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The Copernican principle, a cornerstone of modern cosmology, remains largely unproven at Gpc
radial scale and above. Violations of this type will inevitably cause a first order anisotropic kinetic
Sunyaev Zel’dovich (kSZ) effect. Here we show that, if large scale radial inhomogeneities have
amplitude large enough to explain the “dark energy” phenomena, the induced kSZ power spectrum
will be orders of magnitude larger than the ACT/SPT upper limit. This single test rules out the void
model as a viable alternative to dark energy to explain the apparent cosmic acceleration, confirms the
Copernican principle on Gpc radial scale and above and closes a loophole in the standard cosmology.
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Introduction.—The Copernican principle has been a
fundamental tenet of modern science since the 16" cen-
tury and is also a cornerstone of modern cosmology. It
states that there should be no special regions in the uni-
verse and hence our universe should be homogeneous at
sufficiently large scales. Cosmic microwave background
(CMB) observations verify the statistical homogeneity in
angle on our celestial sphere [1]. Galaxy surveys verify
the radial homogeneity up to the Gpe scale [2]. However,
radial homogeneity at larger scales remains unproven.

Testing the Copernican principle is of crucial impor-
tance for fundamental cosmology. If the Copernican prin-
ciple is violated such that we live in or near the center
of a large void as described by a Lematre-Tolman-Bondi
(LTB) space-time [3] in which the matter distribution is
spherically symmetric, the apparent cosmic acceleration
[4, 5] can be explained without cosmological constant,
dark energy or modifications of general relativity [6].
Various tests of the Copernican principle have been pro-
posed [7H12] and joint analysis has been performed (e.g.
[13]). Here we propose a powerful single test which con-
firms the Copernican principle at Gpc scales and above.

The kSZ test.— A generic consequence of violating
the Copernican principle is that some regions will ex-
pand faster or slower than others and as photons tran-
sit between these regions there will be a relative motion
between the matter comoving frame! and CMB. When
relative motions between free electrons and photons exist
the inverse Compton scattering will induce a shift of the
brightness temperature of CMB photons via the kinetic
Sunyaev Zel’dovich (kSZ) effect |14]. This temperature
shift will be anisotropic on our sky tracing the anisotropy
of the projected free electron surface density. This test

1 The matter comoving frame coincides with the background de-
fined in synchronous gauge (goo = —1, go; = 0), which reads
ds? = dt? — (OR(r,t)/0r)2dr? /(1 + 2E(r)) — R?(r,t)dS.

of the Copernican principle has been applied to cluster
kSZ observations [, [11, [15], where the electron surface
density is high. However this effect applies to all free elec-
trons which exist in great abundance everywhere in the
universe up to the reionization epoch at redshift z ~ 10,
whereas clusters are rare above z ~ 1. So one can expect
a more sensitive test from blank field CMB anisotropy
power spectrum measurements than from cluster mea-
surements as has been demonstrated for the ”dark flow”
induced small scale kSZ effect [16]. The amplitude of the
effect is much larger for the proposed LTB models and
in conflict with recent observations. Furthermore this
power spectrum test limits flows on a much larger range
of redshifts than cluster measurements can.

When the Copernican principle is violated, the electron
peculiar motion ¢ has two components. ¥y is the relative
motion between the matter comoving frame and CMB
and U7, is the local motion of electrons with respect to
the comoving frame. Correspondingly the induced kSZ
temperature fluctuation [14, [16] has two contributions,

AT (i) = ATL(R) + ATx(R) . 1)

The first term on the r.h.s is the conventional kSZ effect,

ATL(7) = Tems % /[1 + e (1, 2)]
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Here, n is the radial direction on the sky. 7. is the mean
Thomson optical depth to the corresponding redshift and
0o is the fractional fluctuation in the free electron num-
ber density. Both ¢, and §, fluctuate about zero, and
cancellations along the line-of-sight cause the small scale
anisotropy power spectrum to be dominated by terms cu-
bic and higher in the amplitude of the inhomogeneities
[17, [18]. The last term in Eq. [ is new and does not
vanish in a non-Copernican universe,
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The last expression neglects the [ ¥y - fdre term, which
has no direction dependence in LTB models in which we
live at the center, and is therefore not observable. Uy
varies slowly along radial direction and does not suffer
the cancellation of ¥, in the conventional kSZ effect. The
small scale anisotropy power spectrum will be quadratic
in the amplitude of d, (which does fluctuate about zero)
so we can say that AT/T is first order in the density
fluctuations. Throughout this paper, unless otherwise
specified, we will focus on this linear kSZ effect. We
restrict ourselves to adiabatic voids in which the initial
matter, radiation, and baryon densities track each other.
This is what one would expect if baryogenesis and dark
matter decoupling occurs after the process which gener-
ates the void inhomogeneity. Non-adiabatic voids can
in some case suppress vy |19]. We also restrict our-
selves to small voids outside of which both matter and
radiation are homogeneous. Adding additional inhomo-
geneities will generically lead to larger values of vgy.

