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Cosmic microwave background with Brans-Dicke gravity. I. Covariant formulation
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In the covariant cosmological perturbation theory, a 1 + 3 decomposition ensures that all variables in
the frame-independent equations are covariant and gauge invariant and that they have clear physical
interpretations. We develop this formalism in the case of Brans-Dicke gravity, and apply this method to
the calculation of CMB anisotropy and large scale structures. We modify the publicly available Boltzmann
code CAMB to calculate numerically the evolution of the background and adiabatic perturbations, and
obtain the temperature and polarization spectra of Brans-Dicke theory for both scalar and tensor modes;
the tensor mode results for Brans-Dicke gravity are obtained numerically for the first time. We first present
our theoretical formalism in detail, and then explicitly describe the techniques used in modifying the
CAMB code. These techniques are also very useful for other gravity models. Next we compare the CMB
and large scale structure spectra in Brans-Dicke theory with those in the standard general relativity theory.
At last, we investigate the integrated Sachs-Wolfe effect and the CMB lensing effect in Brans-Dicke
theory. Constraints on the Brans-Dicke model with current observational data are presented in a
companion paper [F. Wu and X. Chen, following Article, Phys. Rev. D 82, 083003 (2010)] (paper II).
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L. INTRODUCTION

The Jordan-Fierz-Brans-Dicke theory [1-5] (hereafter
Brans-Dicke theory for simplicity) is a natural alternative
and a simple generalization of Einstein’s general relativity
theory; it is also the simplest example of a scalar-tensor
theory of gravity [6—-10]. In Brans-Dicke theory, the purely
metric coupling of matter with gravity is preserved, thus
ensuring the universality of free fall (equivalence princi-
ple) and the constancy of all nongravitational constants.
From early on, testing Brans-Dicke theory with CMB
anisotropy has been considered [11]. However, the usual
approach is to use a metric-based and gauge-dependent
method, i.e. making the calculation with a particular
gauge; see, e.g., Refs. [12-16].

The covariant approach to general relativity (GR)
is an elegant solution to the ‘“‘gauge problem” which
has plagued the study of linear perturbation in gauge-
dependent methods since the pioneering work of Lifshitz
[17]. Before this problem was recognized, contradictory
predictions of the behavior of perturbation of Friedmann-
Lemaitre-Robertson-Walker (FLRW) cosmologies were
made. In 1980, Bardeen reformulated the metric approach
using gauge-invariant variables [18] (see also Ref. [19] for
a review on the variables, which has been widely used in
recent perturbation calculations). However, as pointed out
by Ellis [20], although the Bardeen variables are related to
the density perturbations, they are not those perturbations
themselves, since they include Fourier components of the
metric tensor and other quantities in cunning combina-
tions. The physical meaning of Bardeen’s gauge-invariant
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variables is not always transparent. As emphasized by
Hawking [21], the metric tensor cannot be measured di-
rectly, so it is not surprising that the variables used in the
metric-based method do not always have a clear physical
interpretation.

The covariant approach to general relativity and cosmol-
ogy has its origins in the work of Heckmann, Schiicking,
Raychaudhuri, and Hawking [21-23]. In 1989, Ellis and
Bruni proposed using the spatial gradient of matter density
(D, p) as the basic variable to describe density perturbations
[20]. Subsequently, the cosmological applications have
been developed extensively by Ellis and others in recent
years [24—40]. The method has also been applied to
problems in CMB physics [41-44]. Instead of using the
components of the metric as basic variables, the covariant
formalism performs a 1 + 3 split of the Bianchi and
Ricci identities, using the kinematic quantities, energy-
momentum tensors of the fluid(s), and the gravito-
electromagnetic parts of the Weyl tensor to study how
perturbations evolve. The most notable advantage of this
method is that the covariant variables have transparent
physical definitions, which ensures that predictions are
always straightforward to interpret physically. Other advan-
tages include the unified treatment of scalar, vector, and
tensor modes; a systematic linearization procedure which
can be extended to consider higher-order effects (this means
the covariant variables are exactly gauge invariant, inde-
pendent of any perturbative expansion); and the ability to
linearize about a variety of background models, e.g. either
the FLRW or the Bianchi models [45,46].

A pioneering work in applying the covariant approach to
Brans-Dicke theory is Ref. [47], in which a conformal
transformation was performed and the calculation was
done in the Einstein frame. More recently, Refs. [48,49]
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chose the effective fluid frame, implying D, ¢ = 0 and
w,, = 05 i.e. their foliation selects vorticity-free spacelike
hypersurfaces in which ¢ = const, and hence greatly sim-
plifies the calculations.

The aim of this paper is to construct a full set of covariant
and gauge-invariant linearized equations to calculate angu-
lar power spectra of CMB temperature and polarization
anisotropies in the cold dark matter (CDM) frame, and to
show that the covariant method will lead to a clear, mathe-
matically well-defined description of the evolution of den-
sity perturbations. In a companion paper [50] (hereafter
denoted paper II), we shall apply the formalism developed
in this paper to the latest CMB and large scale structure data
to obtain constraints on the Brans-Dicke parameter.

In Sec. II, we briefly review Brans-Dicke theory and its
background cosmological evolution. The formalism of co-
variant perturbation theory is presented in Sec. III and the
numerical implementation in Sec. IV. We discuss the re-
sults on primary anisotropy in Sec. V. The integrated
Sachs-Wolfe (ISW) effect and gravitational lensing are
discussed in Sec. VI. Finally, we summarize and conclude
in Sec. VIL

Throughout this paper we adopt the metric signature
(+ — ——). Our conventions for the Riemann and Ricci
tensors are fixed by [V,, V,]u. = R p.qu?, where V,
denotes the usual covariant derivative, and R,, = R_,¢.
We use d,, to represent an ordinary derivative. The spatially
projected part of the covariant derivative is denoted by D,,.
The index notation A; denotes the index string a ...a;.
Round brackets around indices denote symmetrization on
the indices enclosed, square brackets denote antisymmet-
rization, and angled brackets denote the projected symmet-
ric and trace-free (PSTF) parts. We adopt k = 87G and
use units with 7z = ¢ = kg = 1 throughout. In the numeri-
cal work we use Mpc as units for distance.

II. BRANS-DICKE THEORY AND
BACKGROUND COSMOLOGY

Brans-Dicke theory is a prototype of the scalar-tensor
theory of gravity. One of its original motivations is to
realize Mach’s principle of inertia [4,5]. It introduced a
new degree of freedom of the gravitational interaction in
the form of a scalar field nonminimally coupled to the
geometry. The action for Brans-Dicke theory in the usual
(Jordan) frame is

1 w
=__ — _ _ v (m)
S 1677_[d4x,/——g|: ¢R+¢g“ vﬂ¢vy¢]+s ,
(1)

where ¢ is the Brans-Dicke field, @ is a dimensionless
parameter, and S is the action for the ordinary matter
fields S™ = [ d4x\/—_g£(’"). Matter is not directly coupled
to ¢, in the sense that the Lagrangian density £ does

not depend on ¢. For convenience, we also define a dimen-
sionless field
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p=Go, 2
where G is the Newtonian gravitational constant measured
today. The Einstein field equations are then generalized to

87G (m) w 1
=8G9 oV, — LV, 0V )
G,uv © M §02< #§0 v P zgy,z/ AP ¢
1
+ ;(VMV,,QD - g,uvv/\v/\@): (3)

where Tﬂ'f,) is the stress tensor for all other matter except
for the Brans-Dicke field, and it satisfies the energy-

momentum conservation equation, V# Tf{"y) = 0. The equa-
tion of motion for ¢ is

vV, Vip =

K
2w + 3

Here 7" = T,(Lm)“ is the trace of the energy-momentum
tensor. The action (1) and the field equation (3) suggest that
the Brans-Dicke field ¢ plays the role of the inverse of the
gravitational coupling, G (@) = é = g, which becomes a
function of the space-time point.

