a combinatiorat d
made by Rosati et al. (2002) and coming fromResatDeep Clus-
ter Survey (Rosati et al. 1998), EMSS (Rosati et al. 1995)SBC
(Ebeling et al. 1998) and REFLEX (Boehringer et al. 2001)isTh
excess is produced by the overluminous objects which asepte
in our simulation at all relevant redshifts: for this reasnoomber
counts are overestimated over the entire ux range. Fintiky ap-
parent attening at low uxes$ 10 %erg s cm 2)is orig-
inated by both resolution effects and the surface brigistiest
assumed for the identi cation of the extended sources.

7 CONCLUSIONS

In this paper we have used a cosmological hydrodynamical sim
ulation of a concordanck CDM model to discuss the properties
of the diffuse XRB. The simulation (Borgani et al. 2004) umbs
many relevant physical processes affecting the gas compadne
deed the numerical treatment accounts for a time-depenpleot
toionizing UV uniform background, radiative cooling preses
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Table 2. Contribution to the soft (0.5-2 keV) XRB of galaxy clustersdagroups (Column 2) and of the diffuse gas (Column 3) as atitmof the adopted
threshold of the surface brightness (Column 1). We alsorteéhe percentage of the diffuse contribution coming from YWHIM (Column 4). The quoted
errors are the rm.s. in elds of 1 d&gAll values are in units of 10'2 ergs 1 cm 2 deg 2.

SOFT (0.5-2KEV) X-RAY BACKGROUND
(10 2ergs 1 cm 2deg ?)

SURFACE BRIGHTNESS THRESHOLD

CONTRIBUTIONS FROM

IN THE HARD (2-10KEV) X-RAY BAND  CLUSTERS AND GROUPS DIFFUSE GAS  %WHIM
3:.06 249 2:.04 157 0:27 (69 13)%
1:53 278 210 128 0:19 (73 12)%
0:77 305 214 101 013 (78 11)%
0:38 328 217 078 0:09 (82 11)%
OBSERVATIONAL UPPER LIMIT 1.2 03
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Figure 9. Number of objects as a function of the limiting ux in the
soft (0.5-2 keV) X-ray band. The black solid lines are thaulssobtained
by considering the connected regions with four differentfagte bright-
ness cuts (see Table 2 for the adopted values). For compariso show
(red dashed line) the observational data obtained by Resali (2002) by
combining the results from thRosatDeep Cluster Survey (Rosati et al.
1998), EMSS (Rosati et al. 1995), BCS (Ebeling et al. 1998)REFLEX
(Boehringer et al. 2001).

within an optically thin gas of hydrogen and helium in cotisal
ionization equilibrium, star formation events, and feedbaro-
cesses from both SN-II and galactic winds. Our previousyanal
ses (Borgani et al. 2004; Ettori et al. 2004) showed that ¢ksalts
of this simulation are consistent with several observatiotray
properties of galaxy clusters. However, there is also a murob
discrepancies that remain unaccounted for: in partichiacctuster
X-ray luminosity-temperature relation extracted from simula-
tion appears too high, i.e. there are overluminous grougssarall
clusters.

As suggested by different authors (see, e.g., Voit & Bryan
2001a; Bryan & Voit 2001; Xue & Wu 2003), an alternative way
to constrain the model describing the thermal propertidsmofons
and their cosmic history is related to the soft X-ray emisgiom
diffuse gas. Indeed, a model of heating and cooling of therint
galactic medium makes predictions in terms of diffuse eimiss
from laments and unresolved structures. These predistizan be
compared with the observational measurements of the XRighwh
are now available (in form of upper limits) thanks to the d€éyan-
dra data.

In order to test the model included in our simulation, we
follow the method of Croftetal. (2001) and, starting froneth
simulation snapshots, we constructed a set of ten diffeeot
dimensional maps, of siz8:78deg?, of the past light-cone back
to z= 6. The present analysis extends Croft et al. (2001) previous
work, thanks to a much larger volume sampling, to a moresgeli
representation of the physical processes affecting thgohahnis-
tory and to the comparison with the observed XRB data after th
Chandraera.

The main results obtained by using our set of maps are as fol-
lows:

The mean intensity of the IGM in the soft (0.5-2 keV) X-ray
band is about4 10 2ergs 1 cm 2 deg 2; when considering
the WHIM (de ned as gas with temperature betweef aéd 10
K) the mean intensity reduces to abouf 1 10 2 ergs 1 cm 2
deg 2. The distribution of the intensity in the maps is very simila
to a lognormal. 90 per cent of the signal comes from strustate
z. 0:9.

As expected, in the hard (2-10 keV) X-ray band the total mean
intensity is smaller (by a factor 4) than in the soft one antbbges
almost negligible when considering the WHIM (about 30 14
erg s 1 cm 2 deg 2). The hardness ratio in the maps has a dis-
tribution which peaks at low values, with a median close @80.
which enables an easy discrimination of the AGN signal.

We obtain an estimate ¢0:8 1:6) 10 2ergs?!cm 2
deg 2 for the soft X-ray emission from the diffuse gas after re-
moving the regions corresponding to extended objects giétexy
groups and clusters, from the maps. Our result is consistight
the present upper limit coming from observational d4ta2
0:3) 10 2ergscm 2deg 2. This value, recently obtained by
Worsley et al. (2005), has been estimated by removing th&ieon
bution of resolved sources (AGN, groups and clusters ofxgzda
from the total XRB.

As a conclusion, our results show that the physical prosesse

discussed here are consistent with existing constraintherX-

ray properties of the warm-hot baryons. However, if in tharne
future the measurements of the possible contribution fralaGic
and local structures (still included in the observatiorgger limits)

will reduce the maximum allowed emission from the diffuss gg

a factor of 2 or more, our predictions will start to con ict thithe
data. In this case it will be required a more ef cient meclsami

of feedback acting on the gas with intermediate tempersitanel
densities: in fact the presence of a stronger feedback walalk



the gas on a higher adiabat, thereby preventing it from iagch
high densities and, on turn, suppressing the diffuse eamssi

Our analysis con rms that the comparison between observa-
tional constraints on the diffuse emission in the soft X4and and
results from cosmological hydrodynamical simulationshées us
to gain information on the thermodynamical history of théudie
baryons. In the future it will be interesting to study someaded
simulated observations of the diffuse gas to check its tbdity
not only through bremsstrahlung emission, but also via sioris
and/or absorption of oxygen lines yQ Ovii and Oviii): real ob-
servations will probably be provided by some dedicated wedig
high-resolution spectroscopic experiments now in projiaill
also be relevant to compare simulated results with obsensaper-
formed by the next generation of X-ray spectroscopic sts]llike
Constellation-X/XEU®r NeXT, provided that their eld of view is
large enough to cover the lamentary structure of the cosmeb.
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