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Small-scale fluctuations in the cosmic x-ray background: A power spectrum approach
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Equations to investigate fluctuations in cosmic x-ray background radiation due to pointlike sources at
high-redshift are formulated in a systematic way. The angular power spectrum of x-ray background fluctuations
is investigated from large scales to small scales in various cosmological models such as open universe models
and models with the cosmological constant, assuming a simple evolution model of the sources. The effect of
the epoch-dependent bias is demonstrated for small-angle fluctuations. The contribution from shot noise fluc-
tuations is also discussed.@S0556-2821~98!04720-1#

PACS number~s!: 98.80.Es, 98.65.Dx, 98.70.Vc
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I. INTRODUCTION

The cosmic x-ray background~CXB! has been studied fo
a long time in astrophysics@1#. Recently several author
have discussed the possibility of the CXB fluctuations a
probe of the structure formation in the high redshift unive
@2–8#. These works are motivated from observational res
of the deep survey carried out by ROSAT, which resolve
significant fraction of the x-ray background into sourc
(;70%). It turns out to be that most of the sources
extra-galactic objects, i.e., active galactic nuclei~AGN! and
other x-ray luminous galaxies in the high redshift univer
While the situation is not so clear in the harder band, som
thing similar would be happening. Several x-ray missi
projects are in progress@9# which will give us a fine solution
of the source problem in the near future.

On the other hand, a scenario of the cosmic structure
mation is now constrained from the observations, e.g., t
perature anisotropies in the cosmic microwave backgro
radiation~CMB! and large-scale distribution of galaxies. F
ture satellite experiments of CMB and survey projects of
large-scale distribution of galaxies will provide severer co
straints on theoretical models of the large scale structure
mation. At present the scenario introducing cold dark ma
~CDM! seems to be successful though some modifica
may be required@10,11#.

Formation processes of subgalactic objects, galax
AGNs and clusters at the high redshift universe are one
the hottest topics in the area of astrophysics and cosmol
Since these objects are parts of the large scale structu
the universe, we could expect that information about
structure formation in the high redshift universe would
obtained by investigating them.

Several works have been done to answer following qu
tions: What kind of information about cosmic structure fo
mation can be obtained from an analysis of the x-ray ba
ground fluctuations? Are they really a probe of cosmolog
For example, Boughnet al.claimed that the cross correlatio
between the x-ray background fluctuations and the mic
wave background anisotropies can provide a constraint o
cosmological constant. Small-scale fluctuations in the x-
0556-2821/98/58~10!/103508~9!/$15.00 58 1035
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background have been investigated in@5,6,12–14#. On the
other hand, Lahavet al. @2# calculated the angular powe
spectrum of the fluctuations by a multipole expansi
method. They mainly focused on large scale fluctuations
their formula is only limited to the case of the flat univers
Recently Treyeret al. have compared the theoretical mode
by Lahavet al. with the observational data of HEAO1@3#.

In this paper we expand Lahavet al.’s formula to more
general cosmological models, i.e., open universe models
models with the cosmological constant, and investigate g
eral behaviors of the angular power spectrum of fluctuati
from large-scales to small-scales. The x-ray background fl
tuation in the open universe has been considered in Ref.@15#,
and the similar expression was obtained. However, in t
paper, the discussion was only focused on the large-s
fluctuations due to the source clustering, and the deriva
of equations was very complicated. In this paper we form
late the treatment in a simple way. And the shot noise fl
tuation is treated in a systematic way. The formulation d
veloped in this paper will be useful for studying th
clustering of high redshift sources not only for x-ray sourc
but also for other pointlike sources such as radio galax
@16,17# andg-ray bursts.

This paper is organized as follows. In Sec. II we deri
expression for the angular two-point correlation function
using the multipole expansion method in a systematic w
In Sec. III the fluctuations in the x-ray background are inve
tigated assuming a simple luminosity function of x-ra
sources. The competition of the fluctuations due to
source clustering and the shot noise is also studied th
Section IV is devoted to summary and discussions. Throu
out this paper we use the unitc51.