For background cosmology, we treat ordinary matter as

a perfect fluid with energy density p and pressure P,

T, 4)

Ty = (p + Phuyu, = P, 5)
The equations describing the background evolution are
p'+3H (p +P)=0, (6)
2 A /
g{Zzﬁp+2<£) _j-[gy (7)
3¢ 6\¢ ®
o+ 230 =5 () 3p) ®)
2w + 3 ’

where the prime denotes the derivative with respect to
conformal time 7, S is the scale factor, and H = S'/S.
General relativity is recovered in the limits

w — 0, ¢" —0. (€))

o' =0,

To recover the value of Newton’s gravitational constant
today, which is determined by Cavendish-type experi-
ments, we also require that the present-day value of ¢ be
given by
2w +4

20+ 3

Po (10)

III. PERTURBATION THEORY

A. The 1 + 3 covariant decomposition

The main idea of the 1 + 3 decomposition is to make
space-time splits of physical quantities with respect to the
four-velocity u® of an observer. There are many possible
choices for the frame, for example, the CMB frame in
which the dipole of CMB anisotropy vanishes, or the local
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rest frame of matter. These frames are generally assumed
to coincide when averaged on a sufficiently large scale.
Here it will be convenient to choose u“ to coincide with the
velocity of the CDM component, since u“ is then geodesic,
and acceleration vanishes. From the four-velocity u?,
we could construct a projection tensor %, into the space
perpendicular to u“® (the instantaneous rest space of
observers whose four-velocity is u“):

D

where g, is the metric of the space-time. Since h,, is a
projection tensor, it can be used to obtain a covariant tensor
perpendicular to ©“, and it satisfies

uuhab = O> hghcb = hab’

hab = 8ab — UgUp,

he = 3.
(12)

With the timelike four-velocity u, and its tensor coun-
terpart %,;,, one can decompose a space-time quantity into
irreducible timelike and spacelike parts. For example, we
can use u, to define the covariant time derivatives of a

b...c .
tensor 77,

hab = h(ab)’

e =uNV Ty (13)
Furthermore, we can exploit the projection tensor /., to
define a spatial covariant derivative D which returns a
tensor that is orthogonal to u“ on every index:

DawaCd.A.e = h;hlr) . hghil s hzvarmst...u' (14

If the velocity field u“ has vanishing vorticity, D reduces
to the covariant derivative in the hypersurfaces orthogonal
to u?. The PSTF parts of the vectors and rank-2 tensors are

Vi = ha"Vy, (15)

T(ab) = h<achb>dTCd == h(achh)dTCd - %thTthab' (16)

One can also define a volume element for the observer’s
instantaneous rest space:

Eabe = T]abcdud = Elabc) (17

where 7,,.¢ 1S the four-dimensional volume element
(Mabea = Mavear MNor23 = —/1gD). Note that Dy, = 0 =
D,ep.q- The skew part of a projected rank-2 tensor is
spatially dual to the projected vector T, = %sabCTU’C],
and any projected second-rank tensor has the irreducible
covariant decomposition

Tab = %Thab + SabcTC + T(ab>’ (18)

where T = T,,h° is the spatial trace. In the 1 + 3 cova-
riant formalism, all quantities are either scalars, projected
vectors, or PSTF tensors. The covariant decompositions of
the velocity gradient are

vaub = Daub + uaAb’ (19)
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Daub = Wyp + T b + %ﬁhab, (20)

where o,, = Duy is the shear tensor, which satisfies
Oap = Oapy, 0q =0, and uc,, = 0; w,, = Dp,up) is
the vorticity tensor, which satisfies w,, = w,, and
u'w,, = 0. One can also define the vorticity vector w, =
Eape @€ /2 (With w,;, = &4 ®°). The scalar § = Viu, =
D%u, = 3H is the volume expansion rate, H is the local
Hubble parameter, and A, = u®V,u, = i, is the accel-
eration, which satisfies u?A, = 0. We note that the
tensor D,u,; describes the relative motion of neighboring
observers. The volume scalar @ determines the average
separation between two neighboring observers. The effect
of the vorticity is to change the orientation of a given fluid
element without modifying its volume or shape; therefore
it describes the rotation of matter flow. Finally, the shear
describes the distortion of matter flow; it changes the shape
while leaving the volume unaffected [35].

Gauge-invariant quantities can be constructed from
scalar variables by taking their projected gradients. The
comoving fractional projected gradient of the density field
p) of a species i is the key quantity of the covariant
method [20],

. S ‘
XD ="_p_ p0 Q1)
p(l) @
which describes the density variation between two neigh-
boring fundamental observers. The comoving spatial gra-
dient of the expansion rate orthogonal to the fluid flow is

Z,=SD,0, (22)

which describes perturbations in the expansion. These
quantities are, in principle, observable, characterizing in-
homogeneity in a covariant way, and they vanish in the
FLRW limit.

The matter stress-energy tensor Tg','j) can be decomposed
irreducibly with respect to u“ as follows:

T = puguy, + 2uuqy — Phoy + 7 (23)

where p = T‘(I'Z) u“u® is the density of matter measured by
an observer moving with four-velocity u¢, g, = hZT,S’Z’)uC
is the relativistic momentum density or heat (i.e. energy)
flux and is orthogonal to u“, P = —h®T™ /3 is the
isotropic pressure, and the projected symmetric traceless

tensor ,, = T<(22>

orthogonal to u“. The quantities p, P, q,, 7, are referred
to as dynamical quantities and o), w,,, 0, A, as kine-
matical quantities. In the FLRW limit, isotropy restricts

is the anisotropic stress, which is also

TEI'Z) to the perfect-fluid form, so the heat flux ¢, and
anisotropic stress 7,;, must vanish.

The remaining first-order gauge-invariant variables that
we need are derived from the Weyl tensor C,,.4, Which is
associated with the long-range gravitational field and
vanishes in an exact FLRW universe due to isotropy.
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In analogy to the electromagnetic field, the Weyl tensor can
be split into electric and magnetic parts, denoted by E
and B,,, respectively. They are both symmetric traceless
tensors and are orthogonal to u?,

Eab = Cacbducud = E(ab)r (24)

d —

Bab = _*Cacbducu _%SaefCEfbdud = B<ab>' (25)

Here * denotes the dual, *C,.,; = 31, Cofpa.
For the radiation field, we can make a 1 + 3 covariant
decomposition of the photon four-momentum as

p® = E(u® + &%), (26)

where E = p“u, is the energy of the photon. ¢“ describes
the propagation direction of the photon in the instanta-
neous rest space of the observer. The observer can intro-
duce a pair of orthogonal polarization vectors (e;)* and
(e5)?, which are perpendicular to u® and e, to form a right-
handed orthonormal tetrad {u, (e;)¢, (e,)¢, e} at the ob-
servation point. The (screen) projection tensor is defined as

}[ab = Gab — UglUp T eqep, (27)

which is perpendicular to both u” and e“, and satisfies
HZ(f?l)b = (e))".

