of the
ROYAL ASTRONOMICAL SOCIETY

Mon. Not. R. Astron. Soc. 420, 447-454 (2012)

doi:10.1111/5.1365-2966.2011.20050.x

Cosmic flows in the nearby universe from Type Ia supernovae

Stephen J. Turnbull,'* Michael J. Hudson,!> Hume A. Feldman,? Malcolm Hicken,*
Robert P. Kirshner* and Richard Watkins’

! Department of Physics and Astronomy, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada

2 Perimeter Institute for Theoretical Physics, 31 Caroline Street North, Waterloo, Ontario N2L 2Y5, Canada
3Department of Physics & Astronomy, University of Kansas, Lawrence, KS 66045, USA
4Harvard—Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA

3 Department of Physics, Willamette University, Salem, OR 97301, USA

Accepted 2011 October 20. Received 2011 October 13; in original form 2011 August 17

ABSTRACT

Peculiar velocities are one of the only probes of very large scale mass density fluctuations
in the nearby Universe. We present new ‘minimal variance’ bulk flow measurements based
upon the ‘First Amendment’ compilation of 245 Type Ia supernovae (SNe) peculiar velocities
and find a bulk flow of 249 4+ 76kms~! in the direction I = 319° 4+ 18°, b = 7° + 14°. The
SNe bulk flow is consistent with the expectations of A cold dark matter (ACDM). However,
it is also marginally consistent with the bulk flow of a larger compilation of non-SNe peculiar
velocities. By comparing the SNe peculiar velocities to predictions of the /RAS Point Source
Catalogue Redshift Survey (PSCz) galaxy density field, we find 9&55 og1in = 0.40 £ 0.07,
which is in agreement with ACDM. However, we also show that the PSCz density field fails
to account for 150 £ 43 kms~! of the SNe bulk motion.

Key words: supernovae: general — cosmological parameters — cosmology: observations —

dark matter — large-scale structure of Universe.

1 INTRODUCTION

In the standard cosmological model, gravitational instability causes
the growth of structure and peculiar velocities. In the regime where
the perturbations are linear, there is a simple relationship between
density and peculiar velocity (Peebles 1993):
f (s, r-r

v(r)_47t/0 drS(r)‘r/_rP, (D)
where the growth factor f is equal to 2% in flat A cold dark matter
(ACDM) models (Linder 2005), § is the normalized mass density
fluctuation field, § = (o — p)/p, and r are coordinates in units of
kms~!.

Given set of peculiar velocities, one can define a bulk flow as their
average velocity; ideally the peculiar velocity tracers are dense and
numerous enough that the resulting average is representative of
the velocity of the volume. The bulk flow is then primarily due
to structures on scales larger than the volume over which the bulk
flow is measured (see appendix A of Juszkiewicz, Vittorio & Wyse
1990, for a derivation). Hence, bulk flows are probes of the large-
scale power spectrum of matter density fluctuations.

The ACDM model, once normalized by 7-year Wilkinson and
Microwave Anisotropy Probe (WMAPT; Larson et al. 2011) obser-
vations of the cosmic microwave background (CMB), fully specifies
the rms fluctuations of § on all scales, and hence the cosmic rms of
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bulk flows (Watkins et al. 2009). While most studies of bulk flows
agree on the general direction of the flow, there is some disagree-
ment as to the amplitude and scale. Watkins et al. (2009) applied
a ‘minimal variance’ (MV) weighting scheme to a compilation of
4481 peculiar velocity measurements. Their results correspond to a
sample with an effective Gaussian window of 50 2~! Mpc and show
a bulk flow of 407 & 81 kms~! towards [ = 287° +9°, b = 8° +
6°, which is in conflict with ACDM + WMAP7 at the 98 per cent
confidence level (CL). The most controversial bulk flow result is the
kinetic Sunyaev—Zeldovich (kSZ) flow dipole reported by Kashlin-
sky et al. (2010), who found a bulk flow of the order of 1000 km s~!
in the direction of [ = 296° 4 28°, b = 39° £ 14° over a scale of
at least 800 ~~! Mpc. If correct, this result would strongly conflict
with ACDM + WMAPT.

