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Testing gravity against the early time integrated Sachs-Wolfe effect
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A generic prediction of general relativity is that the cosmological linear density growth factor D is scale
independent. But in general, modified gravities do not preserve this signature. A scale dependent D can
cause time variation in gravitational potential at high redshifts and provides a new cosmological test of
gravity, through early time integrated Sachs-Wolfe (ISW) effect-large scale structure (LSS) cross
correlation. We demonstrate the power of this test for a class of f(R) gravity, with the form f(R) =
— A H} exp(—R/A,H2). Such f(R) gravity, even with degenerate expansion history to ACDM, can
produce detectable ISW effect at z = 3 and / = 20. Null-detection of such effect would constrain A, to be
A, > 1000 at >95% confidence level. On the other hand, robust detection of ISW-LSS cross correlation at

high z will severely challenge general relativity.
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L. INTRODUCTION

Cosmological observations provide unique tools to
study gravity at = Mpc scales. General relativity, with
the aid of the cosmological constant, or dark energy with
equation of state w ~ —1, successfully reproduces the
accelerated expansion of the Universe, indicated by SN
Ia observations [1], along with the flatness of the Universe
measured by the cosmic microwave background (CMB)
[2] and distance measured by the baryon oscillations [3].
However, these observational evidences mainly constrain
the mean expansion history of the Universe and can be
reproduced by modified gravity such as brane world DGP
theory [4] and generalized f(R) gravity [5]. Essentially, the
large scale structure (LSS) of the universe, such as weak
gravitational lensing, galaxy clustering and the integrated
Sachs-Wolfe (ISW) effect [6—11], is required to break this
degeneracy.

General relativity imprints a unique signature in the
LSS, which is scale independent linear density growth
factor D at subhorizon scale after matter-radiation equality
epoch [12]. Modifications to general relativity not only
changes the amplitude of D, but in general, causes D to
be scale dependent. This unique feature of modified gravity
has already been noticed in phenomenological theory of
modified Newtonian potential [6,9,10]. It can be detected
by weak gravitational lensing [6], galaxy clustering [9,10]
and late time ISW effect. Counter-intuitively, in this paper,
we show that modified gravity can produce a detectable
early time ISW effect.

We investigate a class of f(R) gravity with action

L = f(R + f(R))\/§d4x + Lmatter! (1)
and field equation
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(14 f0Ruy = S48 R+ f = 20f1) = frun = 87CT
2
where fr=df/dR. We design f(R) =

— A Hj exp(—R/ M, H3), where A, are two positive di-
mensionless constants and H; is the Hubble constant at
present. To mimic a ACDM universe, A; ~ 1 is required.
To reduce to the general relativity in the solar system and
pass the solar system test, f << R is required. In this limit,
we have R — 87G py1ar, Where pygar 18 the local density
where solar system tests are carried out. In this limit,
f(R)/R -~ [pc/psolar] exp[_3psolar//\2pc]- Since
3Psorar/ Pe = 10% [13] (p, is the critical density of the
Universe), models with A, < 10° can survive all solar
system tests. For example, For A, = 103, this correction
is of the order ~10~% Given such tiny f(R), we expect
that f, fr, Ufg and fg.,., in Eq. (2) can all be safely
neglected for any physical purpose.

For the f(R) gravity, the application of Birkhoff theorem
to perturbations of a spherically symmetric region leads to
scale independent D [16]. We reinvestigate this issue by
solving the structure evolution of the fully covariant f(R)
gravity to linear order in the metric perturbation. We find
that D shows nontrivial scale dependence, consistent with
the results based on the Palatini approach [17].