Using the polarization basis vectors, the observer
can decompose an arbitrary radiation field into Stokes
parameters I(E, e*), Q(E, e?), U(E, e*), and V(E, e%)
[41]. Therefore one can introduce a second-rank transverse
polarization tensor P, (E, €°),

Paten(e) = 5

I+ 0 U~I—V)’ (28)

u-v I-0
for i and j = 1, 2, and we have omitted the arguments
E and e P, o« EXHSH S, where f.4 is a photon
distribution function. Decomposing P, (E, e?) into its
irreducible components, one obtains

Pab(E> ed) = _%I(E’ ed)g-[ab + ?ab(E’ ed)

+ IV(E, eV)eypee”, (29)
where the linear polarization tensor 2, (E, e?) satisfies
a (o v
Paere)=5(5 L) o

It is convenient to define the energy-integrated multipole
for the total intensity brightness and the electric part of the
linear polarization:

Iy, = [000 dEfdQI(E, e, G

SA/ = M]2 _/;) dE.[dQe<Al—2 T“l—ltl[)(E’ ec)’ (32)

where e, = eqepe....e and

V211 = 1)/[(1 + 1)1+ 2)].

MlE
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B. The linearized perturbation equations

In the 1 + 3 covariant approach, the fundamental quan-
tities are not the metrics, which are gauge dependent, but
the kinematic quantities of the fluid, namely, the shear o,
the vorticity w,,, the volume expansion rate 6, the ac-
celeration A,, the energy-momentum of matter, and
the gravito-electromagnetic parts of the Weyl tensor. The
fundamental equations governing these quantities are the
Bianchi identities and the Ricci identities. The Riemann
tensor in these equations is expressed in terms of E,;, B,
and the Ricci tensor R,;,. The modified Einstein equation
connects the Ricci tensor to the matter energy-momentum
tensor. In the following, we have linearized all the pertur-
bation equations. We should also note that the definitions
of the covariant variables do not assume any linearization,
and exact equations can be found for their evolution.

The first set of equations is derived from the Ricci
identities for the vector field u“, i.e.

ZV[avb]Mc = Rabcdud. (33)

Substituting the four-velocity gradient (19) and the decom-
position of the Riemann tensor, and separating out the
timelike projected part into the trace, the symmetric
trace-free part, and the skew symmetric part, we obtain
three propagation equations. The first propagation equation
is the Raychaudhuri equation,

1
0+-62— D%, + —(p + 3P)
3 2¢

1 .2 1 .
+—(2w%+—DaDa¢ +0%+ 35) —0, (34)
2 o » @

which is the key equation of gravitational collapse,
accounting for the time evolution of #. The second is the
vorticity propagation equation,

d)ab - D[aub] + %Qwab =0. (35)

The last one is the shear propagation equation,

. 2 .
a(ab) + gﬁa'ab - D(aub) + Eab

K T, 1 1g¢
. ;” +55D0P0® + 5 %aa,, =0, (36)
which describes the evolution of kinematical anisotropies.
It shows that the tidal gravitational field E,, and the
anisotropic stress 7, would induce the shear directly,
and the shear will change the spatial inhomogeneity of
the expansion through the constraint equations (37).
The propagation equations are complemented by three
constraint equations, which are spacelike components of
Eq. (33). The first is the shear constraint,

2 K ¢
Dha)ab + Dh(Tah - gDue - — 44— (1)—2Du§0
@ ¢

| .
——(D,e)y —Zu, =0, (37)
®» ®
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which shows the relation between the momentum flux ¢,
the shear o, and the spatial inhomogeneity of the expan-
sion. The second constraint equation is the vorticity diver-
gence identity,

D (& 0*) = 0. (38)
The last one is the B, equation,
Bub + (Dc(l)d(a + DCO'd(a)')']Z)Ceue = O, (39)

which shows that the magnetic Weyl tensor can be
constructed from the vorticity tensor and the shear tensor.
With this last equation B,;, may be eliminated from some
equations in favor of the vorticity and the shear.

So far we have only discussed propagation and con-
straint equations for the kinematic quantities. The second
set of equations arises from the Bianchi identities of the
Riemann tensor,

v[eRcd]ah =0, (40)

which gives a constraint on the curvature tensor and leads
to the Bianchi identities for the Weyl tensor after contract-
ing once,

vdcahcd = v[hRa]c + %gc[bva]R' (41)

The 1 + 3 splitting of the once-contracted Bianchi identi-
ties leads to two propagation and two constraint equations
which are similar in form to the Maxwell field equations in
an expanding universe, governing the evolution of the
long-range gravitational field. The first propagation equa-
tion is the E equation,

R K
Eq + 0Eq, + DByiamy),, u¢ + @[3(,0 + P)oy,

. 1 3\ ¢
+ 3D<aqb> — 37y, — 0w + —(Tab<w + —)—

2 2] ¢?
lo-ab 1 3 QD
—-Zap pre+-(w+2)E DD
6 ¢ m ¢ 2((0 2)¢2 (ab)®
1 ¢ 3
+ E ;Eab + 4 K ) ) O, (42)

and the second propagation equation is the B equation
. 1) K
Bab + (9 + _)Bab - I:DCEd(a + —DC7Td(a

2¢ 2¢

1 1
+ ﬁDCDdD(‘IgD - @DCDMDMQth(a]T]b)C€dM£ 0.
(43)

This pair of equations for electric and magnetic parts of the
Weyl tensor would give rise to wavelike behavior for its
propagation: if we take the time derivative of the E equa-
tion, commuting the time and spatial derivatives of the B
term and substituting from the B equation to eliminate B,
we would obtain an E term and a double spatial derivatives
term, which together give the wave operator acting on E;
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similarly we can obtain a wave equation for B by taking the
time derivative of the B equation. These waves are also
subjected to two constraint equations, which emerge from
the spacelike component of the decomposed equation (41).
The first constraint is

DPE,, — i(zDap +26q, +3Dm,,) + 2—KpD“¢

6¢ 37 ¢°

w 1\ ¢4
~+-)=|26D,0 + (D, o) +u¢ |=0.
<3 2)¢2[3 @+ (Dyop) uso]

_ ke

D) ¢2 9a —
(44)

This is the div E equation, with the source term given by
the spatial gradient of the energy density. It can be regarded
as a vector analogue of the Newtonian Poisson equation,
and it shows that the scalar modes will result in a nonzero
divergence of E,,, and hence a nonzero gravitational E
field. The second constraint equation is

K .
D’B,;, — %[(P + P)0, Ul 0 g + Mapeatt” D°q?]

1 > 1 0o ¢ 4. b
—§[<w?—@DﬂD“¢ _ga‘i‘;)’f]abc u w.q4

7 1 0
+ nabcdub(a) %DCDng + —(D°Dlp) + —D°Dgp
¢ ® 3¢

+ gDud)] ~ 0. (45)

This is the div B equation, with the fluid vorticity serving
as the source term. It shows that the vector modes will
result in nonzero divergence of B,;,, and hence a nonzero
gravitational B field. The above equations are remarkably
similar to the Maxwell equations of the electromagnetism,
so we have chosen to use E,;, and B, as the symbols.
The last set of equations arises from the twice-
contracted Bianchi identities. Projecting parallel and
orthogonal to u“, we obtain two propagation equations,

p+6(p+P)+D,g*=0, (46)

qq+3%0q,+ (p+ P, + Dw,y, —D,P =0, (47)
respectively. For perfect fluids, these reduce to

p+6(p+P) =0, (48)

(p + P)i, —D,P =0, (49)

which are the energy conservation equation and momen-
tum conservation equation, respectively.