Another approach to understanding large-scale motions is to try
to reconstruct the motion of the Local Group (LG) with respect to
the CMB (627 £ 22kms~! towards [ = 276° &+ 3°, b = 30° £
2°; Kogut et al. 1993) by measuring the distribution of galaxies
and calculating the peculiar velocity of the LG using equation (1).
Given the gravitational instability model of linear theory, the pre-
dicted velocity should converge to the measured CMB dipole for a
sufficiently large survey volume. The application of equation (1) is
difficult in practice because there are few redshift surveys that are
both all sky and deep. For example, Rowan-Robinson et al. (2000)
found that the predicted dipole from the /RAS Point Source Cata-
logue Redshift Survey (PSCz; Saunders et al. 2000) converged to
1324 of the CMB dipole by 30000kms~'. However, Basilakos
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& Plionis (2006) re-analysed the same data set and found that
significant power was required on large scales, which was missed
by the original analysis. Other studies have been based on the Two
Micron All Sky Survey (2MASS) Redshift Survey (2MRS; Huchra
et al. 2011): Erdogdu et al. (2006) and found probable conver-
gence, but Lavaux et al. (2010) concluded that convergence was
not obtained by 12000kms~!, and may not be until well beyond
20000kms~!. In another study, using only the infrared fluxes,
Bilicki et al. (2011) concluded that even at an effective distance
~300 /=" Mpc (K, < 13.5) the flux dipole had not converged.

In this paper, we use Type la supernovae (SNela) as our peculiar
velocity tracers. SNe have also been used as peculiar velocity probes
by a number of authors (Riess, Press & Kirshner 1995; Riess et al.
1997; Radburn-Smith, Lucey & Hudson 2004; Lucey, Radburn-
Smith & Hudson 2005; Pike & Hudson 2005; Haugbglle et al.
2007; Colin et al. 2011; Dai, Kinney & Stojkovic 2011; Weyant
etal. 2011).

An outline of this paper is as follows. In Section 2, we introduce
the data sets that were used. Section 3 presents the bulk flow of the
SNe, using both simple weighting schemes and the ‘MV’ scheme
of Watkins et al. (2009). Section 4 compares individual SN peculiar
velocities to the predictions of the /RAS PSCz density field. We
discuss the implications of our results in Section 5 and present our
conclusions in Section 6. Throughout, we adopt 2, = 0.3 and

Q4 = 0.7, and quote distances in units of km sl

2 DATA AND CALIBRATION

In this study, three primary data sets of nearby SNe (with distances
less than 20 000 km s~!) are combined.

We refer to the first of these data sets as the ‘Old’ sample, and
it contains 106 SNe, the youngest being from 2002, drawn from
two sources: Jha, Riess & Kirshner (2007) and Hicken et al. (2009).
Of the SNe in the ‘Old’ sample, 34 are from Jha et al. (2007).
The remaining 72 SNe in ‘Old’ are from Hicken et al. (2009).
The second data set, which we refer to as ‘Hicken’, contains the
remaining 113 SNe from Hicken et al. (2009) after cutting objects
at distances larger than 20 000 km s~! and cutting two more objects
(sn2007bz and sn2007ba) because they deviated by more than 3¢
after the first round of fitting (as described below). The last set
is the recently released data set from ‘The Carnegie Supernova
Project” (CSP; Folatelli et al. 2010), containing 28 SNe. Two of
these objects were discarded due to our 20000kms~' distance
cut, leaving 26 usable SNe. The CSP’s reported uncertainties only
reflected the derived distance modulus residual spread. A second
intrinsic uncertainty(o sy) in the magnitude of the SNe was added in
quadrature by fitting a flow model and reducing the reduced x fit to
1.00. The intrinsic uncertainty was found to be 0.107 mag (slightly
smaller than the 0.12 mag found by the CSP due to cuts and the
additional free parameters of bulk flow). For further discussion of
the light-curve fitting, and consequences thereof, for the ‘Old’ and
‘Hicken’ data sets, see Appendix A.