II. FORMULATION

In this section we formulate equations to calculate ba
ground fluctuations which come from pointlike sources
high redshift. Essence of the formulation is divided into tw
parts. One is how the sources are distributed in the unive
This is the problem of source evolution and statistics of
distribution, which we describe in the latter part of this se
©1998 The American Physical Society08-1



th
e

th

n
tiv

a

tiv

st

ca
-

ty

a
nit

KAZUHIRO YAMAMOTO AND NAOSHI SUGIYAMA PHYSICAL REVIEW D 58 103508
tion. The other part is how the sources are observed in
sky, which is obtained by solving light propagation in th
expanding universe, if the distribution of the sources in
universe was given.

First we consider the light propagation. The photon inte
sity I n in an expanding universe is described by the radia
transfer equation:

]I n

]h
1g j

]I n

]xj 1HF3I n2n
]I n

]n G1
dg j

dh

]I n

]g j 5a jn~x,h!,

~2.1!

wherea is the scale factor which is normalized to be unity
present,h is conformal time defined byadh5dt with the
cosmic timet, H is the Hubble parameter defined asȧ/a
with overdot denotingh differentiation,g i is the directional
vector of the photon momentum, andj n(x) is a field of emis-
sivity per unit comoving volume. Assuming that an (i )-th
pointlike source is located at the coordinatex( i ) and has the
power put out per unit frequency and per unit timeLn

( i )(h),
we write the field of emissivity as

j n~x,h!5
1

4pa3 (
i

Ln
~ i !~h!d~3!~x2x~ i !!. ~2.2!

We solve Eq.~2.1! with Eq. ~2.2! in the Friedmann-
Robertson-Walker space-time with the line element

ds252dt21a2g i j dxidxj , ~2.3!

whereg i j is the three-metric on a space of constant nega
curvatureK:

g i j dxidxj5
1

2K
„dx21sinh2 x~du21sin2 udf2!….

~2.4!

In order to take the limit of the flat universe, let us fir
introduce a radial coordinater instead ofx by x5A2Kr
and take the limitK→0. The scale factora is governed by
the Friedmann equation

H 25S ȧ

aD 2

5H0
2S 1

a
V01VK1a2VLD , ~2.5!

where H0 is the Hubble parameter with H0
5100 h km/s/Mpc, V0 is the density parameter,VL

[L/3H0
2 which is the density parameter of the cosmologi

constantL, andVK[12V02VL which describes the spa
tial curvature of the universe.

Employing a new variablef 5I n /n3, we can rewrite Eq.
~2.1! as

] f

]h
1g j

] f

]xj 2Hn
] f

]n
1

dg j

dh

] f

]g j

5
a

4p~an!3 (
i

Ln
~ i !~h!d~3!~x2x~ i !!. ~2.6!

Introducingn0(5na) instead ofn, Eq. ~2.6! reduces to
10350
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] f

]h
1g j

] f

]xj 1
dg j

dh

] f

]g j

5
a

4pn0
3 (

i
Ln→n0 /a

~ i ! ~h!d~3!~x2x~ i !!. ~2.7!

Operating*n1

n2dn0n0
3 on both sides of Eq.~2.7!, we have

]I

]h
1g j

]I

]xj 1
dg j

dh

]I

]g j

5
a

4p (
i

d~3!~x2x~ i !!E
n1

n2
dn0Ln→n0 /a

~ i ! ~h!,

~2.8!

whereI 5*n1

n2dn0n0
3f . Since Eq.~2.8! is rewritten as

dI~h,x,gW !

dh
5

]I

]h
1g j

]I

]xj 1
dg j

dh

]I

]g j

5
a

4p (
i

d~3!~x2x~ i !!K ~ i !~h!L ~ i !~h!,

~2.9!

where the luminosity of thei -th source is defined by

L ~ i !~h!5E
n1

n2
dnLn

~ i !~h!, ~2.10!

andK ( i )(h) is defined by1

K ~ i !~h!5
1

L ~ i !~h!
E

n1

n2
dn0Ln→n0 /a

~ i ! ~h!, ~2.11!

then by integrating Eq.~2.9!, we get

I ~h0 ,x0 ,gW !5
1

4p (
i
E dha~h!K ~ i !~h!L ~ i !~h!