The background field equation for the Brans-Dicke field
is given in Eq. (8). The first-order covariant and gauge-
invariant perturbation variable of the Brans-Dicke field is
defined as the spatial derivative of the Brans-Dicke field,

V., =5SD,¢. (50)
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Taking the covariant spatial derivative of Eq. (8), and
commuting the spatial and time derivatives of the V
term, we could obtain the first-order perturbation equation
for the Brans-Dicke field after linearization,

Vi+2HV, +SZ,¢' +5*D,D"V,
KkS?
" 3+20 Z(l

where the upper index (i) labels the particle species.

In the absence of rotation, w,, = 0, one can define
global three-dimensional spacelike hypersurfaces that are
everywhere orthogonal to u#“. This three-surface is meshed
by the instantaneous rest space of comoving observers. The
geometry of the hypersurfaces is determined by the three-
Riemann tensor defined by

3¢ p 0 x 10, (51)

[Da, Dylue = DR g0, (52)

which is similar to the definition of the Riemann tensor

R 4. but with a conventional opposite sign. The relation-

ship between ¥R, . and R, is

3 o :

OR pea = —ha®hy, hSh PR
= OBR

gsfp — VacVbd + VyqVpe

[ab]lcd] (53)
where v,, = D,u, is the relative flow tensor between two

neighboring observers. In analogy to four dimensions, the
projected Ricci tensor and Ricci scalar are defined by

(3)Rab = (3)Racbdh6d = (S)Rcacb (54)
and
GR =GR, hab. (55)
The (3)Rab is determined by the Gauss-Codacci formula
GOp =10 ! «
’ Rub - § Rhab - 500-1117 - Eﬂab + Eab’ (56)
where
GIR = 2(kp — 16). (57)

Equation (57) is also the generalized Friedmann equation,
showing how the matter tensor determines the three-space
average curvature.

The last first-order covariant and gauge-invariant varia-
bles can be obtained from the spatial derivative of the
projected Ricci scalar,

N, =3SD,®R. (58)

After a tedious calculation, we obtain
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m=:<%”—f¥“—é(25—[+%>za
e 2y
+(w+3)l2£;5'[va+é<w%lj—3}[%)Wa
—;"; V, - DDV”—%.’]—[Z%. (59)

C. Mode expansion in spherical harmonics

In the linear perturbation theory it is convenient to
expand the O(e) variables in harmonic modes, since it
splits the perturbations into scalar, vector, or tensor modes
and decouples the temporal and spatial dependencies of
the 1 + 3 equations. This converts the constraint equations
into algebraic relations and the propagation equations into
ordinary differential equations along the flow lines. In this
paper we focus on the scalar and tensor perturbation
modes, since the vector modes would decay in an expand-
ing universe in the absence of sources such as topological
defects.

1. Scalar mode

For scalar perturbations we expand in the scalar eigen-
functions Q% of the generalized Helmholtz equation

$2D*D, Q% = k2Q® (60)

at zero order. They are defined so as to be constant along
flow lines, i.e. independent of the proper time Q¥ = O(e),
and orthogonal to the fluid four-velocity u“.

For the I/th multipoles of the radiation anisotropy and

polarization, we expand in the rank-/ PSTF tensor QX‘I),
derived from the scalar harmonics with

S
Q“—()wm D,y 0®, 61)

where the index notation A; denotes the index string
ay ...a;. The recursion relation for Q(k)

Q“——D@Q&y (62)

follows directly from Eq. (61). The factor of (S/k) in the
definition of QX? ensures that Q'X(,) = ( at zero order. QX‘[)
also satisfies some other zero-order properties,

Wi Q) ey =0, QG ara =0 (63)
We also have the following differential relations which can
be derived from Egs. (60) and (62):

[k
D ngkl)az...al =57 7 7[1 - (12

K7,
S 1|0 ©h
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k2 K
S PRI s

Now we can expand the gauge-invariant variable in the
following dimensionless harmonic coefficients:

X = Z kX(z)Q(k) (66)
z.-S 5700 67
3
4 = PS40, (69)
k
W X 0 k) (69)
3
) = P(’)Z 7" (70)
2
Eqy = %@‘Dinkb)’ 71
Oap = Z O-kQElkb)’ (72)
3
2, = S ol 73)
V=YKV, 74)
3
%‘ 3 UkQ (75)
N yz I(z) (k) (76)
A yz g(l) Q(k) 77)

where the upper index (i) labels the particle species. The
scalar expansion coefficients, such as Xé’), are first-order

1 kS?

W,
z;(+5{zk+7"(33{’—33{ k2)+%

VY
ra0f V3 i +ka—+Wk<4 ¢ 6 -
¢’ ¢ ¢ ¢

Z(l +3ci)px) +

sHE
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gauge-invariant variables, and their spatial gradients are

second order, for example, D"X,(f) = 0(2). In the covariant
and gauge-invariant approach, we characterize scalar
perturbations by requiring that the vorticity and the mag-
netic part of the Weyl tensor be at most second order.
Demanding w,, = O(2) ensures that density gradients
are not from kinematic effects due to vorticity, and setting
B,, = O(2) ensures that gravitational waves are excluded
from the first order.

To obtain the scalar equations for the scalar expansion
coefficients, one could substitute the harmonic expansions
of the covariant variables into the propagation and con-
straint equations given in the section above. Here we will
consider only the adiabatic modes. For the (i) fluid,

D“PY = (D pl), (78)
where ¢\ is the adiabatic sound speed of the (i) fluid. For
the spatial gradients of the total density X, we find

3H <« soif 2 P P
X+ p<l>x(’>(c§’>2 —~ 7) + k[(l + f)z
op Z ¢ p p)*
+ Zq(’)] 35{<1 + )Wk =0.

For the individual fluid of the (i) species, the propagation

equation satisfies
py . p
— W)Xl(:) - k[(l + )Zk - q(’)]
p pl

(79)

X0+ 334

pl)
- 33{<1 + )Wk = 0. (80)
For the heat fluxes, we have
. pl
g + 5{(1 - 3—) vy (1 + 7)ka
p
2 3K\ ) 02 v (i)
+§k(1 —?)w; — ke x\) = 0. (81)

The heat flux for each fluid component is often given by
¢! = (p" + P, so we can derive the propagation
equations for vg) from Eq. (81).

