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ABSTRACT

Active galactic nuclei (AGN) produce a dominant fraction (Fagn ~ 80per cent) of
the soft X-ray background (SXB) at photon energies 0.5 < E < 2 keV. If dust per-
vaded throughout the intergalactic medium, its scattering opacity would have produced
diffuse X-ray haloes around AGN. Taking account of known galaxies and galaxy clus-
ters, only a fraction Fpy, < 10per cent of the SXB can be in the form of diffuse X-ray
haloes around AGN. We therefore limit the intergalactic opacity to optical/infrared pho-
tons from large dust grains, with radii in the range a = 0.2-2.0um, to a level
16D < 0.15(F a0/ 10 per cent)(Fagn/80 per cent) ™! to a redshift z ~ 1. Our results are only
weakly dependent on the grain size distribution in this size range or the redshift evolution of
the intergalactic dust. Stacking X-ray images of AGN can be used to improve our constraints
and diminish the importance of dust as a source of systematic uncertainty for future supernova
surveys which aim to improve the precision on measuring the redshift evolution of the dark
energy equation-of-state.

Key words: scattering — dust, extinction — intergalactic medium — quasars: general — cosmol-

ogy: theory — X-rays: diffuse background.

1 INTRODUCTION

The use of Type Ia supernovae as standardized candles provides
a powerful measure of the redshift dependence of the luminosity
distance, and therefore of the cosmological parameters that shape
our Universe (e.g. Riess et al. 2007; Wood-Vasey et al. 2007, and
references therein). Historically, supernova surveys provided the
first robust evidence for the existence of a positive cosmological
constant (Riess et al. 1998; Schmidt et al. 1998). This inference has
been confirmed by other independent probes, such as the location of
the acoustic peaks in the cosmic microwave background (Dunkley
et al. 2009; Komatsu et al. 2009) and galaxy surveys (Eisenstein
et al. 2005; Eisenstein 2008), and the observed evolution of the
mass function of galaxy clusters (Vikhlinin et al. 2009).

Since supernovae measure the luminosity distance at
optical/infrared-infrared wavelengths, they suffer from a system-
atic uncertainty owing to the possible existence of intergalactic
dust. In particular, ‘grey’ dust, which consists of large (>0.1 um)
grains that may preferentially reside in the intergalactic medium
(IGM), can suppress the observed flux while producing little red-
dening (Aguirre 1999a,b; Goobar et al. 2002; Bianchi & Ferrara
2005). Therefore, the presence of intergalactic grey dust could lead
to a systematic overestimation of the luminosity distance, which
would in turn modify the inferred values of the cosmological pa-
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rameters (e.g. Corasaniti 2006). This becomes an important source
of systematic uncertainty for future ambitious supernova surveys
[performed, e.g., on the Large Synoptic Survey Telescope (LSST),'
or by the Joint Dark Energy Mission (JDEM)?] which are designed
to constrain the equation of state parameter of the dark energy,
w(z), to an unprecedented (per cent level) precision. A systematic
suppression of the supernova flux by a small amount of +Am mag-
nitudes due to grey dust would result in a best-fitting w that is
systematically offset by Aw ~ —2Am (Zhang 2008). Furthermore,
dimming of cosmological sources by grey dust may offset their
magnification due to gravitational lensing. Hence, grey dust may
limit the accuracy of methods that aim to probe the distribution of
matter through gravitational lensing (Zhang & Corasaniti 2007, and
references therein).

Probing the grey dust content of the IGM is not only important for
the purpose of limiting a source of systematic error for future super-
nova surveys, it is also related to the fundamental problem of how
heavy elements were first produced in galaxies and then dispersed
through outflows into the IGM (e.g. Heckman et al. 2000; Aguirre
et al. 2001; Furlanetto & Loeb 2003; Bianchi & Ferrara 2005;
Scannapieco et al. 2006; Davé & Oppenheimer 2007; Oppenheimer
& Davé 2008). A measurement of the intergalactic dust abundance
would serve as an important new constraint on theoretical mod-
els of the enrichment process of the IGM (e.g. Loeb & Haiman

Uhttp://www.lsst.org
2 http://jdem.gsfc.nasa.gov/
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1997; Aguirre & Haiman 2000; Inoue & Kamaya 2004; Petric et al.
2006).