3d~3!
„x~h,gW !2x~ i !

…, ~2.12!

wherex(h,gW ) stands for a photon path.
Because( id

(3)(x2x( i )) is regarded as a number densi
field and we replace it with

(
i

d~3!~x2x~ i !!⇒E d log Ln~L,h,x!, ~2.13!

wheren(L,h,x) is the luminosity function which denotes
number of sources per unit comoving volume and per u
log L. Then we rewrite Eq.~2.12! as

1Ki(h)/a(h) denotes the usual K correction.
8-2
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SMALL-SCALE FLUCTUATIONS IN THE COSMIC X- . . . PHYSICAL REVIEW D 58 103508
I ~h0 ,x0 ,gW !5
1

4p E d log LLE dha~h!K~L,h!

3n„L,h,x~h,gW !…, ~2.14!

whereK(L,h) is defined for a source with luminosityL in
same way as Eq.~2.11!.

Here we mention the range ofh integration in Eq.~2.14!.
The range ofh integration depends on observational situ
tion and strategy. In this paper we focus on background fl
tuations. In order to reduce the shot noise fluctuations, wh
are described later in this paper, we assume that br
nearby sources are removed from an observed map. Da
and darker sources we get rid of, more and more dis
sources are removed. This flux cutoff limit is denoted bySc .
The local luminosity of a sourceL is related with the ob-
served fluxS and the distance, which we describe by t
conformal timeh in stead of the redshift, as

S5
aLK~L,h!

4pD~h!2 , ~2.15!

whereD(h)5(2K)21/2 sinh„A2K(h02h)… and h0 is the
conformal time at the present epoch. Note that the distancD
is related with the luminosity distancedL by D(h)5dL /(1
1z) @18#. In case of observations with the flux cutoff lim
Sc , the range ofh integration must be 0<h<hc , wherehc
is determined by solving Eq.~2.15! with settingS5Sc . Thus
hc is a function ofL andSc , in general. As we will see in
the next section, the removal of bright sources is an imp
tant factor in predicting the fluctuations.

In order to discuss statistics of the fluctuations we defi
the angular two-point correlation function:

C~u!5E E dVgW 1

4p

dVgW 2

2p
d~gW 1•gW 22cosu!

3I ~h0 ,x0 ,gW 1!I ~h0 ,x0 ,gW 2!

5E E dVgW 1

4p

dVgW 2

2p
d~gW 1•gW 22cosu!

3
1

4p E d log L1L1E
0

hc
dh1a1K~L1 ,h1!

3n„L1 ,h1 ,x~h1 ,gW 1!…

3
1

4p E d log L2L2E
0

hc
dh2a2K~L2 ,h2!

3n„L2 ,h2 ,x~h2 ,gW 2!…, ~2.16!

wherea15a(h1) anda25a(h2).
Theoretically we can only predict the ensemble averag

fluctuations. To obtain the ensemble average of the two-p
correlation function, we need the ensemble aver
^n(L1 ,h1 ,x1)n(L2 ,h2 ,x2)& from Eq. ~2.16!. In the case of
pointlike sources, it is well known that the ensemble aver
of a product of the density field has three terms, i.e., hom
geneous term, clustering term and shot term@19,20#. As we
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and time, the relation̂ n(L1 ,h1 ,x1)n(L2 ,h2 ,x2)& is not
trivial in a strictly sense. However, assuming that the lum
nosity of sources is statistically independent of their po
tions relative to the other sources, we set the following re
tion @12,13#:

^n~L1 ,h1 ,x1!n~L2 ,h2 ,x2!&

5n̄~L1 ,h1!n̄~L2 ,h2!1n̄~L1 ,h1!

3n̄~L2 ,h2!j~h1 ,h2 ;x12x2!