To explain the dimming of SNe-Ta and hence the ap-
parent cosmic acceleration without dark energy and mod-
ifications of general relativity, we shall live in an under-
dense region (void) of size 2 1h~!Gpc, with a typical
outward velocity vg 2 10* km/s (e.g. [11]). Given the
baryon density Q,h? = 0.0240.002 from the big bang nu-
cleosynthesis [20], 7 > 1073. Scaling the observed weak
lensing rms convergence x ~ 1072 at ~ 10 arcminute
scale |22], the rms fluctuation in d, projected over Gpe
length is 2 0.1 at the same angular scale. Hence such
a void generates a kSZ power spectrum AT3 2 80uk?
at these angular scales. This is in conflict with recent
kSZ observations. The South Pole telescope (SPT) col-
laboration [23] found AT? < 13uK? (95% upper limit)
at multipole ¢ = 3000 (~ 7 arcminutes). The Atacama
cosmology telescope (ACT) collaboration |24, [25] found
AT? < 8uK? (95% upper limit) at the same angular
scale. This simple order of magnitude estimation demon-
strates the discriminating power of the kSZ power spec-
trum measurement. It implies that a wide range of void
models capable of replacing dark energy are ruled out.
This also demonstrates how purely empirical measure-
ments of CMB anisotropies and the large scale structure
(e.g. weak lensing) can in principle be combined to limit
non-Copernican models without any assumptions of how
the inhomogeneities vary with distance.

We perform quantitative calculation for a popular void
model, namely the Hubble bubble model ([€] and refer-
ences therein). In this model, we live at the center of a
Hubble bubble of constant matter density 2y < 1 embed-
ded in a flat Einstein-de Sitter universe (€, = 1). The
void extends to redshift zeqge, surrounded by a compen-
sating shell (zedge < # < Zout) and then the flat Einstein-
de Sitter universe (z > zout). The kSZ effect in this uni-
verse has two components, (1) the linear kSZ arising from
the large angular scale anisotropies generated by matter
(a) inside the void, (b) in the compensating shell, (c) out-

side the void; (2) the conventional kSZ effect quadratic
in density fluctuation |18] and the kSZ effect from patchy
reionization [26]. The contributions of each of these to
the anisotropy power spectrum are uncorrelated. Hence
the ACT/SPT measurements put an upper limit on the
total. The later contributes at least 5uK? [27], so what is
left for the first component is less than 3uK2. However,
we will test the Copernican principle in a conservative
way, by requiring the power spectrum of the first com-
ponent generated by matter inside the void to be below
the ACT upper limit 8uK? at ¢ = 3000.

For a general Hubble bubbles vy is determined by both
Doppler and Sachs-Wolfe anisotropies generated by the
void and depends qualitatively on the size of the void [§]
. It is only small Hubble bubbles (technically zedge < %)
which are consistent with both the SNe data and the
spectrum of the CMB |§] and for these small Hubble bub-
bles a simple Doppler formula can be used [2§]

DA,CO (Z)

o) = [(z) — H el

(4)
where, Hj(z) is the Hubble expansion rate inside the void
as a function of redshift, H, gives the Hubble expansion
rate exterior to the void at the same cosmological time,
Da co(z) is the comoving angular diameter distance to
redshift z. The above expression is valid in the limit of
|vg| < c. Later we will see that void models which pass
the proposed kSZ test satisfies this condition.

The auto power spectrum at multipole ¢ generated by
the linear KSZ effect inside of the Hubble bubble, using
the Limber approximation, is

Zedge 2
20 _ o [Pt [ wm(z)
aTRE) = @] [T (5)
Ag(DAﬂfo(z)vz) dre/dz 2cDA_m(z) &
0.12 0.001 2]

Here A2(k, z) is the electron number overdensity power
spectrum (variance) at wavenumber k and redshift z.
Henceforth we assume that A2 = A2 where A2 is the
matter power spectrum (variance), which is a sufficiently
good approximation at the scales of interest.

It is non-trivial to calculate AZ in general LTB
models, even at linear scales as locally the expansion
rate is anisotropic so the inhomogeneities will have an
anisotropic power spectrum (refer to [21] for a linear per-
turbation treatment). We take a minimalist’s approach
to circumvent this obstacle. The measured matter clus-
tering and its evolution agree with the standard ACDM
[22, 29-31] to z ~ 1, so do the galaxy clustering and
evolution [32]. Hence the density inhomogeneities in any
viable LTB models must be consistent with the ACDM
prediction, within a factor of ~ 2 observational uncer-
tainty. This allows us to approximate A2 in the LTB
models to be that of the standard ACDM model. We
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FIG. 1: The kSZ power spectrum (black curves having con-
stant AT#) at multipole £ = 3000 in the Hubble bubble uni-
verse. The thick black line highlights the ACT 95% upper
limit, AT? < 8uK? [25]. The kSZ test alone rules out large
voids with low density and strongly supports the Copernican
principle at Gpc scale and above. The dashed and dotted
contours are the 2-0 and 3-o constraints from the UNION2
supernova data |35]. The kSZ test robustly excludes the void
model as a viable alternative to dark energy.

adopt Q,, = 0.27, Qp =1 — Qp, O, = 0.044, 0g = 0.84
and h = 0.71 and calculate the linear density clustering
using the CMBFAST package [33], the nonlinear cluster-
ing from the halofit formula [34] and the kSZ power spec-
trum from Eq. In this procedure, we have assumed
that these LTB models agree with existing matter clus-
tering measurements. Certainly they may not. So the
proposed kSZ test is a conservative test of the Coperni-
can principle.