We combine these three sets to create a new sample that we dub
the ‘First Amendment’ (A1) compilation which we consider to be
an extension to the ‘Constitution’ data set.'

!'The “Old’ and ‘Hicken’ sets combined resemble very closely the ‘Consti-
tution’ set from Hicken et al. (2009) in terms of which SNe are included.
The light-curve fitter used here multicolour light-curve shapes (MLCS2k2)
differs from that of the ‘Constitution’ data set spectral adaptive light-curve
template for Type Ia supernovae (SALT2).

Where the observed SNe in the data sets were known to be
contained within a cluster of galaxies, the redshift of the cluster was
used for the observed velocity distance rather than the redshift of the
SN itself. Substituting cluster velocities for SN velocities removes
a significant source of thermal noise as objects in clusters can have
a velocity rms of thousands of kms~!. This process was applied to
all the three data sets. For galaxies not in clusters, the redshift of
the host galaxy was used if the host galaxy redshift was recorded in
NASA/IPAC Extragalactic Database (NED), which occurred in all
but two cases. For the remaining two cases, we used the redshifts
of the SNe. Galactic longitudes and latitudes for the Carnegie set
were also taken from NED.

The A1 data set has a characteristic or uncertainty-weighted depth
of 58 h~! Mpc, where we define the characteristic depth to be

r/o?
IRV
where o is the total uncertainty in each SN’s peculiar velocity and
r are the coordinates in units of kms™".

In Fig. 1, we present our results, our raw data and the bulk flow
directions that other surveys have found in an Aitoff projection. In
Fig. 2, we present the A1 data set in a Hubble diagram divided into
its three subsets. For all three data sets, the intrinsic uncertainty of
SNe is the dominant source of error. Thus, for all our SNe, the per
cent error is approximately 6 per cent of the measured distance, with
the scatter for the ‘Old’ and ‘Hicken’ subsets being larger.

@

T

3 BULK FLOW

In this section, we discuss the bulk flow, which is the simplest
statistic that can be derived from a peculiar velocity survey.

3.1 Methods

We use two methods to measure the bulk flow. The first is a max-
imum likelihood (ML) method that minimizes the measurement
uncertainties. The ML method is the traditional method used, and
we consider it in order to compare new results with previous ML
results. However, ML methods have the disadvantage of returning
the bulk flow of a specific sparse sample of peculiar velocity tracers
rather than the bulk flow of a regular volume. Comparisons be-
tween ML results are complicated by the different spatial sampling.
Instead, what is of greater interest is the bulk flow of a standard-
ized volume. To estimate this, we calculate the ‘minimum variance’
(MV) bulk flow as first introduced by Watkins et al. (2009).

3.1.1 Maximum likelihood

In general, we fit a simple flow model (vpeq) to the SNIa peculiar
velocity data. In the case of the bulk flow V in the CMB frame, this
flow model reduces to the radial component of the bulk flow vector
for each SN, i.e.

Upred,i = V. ?ia (3)

where 7; is the unit vector pointing to each SN.

In the ML method, the weights are simply determined by the total
uncertainty on the peculiar velocity of each object. Uncertainties
in the observed peculiar velocity can be approximated well by a
Gaussian, in which case the ML solution can be approximated by
the following x?:

2 _ Z [Czobs.i - (ri2+ vpred,i)]2 i (4)

i i

X
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Figure 1. An Aitoff projection of our data with circles (asterisks) representing SNe with peculiar velocities towards (away from) the LG. Larger symbols
represent larger peculiar velocities in accordance with the scale shown top and bottom left. Also plotted in triangles are the direction motion of the LG with
respect to the CMB, the Watkins et al. (2009) bulk flow direction, the kSZ bulk flow direction of Kashlinsky et al. (2010) (labelled KAEEK), and our new
results (labelled SNBF for the bulk flow results from Section 3 and SNRF for the residual flow discussed in Section 4).
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Figure 2. A Hubble diagram showing the three subsets that make up the A1
data set: “‘Old’ (red filled circles), ‘Hicken’ (Blue stars) and ‘Carnegie’ (green
triangles). The error bars can be seen to be approximately constant in the log
log diagram, or increasing proportionally to the distance, as to be expected
with the dominant error in most cases being the intrinsic uncertainty in SNe.