1n̄~L1 ,h1!d~ log L12 log L2!d~3!~x12x2!,

~2.17!

where n̄(L,h) is the spatially averaged quantity o
n(L,h,x). The first term of the right-hand side of Eq.~2.17!
is the isotropic background component, the second term
scribes the clustering of the sources, the third term is ca
the shot term, which arises from the discreteness of
sources@19#. Then the ensemble average^C(u)& has three
terms, i.e., isotropic background term, clustering term a
shot noise term, which we write aŝC(u)&5^CISO&
1^CCL(u)&1^CSN(u)&.

A. Isotropic background

First we consider the isotropic background term. Fro
Eq. ~2.16! and the first term of the right-hand side~RHS! of
Eq. ~2.17!, we easily get

^CISO&5S 1

4p E d log LLE
0

hc
dhaK~L,h!n̄~L,h! D 2

5~ I ~0!!2, ~2.18!

where we used

E E dVgW 1

4p

dVgW 2

2p
d~gW 1•gW 22cosu!51. ~2.19!

B. Fluctuations from source clustering

The correlation function of the source clustering term

^C~u!CL&5E E dVgW 1

4p

dVgW 2

2p
d~gW 1•gW 22cosu!

3
1

4p E d log L1L1E
0

hc
dh1a1

3K~L1 ,h1!n̄~L1 ,h1!

3
1

4p E d log L2L2E
0

hc
dh2a2

3K~L2 ,h2!n̄~L2 ,h2!

3j„h1 ,h2 ;x1~h1 ,gW 1!2x2~h2 ,gW 2!….

~2.20!
8-3
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KAZUHIRO YAMAMOTO AND NAOSHI SUGIYAMA PHYSICAL REVIEW D 58 103508
To relate the correlation function of x-ray sources with th
of cold dark matter~CDM!, we write

j~h1 ,h2 ;x12x2!5bX~h1!bX~h2!j~h1 ,h2 ;x12x2!CDM ,
~2.21!

where bX(h) is the bias factor,2 the CDM density
correlation function is j(h1 ,h2 ;x12x2)CDM
5^dc(h1 ,x1)dc(h2 ,x2)&, and dc(h,x) is the CDM density
contrast. While the nonlinearity of the CDM density contra
may be effective, however, we only consider linear theory
this paper. In this casej(h1 ,h2 ;x12x2)CDM is proportional
to D1(h1)D1(h2), whereD1(h) is the linear growth rate
normalized to unity at present.

We next consider to express the CDM density contras
terms of the density power spectrum. In order to expr
Gaussian random process of the CDM density field, we
troduce probability variablesav lm , which satisfy

^av lm&50, ^av lmav8 l 8m8
* &5d~v2v8!d l l 8dmm8 .

~2.22!

For the condition of reality of density field we assum
av lm* 5av l 2m . Then we can write the CDM density fluctua
tion fields as

dc~h,x!5E
0

`

dv(
lm

av lmdv~h!Yv lm~x!, ~2.23!

wheredv(h) is the root-mean-square of the coefficient as
ciated with the orthonormalized harmonics in the hyperbo
universe

Yv lm~x!5~2K !3/4Wv l~x!Ylm~V!

5~2K !3/4UG~ iv1 l 11!

G~ iv!
U

3
Piv21/2

2 l 21/2~coshx!

Asinh x
Ylm~V!, ~2.24!

which satisfies

E ~2K !23/2 sinh2 xdxdVYv lm~x,V!Yv8 l 8m8
* ~x,V!

5d~v2v8!d l l 8dmm8 , ~2.25!

where G(z) is the gamma function andPm
n (z) is the Leg-

endre function. Herev is a nondimensional wave numbe
and K(v211) is the eigenvalue of the scalar harmon
Yv lm(x) in the hyperbolic universe~2.4! @21–23#. Then we
have

2The bias factor could be a function of luminosityL in general.
However we ignore the dependence of luminosity for simplicity
10350
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^dc~h1 ,x1!dc~h2 ,x2!&5(
lm

E
0

`

dvdv~h1!Yv lm~x1 ,V1!

3dv~h2!Yv lm* ~x2 ,V2!. ~2.26!

From a straightforward calculation using the relations

d~gW 1•gW 22cosu!5(
l 50

2l 11

2
Pl~gW 1•gW 2!Pl~cosu!,

~2.27!