In this paper, we constrain the abundance of intergalactic grey
dust using two facts about the soft X-ray background (SXB):
(1) active galactic nuclei (AGN) account for ~80per cent of
the total SXB (Hickox & Markevitch 2006, 2007b, also see
Section 2.4) and (ii) the unresolved SXB component is par-
tially accounted for by the known population of galaxies and
X-ray clusters (Moretti et al. 2003; Hickox & Markevitch 2007a,
and see Section 2.1). If large dust grain existed in the IGM, they
would have scattered X-rays by sufficiently large angles to create
extended X-ray haloes around point sources (e.g. Alcock & Hatchett
1978; Miralda-Escudé 1999; Petric et al. 2006, and references
therein). The lack of such a halo around any particular point source
can be used to limit the grey dust abundance along its line-of-sight.
Indeed, the absence of an X-ray halo around a z = 4.3 quasar al-
lowed Petric et al. (2006) to place an upper limit on the intergalactic
abundance of dust grains with a radius of @ = 1 pm. In this paper,
we apply this pioneering approach to the SXB as a whole. The ad-
vantage of our methodology is that it does not require knowledge
of the surface brightness profile for individual X-ray haloes, which
quite strongly depends on the assumed redshift evolution and size
distribution of the intergalactic dust grains (see Section 4).

In Section 2, we describe the model used to place upper limits
on the intergalactic opacity in grey dust. In Section 3, we present
our numerical results, whose implications are further discussed and
compared to previous work in Section 4. Finally, we summarize
our conclusions in Section 5. Throughout our discussion, we adopt
the standard set of cosmological parameters for the background
cosmology, (2m, Q24a, v, h, 03) = (0.27, 0.73, 0.042, 0.70, 0.82)
(Komatsu et al. 2009).

2 CONSTRAINTS FROM THE SXB

2.1 The composition of the SXB

The total SXB in the 1-2 keV band amounts to 4.6 £+ 0.1 x
1072 erg ecm™2 57! deg~? (e.g. Hickox & Markevitch 2006, their
fig. 15). As already mentioned, discrete sources — most of which
are AGN - account for ~80per cent of this flux (Hickox &
Markevitch 2006, 2007b, also see Section 2.4). Hickox &
Markevitch (2007a) showed that starburst and ‘normal’ galax-
ies that are too faint in X-rays to be resolved account for ~10-
15 per cent of the SXB. Furthermore, as much as ~6-9 per cent
may be accounted for by spatially extended X-ray sources such as
clusters (e.g. Wu & Xue 2001; Moretti et al. 2003; Dijkstra, Haiman
& Loeb 2004, but see Hickox & Markevitch 2006). Lastly, 1.0-
1.7 per cent of the SXB must consist of Thomson scattered X-rays
that were originally emitted by AGN (Sottan 2003). Adding up
these known contributions could, in principle, account for the full
SXB. As a conservative working hypothesis, we therefore assume
that X-ray haloes, produced by dust scattering around AGN, cannot
account for more than a fraction Fyp,, < 10per cent of the total
SXB.