where czoys is the observed redshift in kms™', r; is the distance

converted from the reported distance modulus in kms™!, VUpred,i 18
the model velocity we are trying to measure as predicted for SNe i
and o; is the total uncertainty on the peculiar velocity of object i in
units of kms~!. This total uncertainty is the quadrature sum of the
measurement error o, ;, the intrinsic uncertainty on SN magnitude
osn (both converted from magnitudes to kms™') and a ‘thermal
noise’ term (o',) in units of kms~! due to uncertainties in the flow
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model, such that

o = Unzq.i +0g + T ®)
Note that since the oy term is converted from an uncertainty on
magnitude, it is proportional to the distance to the SN. oy is often
the dominant source of uncertainty since the thermal term is only
important in nearby SNe where the .2 ; and gy, terms are small. The
results are only weakly dependant upon the precise value chosen.
Here, where the flow model is a simple bulk flow, we set the thermal
noise to 250 km s~!, which is consistent with previous work. The
impact of this choice for the thermal noise is discussed in the results
below.

We let each subsample of the Al data set have a freely varying
independent Hubble term to identify degeneracies, to avoid under-
estimating final uncertainties and to account for the fact that each
subset may have slightly different calibration. None of the fits pre-
ferred a Hubble value that varied by more than 1 per cent from the
value drawn from the original sources.

3.1.2 Minimum variance method

While the ML method described above is the best estimator of the
bulk flow of a sparse sample, it is restricted, in that it can only really
characterize a particular survey that will have its own errors and
a specific and somewhat ill-defined geometry. The ML method is
also, in a sense, density sampled, with higher density regions being
more likely to contain a SN than voids. Most importantly, because
the weights in the ML method are determined by the uncertainty on
position in kms~!, ML methods can be dominated by nearby SN
that have smaller distance uncertainties.

To better approximate a volume-weighted bulk flow, we use the
prescription described in Watkins et al. (2009) to estimate the vol-
ume flow. Each SN is weighted so as to minimize the variance
between the bulk flow measured in the real sample and the bulk
flow as it would be measured in a perfectly sampled 3D Gaussian.
We adopt a Gaussian with an ‘ideal’ radius R; = 50 2~! Mpc. Ef-
fectively, weights are assigned to each SN based on their proximity
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Table 1. XZ for 3 d.o.f. for the surveys for 2, =
0.258. If the x? value is greater than 7.8, the two
surveys disagree at a greater than 95 per cent CL.
The probabilities reported are the 2 test probability
of agreement between the two.

Ry =50h~" Mpc
Survey >

X Probability
Old versus Hicken 0.173 98.2
Old versus Carnegie 2.293 51.4
Hicken versus Carnegie 1.369 71.3

to other SNe in the data set and on how they compare with an ideal
uniform sampling. This weighting scheme is specifically designed
to maximize sensitivity to large scales. The MV weighting scheme
has been tested using mock catalogues drawn from N-body simu-
lations by Agarwal et al. (in preparation), who demonstrate that the
recovered MV bulk flows are unbiased and have errors within the
range expected from linear theory.

3.2 Consistency of SN subsamples

Before analysis of the combined SN sample is undertaken, it is im-
portant to confirm that the data subsamples agree with one another.
We calculate a x? statistic for each pair of subsamples, following
the analysis of Watkins et al. (2009), which accounts for sparse
sampling effects. The y? statistic we use is given by the equation

1= AV Av), ©)
i

where AV is the bulk flow vector and C is the covariance matrix

taking into account the window functions of both surveys and the

power spectrum (see in equations 21— 23 of Watkins et al. 2009).