II. THE H-z RELATION OF THE f(R) GRAVITY

Cosmological observations prohibit strong deviation of
f(R) from the cosmological constant. At the limit that
R(z = 0) < M\, H3, the H-z relation of f(R) gravity can
have the same asymptotic behavior as that of ACDM. At
low redshift where R(a) < A,HZ, f(R) behaves as a cos-
mological constant and the H-z relation resembles that of
ACDM. At high redshifts where R > A,H2, f(R) — 0 and
H(z) — Q(l)/ 2(1 + z)¥/2. Deviation from ACDM happens
at some intermediate redshifts where R(a) ~ A,H3 and
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vanishes toward both higher and lower z. We quantify their
difference by solving Eq. (2) of a flat universe to zero order

H2 + % - ng + HfR = H%Q()a73. (3)

Here, a = 1/(1 + z) is the scale factor. This equation can
be rewritten as y = Q, — C(y(a)), where y= a’H?,
C(y(a)) = [f/6 — dfg/a + Hfgla® and Q is the dimen-
sionless matter density at present. Since C(y(a)) is com-
pletely determined once y as a function of a is given,
Eq. (3) can be solved iteratively by the iteration relation
Yyt = Q0 — C(y?). To mimic a ACDM universe, we fix
Ay by requiring f(R(a = 1)) = —6H3(1 — Q). The itera-
tion converges quickly by taking the initial guess y© =
Qo + (1 — Qy)a’. For A, = 100, y is accurate to ~1%.
As expected, for A, = 100, the H(z)-z relation is almost
identical to the corresponding ACDM cosmology (Fig. 1).
Such f(R) gravity can not be distinguished from ACDM by
inflation, big bang nucleosynthesis (BBN), primary CMB,
SN Ias and other measures of H-z relation.
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FIG. 1 (color online). The H(z)-z relation and structure growth
in the exponential f(R) gravity. Top left panel: H-z. A, — o0
corresponds to ACDM cosmology. Top right panel: Q(k, a) = k2,
which describes the main effect of f(R) gravity to structure
formation. We plot the result of k = 0.01 h/Mpc. Bottom left
panel: fr(a), which determines the effective Newton’s constant
G = G/(1 + fg). For A, = 100, its effect to structure forma-
tion can be neglected. Bottom right panel: D(k,a)/a (A, =
1000), where the linear density growth factor D is normalized
such that D — a when a — 0.
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III. THE LARGE SCALE STRUCTURE OF THE f(R)
GRAVITY

We will show that, even with this degeneracy in H-z
relation and solar system behavior, the LSS of the f(R)
gravity could be significantly different to that of ACDM.
We choose the Newtonian gauge

3
ds? = —(1 + 2¢)di® + a*(1 + 2¢)Z(dxf)2. 4)
i=1

There are four perturbation variables ¢, i, the matter over-
density 6 and the (comoving) peculiar velocity conver-
gence 6.

In general relativity, ¢ = —, as long as there is no
anisotropic stress. But in modified gravity, this relation
breaks in general. ij (i # j) component of Eq. (2) provides
the relation between ¢ and . For f(R) gravity, due to
nonvanishing fg.;.; (i # j), ¢ — i relation becomes scale
dependent. Throughout this paper, we neglect time deriva-
tive terms with respect to spatial derivative terms of cor-
responding variables. This simplification holds at scales
k= aH =< 1073 h/Mpc. Since we will focus on the ISW
effect at [ =20 and z =3 where the relevant k =
5 X 1073 h/Mpc, this simplification is sufficiently accu-
rate. We then obtain

frre® 2
1+ fR az
In Fourier space, this reads ¢ = —¢(1 —20)/(1 — Q),
where Q(k,a) = —2fppc?k?/(1 + fr)a*> and  frg =
d’f/dR?. For clarity, we explicitly show the speed of light
c. We will see that this scale dependent ¢ — ¢ relation has
profound effect on the LSS. Combining Eq. (5) and the ¢
component of Eq. (2), we obtain the new Poisson equation

_3H3,
1+ fr

The energy-momentum tensor is still conserved and pro-
vides the remaining two equations:

¢p+y= (Vg +2V29). ®)

VA —9) = a’'s. (6)

. . 1
§+0=0,  O+2HO+—5V2=0. (7
a

Combining all 4 equations, we obtain the main equation of
this paper:

/ _ 2
3 g>_51 20 3HO, ®)

o+ s>+ Y- 2
(a H) a*>2-30dH*(1+ fg)

where / = d/da. In general relativity, O = 0, so the linear
density growth factor D « §(a)/8(a;) is scale independent
at scales k = aH/c, no matter what the form of dark
energy is. Here, a; is the scale factor at some early epoch
and we normalze D such that D — a when a — 0. But in
f(R), the scale dependent Q(k, a) induces nontrivial scale
dependence to D. This behavior can not be obtained by a
simple change in the effective Newton’s constant.
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Furthermore, the correction Q has a nontrivial dependence
on a. This is hard to realize by simply changing the form of
the Newtonian potential (e.g. to Yukawa potential).

Since frr < 0, there exist one apparent singularity Q =
2/3 in Eq. (8), where only 8 = 0 solution is accepted and
two at Q = 1/2, 1 in the ¢ — i relation, where only ¢ =
¢ = 0 solution is accepted. We leave this issue alone until
the discussion section. For the moment, we take a modest
goal by only using regions where Q < 1/2 to constrain
f(R). For A, = 1000, this constrains us to region where
k = 0.012 h/Mpc.

Hereafter, we fix A, = 1000. Atz > 1, H « a=3/2, D «
a'~" when 5 =30/5(2 —3Q) < 1. Thus gravitational
potential decays at high redshifts with rate « a~ "7 and
causes an observable integrated Sachs-Wolfe (ISW) effect.
At later time when R < A,H}, Q — 0 (Fig. 1), the evolu-
tion of D approaches that of ACDM. For the exponential
f(R), O(a) peaks at z > 1 (Fig. 1), so the resulting ISW
effect peaks at z >> 1, as contrast to that of ACDM cos-
mology or dark energy models with w ~ —1. This provides
us a unique way to test this form of f(R). We solve Eq. (8)
numerically. Initial condition is set to normalize D — a
when a — 0.

IV. THE INTEGRATED SACHS-WOLFE EFFECT

Time variation in ¢ — ¢ causes a fractional CMB tem-
perature variation [18]

AT

TCMB

- [ [ — dlady. ©)

Here, y is the comoving angular diameter distance. Since
both s — ¢ and the LSS trace the underlying matter
distribution, there exists an ISW-LSS cross correlation,
with power spectrum

12 Clswass:Z A2 i Wy ss(x)axd
Py (= d)diss X Lss\X)a"xdx.

27 l
(10)

Here, 6;g is the density fluctuation of the LSS tracers,
Wiss is the corresponding weighting function and

A(zl/}_ )5 is the corresponding 3D power spectrum(var-
LSS

iance). The above formula adopts the Limber’s approxi-
mation, which is sufficiently accurate to serve for our
interest at / = 20. The amplitude and sign of the ISW
effect is determined by Agw = D/a — dD/da. Positive
Ajsw means positive correlation between ISW and LSS.
For k = 0.007 h/Mpc, Agw has a bump at z ~ 6, whose
amplitude increases towards small scales (large k). This
boosts early time small scale ISW signal (Fig. 2).

The S/N of the ISW-LSS cross correlation measurement
of each [ mode is
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FIG. 2 (color online). The ISW effect. A, = 1000 is adopted.
Top left panel: D/a — dD/da, which determines the sign and
amplitude of the ISW effect. D is normalized such that D — a
when a — 0. Bottom left panel: the ISW effect. Bottom right
panel: Cumulative S/N of the ISW-LSS cross correlation mea-
surements.