We do not simply adopt the unresolved X-ray background that has
been derived by others:*® (e.g. Hickox & Markevitch 2007a). When
Hickox & Markevitch (2007a) measure the flux in the ‘unresolved’

3 Hickox & Markevitch (2007a) estimate the flux in the unresolved com-
ponent of the SXB in the Chandra Deep Fields to be 3.4 + 1.4 x
10713 erg em=2 s=! deg™2, which is ~7 % 3 per cent of the total. Sim-

component of the SXB in the Chandra Deep Fields, they exclude
regions around detected X-ray sources of radius <4-9 ryy, in which
roo ~ 1 4 (9/10')? arcsec denotes the radius of the region in which
90 per cent of the flux of a point source is detected, and 6 denotes the
off-axis angle (Hickox & Markevitch 2006). X-ray haloes that are a
result of scattering off intergalactic dust are expected to be ~0.5-2
arcmin in diameter (see Section 2.2), which can be comparable to
the size of the excluded regions. Therefore, a significant fraction
of X-rays that were scattered by intergalactic dust would already
be excluded from the measurement of the unresolved SXB. On the
other hand, when measuring the soft X-ray luminosity from AGN,
the X-ray flux from within rg is used, which contains a negligible
fraction of X-rays that were scattered by intergalactic dust.

2.2 The scattering cross-section of dust grains

The cross-section for scattering of radiation by a dust grain can be
written in the form, oy = Qs ma?, where a is the radius of the
grain (assumed to be spherical). Here, Q... denotes the scattering
efficiency, which is defined as the ratio between the geometric cross-
section and the absorption cross-section of the grain, and is given
by (Alcock & Hatchett 1978; Miralda-Escudé 1999)

(¢Y)

0.7(a/umy>(6 keV/EY Qg < I;
Qscat ~ .
1.5 otherwise.

The discontinuity at Qg = 1 occurs when the electromagnetic
phase shift across the grain reaches unity (Alcock & Hatchett 1978;
Miralda-Escudé 1999). For a fixed grain size, equation (1) yields
a constant cross-section up to a fixed threshold in photon energy
E, after which it declines as E~2. All dust grains with radii a >
0.16(E/1keV)? um are equally likely to scatter all photons of en-
ergy less than E. This important result allows us to place tight
constraints on intergalactic dust. Equation (1) does not apply to
arbitrarily low photon energies, and Qs typically decreases dras-
tically below unity at E < 1(a/0.1 um)~! eV for grains of radius a
(see e.g. figs 2—4 of Laor & Draine 1993).

X-ray scattering by large dust grains can be described by a phase
function of the form P(fscy) o exp (—62,/20?), in which o =
1.04(a/um)~" (E/keV)~! arcmin (Mauche & Gorenstein 1986).
Furthermore, 0., denotes the angle between the propagation di-
rection of the photon before and after scattering (i.e. ki, - kow =
cos [Osa]). Hence, dust typically scatters X-ray photons forward
into a halo around the source of angular size ~2¢.

2.3 The fraction of X-rays that is scattered by dust

The fraction of X-ray photons observed at energy E that is expected
to be scattered into X-ray haloes by intergalactic dust is given by

Fe= [T ar@E) i-ewe] [ [Taere. o
0 0

where we have defined the function F(z) = L£(z)/(1 + 2)’£(2),
in which £(z) = /Qn(1 + 2)* + Q4, and L(z) denotes the X-ray

volume emissivity (in erg s~' cMpc~3, see Section 2.4).

ilarly Moretti et al. (2003) claim that 6 £ 6 per cent of the SXB in the energy
range E = 0.5-2.0 keV is unresolved.
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Figure 1. The redshift evolution of the comoving volume emissivity of
AGN in X-rays, £(z) (used in the calculation of the scattered fraction of
X-rays in equation 2) is depicted by the solid line. The comoving volume
emissivity peaks at z ~ 2. The red-dotted line shows the fraction of the total
AGN contribution to the SXB that was emitted at redshifts > z. We find
that ~50 per cent (10 per cent) of the total AGN contribution to the SXB
originates from AGN at z > 1 (z > 2). This implies that our method is most
sensitive to dust at redshifts z < 2, which is precisely the range probed by
supernova surveys.

