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1. Introduction

Perivolaropoulos [2] lists six puzzles (i. e. anomalieshat 2o level and beyond) foACDM
cosmology. Most of these anomalies refer to non-linearescahere the well-established frame-
work of linear perturbation theory cannot be applied andhleel prediction must thus be inferred
from methods likeN-body simulations. As an anomaly on linear scales, Pernigplaulos [2] men-
tions the recently reported peculiar velocity anomaly fonOth~*Mpc) [3, 4, 5]. These scales
allow for a robust theoretical treatment within linear pépation theory. Watkins et al. [3], inves-
tigating a Gaussian window of diameter hH0&Mpc, report a coherent bulk motion of galaxies of
(407+ 81) km/s, which significantly exceeds tHeCDM expectation of roughly= 200 km/s. In
the following, we shall concentrate on this observation nvitlestrating quantitative estimations.
A drastic value of 600-1000 km/s is reported by Kashlinskglef5] on even much larger scales
(of ~ 30th—*Mpc).t Although the evidence is still weak today, the observatitnstrate that the
peculiar velocity anomaly could become important in theifet

It might thus prove instructive to ask which modificationsthe cosmological concordance
model would resolve the peculiar velocity anomaly. As theutiar velocity field originates from
the growth of structure, it is a natural idea to investigte ¢ffect of modified growth histories.
These modifications, however, have to be chosen such thaefunbservational constraints are
still respected. ThHACDM model in conjunction with a nearly scale-invariant poirdial spectrum
of perturbations is in good agreement with observationg1efGMB and with current data from
galaxy, weak lensing, Lyman; and supernova la surveys [7, 8, 9, 10, 11, 12]. In this takk, w
illustrate that enhanced growth of perturbations in re¢enés could lead to the reported large
peculiar velocities without losing agreement with the aaventioned observational constraints.
Specific proposed models have already been studied withdrégaheir potential of resolving the
peculiar velocity anomaly [13, 14, 15]. In this talk, howewse shall focus on very general and
basic arguments that we quantitatively illustrate with @gto parametrization.

2. Peculiar Velocitiesand Linear Perturbation Theory

We shall see in the following why the peculiar velocity andyndoes not only concern the
concordance model but also the most popular competitiveetaod hebulk flowu is defined as
the average of the peculiar velocity fiel@k) in a windowW. A cosmological model determines
the statistics of the bulk flow, in particular the mean sqL(a:?e}. Introducing the peculiar velocity
power spectruni®, (k) (assuming statistical homogeneity and isotropy), we matewr

(Viva) = (2m°R(K)53 (k — ) (2.1)
and consequently for a spherically symmetric window,

() = Z—Isz/omde@P\,(k) R (k) 2. 2.2)

IDue to an active discussion on whether this result is radiadl not, we do not use it for any quanti-
tative analysis. If the reader wishes to form his own opinitl® may be interested in reading the compan-
ion paper [6] and the discussion on Wrightlsttp://www.astro.ucla.edu/"wright/ ) and Kashlinsky's
(http://lwww.kashlinsky.info ) homepages.
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The continuity equation in the Newtonian limit links the péar velocity field to the growth of the
density contrasd(x) of matter perturbations,

& = —ik - Vi, (2.3)

where a dot is used for the derivative with respect to conébtime. In linear perturbation theory,
this equation can be used to relate the peculiar velocityepepectruni, (k) to the matter (density)
power spectrunis(k):
f2H?

Ri(k) = 7P5(k), (2.4)
with the growth factorf and the physical Hubble parametdr According to this equation, for a
cosmological model to predict significantly larger bulk flvit must produce considerably higher
values off or Ps. We shall now give some general arguments why this is exgeudeto work
for ACDM'’s main competitors. In models of uncoupled dark enengy modified gravity,f can
be approximated by = Q! [16]. The range in whicly varies for different models is by far too
narrow for predicting the observed bulk flows. For uncoupladk energy modelss shows only
small dependence on the equation of stat&or modified gravity, the variation reaches only up to
~ 20% [17]. The power spectrui®s, on the other hand, is constrained on a large range of scales
once a cosmological model is chosen and the primordial spads assumed to be nearly scale-
invariant. Taken together, these limitations cause thenti reported bulk flow observations to
challenge a large class of cosmological models.