We also can obtain the time evolution of the spatial
gradient of the expansion,

1 2 " 2 k2
{Vk[—4w¢——3¢— YKo+ 3p)+ ]
2k @2 1)

) + 33W,g} —0. (82)
¢ ¢

Substituting the covariant harmonic expansion into Eq. (59), and then taking the time derivative of this equation, we
obtain the evolution of the spatial gradient of the three-curvature scalar:
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H H 3 2
kzn;=—xk[s2x(p+3p)— 20 % ]+52Kp ’<+Vk[szx(p+3p)—2+252x(p P)—+35'{‘” ~62 3
P ¢ GD ¢
3 " 3 S2 3 " k2
—<2w+—)¢f +2w §D—4+ ]+V’[—'§ 3P—p)+<w+—>£—2 —+65—[¢ ]
2) @ @ ¢’ 2¢ 2] @’ o* @
! Al / iz 2 /
+V;g(w% H)+Wk(2w¢f 2w ‘% 33{'3—35{‘i+33{%)+w,1<w%—35{3)
o ¢ ¢ ¢ ¢ ¢ ¢
" 2 /
~ ka(z.’i-[ + & “’—2) - kz;<23{ + ﬁ). (83)
¢ ¢ ¢

As mentioned by Ref. [51], by solving the propagation
equation of 1, we avoid the numerical instability problem
in isocurvature modes when we work in the CDM frame.
From the shear propagation equation (36), the propaga-
tion equation for o, becomes
2 K

S
_ka +k¢)k +——p7Tk

o+ Hoy r 20

Ve 1
el (84)
20 290

From the div E equation (44), we could obtain the @,
equation,

k3
253(]_3 )CI)k
3H «p
T kTt
N K

_( +3)k
DY K%

The algebraic equation of o, can be derived from the shear
constraint equation (37),

3 K S? Kk

LV 331V + W) = 0. (85)

+1(V'k—3{vk)+ﬂlwk=o. (86)
® ®»

From the first-order perturbation equation for the Brans-
Dicke field (51), we could derive the quadratic differential
equation of 'V,

VI+2H V| +kZio' + KV,
KS?
342w Z(l
The variables X}, gy, and 77, [without the upper index (i)]

refer to variables of the total matter, and can be expressed
as

3¢i)p X0, (87)

pX = pPXY + pWx + pOxP 4 pOx1(88)

v b c
pai = p7q + pVql” + (p® + pPl + v,
(39)

Py = p(")ﬂy) + p(”)wi"). (90)

2. Tensor mode
For tensor modes, we expand the first-order perturbation
variables in the rank-2, zero-order PSTF tensor eigenfunc-
tions Qikh) of the comoving Laplacian,

52D, Q%) = k2% 1)

Similar to the case of scalar modes, this equation holds
at the zero order. The tensor harmonics are transverse,
orthogonal to u“, and constant along the integral curves
of u®:

po¥ =0 wo¥=0  0Y=0 (92
They can also be classified as having electric parity
(denoted by ngb)) or magnetic parity (denoted by Qflkb)).

These two parity harmonics are related by a curl:

k 3K

curl Q(k) =3 1+ ?Qf,kb), 93)
K

curl Q<k) = E 1+ 3k—2Q(k) (94)

For tensor mode perturbations, the vorticity and all
gauge-invariant vectors vanish at the first order; i.e. w,,
Xus Zas Gus Agy Va4 m, all equal zero [45,52]. The rest of
the rank-2 gauge-invariant tensors are constrained to be
transverse:

(3)V"Eab = 0,
(3)V“0'ab = 0,

(3)V”Bab = 0,
BVar,, =0. 95)

And they can be expanded in electric and magnetic parity
tensor harmonics:

Eab:z

k

(EkQ“” + E,0%), (96)
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By, = Z @ (BkQ“‘) + B,0W), 97)
Tap = Z (akQ“‘) L0, (98)
(1) — p(l)Z(,n_(l) (k) + —(I)Q(k)) (99)

Substituting these into the equations in Sec. III B,
we obtain the E; and o propagation equations:

1 ¢ K
szi + szk(g-[ + E %) - k3<1 + 3;)0']{

S2 2 3 S2
+—K (p+P)k0'k+—¢2<a)+—)k0'k+—K PTx 91
2¢ 2 ¢

3 S2p
X Wk.’]-[—k QD KSszk
"2 ® 4 ¢?

— KSZpW;( =0,
2¢
(100)

k S’pm, 1 ¢
-~ — 0
2k o 20

o, =—-Ho, — kE; — (101)

IV. NUMERICAL IMPLEMENTATION

We carry out our numerical study by modifying the
CAMB code. The original CAMB code, written by Antony
Lewis and Anthony Challinor [53], is a FORTRAN 90 pro-
gram which calculates CMB anisotropies in the standard
Einstein general relativity, by solving the Boltzmann-
Einstein equations for various components in the
Universe. Most of the equations to be solved are in the
file equations.f90, which can be modified conveniently.
The background evolution equation d7/da is written in
the function drauda, and it can be modified for different
backgrounds. The Boltzmann-Einstein equation group is
listed in the functions fderivs (scalar mode for the flat
universe), fderivst (tensor mode for the flat universe),
derivs (scalar mode for the nonflat universe) and derivst
(tensor mode for the nonflat universe). This equation group
includes the propagation equations of the scalar factor S,
the three-Ricci scalar perturbation 7, the cold dark matter
perturbation X, the baryon perturbations X, and v, pho-
ton multipole moments, and neutrino multipole moments
in the covariant approach. The CAMB code uses the Runge-
Kutta method (subroutine dverk in file subroutines.f90) to
solve these equations. To speed up the calculation, the line-
of-sight integration method first developed by Seljak and
Zaldarriaga [54] is used: the differential equation for
the photon temperature perturbation is integrated along
the line of sight to obtain 87 /T. The multipoles today
are definite integrals of the source term multiplied by the
spherical Bessel functions from early times to today. The
source term of the scalar perturbation at a given time for a

PHYSICAL REVIEW D 82, 083002 (2010)

given wave number is encoded in the subroutine output.
The subroutine evolves the perturbation equations and does
the integration in the cmbmain.f90 file. The main routine
for running CAMB is wrapped in the file camb.f90. Using
these equations, we modify the code for calculation in
Brans-Dicke theory. The three most important parts of
the modifications are the background evolution, the
Boltzmann-Einstein differential equations, and the source
term in the line-of-sight integration.

For the background evolution, we implement the proce-
dure described in the Appendix of Ref. [14]. To satisfy the
end point condition Eq. (10), we start from an epoch which
is deemed early enough. We then evolve the model for-
wards (to avoid numerical instability, we do not evolve
backwards) to obtain the ¢ value today. The procedure is
repeated with a Brent algorithm (see e.g. [55]) to ﬁnd the
initial value of ¢ at that epoch. In doing this we set ¢’ = 0
and Vk V’ = (0 at the initial point. The initial condi-
tion ¢’ = 0 can be justified by Eq. (8): in the radiation
dominated era, the right-hand side of Eq. (8), p — 3P, is
negligible compared with other terms. Then

@ =c; + S (102)
This mean that any initial velocity quickly dies out in a few
Hubble times and approaches a terminal velocity c;; this
velocity is constrained by nucleosynthesis, so it should
be very small. The initial condition V, = Vfc = 0 is the
simplest choice which matches the requirement of Eq. (87).
Initial perturbations in ¢ are damped during the radiation
dominated era, so the choice of the initial condition of 'V,
has little impact on CMB anisotropy in the adiabatic
perturbation case.

To realize the background evolution described above, we
write a separate module. The function of this module is
that, for a given value of ¢ today which is determined by
the Brans-Dicke parameter w, we first find out the initial
value of ¢ at a sufficiently early time which can evolve the
given value of ¢ today. Then we could calculate ¢ and ¢’
at each scale factor S and store them into arrays for
interpolation in subsequent processes. Therefore, if one
wants to use ¢ and ¢’ in the code, one must simply use
this module first.