Constraints on the void model.— The ACT/SPT
upper limit rules out large voids with low density (Fig.
). Only those voids either with Qp — 1 (¢ 2 0.8)
Or Zedge —+ 0 (zedge < 0.2, corresponding to void radius
< 0.6h~1Gpce) survive this test (Fig. [d). This is by far
the most stringent single test of the void models and the
Copernican principle at Gpc scale and above.

The kSZ test is highly complementary to other tests
such as the supernova test.2 We have improved the SNe

2 Another complementary test is the structure growth test. Hub-
ble bubble models consistent with the ACT result predict f =
dlnD/dIna > 0.98 at z = 0.7-0.8, contradicting with recent
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FIG. 2: The maximal deviation from the overall expansion
allowed by the ACT observation, for each mass shell of Az =
0.4, which corresponds to 1h~*Gpc at z ~ 0, 0.7h~'Gpc at
z ~ 1 and 0.5h"'Gpc at ~ 2.

Ta constraints in [§] by using the UNION2 data with 557
SNe Ia [35]. The minimum y? is 605.4. Hubble bubble
models within 3¢ contour have typical AT3 > 103uK? at
£ = 3000, two orders of magnitude larger than the ACT
upper limit 8K? [25], so they are robustly ruled out. On
the other hand, Hubble bubble models consistent with
the ACT result have Ax? > 195 (x? > 800) for the SNe
Ta test and hence fail too. Thus in combination with SNe
Ia observations, all Hubble bubble models are ruled out.

The above numerical calculation performed for the
Hubble bubble model justifies our previous order of mag-
nitude estimation on void models in general. This leads
to a general conclusion that adiabatic void models capa-
ble of explaining the supernova Hubble diagram generate
too much power in the kSZ sky to be consistent with the
ACT/SPT upper limit. This conclusion is robust against
various uncertainties in the kSZ modeling and measure-
ment. Hence we rule out the possibility to explain the
apparent cosmic acceleration by these voids. This con-
firms that the observed apparent cosmic acceleration is
indeed real and has to be caused by either an unknown
dark energy component or modification of general rela-
tivity.

measurements [29, 31]. Here, D is the linear density growth
rate.



Constraints on the Hubble flow.— Still, violation
of the Copernican principle less dramatic than the above
void models can in principle exist. For example, there
could be large scale density modulation on the ACDM
background. As long as the amplitude of the modula-
tion is sufficiently small, it can pass the supernova test
and the structure growth rate test. However, if unac-
counted, it could bias the dark energy constraint. The
kSZ test is able to put interesting constraint on this type
of violation. We take a model independent approach and
parameterize the violation of the Copernican principle by
AH(z), the deviation of the Hubble expansion of a mass
shell of size Az centered at redshift z from the overall
expansion of the background universe. The ACT result
constrains [AH (z)/H (z)| S 1% for each mass shell of ra-
dial width ~ 1h~1Gpc (Fig. B)). This estimation neglect
contributions from other mass shells so the actual con-
straint is tighter. This test can be carried out on each
patch of the sky to test the isotropy of the Hubble flow.

The above test is not able to determine at which red-
shift a violation of the Copernican principle occurs, since
the kSZ power spectrum is the sum over all contribu-
tions along the line-of-sight and hence has no redshift
information. This problem can be solved with the aid of
a survey of the large scale structure (LSS) with redshift
information.

The basic idea is the same as the one proposed by [16]
to probe the dark flow through the kSZ-LSS density dis-
tribution two point cross correlation. This cross correla-
tion is non-zero only in non-Copernican Universes, since
the velocity v varies slowly over the clustering length of
the LSS and since the linear kSZ effect is linear in den-
sity. Since the cross correlation vanishes for the conven-
tional kSZ effect, a non-vanishing cross correlation signal
can serve as a smoking gun of violation of the Coperni-
can principle. The thermal SZ (tSZ) contaminates the
measurement. However, it can be largely removed by
spectral fitting or observing at its null: 217 GHz. Since
the redshift surveys can map the LSS with much higher
S/N than kSZ measurements, this cross correlation can
achieve much higher S/N than the kSZ auto-correlations.
We thus expect that small scale CMB anisotropy sur-
veys, such as ACT and SPT, in combination with deep
LSS surveys [36] will be able to put more stringent con-
straints on violations of the Copernican principle at each
redshift and each direction of the sky.
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