The total optical depth to X-ray scattering by grey dust between
redshift O and z for an observed photon energy E is given by

c ¢ n(z/)o-scal(E, Z/)(l + Z/)Z
t6p(E, 2) = 7/ d7’ , (3
Hy Jo &)
where n(z) is the comoving number density of dust grains at a
redshift z, each having a cross-section o, (E, z) = Qi (E X

[1 + z])a® with Q; given by equation (1). Equation (3) implicitly
assumes that all dust grains are of the same size. For a distribution
of grain sizes, equation (3) is generalized to the form,

c ‘ ’ (max dn Uscat(Es Z/, (1)(1 + Z,)z
E,2)=— d da— . (4
Tap(E, 2) He /0 z /a . a- £@) )

where S—Zda denotes the comoving number density of dust grains
with radii in the range a £ d a/2.

2.4 The X-ray volume emissivity

Since AGN dominate the SXB, we express the X-ray emissivity in
terms of an integral over the AGN luminosity function,

Lmax
L(z) = / Ly/(L,z)dlogL, &)
Lmin
where {/(L, z)d log L denotes the comoving number density of
AGN with a soft X-ray luminosity [integrated over the photon en-
ergy band between (0.5-2.0) x (1 + z) keV] within the interval
logL =+ dlogL/2. For the X-ray luminosity function, ¥ (L,
z)dlog L, we use the fitting formula of Hopkins, Richards &
Hernquist (2007) with log L, = 40.4 and log L,,x = 48.0. The
redshift evolution of the comoving X-ray emissivity, £(z), is shown
in Fig. 1, where we have normalized £(z) to the present-day X-
ray emissivity at z = 0. Fig. 1 shows that the comoving emissivity
peaks around a redshift z ~ 2. Also shown is the fraction of the
total AGN contribution to the SXB that was emitted at redshifts >z
(red dotted line): for example, we find that ~50 per cent (10 per
cent) of the total AGN contribution to the SXB comes from AGN at

z > 1(z > 2). This implies that our method is most sensitive to dust
at lower redshift (i.e. z < 2).

The total SXB in the 0.5-2.0 keV band that one gets by in-
tegrating the X-ray emissivity of AGN over redshift is 5.89 x
1072 erg s~! ecm™2 deg 2, which accounts for ~80 per cent of the
total background in the 0.5-2.0 keV band, as calibrated by Moretti
et al. (2003). Throughout, we shall assume that 80 per cent of the
total SXB is accounted for by AGN.

3 CONSTRAINTS FROM THE UNRESOLVED
SXB

In Section 2.1, we argued that only a small fraction, Fpy, <
10per cent, of the total SXB can be accounted for by X-ray
haloes around AGN due to scattering by intergalactic dust. AGN
account for ~80per cent of the total SXB (Section 2.4), and so
we require that Fo = [ro) F(E)S(E)AE/ [Jo) S(E)AE <
Fhao x (100 per cent/80 per cent) = 13 per cent, where F(E) is
given by equation (2) and where S(E) denotes the spectral energy
density of the SXB. For simplicity, we take S(E) oc E~!, but point
out that our final results depend only very weakly on this choice.
The constraint Fj,, < 10 per cent translates to a constraint on ei-
ther n(z) (through equation 3, for a fixed grain size), or on j—g(z)
(through equation 4 for a broad grain size distribution). Once these
quantities have been constrained, we apply equations (3) and (4) to
constrain the optical depth of the IGM to optical/infrared photons
of observed energy E = 1.5 eV (A = 8269 A), which characterize
supernova surveys. In this last calculation, we do not use just the
scattering efficiency factor Q. but rather the fotal efficiency for
both scattering and absorption, Qy = Qgcar + Qubs- At the wave-
lengths of interest, the total efficiency for optical/infrared photons
is Qi ~ 2 regardless of the grain composition (provided that a 2>
0.1 pm; see figs 2—4 of Laor & Draine 1993).