( £>2 _ (21 + 1) ey Chsw-Lss
N (Comp + Crsw + CHIR)(C, + CY) + Chiw_1ss

(1)

Here, Ccmp, Cisw, C, are the power spectra of primary
CMB, ISW, and galaxies, respectively, while Cg‘ﬁB and
C‘Z,h"‘ are the power spectra of associated shot noises,
respectively. Since the exponential f(R) does not affect
physics at z = 100, we adopt the same primordial power
spectrum with power index n = 1, the same transfer func-
tion BBKS [19] and the same amplitude at a; = 0.01, as
that of the ACDM cosmology. The LSS tracers we choose
are 21 cm emitting galaxies at 3 < z <5, which will be
measured by proposed 21 cm experiments such as Square
Kilometer Array [20]. Singularities presented in the per-
turbation equations limit us to [ <60, where one can
neglect shot noises of CMB. For the estimations of LSS
clustering signal and shot noise, biggest uncertainties are
(i) HI (neutral hydrogen) mass function at 3 <z <S5,
(i) 21 cm emitting galaxy bias and (iii) specifications of
21 cm experiments. If one adopts HI mass functions cali-
brated against observations of damped Lyman-« systems
and Lyman limit systems, SKA can detect = 10° galaxies
at z > 3 in five years across the whole sky, for a field of
view = 10 deg? at ~300 Mhz (for details of the calcula-
tion, see, e.g. [21]). Detection thresholds of HI mass at 7 =
3 are = 10°M,, so detected galaxies are likely having
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biases bigger than one. Then, one can neglect the shot
noise term Cz,h"t with respect to C,. Taking the fact that
COMB > CSW (Fig. 2), the S/N of each [ is simplified to

(3] =Sl (12
N CiMB/CPY

Here r is the cross correlation coefficient between ISW and
LSS. Since r has very weak dependence on galaxy bias, the
estimation presented here is weakly model dependent. We
disregard signals from [ <20, to reduce confusions of
ACDM cosmology or dark energy models. For sparse
galaxy sampling which is sufficient for our purpose, SKA
is able to cover the whole sky. So we assume that f, = 1.

The cumulative S5 (S/N)? is shown in Fig. 2.

The ISW signal peaks at z = 3 and increases toward
high [. This is hard to mimic by ACDM, dark energy or
many forms of modified gravity. (i) For ACDM or dark
energy models with w < —1, at z = 3, the ISW effect
effectively vanishes. Figure 2 shows that ACDM can be
distinguished from the A, = 1000 f(R) gravity with >2¢
confidence by the ISW-21 cm emitting galaxy cross corre-
lation. (ii) For dark energy models with w = —1, Aw
does not decrease as fast as that of ACDM. But the ISW
signal (including contributions from dark energy fluctua-
tions) decreases toward high / [22] and one does not expect
a detectable ISW effect. (iii)) DGP preserves the property of
scale independent D [8,23], so the ISW signal decreases
toward high /, like the dark energy case. Therefore we do
not expect a detectable signal at [ > 20 and z > 3. (iv) For
generalized f « (aR?> + BR,,R™ + YR peqRY) ™" (n >
0), the ISW effect vanishes at high z because the f correc-
tion decreases much faster than the exponential f(R). So
we expect that null detection of ISW-LSS cross correlation
at [ = 20 and z = 3 would constrain A, to A, > 1000 at
>2 0 confidence level. On the other hand, a detection of
such cross correlation would present as a severe challenge
to general relativity.

V. DISCUSSION

The scale dependence of D, as an unambiguous signa-
ture of modified gravity, can in principle be measured from
weak gravitational lensing by the mean of lensing tomog-
raphy. Since ¢ is no longer equal to —¢, we provide the
general form of the lensing transformation matrix A;;

A= 8= |V dx(¢ —p Wi xs),  (13)
0

where W(y, x,) = x(1 — x/x,) is the usual lensing ker-
nel. All basic lensing theorems remain unchanged. For
example, lensing shear field is still curl free (if neglecting
second order corrections such as Born correction). For
f(R) gravity, relation between the lensing convergence
k =1 — (A, + Ay,)/2 and the matter over-density resem-
bles that of the general relativity, with
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€= 3 H300 [ 00 Whe x)( + o) M (19