The results are shown in Table 1. In summary, we find that all three

subsamples are consistent with each other.

3.3 Results

In Table 2, we present a summary of the results from the bulk flow,
subdivided by data set and by weighting scheme. The ML bulk flow
for the A1 sample was found to be 197 £ 56 km s~! in direction / =
295° £16°, b =11° £ 14°. This is significantly different from zero
at the 99.9 per cent CL.

As discussed above, the ML method gives most weight to SNe
with the lowest errors in units of kms™!, i.e. the nearest SNe. In
order to reduce the impact of these nearby SNe, it is interesting
to redetermine the bulk flow excluding nearby objects. The middle
section of Table 2 shows the bulk flow using only SNe with 6000 <
d < 20000kms~!. This subsample indicates a slightly higher am-
plitude flow, albeit with larger error bars: 330 &= 120 km s~ towards
1=321°,b=20°.

Finally, the MV results shown in the third section of Table 2
should give the most robust estimates of the flow of a Gaussian
volume of radius 50 #~! Mpc. For the entire Al sample, the MV
flow is 248 + 87kms~! in the direction I = 319° +25°, b =7° +
13°.

These values are lower than the LG’s motion in the CMB frame,
indicating that some of the LG’s motion must come from structures
within our survey volume (such as the Virgo and Hydra—Centaurus
superclusters).

To investigate the sensitivity of our results to the value of the ther-
mal noise, we adjusted it by 100 km s~'. When so tested, the final
magnitude of the A1 sample MV flow only changed by £31 kms~'.

3.4 Bulk flow: cosmology and comparisons

It is interesting to compare our ML bulk flow result to that of Colin
etal. (2011), who apply a ML bulk flow fit to the Union2 catalogue
of SNela (Amanullah et al. 2010). The Union2 catalogue contains
557 SNe, of which 165 are within 30000 kms~'. The analysis of
Colin et al. (2011) yields a bulk flow velocity of 260 £ 150 kms~!
based on SNe within 18000kms~'. Our Al sample yields a ML
result of 196 + 55 km s~!, which is consistent with theirs. It must be
noted that the agreement between these results is not as significant
as might at first be assumed because there is significant overlap
between the data sets. However, Union2 uses SALT?2 rather than
MLCS2k2 (Ry = 1.7) to obtain SN distances from the light-curve
data.

Dai et al. (2011) also analysed the Union2 catalogue, splitting it
into two subsets. They defined a nearby set with 132 SNe at z <
0.05 for which they found a bulk flow of 188%}l5 kms™' towards
1 =290°"3), b = 20°"33 which also agrees well with our results.
The remaining 425 high-z SNe show no significant bulk flow. This
is expected since the peculiar velocity errors are typically 6 per cent
of the distance to the source, and for this distant sample the errors
per SN measured in kms~! are extremely large.

Another interesting recent analysis of all peculiar velocities is by
Watkins et al. (2009), who studied peculiar velocities mostly from
Tully—Fisher, Fundamental Plane and SNe. They found that those
subsamples had bulk flows consistent with each other.? They com-
bined the individual peculiar velocity samples into a ‘Composite’
sample of 4481 peculiar velocity tracers, which was found to have
a MV bulk flow in a Gaussian sphere of 50 Mpc radius (MV50) of
407 4 81 kms~! towards [ = 287° £ 9°, b = 8° % 6°. This result
is inconsistent with ACDM at the 98 per cent CL. However, their
sample is not independent of ours. 103 of the 108 SNe which make
up the ‘Old’ subset of Al are common to both A1l and Composite,
although the latter takes SN distances from Tonry et al. (2003).
When all SN data are removed from the ‘Composite’ data set, the
two surveys become completely independent and can be compared
using the same formalism described in Section 3 of this paper and
section 5.1 of Watkins et al. (2009). We find that the ‘Composite
excluding SNe” MV50 bulk flow and the A1 MV50 results are con-
sistent with each other, although the agreement is marginal: x> of
6.4 for 3 directional degrees of freedom (d.o.f.) yields a 9 per cent
probability that the two results are consistent.