Pl~gW 1•gW 2!5
4p

2l 11 (
m52 l

m5 l

Ylm~VgW 1
!Ylm* ~VgW 2

!,

~2.28!

whereYlm(VgW ) is the spherical harmonics in an unit sphe
Eq. ~2.20! reduces to3

^C~u!CL&5(
l

2l 11

4p
Cl

CLPl~cosu!, ~2.29!

with

Cl
CL5E

0

`

dv~2K !3/2S 1

4p E d log LLE
0

hc
dhaK~L,h!

3n̄~L,h!bX~h!dv~h!Wv l~Dh! D 2

, ~2.30!

where Dh5A2K(h02h) and Wv l(x) is defined in Eq.
~2.24!. This expression is rewritten as@15#

Cl
CL5

2

p E
0

`

dk̃k̃2Ml S 1

4p E d log LLE
0

hc
dhaK~L,h!

3n̄~L,h!bX~h!dv~h!Xv
l ~Dh! D 2

, ~2.31!

where Ml5( k̃22K)¯( k̃22 l 2K)/( k̃22K) l , k̃5A2Kv,
and

Xv
l ~x!5S p~v211! l

2 D 1/2Piv21/2
2 l 21/2~coshx!

Asinh x
. ~2.32!

In the limit of flat universe, i.e.,K→0, the functionXv
l (x)

reduces to the spherical Bessel function@21–23#.

C. Random fluctuations

Finally we consider random fluctuations from the sh
term. The ensemble average of the two-point correlat
function is

3Throughout this paper we consider an ideal detector with infin
small angular resolution. The effect of a finite beam width and
limited observational area can be taken into account by multiply
a window function in the similar way as the case of CMB tempe
ture anisotropies.
8-4
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^C~u!SN&5E E dVgW 1

4p

dVgW 2

2p
d~gW 1•gW 22cosu!

3
1

4p E d log L1L1E
0

hc
dh1a1K~L1 ,h1!

3
1

4p E d log L2L2E
0

hc
dh2a2K~L2 ,h2!

3n̄~L1 ,h1!d~L12L2!

3d~3!
„x1~h1 ,gW 1!2x2~h2 ,gW 2!…. ~2.33!

As the delta function is expressed

d~3!~x12x2!5~2K !3/2
d~x12x2!

sinh2 x1
d~2!~gW 12gW 2!,

~2.34!

then Eq.~2.33! leads to

CSN~u!5(
l

2l 11

4p
Cl

SNPl~cosu!, ~2.35!

with

Cl
SN5E d log LL2E

0

hc
dhS 1

4p
aK~L,h! D 2

3n̄~L,a!
2K

sinh2 Dh
, ~2.36!

where Dh5A2K(h02h). Here we used Eqs.~2.27! and
~2.28!. This spectrum is independent ofl , which implies that
this fluctuation is a white noise type. And this mea
^C(u)SN&}d(u).

III. FLUCTUATIONS IN A SIMPLE MODEL

In this section we discuss characteristic behavior of fl
tuations by considering a simple evolution model of x-r
sources. The evolution and population of x-ray sources
high redshift are less well understood. Here we conside
model of a single class of sources, i.e., the case that
sources have same luminosity profile at a cosmic time
this case the luminosity function is given by

n̄~L,h!5n̄~a!d~ log L2 log L!, ~3.1!

whereL is the luminosity of a source andn̄ is the averaged
number density of sources. We assume that the source
distributed to the redshiftzmax. Furthermore we assum
power-law evolution of the source number density and
luminosity:

n̄~a!5n0a2d, L5L0a2e, ~3.2!

where n0 and L0 are constants. We further assume t
power-law frequency dependenceLn}n2a, then we have
10350
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K~L,h!5a~h!a. ~3.3!

As for the bias, we take into account the epoch-depend
bias by setting@3,24#

bX~h!5bX01z@bX021#, ~3.4!

wherez is the redshift andbX0 is a constant. Although this
simple formula might be applicable only in the Einstein–
Sitter universe, we use it even for other cosmological mod
for simplicity.