The reason of this general result is that in models of un@mugark energy, the nature of dark
energy essentially varies the expansion history and tiyepaly indirectly the growth of pertur-
bations. Similar expansion histories typically lead toiamgrowth histories. A natural way of
profoundly resolving this approximate degeneracy is tosm®sr models of coupled dark energy
[18, 19, 20, 21, 22, 23, 24]. In these models, extra forces enénance the growth of matter pertur-
bations, especially in recent times where dark energysstatbecome important. This can lead to
a significantly larger present value of the growth factoif the enhanced growth has started very
recently, the change in the amplitude of perturbations tjiessh by P5; may be moderate and thus
still in agreement with observational constraints fromagglsurveys.

A completely different approach would be to keep the dynamicchanged and to modify
the primordial spectrum of perturbations instead. In otdereproduce the observed large bulk
flows while remaining consistent with the constraints ingzbby the CMB, a huge amplification
of power would be needed on scales outside the horizon (agathymotivation might be pre-
inflationary inhomogeneities [5]). Bearing in mind the laafdarge-scale power in the CMB [25,
26, 27], however, a decrease of primordial power on verelamales is seemingly rather expected
than a strong increase.

3. A Rough Parametrization

In order to illustrate the ability of scenarios includingeat growth of perturbations to resolve
the peculiar velocity anomaly, we employ a very rough pataaeion without any ambition of
providing a realistic cosmological model. We simply keepACDM background expansion fixed
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and amplify the Newtonian gravitational potentialby a factor ofa in recent timez < z,. This
corresponds to writing the Poisson equation as

— KDy, = o x ANGa Pmdx. (3.1)

We restrict this modification to large scales- k., where we choosk, to be the typical scale of
the bulk flow measurement [3], i. k, = 17/R for R= 50h~1Mpc.

We may imagine a physical scenario such as growing neutrimiaegsence [20, 21] where the
extra forces (in this case between dark energy and the nes}riead to an additional gravitational
potential on large scales. Equation (3.1) would then be g rargh imitation of such a behav-
ior. For the numerical implementation and the comparisaih wbservational constraints, we use
MGCAMB [28] andcosMoMC[29].

Our results are then obtained as follows. For range of vdtres, we numerically find values
for a such that the expected bulk flow from Eq. (2.2) is i &greement with observation [3].
This gives the shaded region in Fig. 1(a). Obviously, thelditgition a needs to be much larger
than unity if we choose a very recent switch-on redshift As our parametrization only affects
large scale& > k., we may ignore observational constraints on smaller s¢hjesan-« and weak
lensing). The CMB likelihood from WMAPS5 only marginally detes from theACDM value. A
constraint that remains important is the observation ofntiagter power spectrum by the SDSS.
The corresponding likelihoods are shown in Fig. 1(b). Weeoles that switch-on redshiftg > 1
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Figure 1. (a) Parameters consistent with the observed bulk flow. (8 SBSS DR?7 likelihoods for the

corresponding parameters together with the 1 aod®drders (grey dashed) and th€DM best-fit value
(violet dotted).

are excluded by the SDSS DR7, which means that the assumedfexdes should have become
important only recently. If they are linked to dark energyz 0.4 is expected to be a characteristic
time (there, we have equality of matter and dark energyQM).

Additionally to peculiar velocities, the ISW effect is a peof the growth of perturbations,
too. In fact, the ISW effect was observed with an amplitudeuabwyo times larger than expected in
ACDM [30]. This result could be related to the anomalouslgéaboulk flows [3]. Not surprisingly,
the amplitude of the ISW effect and the likelihoods incredisee adopt our parametrization of
recent growth (3.1) with the parameter values of Fig. 1(ag tis reach better agreement with
observation.
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4. Discussion

We have assumed that the peculiar velocity anomaly is nbajagatistical coincidence or due
to an unexpected feature of the primordial perturbatioretspm but in fact points to new physics.
We have argued that, in this case, a scenario with enhanoedigof perturbations in recent times
(e. g. mediated by an extra force) is a natural candidaten Nt a very rough parametrization of
this recent growth, the reported large bulk flows can be dyred while we remain in agreement
with observational constraints (and even reach an imprewerfor the ISW effect). We expect
this general result to also apply to realistic cosmologmabels including extra forces. Since our
results suggest that these extra forces should have beagpoetant only recentlyz< 1), one may
speculate about a connection to the physics of dark energy.
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