To be consistent with modified Friedmann equation (7),
in the code we define the critical density as

390
per = ——Hj,
K

(103)
where H) is the Hubble parameter today and ¢, is given in
Eq. (10). This definition differs from the conventional one
by an additional factor ¢. The definition of the fractional
density is the same as the traditional one: Q) = Po )/ Per
Because ¢’ approximately vanishes today (cf. Fig. 2), from
Eq. (7) we find Q. =1 for the flat geometry. This
definition is convenient in studying the nonflat universe.
We also should note that the difference from the traditional
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one is very small, in most case, less than 1%, because
@o = 1.001 when w = 50.

In this work we adopt the cosmological constant as dark
energy; this is equivalent to setting the potential of the
Brans-Dicke field to a constant. The more general case
of extended quintessence [56-62] will be dealt with in
future studies. Below, we adopt the ACDM model with
Einstein gravity, which best fits the Wilkinson Microwave
Anisotropy Probe five-year data [63], as our fiducial
model, ie. Q,h*=0.02265, Q.h*=0.1143, H,=
70.1 kms~'Mpc™!, ny, = 0.960, A% =2.457 X 107°
k = 0.002 Mpc™!, 7 = 0.084, and the dark energy equa-
tion of state, w = —1.

For the Boltzmann-Einstein differential equations, we
modified the scale factor evolution equation and 7
propagation equation according to Eqgs. (7) and (83),
respectively, in the functions fderivs and fderivst in
equations. f90. Some other complementary equations,
such as the constraint equations, have also been modified
correspondingly.

To speed up the calculation, the CAMB code integrates
the system of differential equations by using the line-of-
sight integration method, first developed by Seljak and
Zaldarriaga for the CMBFAST code [54]. In this method,

the multipole moment of photon intensity I,(Cl) could be
express as [41,64]

A Mo —r k 1 3 2 2
I,(()=4 dnSe {(S(rk+4n oK, (41()—1- 5()))

1 1 d
[ Dy (x )—i—k2 zdxch (x)]+aTvkk dxq) (x)
[3 SZk——n (TTI(O):I(I)I”()C)}, (104)
where 7, is the conformal time today, x = (ny, — n)/r,

r = 1/4/IK|, and 7 is the zero-order optical depth back to
x. Here,

I i)
PV(x) = —-— 105
/) (I—=wov) x” (105)
are the ultraspherical Bessel functions, &, = (1 —

3K/k?)1/2, and £? is the quadrupole of the E-like polar-
ization of the CMB photons. After integration by parts, one
could eliminate the derivatives of ultraspherical Bessel
functions and write temperature anisotropies as a time
integral over a geometrical term ®}(x) and a source term:

10 =4 [ " dnd(x) X S, (106)

where the source term is given by
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1
S =———[12ko?
12k K>

+ 12kog' (K, + 38" ()4, + 68'(m) ¢, + 3g(m) LY
+ 12kirg'(m)vy, +
+ k2 g(n) gy — 4ke

in which

e "ky + 24kolg(m)ky

12kkyg(n)v} + 43 ore Tk,
“7Zeky + 3K2g(MIV ky], (107)

G =P + %2, (108)

gn) = —7e " =n,orSe”, (109)

where g(n) is the visibility function. Using the first-order
derivative perturbation equations described in Sec. III, o7/
and £}/ in the source terms could be further expanded to the
zeroth- and first-order derivative terms which are expressed
in variables used in the output subroutine in the CAMB code.

V. RESULTS

In Fig. 1, we show the time evolution of the Brans-Dicke
field ¢. For models with w > 0, the value of ¢ increases
with time, whereas for models with w <0, ¢ decreases
with time. During the radiation dominated era, the varia-
tion of ¢ is very small, almost zero. When entering the
matter dominated epoch, ¢ begins to increase or decrease.
After the domination of the dark energy, ¢ changes more
rapidly. We also plot the time evolution of ¢’ in Fig. 2; as
can be seen from that figure, |¢’| reaches a terminal
velocity in the radiation dominated era, and then begins
to decay in the matter dominated epoch, but as the dark
energy becomes dominant, it increases again, and its
present-day value for this particular model is of the
order 107°.

The effective Newtonian gravitational coupling G is
the inverse of ¢ in units of G. The time evolutions of G
are shown in Fig. 3. We can see that G changes rapidly at

1.10 T T T T T T
o=
92100 veeeeens
w=-100
w=400 —-—-—
B w=-400 ——
1.05 - —
S0
0.95 - -
0.90 " 1 " 1 " 1 "
1078 107® 107* 1072 10°

S

FIG. 1 (color online). The time evolution of the Brans-Dicke

field ¢.
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FIG. 2 (color online). The evolution of the time derivative of
the Brans-Dicke field ¢’.

low redshift, so it may not be reliable to use the type Ia
supernovae (SNe Ia) data to constrain Brans-Dicke theory:
the Chandrasekhar mass M, « G~3/2, so the variation of
the gravitational coupling G means that the peak luminos-
ity of SNe, which is approximately proportional to the
Chandrasekhar mass, may also change, making it unreli-
able as a standard candle.

The CMB angular power spectra for the Brans-Dicke
theory with @ = oo (i.e. general relativity) and =75 are
plotted in Fig. 4, and the resulting differences are plotted in
Fig. 5. As can be seen, compared with the general relativity
theory with the same cosmological parameters, both the
location and the height of the CMB acoustic peaks are
changed. The Brans-Dicke model with a positive @ has
broader and lower acoustic peaks for this set of parameters.
As || increases, the difference in CMB angular spectra
between Brans-Dicke theory and general relativity dimin-
ishes. The difference is more apparent at large [/ (small
angular scale), so high resolution CMB data would be very
useful in distinguishing the different models. From Fig. 4,
it is also very clear that the polarization spectra have
a strong discriminating power. With the higher angular
resolution and polarization data that we expect in the
near future, we should be able to lift the degeneracy of
parameters and place a more stringent constraint on the
Brans-Dicke models.

We compare the result of our new code with those
obtained with the CMBFAST code in the synchronous gauge'
in Ref. [14]. We find that the difference in the CMB power
spectra is typically less than 1% and is due primarily to the
difference in the original (Einstein gravity) codes—for

'There are some typos in Egs. (19) and (20) of Ref. [14]. A
prime ,’ was missed in the last term of Eq. (19); i.e. it should
read 3Z X A factor of 2 in the denominator was missed in the last
term 0% Eq. (20); i.e., it should read 2‘—1(,\/’ — ©X). Most con-
clusions of that paper were not affected, but at small € the C, was
slightly overestimated.
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FIG. 3 (color online). The time evolution of the effective
Newtonian gravitational coupling G .

really making highly precise constraints on cosmological
parameters with the CMB data, the precision of the CMB
Boltzmann code needs to be further improved. The new
code of course has better program architecture and runs
faster. Particularly, if one calculates 9C;/dw, which re-
flects the impact of the gravity model on the CMB angular
power spectrum, the results of the two codes agree with
each other at high precision, as shown in Fig. 5. The result
on AC, = C)(w = ) — C/(w = 75) for TT, TE, and EE
correlations are very consistent in the two codes, and the
two curves are almost indiscernible in Fig. 5.

We also plot the CMB temperature and polari-
zation spectra yielded by tensor modes in Fig. 6.
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FIG. 4 (color online). CMB temperature and polarization
power spectra for Brans-Dicke theories with @ = o0, =75 in
the scalar mode.
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FIG. 5 (color online). AC; = C/(w = ) — C/(w = 75) for
TT, TE, and EE correlations.