It is interesting to see how well weak lensing alone can
constrain modified gravity. For the exponential f(R), one
complexity is that lensing mainly probes LSS at z <1,
where Q is small and the deviation from a scale indepen-
dent D is small, so the constraints may be weak. This can
be significantly improved by gravitational potential recon-
structed from primary CMB. Combining lensing and CMB
measurements, it is very promising to measure the evolu-
tion of the gravitational potential between z = 1100 and
z~ 0 robustly. This will put strong constraints on the
nature of gravity. Unfortunately, due to singularities in
the perturbation equations, we are limited to scales k <
0.012 h/Mpc or [<20 at z=<1 (for A, = 1000).
Information contained in this region is very limited and
could be contaminated by other physics such as dark
energy fluctuations. Solving the field equation crossing
those singularities consistently is nontrivial. We leave
this work for future study.

The Q = 1/2,2/3,1 singularities may be caused by
awkward gauge choice, the neglecting of time derivative
terms with respect to corresponding spatial derivative
terms, or the failure of the perturbation approach. For
example, for Q = 2/3, the only solution § = 0 does not
depend on initial conditions. This could be caused by
neglecting time derivative terms, which erases some de-
grees of freedom. These issues require detailed study. But
if these singularities in LSS equations are physical, they
can be applied to rule out many forms of modified gravities
as alternatives to dark energy or general relativity. To
produce a similar expansion history as those of dark energy
model, (i) R should increase when a decreases and
(ii) f(R(a = 1)) should be negative in order to mimic
positive dark energy. Furthermore, in order not to affect
inflation, BBN and primary CMB, f(R(a — 0)) must be
sufficiently small. A sufficient (but not necessary) condi-
tion satisfying the BBN constraint is that f(R(a — 0)) —
0. The exponential f(R) and 1/R" f(R) all fall into this
class. This results in fr > 0 at least at some early epoch
a.. As we have seen from previous discussions, fzr < 0is
a sufficient condition for the existence of singularities. To
avoid singularities, fzr = 0 must be satisfied at all epochs.
However, we will see that this requirement contradicts with
(1) and (ii). frgr = O results in fr(a < ay) = frlay) >0,
because R(a < a,)> R(a,). So, f increases toward high
redshift, crosses over zero at some epoch and then in-
creases more quickly than R. Since when a — 0, R «
a3, f increases more quickly than a~3 and thus more
quickly than the matter density. This violates condition (ii).
It could have non-negligible effect on BBN and contradicts
our expectation. On the other hand, only for those f(R)
gravities in which f(R(a — 0)) does not vanish, singular-
ities in LSS equations can be avoided. A logR f(R) gravity
is such an example.
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To demonstrate the power of LSS to constrain gravity,
we adopt a conservative requirement to avoid singularities
at k <k, At the limit that A, > 1, Q peaks at a =
(21,/9Q) /3 and the peak amplitude is = 12(1 — ) X
(2/9906)2/3/\2_4/3(ck/H0)2, where we show the speed of
light ¢ explicitly. To avoid singularities at k < k,,

ks>3/2 (15)

A =2.5X%X10°
2 <h/Mpc

should be satisfied.

PHYSICAL REVIEW D 73, 123504 (2006)

ACKNOWLEDGMENTS

I thank Jochen Weller for providing the Runge-Kutta
code dverk.F and John Barrow, Salvatore Capozziello,
Xuelei Chen, Tomi Koivisto, Xinhe Meng, Sergei
Odintsov and Roman Scoccimarro for helpful discussions.
This work was supported in part by the One-Hundred-
Talent Program of China and by the DOE and the NASA
grant No. NAG 5-10842 at Fermilab.

[1] A.G. Riess et al., Astrophys. J. 607, 665 (2004), and
references therein.

[2] D.N. Spergel et al., Astrophys. J. 148, 175 (2003).

[3] D.J. Eisenstein et al., Astrophys. J. 633, 560 (2005).

[4] G. Dvali, G. Gabadadze, and M. Porrati, Phys. Lett. B 485,
208 (2000).