We focus on four different models, in which we assume either
a single grain radius of @ = 1 pm, or a continuous size distribu-
tion of the form $* o a=>° with @iy = 0.2 um and apax = 2 pm,
as implied by interstellar extinction within the Milky Way galaxy
(Mathis, Rumpl & Nordsieck 1977). Our constraints are most ef-
fective for a 2 0.2 um, since the scattering efficiency drops rapidly
for smaller grains at X-ray energies = 0.5 keV (for which Q.
a~? in equation 1). On the other hand, grains larger than a ~ 2 pm
scatter X-rays into compact haloes with angular sizes much smaller
than 20 < 1(a/2um)(E /keV)~! arcmin. Especially photons with
an observed energy of 2 keV that were scattered by these grains at
higher redshift (say z = 2) would be scattered into haloes of radius
<8 arcsec. Hence, a significant fraction of the flux in these scattered
X-ray haloes may have already been included in the measurement of
the AGN flux. In addition, we consider either a constant comoving
dust density, or a comoving dust density that decreases with increas-
ing redshift. In the evolving case, we assume that the comoving dust
density traces the stellar mass density in the Universe, since dust
is a by-product of star formation. In this case, the comoving dust
density is proportional to the integrated star formation rate density,
n(z) « f * d7’ a fz‘/()fé)(z,), where we use the fitting formula for g,
that was derived by Hernquist & Springel (2003, their equation 51).
Below we discuss our four models individually:

Model I. a = 1 um and n = constant. Fig. 2 shows our upper
limit on the opacity of the IGM to optical/infrared photons of ob-
served energy E =1.5eV (A = 8269A) out to a redshift z, Tgp(z).
The solid line shows our upper limit for Fy,, = 10per cent,
while the blue dashed lines (red dotted line) correspond to
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Figure 2. Upper limits on the opacity of the IGM to optical/infrared radia-
tion (in the observer’s frame) out to redshift z, Tgp(z), due to intergalactic
dust grains with a radius of @ = 1 yum. The solid line shows the constraint
that is obtained when we assume that a fraction Fp,, = 10 per cent of the
total SXB is accounted for by X-ray haloes around AGN due to intergalactic
dust scattering. Blue dashed (red dotted) lines show the upper limits for
Frao = 5 per cent (Fhyo = 15 per cent).
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Figure 3. Same as Fig. 2 for Fya0 = 10 per cent and different choices of the
grain size distribution or the redshift evolution of the intergalactic dust (see
Section 3 for a detailed description of each model). Our constraint on the
IGM opacity to optical/infrared photons appears to be robust, and exhibits
only a mild dependence on the details of the underlying model.

Frao = Sper cent (Fpyo = 15 per cent). Fig. 2 implies that 7gp(z
= 0.5) < 0.04(Fhao/10per cent) and 76p(z = 2.0) < 0.2(Fhato/
10 per cent). Our upper limit on the IGM opacity can be also ex-
pressed as an upper limit on the density parameter in dust (in units
of the critical mass density pei = 1.88 x 107 h2,, g cm™3) of
Qd = [n(%na:;)pgr]/pcrit S 1074(Fha10/10per Cent)(pgr/3 gcmf3)’
where p, denotes the material density within the dust grains*
(e.g. Ormel 2008, and references therein).

Model II. dn/da occa>? and n = constant. The red dotted line
in Fig. 3 shows the upper limit on 7gp(z) obtained by requiring
that F,o = 10 per cent. Our constraints on this model are weaker
because the total opacity is now dominated by the smaller grains

4 This upper limit on €4 is significantly higher than the upper limit quoted
by Petric et al. (2006). However, our constraints on Tgp are comparable (see
Section 4). This discrepancy arises because Petric et al. (2006) used Qscar X
a?E~? for all values of Qg.q, which significantly boosts the grain opacity
per unit mass.

which are less efficient in scattering X-rays. Therefore, the overall
number density of grains needs to be increased in order to produce
the same opacity to X-ray photons; this in turn boosts the allowed
opacity to optical/infrared photons. In this case, we get Q4 < 7 X
1073 (Fpaio/10 per cent)(pg/3 gcm™2).