The tensor-to-scalar ratio is set to 0.1. The primordial
gravitational wave produces large temperature fluctuations
at large scales, as well as a unique B mode polarization. In
contrast to scalar modes, when compared with the result of
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FIG. 6 (color online). CMB temperature and polarization
power spectra for the Brans-Dicke theories in the tensor mode.
The solid, dotted, and dashed curves represent the Brans-Dicke
model with w = oo, 75, and —75, respectively. The tensor-to-
scalar ratio R is set to 0.1.
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FIG. 7 (color online). The matter power spectra at z = 0. The
solid, dotted, and dashed curves represent the Brans-Dicke
model with w = oo, 75, and —75, respectively.

general relativity, the peaks are higher for positive .
Similar to the scalar mode, positive w shifts the peaks to
smaller scales. At both the very large scales and very small
scales, the differences in spectra between Brans-Dicke
theory and general relativity are very small, almost invis-
ible, and the differences are only sensitive at [ ~ 80.

Figure 7 shows the impact of the Brans-Dicke field on
the matter power spectra at z = 0. For o = 75, the bend of
the matter power spectrum occurs at short wavelengths,
and there is thus more small scale power, in agreement with
the prediction of Ref. [65].

VL. INTEGRATED SACHS-WOLFE EFFECT AND
GRAVITATIONAL LENSING

The ISW effect is the secondary CMB anisotropy caused
by the time-varying gravitational potential ®. The CMB
temperature fluctuation of the ISW effect in the direction i
is given by

ASVG)
T,

where T, = 2.725 K is the CMB temperature at the
present time, and z; g is the redshift at the surface of last
scattering. Despite its small size, the ISW effect provides
an independent test of dark energy, and as the effect is
produced by a change in the gravitational potential, it could
potentially be a new probe of modified gravity. We exam-
ine its impact on two observables: the CMB temperature
anisotropy autocorrelation power spectrum, and the cross
correlation between CMB anisotropy and the galaxy over-
density along the line of sight.

First we look at the CMB TT correlation. The CSW
spectra shown in Fig. 8 are the temperature anisotropy
power spectra produced by the ISW effect; i.e. these are
calculated by including only the W and ® (Newtonian gauge

D
SISV () = 2 ["a:2 02, (10
0 9z
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FIG. 8 (color online). The ISW effect of the TT power spectra
in the scalar mode for Brans-Dicke gravity. C}SW isthe CMB TT
power spectrum only considering the ISW effect. ACISW =
CSV(w') — CBW(w = ), 0’ =75 for the red dotted curve,
and w’ = —75 for the blue dashed curve.

variables) terms in the line-of-sight integration with differ-
ent models. According to the time when it occurred, the ISW
effect can usually be divided into two types: the early ISW
effect during the radiation dominated to matter dominated
transition, and the late ISW effect during the matter domi-
nated to dark energy dominated transition. The peaks of
their contribution to the angular power spectrum have posi-
tions corresponding to the respective horizon sizes. Thus,
the early ISW effect produces the peak at [ ~ 150, while the
late ISW effect produces the slope at small /.

In the bottom panel of Fig. 8, we plot ACISV/CTT
(w = 00), i.e. the ratio of the ISW modification in Brans-
Dicke gravity to the total TT power spectrum of CMB in
GR, where ACPY = CSV(w = 75) — CBWV(w = o) is
plotted with the red dotted curve, while @ = —75 is plot-
ted with the blue dashed curve. Here C]T(w = o0) is the
TT power spectrum including all effects with w = oo
(the GR case). The correction of the late ISW effect (at
the lowest /) caused by Brans-Dicke theory is of the order
of 1% of the total TT power spectrum, and the correction
from the early ISW effect (at / ~ 150) is only about half of
that size. This correction is buried in the cosmic variance,
and it would be hard to distinguish Brans-Dicke gravity
from general relativity with this effect.

The cross correlation between CMB temperature and
galaxy overdensity along the line of sight can also be
used to measure the ISW effect. To calculate this effect,
we consider the observed galaxy density contrast in the
direction i,

. dN .
6,(0) = [ b, 3,0 2dz (1D
Z
We assume that the bias is a constant, b,(z) = 1.3. The
selection function dN/dz describes the redshift distribu-

tion of the galaxy sample; here we adopt the analytic
function from Ref. [66]:
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— X 7

26*(2/1’)3/2’
dz

(112)
where 7/ = z,,/1.412. z,, is the median redshift of the
survey, which we set as z,, = 0.33, and this galaxy redshift
distribution is shown in Fig. 9, with the normalization of
the distribution satisfying [dN/dz = 1. The gravitational
potential @ is related to the matter density fluctuation & via
the Poisson equation:

V2O, z) = 47Ga’p,,(2)8(, z) (113)
or
Dk, z) = —> Qm(ﬂ)Q ok, 2) (114)
2 ck a

where p,, = p%a3.

The angular cross correlation of the CMB temperature
and galaxy fluctuation is given by

Wésrw(a) = (8,(fi;)A7(fiy)) (115)

= <5g(ﬁ1)AITSW(ﬁ2)>,

where i} - i, = cosf. Note that A,(f) is the total tem-
perature fluctuation in a given direction i, while AWV (f) is
the temperature fluctuation caused only by the ISW effect
[see Eq. (110)]; the identities hold because the CMB
temperature fluctuations caused by other effects do not
correlate with galaxy overdensity. Expand &,,(f, z) in
Eq. (111) into Fourier modes:

(116)

Sm(B, 2(x)) = (i y, 2) (117)
= f—dSk Sm(k, 2)e” X (118)
Qm?® ™ '

where y is the comoving distance from redshift O to z; then
further expand e~k 0x ag

e MW =47y (=i) ji(kx)Y;, ()Y, (K),  (119)
Im

OO L 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

4

FIG. 9. The redshift distribution of the assumed sample with
median redshift z,, = 0.33.
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where j;(x) is the spherical Bessel function of the first kind

of rank / and Y,,,(k) is the spherical harmonic function.
Substituting Egs. (118) and (119) into Eq. (111), we obtain

5g(ﬁ) = Z5g,le1m(ﬁ), (120)
Im
where
8g,lm = [(2 )3 [dz477]l(kX)Ylm(k)bg(Z)
X —(z)ﬁ(k, 2). (121)
dz
Similarly,
APV(@R) = D AP Y, (), (122)
Im
where

3
ABW = (—i)! f (jﬂl;g [ dzaj(kx(2)Y;, (k)3 T,

()l

The angular cross-correlation power spectrum of the gal-
axy overdensity and ISW temperature perturbation is then

Césjw(l) = 81[’6mm’<8g,1m ;l'm».

Using the small angle (large /, [ > 1) approximation for
the spherical Bessel functions [67],

i) = \/E[ O 1 + o- x)+oun] )

we have [68]

(123)

(124)

1
2 [ KRdkj (k) jiky)) = —8(x — x). (126)
T X

Another useful relation will be the definition of D(z):

8(k, z) = D(z)8(k, 0). Under the Limber approximation
[69,70], we have
(Z)
ISW l)= dzP(k 127
CBN0) = [ AP EWisn@W ™ 2, (127

where P(k) is the linear power spectrum at redshift zero,
k = (I + 1/2)/ x(z) obtained from Eq. (125), and Wsw(z)
and W,(z) are the ISW and galaxy window functions

defined as
H D(z
Wisw(z) = 3 To( ") [ (( )) ] (128)
and
Wo(z) =b (z) (Z)D(Z) (129)
Finally, wi" (6) is related to the cross-power spectrum by

the Legendre polynomials,
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ISW(e)

20+ 1
Z 1 PilcosOCH (D). (130)

=2

This summation does not include the monopole (I = 0) and
dipole (I = 1) terms, as in the Wilkinson Microwave
Anisotropy Probe analysis [71].