[5] S.M. Carroll, V. Duvvuri, M. Trodden, and M. S. Turner,
Phys. Rev. D 70, 043528 (2004); S.M. Carroll, A. de
Felice, V. Duvvuri, D. A. Easson, M. Trodden, and M. S.
Turner, Phys. Rev. D 71, 063513 (2005); O. Mena, J.
Santiago, and J. Weller, Phys. Rev. Lett. 96, 041103
(2006); S. Capozziello, V.F. Cardone, and A. Troisi,
Phys. Rev. D 71, 043503 (2005).

[6] M. White and C.S. Kochanek, Astrophys. J. 560, 539
(2001).

[7] Arthur Lue, Roman Scoccimarro, and Glenn Starkman,
Phys. Rev. D 69, 044005 (2004).

[8] Arthur Lue, Roman Scoccimarro, and Glenn D. Starkman,
Phys. Rev. D 69, 124015 (2004).

[9] Akihito Shirata, Tetsuya Shiromizu, Naoki Yoshida, and
Yasushi Suto, Phys. Rev. D 71, 064030 (2005).

[10] C. Sealfon, L. Verde, and R. Jimenez, Phys. Rev. D 71,
083004 (2005).

[11] L. Knox, Y.S. Song, and J. A. Tyson, astro-ph/0503644;
M. Ishak, A. Upadhye, and D.N. Spergel, astro-ph/
0507184.

[12] Neutrino free streaming causes D to be scale dependent,
but this effect is small. Fluctuations in dark energy cause
D to be scale dependent at ~ horizon scale. But this effect
vanishes toward smaller scales.

[13] The condition 3py,/p. = 10° is well met for any experi-
ments carried in the atmosphere of the Earth, since the
atmosphere density is ~107% g/cm® and p,. =

1072° g/cm?® (h = 0.7). Though the matter density in
the interplanetary space is not well measured, we have
solid evidences that the condition can also be met for
experiments carried out in the space. (i) The density of
interplanetary dust (IPD) is ppp = 1072* g/cm’ ([14]
and references therein). This gives 3pgp./p. = 3 X 10°.
(ii) The total mass of the Kuiper Belt objects between 40
and 90 AU is (0.6,40) X 1075 M [15]. This converts to
3Psotar/ Pe = 2 X 100-103. (ii) The anomalous Doppler
frequency drift experienced by Pioneer 10 and 11, if
caused by drag force of interplanetary matter, requires
the interplanetary matter density ~(5-30) X 1072 g/cm?
at 20-70 AU [14]. This converts to 3pgo/pe = 101

[14] Michael Martin Nieto, Slava G. Turyshev, and John D.
Anderson, Phys. Lett. B 613, 11 (2005).

[15] Vigdor L. Teplitz et al., astro-ph/9807207.

[16] M. Amarzguioui, O. Elgaroy, D.F. Mota, and T.
Multamaki, astro-ph/0510519.

[17] T. Koivisto and H. Kurki-Suonio, Class. Quant. Grav. 23,
2355 (2006); T. Koivisto, Phys. Rev. D 73, 083517 (2006).

[18] R.K. Sachs and A.M. Wolfe, Astrophys. J. 147, 73
(1967).

[19] J.M. Bardeen, J.R. Bond, N. Kaier, and A.S. Szalay,
Astrophys. J. 304, 15 (1986).

[20] http://www.skatelescope.org/.

[21] P.J. Zhang and U.L. Pen, Mon. Not. R. Astron. Soc. 367,
169 (20006).

[22] J. Weller and A. M. Lewis, Mon. Not. R. Astron. Soc. 346,
987 (2003); R. Bean and O. Dore, Phys. Rev. D 69,
083503 (2004); W. Hu and R. Scranton, Phys. Rev. D
70, 123002 (2004).

[23] Kazuya Koyama and Roy Maartens, J. Cosmol. Astropart.
Phys. 01 (2006) 016.

123504-5