Lastly, these results can be compared directly to the expectations
for a ACDM universe. A plot showing the expectations of the 1D
rms for perfectly sampled Gaussian sphere can be found in the top
three plots of fig. 5 from Feldman, Watkins & Hudson (2010). The
expectation for the 1D rms for a perfect Gaussian is 80kms™'.
When you take into account the sparse sampling of the real Al
data set, this rises slightly to 91.2km s~! assuming a o3 of 0.8 and
Qp, of 0.258.3 If you then include the propagation of measurement
uncertainties, the total expected rms for surveys equivalent to ours

2 Except for the brightest cluster galaxy sample of Lauer & Postman (1994),
which was excluded from further analysis.

3 In the rest of the paper, because SN distances are insensitive to the value
of Qm, we used Qp = 0.3. The predicted 1D rms drops slightly to 88.4 if
this slightly higher value of 2y, is used in the prediction.
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Table 2. Bulk flow for all three SNIa data subsets and the combined A1 set. For comparison, MV50 results from Watkins et al.
(2009) are also included. Note the uncertainties quoted for the ML method are the just propagated uncertainties from measurements;
the uncertainties for the MV method also include an approximation of additional noise due to non-uniform sampling. The final A1l

results are presented in bold for easy reference.

Number Mag P b° Vx (kms™1) Vy (kms™") V7 (kms™")
ML thermal noise = 250 km s~
Old 106 226 £ 76 307 £ 21 415 136 £ 76 —180 + 81 —35+59
Hicken 113 142 £ 85 283 £41 30 £ 37 27 +94 —120 + 96 71 +£78
Carnegie 26 260 + 140 330£ 170 76 £ 38 54 + 182 —35 + 230 250 £ 150
Al 245 196 £ 55 300 £ 17 15+ 14 94 £ 55 —165 + 58 50 + 44
ML thermal noise = 250kms~!, d > 6000 kms~!
Old 45 450 £+ 190 331 +£26 6421 390 + 200 —210 %+ 190 44 £ 160
Hicken 76 280 £ 180 313 £33 27 £ 25 170 £ 170 —180 %+ 190 130 £ 110
Carnegie 15 1132 £ 850 117 + 14 16 £ 20 —490 £+ 540 970 + 810 310 &+ 300
Al 136 330 £ 120 321 £20 16 £ 15 250 £ 120 —200 £+ 130 94 + 84
MV weighting R; = 50 2! Mpc, thermal noise = 250 km s~
Old 113 240 £ 110 318 £ 26 —4+21 180 £ 110 —160+ 110 —16=£86
Hicken 113 250 + 110 310 + 25 5420 160 £ 110 —190 £ 110 20 £ 85
Carnegie 28 250 £ 150 0+340 81443 40 £ 190 0+ 240 250 £ 150
Al 254 249 + 76 319+ 18 7+14 186 + 75 —162 £ 77 32+59
Watkins et al. (2009) 4481 407 £ 81 287 +9 8§+6 114 + 49 —387 £ 53 57 £37

at different locations in space is 121 km s~'. This prediction leads to
x?2 of 3.70 for 3 directional d.o.f. yielding a 70 per cent probability
that the A1 data set is consistent with ACDM.

4 PREDICTED GRAVITY FIELD

4.1 Introduction

The MV weighting scheme discussed above is designed to suppress
the effects of small-scale flows that would otherwise ‘alias’ power
into the bulk-flow statistic. An alternate method for removing the
effects of small-scale structure on flow measurements is to assume
gravitational instability and linear perturbation theory equation (1)
and to predict the peculiar velocities using a model of the density
field (derived from an all-sky galaxy redshift survey). The result
is a model-dependent correction to measured peculiar velocities
which can separate local effects from large-scale density waves
from outside the survey volume.