A. Fluctuations from source clustering

The above simplification leads to the following simp
expressions for the isotropic background and the ang
power spectrum of source clustering:

I ~0!5
n0L0

4p E
h i

hc
dha12d2e1a, ~3.5!

Cl
CL5

2

p E
0

`

dk̃k̃2Ml S n0L0

4p E
h i

hc
dha12d2e1abX~h!

3dv~h!Xv
l ~Dh! D 2

, ~3.6!

whereh i is the conformal time at the redshiftzmax. Note also
that the relative amplitude of fluctuationsCl

CL/(I (0))2 is in-
dependent ofn0L0 . The evolution of the x-ray sources ar
less understood. Let us consider the case that the vol
emissivity evolves with the time, and we setp[d1e53 for
simplicity @2#. We adopt this value anda50.4 in the rest of
this paper@2#.

The angular power spectrum is shown in Fig. 1 for va
ous cosmological models. In Figs. 1~a! and 1~b!, the three
panels correspond to the different cosmological models
‘‘standard’’ CDM model ~SCDM!, a CDM model with the
cosmological constant~LCDM! and an open CDM mode
~OCDM! @25#. In each panel three lines stand for the diffe
ent parameters for removal of bright sources. For simplic
we take this effect into account by specifying the distance
redshiftzmin instead of specifyingSc . We assumed that the
sources of 0<z<zmin were removed. In the figure three line
correspond to the caseszmin50, 0.02, 0.01. Figure 1~a! is the
case of no bias by settingbX051 in Eq.~3.4!. In Fig. 1~b! we
chosebX051.6 as a case of the epoch-dependent bias, wh
the bias factor becomes significant atz*1. The CDM den-
sity power spectrum is normalized ass851.

The first notable feature is that the amplitude of fluctu
tions strongly depends onzmin for low multipoles, i.e., large-
angle scales. Aszmin controls distance to which nearb
sources are removed, the decrease of the low multipole
due to the removal of the sources. This implies that
nearby sources dominantly contribute to the low multipo
@15#. On the contrary, the high multipoles do not depend
zmin .
8-5
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KAZUHIRO YAMAMOTO AND NAOSHI SUGIYAMA PHYSICAL REVIEW D 58 103508
FIG. 1. The angular power spectrum of fluc
tuations due to source clustering for various co
mological models. The cosmological paramete
are taken ash50.5 andV051 for the SCDM
model, andh50.7 andV050.3 for theLCDM
and OCDM models. The parametersp[d1e
53 andzmax53 are taken. In each panels thre
lines correspond tozmin50, 0.02, 0.1, respec-
tively. ~a! is the case of no bias by settingbX0

51 in Eq. ~3.4!. In ~b! bX051.6 is chosen as a
case of epoch-dependent bias. Note that the a
under the lines do not directly describe th
amount of observed fluctuations sinc
Al (2l 11)Cl is the one in case of the logarithmi
interval of x-axis @see Eq. ~2.29!#. Roughly
speaking, we need to multiplyl . Therefore there
are larger fluctuations on smaller scales. On t
other hand, the contribution from the shot noi
does not depend onl in these figures.
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In order to understand dominant contributors of source
fluctuations in more detail, we show the amplitude of t
multipolesl 51, 10, 30, 100, as a function ofzmin in Fig. 2.
The large value ofzmin taken in this figure might be unrea
istic from the observational view point for an all sky surve
However this figure is instructive to understand what sour
are dominant contributors to the fluctuations of each ang
size. The steep decrease of the low multipole atzmin&0.1
indicates that low redshift sources sensitively contribute
the large-angle fluctuations. On the other hand the hig
multipole (l 5100) does not sensitively depend onzmin and it
is not almost affected by the removal of the sources
zmin&2. This means that the high redshift sources ofz*1 are
the dominant contributors to the small-scale fluctuationl
*100. It is shown that the amplitude of the fluctuations
creases forzmin*2. The width of the range in which source
are distributed becomes thin whenzmin becomes nearzmax.
This effect makes the amplitude of the fluctuations incre
since the fluctuations suffer less significant thickness da
ing, that is contributions from sources at different redsh
cause the cancellation. We think that the increase of the fl
tuations atzmin*2 in Fig. 2 are due to this effect.