We plot the result in Fig. 10. The upper panel shows the
angular power spectrum, while the bottom panel is the
angular correlation function. For the angular power spectra,
Brans-Dicke theory with @ = £75 differs from the GR case
by about 3%—8% on large scales (/ < 14); for the angular
correlation function, there is a difference of 3%-4% for 6 <
100 arcmin, and on larger angles (6 > 100 arcmin) the
difference is even larger. At present the CMB-galaxy corre-
lation data could merely confirm the ISW effect up to about
the 30 level, and the data are often plagued by systematic
errors which are not well understood yet, as the observatio-
nal results are often in conflict with each other [68,71-73].
Recently, it has been noted that for models in which the
gravitational constant has drastic changes at low redshift, the
ISW effect could be significant and thus provide a sensitive
probe of modified gravity [74-76]. However, for the models
discussed here, the variation of the gravitational potential at
low redshift is actually not that large; thus, including the
ISW effect does not yield any significant difference.

How is the weak gravitational lensing effect modified in
Brans-Dicke theory? We investigate this problem by mod-
ifying the CAMB code to include the lensing effect for

0.20 T T
W=
w= 75 -reeiiiiin a
=75 - — - =

T

°
o

£(e+1)C ¢ /2m[uK]
o

%

10 100

0.65 E
05F 3

@"(8)[uK]

1 10 100 1000
6[arcmin]

FIG. 10 (color online). The ISW effect from the CMB tem-
perature and galaxy overdensity correlation. The upper panel is
the angular power spectrum, while the bottom panel is the
angular correlation function.
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FIG. 11 (color online). Comparison of unlensed and lensed
CMB TT power spectra in the scalar mode for Brans-Dicke
gravity with @ = 75. ACTT/C7 is the relative difference, where
ACTT = Cl"(lensed) — CI"(unlensed), and C'" in the denomi-
nator is the unlensed TT power spectrum.

Brans-Dicke theory. The CMB lensing effect in Brans-
Dicke gravity is similar to that in general relativity; it
smooths the CMB power spectra at small scales. The result
is shown in Fig. 11, for @ = 75. At [ > 500, we begin to
see corrections due to Brans-Dicke theory at the percent
level, so in the future when the Planck data become
available, this effect should be included in the calculation.
At [>2000, the correction could reach as high as the
10% level, but there the CMB primordial anisotropy is
strongly damped and the anisotropy is dominated by the
Sunyaev-Zel’dovich effect.

VII. CONCLUSION AND SUMMARY

Compared with Einstein’s general relativity, there is an
additional scalar field coupled with the Ricci scalar in
Brans-Dicke gravity, which makes the perturbation theory
more complicated. With a covariant 1 + 3 approach, we
have developed a full set of covariant and gauge-invariant
formalism for calculating the cosmic microwave back-
ground temperature and polarization anisotropies in
Brans-Dicke gravity. Instead of using the components of
the metric as basic variables, the covariant formalism per-
forms a 1 + 3 split of the Bianchi and Ricci identities, using
the kinematic quantities, energy-momentum tensors of the
fluid(s), and the gravito- electromagnetic parts of the Weyl
tensor to study how perturbations evolve. Adopting cova-
riantly defined, gauge-invariant variables throughout en-
sures that, in our discussion, the gauge ambiguities are
avoided and that all variables have a clear, physical inter-
pretation. Since the definition of the covariant variables
does not assume any linearization, exact equations can be
found for their evolution, which can then be linearized
around the chosen background model. Furthermore, unified
treatment of scalar, vector, and tensor modes does not
require decomposing the different modes from the begin-
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ning as done in the metric method. The price we have to pay
is that with this method the calculation is more complicated.

We then calculate the CMB temperature and polarization
spectra for the Brans-Dicke models using a modified CAMB
code. In this paper we consider both the scalar modes and
the tensor modes as the adiabatic initial condition, and adopt
@0 = 2w + 4)/(2w + 3) at the current epoch and ¢’ = 0
at early times as initial conditions of the Brans-Dicke field.
Compared with the general-relativistic model with the same
cosmological parameters, both the amplitude and the width
of the acoustic peaks are different in the Brans-Dicke mod-
els. We find that the small scale spectra and the polarization
spectra will provide a sensitive and vigorous constraint on
the different Brans-Dicke models in the scalar mode. For
tensor modes, the largest difference in CMB spectra for
various Brans-Dicke models is located at  ~ 80. The struc-
ture formation process in Brans-Dicke theory is also studied.
The matter power spectrum is shown in Fig. 7. For the
positive w case, the bend of the matter power spectra occurs
at shorter wavelengths, and there is thus more small scale
power compared with the general relativity case.

The ISW effect of Brans-Dicke theory is investigated
(see Figs. 8 and 10). The corrections to the total TT power
spectra that come from the early ISW effect caused by
Brans-Dicke theory are proved to be of the order of 1%,
and the late ISW effect is only half of the early ISW effect.
Because of the large cosmic variance at large scales, this
effect is not significant in the observational constraint. For
CMB-galaxy cross correlation, the differences between the
GR case and the Brans-Dicke case with w = £75 are at
the 3%—-8% level on large scales (/ < 14) in angular power
spectra, or 3%—4% in the angular correlation function for
6 <100 arcmin; on even larger angular scales (6 >
100 arcmin) the difference is still larger. Nevertheless,
for the modified gravity model considered here, where
the variation in the gravitational potential at low redshift
is not very large, the ISW effect does not provide a very
sensitive probe due to the large cosmic covariances.

The CMB lensing effect is plotted in Fig. 11. This effect
only appears significantly at / > 2000. The lensed CMB
power spectra look smooth at small scales compared with
the unlensed power spectra in Brans-Dicke gravity, which
is very similar to the case of general relativity.

Our covariant calculation for the Brans-Dicke model is
generally in agreement with the previous results obtained
in particular gauges (e.g. the synchronous gauge [14]).
Furthermore, we have also obtained for the first time the
temperature and polarization spectra for tensor mode per-
turbations, the ISW effect, and the CMB lensing effect in
Brans-Dicke theory. The structure and speed of the code
are greatly improved, thus providing a more powerful and
convenient tool for further studies. In paper II, we use the
Markov-Chain Monte Carlo algorithm to derive the con-
straint on the Brans-Dicke parameter o with the latest
CMB and large scale structure observational data.

083002-15



FENG-QUAN WU et al.

As a final remark, the covariant approach and corre-
sponding CMB code for the Brans-Dicke theory developed
in this paper, together with the synchronous gauge ap-
proach and the corresponding code developed in the pre-
vious paper [14], provide consistent, systematic, and
complete methods to study Brans-Dicke theory. These
methods and codes could be generalized to study more
general scalar-tensor theories, as well as more complex
initial conditions; we plan to carry out such a general-
ization in subsequent studies.
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