Our constraint on 24 is slightly tighter in this model for the fol-
lowing reason. Consider the simplest case in which Q. = 1.5 for
all grain sizes of interest. The total mass that is required to produce
a given tgp would then scale as & p/tgp [ da g—ga3/ [ da %az 14
alf2alf2 (where we assumed that dpmin < dmax)- Therefore, decreas-
ing amin decreases the mass in dust that is required to produce a
given Tgp. In reality, Qo o a” for grain size smaller than some
threshold value that depends on the energy of the X-ray photons
(equation 1), which makes the an;, dependence of our constraint on
24 a bit more complicated.

Model IIl. a=1pmandn(z) f°° d{%. In this model,
the number density of grains decreases with increasing redshift. For
example, the number density of grainsatz =1 (z =2,z =3)1s 0.7
(0.5, 0.3) times its value at z = 0. For this reason, the IGM becomes
increasingly transparent with increasing redshift compared to Model
I, and tgp(z) increases more moderately towards higher redshifts
than in Model 1. For this model, we find that Q4(z = 0) < 1.5 x
10™* (F hato/ 10 per cent)(0g/3 g cm™3). The redshift dependence of
our upper limit on 24 scales as n(z).

Model IV. dn/da oc @™ and n(z) o [~ dz/ L2508 The
differences between this model and Model III are similar to
the differences between Model I and Model II. We find that

Qa(z=0) <9 x 107> (Fhao/10 per cent)(pg/3 gecm™).

4 DISCUSSION

‘We next translate our upper limits on the opacity of intergalactic dust
grains to an upper limit on the increase in the apparent R- and /-band
magnitude of optical/IR sources, Am(z) = 1.0867gp(z). The black
solid lines in Fig. 4 show our upper limit on Am(z) for Fp,, = 10
and 5 per cent, in comparison to the effective dimming of sources
as a result of a departure in the value of the luminosity distance
from that predicted in the standard A cold dark matter (ACDM)

Redshift

Figure 4. Upper limit on the allowed increase in the apparent magni-
tude of optical/infrared sources, Am(z), due to intergalactic grey dust for
Fhalo = 10 per cent and 5 per cent (black solid lines). We also consider the
effective dimming of sources as a result of a departure in the value of the
luminosity distance from that predicted by the standard ACDM cosmology,
and compare the allowed deviation from dust to that caused by different
choices of the equation of state of the dark energy, w = —0.8 and —0.9 as
well as an 2, = 1, Q5 = 0 cosmology.
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cosmology. We compare our upper limit to the difference in the
distance modulus (defined as the difference between the apparent
and absolute magnitude of a source) for different cosmological
models.’

The red dashed line shows the extra dimming in the stan-
dard ACDM cosmology relative to the Einstein-de-Sitter Universe
(Qn = 1,24 = 0). Clearly, our model upper limits are well below
this line. This implies that our upper limit on the intergalactic grey
dust abundance rules out the ‘Einstein-De-Sitter Universe + grey
dust’ model for the luminosity distance inferred from supernova at
z < 1. The blue dotted line (green dot-dashed line) shows the extra
dimming that one expects for a Universe with 2, = 0.27,Q2, =
0.73 and w = —0.8 or —0.9 relative to the standard ACDM. At
z < 1, our upper limit on the intergalactic opacity with Fpy, =
10 per cent is comparable to the difference in the distance modulus
for models with w ~ —0.8 and w = —1.

Fig. 4 suggests that at z < 1 or <0.5 the systematic uncertainty
that is introduced by grey dust with F,, = 10 per cent is smaller
than the boost in the distance modulus for a model with w = —0.8
or w = —0.9, respectively. At higher redshifts, the possibility that
dust mimics the behaviour of dark energy with w = —0.8 or —0.9
for a Universe in which w = —1.0 is not ruled out yet. Also shown
for completeness is our upper limit on the amount of attenuation by
grey dust if Fyp,, < 5per cent, which implies that Tgp < 0.05 at
z<1.