Comparing Figs. 1~a! and 1~b!, evolution of the bias de-
rives significant difference on small scales. For the low m
tipoles, since the nearby sources of low redshift dominan
contribute to the fluctuations, the~low multipole! amplitude
scales by the bias factor at present epochbX0 . However the
amplitude on small scales is significantly increased for
epoch-dependent bias model. This is understood that the
10350
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redshift sources are the dominant contributors to the sm
angle fluctuations and the amplitude is increased due to
large value of the bias factor at high redshift.

It is notable that the dependence on the cosmolog
models is quite weak even on small scales. Because we
employeds8 normalization, the shape of the density pow
spectrum of the OCDM model is almost same as theLCDM
model. The difference between these two models is sma
a few310% level. However the amplitude of fluctuations
the OCDM model is slightly larger than theL model on
small scales. This would be understood as follows. When
see a same physical size in the open universe, the angle
becomes smaller compared with the case of the flat univ
due to the curvature of background geometry. Therefore
large-scale fluctuations in the open model shift to the sma
scale. This is the same situation as the case of CMB aniso
pies.

B. Shot noise vs source clustering

In this subsection we discuss the shot noise fluctuati
comparing them with the fluctuations due to the source c
tering. The shot noise fluctuations are random fluctuati
originated from discreteness of the sources. The spectru
the white noise type and the angular power spectrum d
not depend onl . In our simple model, Eq.~2.36! reduces to

Cl
SN5

n0L0
2

~4p!2 E
h i

hc
dh~a12e1a!2ad

2K

sinh2 Dh
. ~3.7!
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Assuminghc.h0 and (h02hc)/h0!1, we approximately
rewrite it as

Cl
SN.

n0L0
2

~4p!2 E
h i

hc dh

~h02h!2.
n0L0

2

~4p!2

1

h02hc
, ~3.8!

Sc.
L0

4p~h02hc!
2 , ~3.9!

where the second equation is derived from Eq.~2.15!. Then
we have

Cl
SN.Sc

1/2n0S L0

4p D 3/2

. ~3.10!

This approximation is valid for the case that the remov
bright sources are located at low redshiftz!1. Using the
value I (0)55.231028 erg s21 cm22 str21 in 2–10 keV band
@26#, we have

ACl
SN

I ~0! 51.2S Sc

erg s21 cm22 D 1/4

3S L0

331043 erg s21D 3/4

3S n0

331025 Mpc23D 1/2

. ~3.11!

From Eq.~3.9! and h02h.z/H0 , which is obtained from
the Friedmann equation, we estimate the redshiftzmin to
which the bright sources are removed as

FIG. 2. zmin dependence of multipoles for theLCDM model.
The four panels correspond to the multipolesl 51, 10, 30, 100,
respectively. The solid line represents the casebX051 and the
dashed line does the casebX051.6. The model parameters are sam
as that in Fig. 1~a!.
10350
d

zmin.S L0

Sc

H0
2

4p D 1/2

.0.03hS L0

331043 erg s21D 1/2

3S Sc

3310211 erg s21 cm22D 21/2

. ~3.12!

As we see from Eq.~3.10!, the shot noise fluctuations ar
controlled by the flux cutoff limitSc . WhenSc is decreased
the shot noise fluctuations reduce too. As we saw in
previous subsection, the amplitude of the low multipole flu
tuations due to the source clustering decreases whenSc is
decreased. However, the higher multipoles are constant e
when Sc is decreased. The epoch-dependence of the
factor makes the amplitude of small-scale fluctuations s
nificant. Now let us compare these two fluctuations,
source clustering and the shot noise. In Fig. 3 the fluctuati

