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Abstract. Peculiar motion introduces systematic variations in the observed luminosity distri-
bution of galaxies. This allows one to constrain the cosmic peculiar velocity field from large
galaxy redshift surveys. Using around half a million galaxies from the SDSS Data Release 7 at
z ∼ 0.1, we demonstrate the applicability of this approach to large datasets and obtain bounds
on peculiar velocity moments and σ8 , the amplitude of the linear matter power spectrum. Our
results are in good agreement with the ΛCDM model and consistent with the previously reported
∼ 1% zero-point tilt in the SDSS photometry. Finally, we discuss the prospects of constraining
the growth rate of density perturbations by reconstructing the full linear velocity field from the
observed galaxy clustering in redshift space.
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1. Velocities from the variation of observed galaxy luminosities
To linear order in perturbation theory, the observed redshift z of a galaxy typically

deviates from its cosmological redshift zc according to (Sachs & Wolfe 1967)

z − zc

1 + z
=

V (t, r)
c

− Φ(t, r)
c2 − 2

c2

∫ t0

t(r)
dt

∂Φ [r̂r(t), t]
∂t

≈ V (t, r)
c

,

where V is the (physical) radial peculiar velocity of the galaxy, r is a unit vector along
the line of sight to the object, and Φ denotes the usual gravitational potential. Here we
explicitly assume low redshifts such that the velocity V is the dominant contribution,
and we further consider all fields relative to their present-day values at t0 .

As the shift z−zc enters the calculation of distance moduli DM = 25+5 log10[DL/Mpc],
where DL is the luminosity distance, observed absolute magnitudes M differ from their
true values M (t) . We thus have

M = m − DM(z) − K(z) + Q(z) = M (t) + 5 log10
DL (zc)
DL (z)

,

where m is the apparent magnitude, the function Q(z) accounts for luminosity evolution,
and K(z) is the K-correction (Blanton & Roweis 2007). On scales where linear theory
provides an adequate description, the variation M −M (t) of magnitudes distributed over
the sky is systematic, and therefore, contains information on the peculiar velocity field.

Given a suitable parameterized model V (r̂, z) of the radial velocity field, the idea is
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now to maximize the probability of observing galaxies with magnitudes Mi given only
their redshifts and angular positions r̂i on the sky, i.e.,

Ptot =
∏

i

P (Mi |zi, V (r̂i , zi)) =
∏

i

(
φ(Mi)

/∫ M −
i

M +
i

φ(M)dM

)
,

where we assume that redshift errors can be neglected (Nusser et al. 2011), φ(M) denotes
the galaxy luminosity function (LF), and the corresponding limiting magnitudes M±

depend on V (r̂, z) through the cosmological redshift zc . Here the motivation is to obtain
a maximum-likelihood estimate of V (r̂, z) by finding the set of velocity model parameters
which minimizes the spread in the observed magnitudes.

Tammann et al. (1979) first adopted this approach to estimate the motion of Virgo
relative to the local group, and recently, Nusser et al. (2011) used it to constrain bulk
flows in the local Universe from the 2MASS Redshift Survey (Huchra et al. 2012).

2. Constraints on the cosmic peculiar velocity field at z ∼ 0.1
Galaxies from the Sloan Digital Sky Survey (SDSS) Data Release 7 (Abazajian et al.

2009) probe the cosmic velocity field out to z ∼ 0.1. Here we report results obtained
from applying the luminosity method to a subset of roughly half a million galaxies (for
additional details, see Feix et al. 2014).

Data. In our analysis, we used the latest version of the NYU Value-Added Galaxy Cat-
alog (NYU-VAGC; Blanton et al. 2005). Giving the largest spectroscopically complete
galaxy sample, we adopted (Petrosian) 0.1r-band magnitudes, and chose the subsample
NYU-VAGC safe to minimize incompleteness and systematics. Our final sample con-
tained only galaxies with 14.5 < mr < 17.6, −22.5 < Mr − 5 log10 h < −17.0, and
0.02 < z < 0.22 (relative to the CMB frame). In addition, we employed a suite of galaxy
mock catalogs mimicking the known systematics of the data.

Radial velocity model. We considered a bin-averaged velocity model Ṽ (r̂) in two red-
shift bins, 0.02 < z < 0.07 and 0.07 < z < 0.22. For each bin, the velocity field was
further decomposed into spherical harmonics, i.e.

alm =
∫

dΩṼ (r̂)Ylm (r̂), Ṽ (r̂) =
∑
l,m

alm Y ∗
lm (r̂), l > 0,

where the sum over l is cut at some maximum value lmax. Because the SDSS data cover
only part of the sky, the inferred alm are not statistically independent. The impact of the
angular mask was studied with the help of suitable galaxy mock catalogs. The monopole
term (l = 0) was not included since it is degenerate with an overall shift of magnitudes.