In Section 3, we inferred that Q¢ < 107 (pgr/3 gem™) for all
models, which is comparable to the intergalactic dust density that
is predicted for certain models (Aguirre 1999b; Heckman et al.
2000). Suppose that we can constrain the intergalactic dust abun-
dance down to a level of 4 < 1075, then this would allow us
to put valuable constraints on models of the enrichment of the
IGM. Furthermore, constraints at this level would greatly reduce
the systematic uncertainties introduced by grey dust to a level of
Top(z = 2) < 0.02. One way to get better constraints on the in-
tergalactic grey dust abundance from X-ray observations is to put
upper limits on the total X-ray flux in the haloes surrounding in-
dividual X-ray point sources (as in Petric et al. 2006). Petric et al.
(2006) obtained an upper limit on 76p(z = 4.3) < 0.18 (assuming
n=-constant and a = 1 um, which corresponds to our Model I),
which is a factor of ~3 tighter than our constraint. However, in
difference from our constraints, this result depends strongly on the
assumed grain size (e.g. Mathis & Lee 1991): for example, grains
with a = 0.5 um (a = 0.25p) would scatter the X-rays over an area
that is four (16) times larger, which would weaken the upper limit by
a corresponding factor of ~4 (~16). This technique is nevertheless
powerful and can be applied to individual AGN at lower redshifts.
For example, the observed flux from an equally luminous X-ray
source at z = 1 is ~30 times larger. Therefore, with an equally
long X-ray observation one would be able to constrain the surface
brightness of the scattering halo to a level that is ~30 times lower,
thus greatly reducing the upper limit on tgp(z = 1). Stacking of the
X-ray images of luminous nearby sources may reduce this upper
limit even further.

5 Our constraint on Tgp actually depends weakly on the assumed cosmol-
ogy. Suppose that the equation of state of dark energy is measured to be
W E Swgar + Swsys, where dwg and Swgys denote the statistical and
systematic errors, respectively. The systematic error is related to tgp as
Sweys ~ —2(tep + d;(u;}D dw). We have verified that ds‘;’}" <« 1GD, and the
cosmology dependence of the upper limit on Tgp is not important.

We note that scattering of X-rays by smaller dust grains in the
haloes hosting the X-ray sources can also produce haloes around
sources (Predehl et al. 1991; Predehl & Schmitt 1995). Further-
more, X-rays may also be scattered by large dust grains in our own
galaxy. However, as long as X-ray haloes are not observed, these
additional opacities only render our upper limits more conservative.
The absence of X-ray haloes around individual AGN may therefore
also constrain the opacity of the dust in spatially extended (several
tens of kpc) winds that may surround quasars. On the other hand,
if X-ray haloes are detected there might be degeneracies in their
interpretation.

Our constraint that tgp(z = 1) < 0.15 is among the tightest
in the literature. Aguirre & Haiman (2000) showed that the unre-
solved fraction of the Far-Infrared Background (at A = 850 pm)
can be used to constrain the intergalactic grey dust opacity to a level
76p(z = 0.5) < 0.15. Their upper limit applies to dust grains with
radii ap, 2 0.1 um. Mortsell & Goobar (2003) were able to put an
upper limit on the total dimming by grey dust at the level Am(z =
1) ~ tgp(z = 1) £ 0.2 (99 per cent confidence level) by investi-
gating the colour evolution in the spectra of 2740 quasars at 0.5 <
Zgso S 2.0. Furthermore, More, Bovy & Hogg (2009) constrained
the intergalactic dust opacity to Tp(z = 0.35) — tp(z = 0.20) <
0.13 (95 per cent confidence level. Note that the subscript ‘D’ em-
phasizes that this constraint refers to dust in general rather than
grey dust) by comparing the luminosity distance to the angular di-
ameter distance inferred from baryonic acoustic oscillations. This
upper limit is significantly weaker than the upper limit derived in
this paper. However, More et al. (2008) anticipate their upper limit
to improve by a factor of ~10 within the next few years (also see
Avgoustidis, Verde & Jimenez 2009, who already obtain an order
of magnitude improvement in the constraint on tp(z), which makes
their upper limit comparable to ours). The advantage of their test
is that it works regardless of the composition of intergalactic dust
(but this may be a disadvantage if one would like to constrain the
physical properties of the intergalactic dust).