FIG. 3. Comparison of fluctuations due to source clustering
shot noise term as a function of flux cutoff limitSc . The upper
panel is the case of no bias by settingbX051 in Eq. ~3.4!. In the
lower panelbX051.6 is chosen as a case of epoch-dependent b
Each panel shows the multipolel 5100. The solid line shows the
clustering fluctuations and the dashed line does the shot noise
tuations. For the clustering fluctuations we used the SCDM mo
with h50.5 andV051. Here we normalized the CDM densit
fluctuations bys850.5. In order to calculate the shot noise term
we need to specify the values ofe andd, separately. Though ther
are many uncertainties in the evolution model of the sources, le
take the valuese51.4 andd51.6. In this case we have 11a2e
50, which allow us some analytic calculations when solving E
~2.15!. We also used the parametersL05331043 erg/s, n0

51025/Mpc3. We set zmax53.2 in order to be I (0)55.2
31028 erg/s/cm2 @26#. In this case of the parameters the estimati
for the shot noise fluctuation isACl

SN/I (0).0.7Sc
1/4/(erg/s/cm2).

The dashed line shows the result obtained by calculating Eq.~3.7!.
The dotted line is the result obtained by extrapolating the estima
by Lahavet al. @2#.
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due to source clustering are compared with the shot n
fluctuations as a function ofSc . In this figure we focused on
the multipole ofl 5100. The upper panel is the case of
bias by settingbX051 in Eq. ~3.4!. In the lower panel we
chosebX051.6. The large difference between these two p
els, which is due to the high bias factor at high redsh
implies that the bias is a very important factor besides
evolution of the luminosity function of sources when predi
ing the fluctuations due to source clustering.

IV. SUMMARY AND DISCUSSION

In this paper we have formulated equations to investig
the x-ray background fluctuations in various cosmologi
models in a systematic way. We have made full use of
harmonic expansion method in terms of multipole comp
nents in both open~hyperbolic! and flat universes to obtai
the angular power spectrum of fluctuations. The fluctuati
due to the source clustering and the shot noise can be
dicted if the evolution of the luminosity function and the bi
factor are given. We have calculated the angular power s
trum for the x-ray background fluctuations in various cosm
logical models based on a simple x-ray source model.
Lahavet al. pointed out@2#, the fluctuations predicted in th
simple model strongly depend on the evolution paramete
sources, and rather weakly depend on the cosmological m
els. Moreover the large-angle~low multipole of l &10) fluc-
tuations are strongly affected by the flux cutoff parameter
removal of nearby bright sources@15,2#. This is because the
nearby sources of low redshift are the dominant contribu
to the large-angle fluctuations. Therefore when one ma
the comparison between the theoretical prediction and
observational data on large angular scales, the procedu
removing bright sources has to be very carefully taken i
account.

In this paper, we have developed the formulation which
useful to calculate the angular power spectrum. In the ob
vational point of view, however, we may not have to deri
Cl in small scales@6,3#. The description bŷC(u)& is usually
used when one compares the theoretical prediction with
servational data~e.g., @13,7#!. Of course, we can easily de
ys

c

T

R

R
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rive ^C(u)& from Cl by Eq. ~2.29! with a window function.
Moreover, our approach is useful to understand the phys
mechanism which determines the behaviors of fluctuati
on various scales. This formulation is not limited to the x-r
background fluctuations but it can be easily generalized
calculate the clustering of pointlike sources at high redsh

In predicting the x-ray background fluctuations the evo
tion of luminosity function is an important factor. Our anal
sis shows that the evolution of the bias factor is also a v
important factor especially on small scales. This is beca
the small-scale fluctuations contain information of cluster
in the high redshift universe. In order to use the x-ray ba
ground fluctuations as a probe of large scale cosmolog
density fluctuations at high redshift, the knowledge of t
evolution of the bias factor and the luminosity function
necessary factor, because the dependence of cosmolog
the x-ray background fluctuations is rather weak. Co
versely, which suggests that the x-ray background is a g
probe for the bias mechanism of high redshift sourc
@27,28# when the cosmological parameters are fixed. The
ture x-ray mission projects will give us fine solution for th
evolution of x-ray sources. In that case the x-ray backgrou
will be a possible probe to investigate the clustering a
formation process of x-ray sources in the high redshift u
verse.
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