LF estimators. Reliably measuring the galaxy LF represents a key step in our approach.
To assess the robustness of our results with respect to different LF models, we analyzed
the data using LF estimators based on a Schechter form and a more flexible spline-based
model, together with several combinations and variations thereof. For simplicity, we also
assumed a linear dependence of the luminosity evolution with redshift.

Bulk flows and higher-order velocity moments. Accounting for known systematic er-
rors in the SDSS photometry, our “bulk flow” measurements are consistent with a stan-
dard ΛCDM cosmology at a 1–2σ confidence level in both redshift bins. A joint analysis
of the corresponding three Cartesian components confirmed this result. To characterize
higher-order moments as well, we further obtained direct constraints on the angular ve-
locity power spectrum Cl = 〈|alm |2〉 up to the octupole contribution. The estimated Cl

were found compatible to be with the theoretical power spectra of the ΛCDM cosmology.
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Figure 1. Raw estimates of σ8 obtained from the NYU-VAGC: shown is the derived Δχ2 as a
function of σ8 for both redshift bins (left panel) and the first redshift bin with 0.02 < z < 0.07
only (right panel), adopting different estimators of the LF (solid, dashed, and dotted lines).
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Figure 2. Distribution of σ8 estimated from mock galaxy catalogs: shown are the recovered
histograms (black lines) and respective Gaussian fits with (solid lines) and without (dashed
lines) the inclusion of a systematic (randomly oriented) tilt in the galaxy magnitudes, using the
information in both redshift bins (left) and the bin with 0.02 < z < 0.07 only (right).

Constraints on σ8 . Assuming a prior on the Cl as dictated by the ΛCDM model with
fixed Hubble constant and density parameters, we independently estimated the parameter
σ8 which determines the amplitude of the velocity field. Due to the presence of a dipole-
like tilt in the galaxy magnitudes (Padmanabhan et al. 2008), the obtained raw estimates
of σ8 were expected to be biased toward larger values (Fig. 1). After correcting for this
magnitude tilt with the help of our mocks (Fig. 2), we eventually found σ8 ≈ 1.1±0.4 for
the combination of both redshift bins and σ8 ≈ 1.0±0.5 for the low-z bin only, where the
low accuracy is due to the limited number of galaxies. This confirms our method’s validity
in view of future datasets with larger sky coverage and better photometric calibration.
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3. Toward constraints on the linear growth rate
A very interesting aspect of our luminosity-based approach is the possibility to place

bounds on the growth rate of density perturbations, β = f(Ω)/b (where b is the linear
galaxy bias), by modeling the large-scale velocity field directly from the observed cluster-
ing of galaxies in redshift space (Nusser & Davis 1994). Such bounds are complementary
to and — regarding ongoing and future redshift surveys — expected to be competitive
with those obtained from redshift-space distortions (Nusser et al. 2012).

To get an idea of how well the method could constrain β at z ∼ 0.1 from SDSS galaxies,
we used mocks generated from the Millennium Simulation (Springel et al. 2005; Henriques
et al. 2012) to create full-sky catalogs which otherwise shared all characteristics of the
real SDSS data. Adopting a radial velocity model proportional to the true one smoothed
over spheres of 10h−1 Mpc radius, the luminosity method was applied to samples with
around 2 × 105 galaxies and correctly recovered the velocity field. The error on the
proportionality constant typically yielded ±0.2–0.3 if only the contribution of multipoles
with l > 25 (an appropriate value for the SDSS geometry) is taken into account. Assuming
an accurate velocity reconstruction for these modes, we expect a similar situation for β.
A further complication is that the angular mask may introduce bias as a consequence of
multipole mixing. This and other technical issues mainly related to the reconstruction of
the velocity field are currently under detailed investigation.

4. Outlook
Current and next-generation spectroscopic surveys are designed to reduce data-inherent

systematics because of larger sky coverage and improved photometric calibration in
ground- and space-based experiments (e.g, Levi et al. 2013; Laureijs et al. 2011). The
method considered here does not require accurate redshifts and can be used with photo-
metric redshift surveys such as the 2MASS Photometric Redshift catalog (2MPZ; Bilicki
et al. 2014) to recover signals on scales larger than the spread of the redshift error.

Together with our results, these observational perspectives give us confidence that
the luminosity-based method will be established as a standard cosmological probe, in-
dependent from and alternative to the more traditional ones based on galaxy clustering,
gravitational lensing and redshift-space distortions.
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