Lastly, we point out that our calculations have assumed that
Fagn ~ 80per cent of the total SXB is accounted for by AGN,
which was based on the most recent compilation of measured quasar
luminosity functions at 0 < z < 5 in the soft X-ray band (observer’s
frame, see Section 2.4). Because these quasar luminosity func-
tions involve (educated) extrapolations down to luminosities that
lie below current detection thresholds, the number Fagn is sub-
ject to some uncertainty.® Our constraints depend only weakly on
Facn: quantitatively, we may express our upper limits as tgp <
0.15(F paio/ 10 per cent)(Fagn/80 per cent)™! to z ~ 1.

5 CONCLUSIONS

Scattering by dust grains in the IGM produces diffuse X-ray haloes
around AGN, with a surface brightness that is typically too faint
to be detected. Taking account of the X-ray emission by star-
forming galaxies and galaxy clusters leaves only a fraction Fpy, <
10 per cent of the SXB to be possibly associated with these diffuse
X-ray haloes.

© We calculated in Section 2.4 that AGN account for ~80 per cent of the
total SXB. The actual observed AGN account for a slightly lower fraction.
As mentioned in Section 2.1 however, discrete observed sources account
for ~80 per cent of the SXB and at least 10 per cent can be attributed to
known low luminosity sources. Our assumption that Fpgo 5 10 per cent of
the SXB can be in the form of X-ray haloes produced by intergalactic grey
dust remains conservative.
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The SXB constrains the opacity of the intergalactic ‘grey’ dust,
which consists of large grains (¢ 2 0.1 um) that produce little red-
dening at optical/infrared wavelengths (Aguirre 1999a). Thus, grey
dust is a source of systematic uncertainty for supernova surveys that
aim to improve the precision on measuring the redshift dependence
of the luminosity distance, in an attempt to constrain the cosmic
evolution of the equation of state of the dark energy.

Our analysis placed an upper limit on the dust opacity of the
IGM to optical/infrared photons (with energy E 2 1 eV) of
76p < 0.15(Fpao/ 10 per cent)(Fagn/80 per cent)™! to z ~ 1 (and
T6p S 0.4[ Fhao/10 per cent][Fagn/80 per cent]™! to z ~ 2; see
Fig. 2). Here, Fgn denotes the fraction of the total SXB that is
accounted for by AGN. Our constraints are most effective for large
dust grains with radii in the range a = 0.2-2.0 um. Our quoted up-
per limits are only weakly sensitive to the assumed size distribution
of the dust grains within this size range, or to the precise redshift
evolution of the overall dust content (see Fig. 3).

Significantly improved constraints may be obtained by stacking
X-ray point sources in the redshift interval z = 0-2. This approach
has the potential to eliminate one systematic source of uncertainty
for future supernova surveys which aim to determine the redshift
dependence of the dark energy equation of state at the per cent
level of precision. Combining the constraints from X-ray observa-
tions with constraints from the unresolved Far-Infrared Background
(Aguirre & Haiman 2000), the reddening’ (Mortsell & Goobar
2003; Ménard et al. 2009) and comparing the luminosity and angu-
lar diameter distances (More et al. 2009) may constrain further the
properties of intergalactic dust. In addition, these techniques might
also be used to search for spatial fluctuations in the intergalactic dust
abundance.
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