Suppose we have an all-sky redshift survey that extends to a
distance Ry.x. We will model the peculiar velocity of a given SN
located at position r by setting vyeq,; Of equation (4) to a function
with two terms:

B[R o a2
— d'r's,r'y———~ + U, @)
47t Jo

vpred(r)z |r,_r|3

where B = f/b, b is the linear bias between galaxy density and mass
density and U is the residual bulk flow of the volume being driven by
mass structure beyond R, . In principle, the residual velocities have
tidal (shear) and higher order terms. Feldman et al. (2010) measured
the tidal and higher order terms for the ‘Composite’ sample of
Watkins et al. (2009), but found them to be small. We neglect these
terms here and model the residual as a simple bulk flow U.

The first term of veq is the predicted peculiar velocity induced by
structure within the redshift survey volume (» < Ry.x). The model
is scaled by S to match the observed peculiar velocities of the
SNe tracers. The peculiar velocity data therefore yields information

© 2011 The Authors, MNRAS 420, 447-454
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about Q,, and b. The residual bulk flow U is the additional velocity
of the entire redshift survey volume in the CMB reference frame
and is presumably due to sources beyond Ry.x. In an ideal survey,
U would be completely independent of any structure within Ry,x.
This decoupling of U from § means that U can be used to test
consistency with ACDM 4 WMAP7 on large scales and 8 can do
so on smaller scales.

4.2 Data and method

The PSCz is both all sky and deeper than, for example, the 2MRS
(Huchra et al. 2011). Here we use the PSCz density field recon-
structed by Branchini et al. (1999). For our study, we applied the
same 20 000 km s~ limit to the PSCz as we applied to the SNe. The
PSCz density field in the supergalactic plane is shown in Fig. 3.

We fit the SN data using the same method as in Section 3.1.1, but
now with a new model as given by equation (7). Since the integral
is specified by the PSCz density field, the free parameters are
and the three components of U. Since the PSCz plus bulk flow is
a better flow model than a simple bulk flow, we reduce the thermal
component to 150 kms~!, which is consistent with previous studies
(Hudson et al. 2004).

4.3 Results

The results of the fits to each subset are given in Table 3. We find
that the results from independent subsets are consistent with each
other. For the Al sample, the magnitude of the residual bulk flow
was found to be 150 &= 43kms~! in direction [ = 345° £ 20°, b =
8° & 13°. This is significantly different from 0 at the 99.6 per cent
CL.

The value of g was found to be 0.53 £ 0.08, and is shown in
Fig. 4. The fit is sensitive to a single outlier, sn1992bh, for which
the PSCz prediction is rather high (1719 kms~'). Excluding this
SN, we find 8 = 0.57 £ 0.08.
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SGZ = 0 km s! plane

SGY (km s71)
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Figure 3. The supergalactic plane. The PSCz galaxy density field is shown
by the contours, predicted peculiar velocities as small black arrows and
measured SN positions as ‘tadpoles’ with dots showing measured positions
and tails showing the magnitude of the measured radial peculiar velocity.
The thick black contour corresponds to § = 0 (or contours where the density
is the mean universal density). The red (filled) SNe have peculiar velocities
away from the LG and the blue (open) SNe have peculiar velocities towards
the LG.

Again we investigated the sensitivity of these results on the
thermal noise term by changing it by £100kms~!. Again the
magnitude of the flow only changed by +20kms~', and the S
changed by £0.03.

4.4 Gravity field: cosmology and comparisons

As noted above, the residual bulk flow U is significantly different
from zero at the 99.6 per cent CL. This means that there are struc-
tures not found in the PSCz catalogue that contribute significantly to
the total peculiar velocity of the LG. As discussed in detail in Hud-
son et al. (2004), these structures could be missing from the PSCz
because they are (i) outside the survey volume (ii) in the zone of
avoidance or (iii) present but under-represented. The latter scenario
may arise because the IRAS (far-infrared) selection on which PSCz
is based is sensitive to dusty spirals, but less so to the mostly dust-
free early types. Lavaux & Hudson (2011), using the 6-degree Field
Galaxy Survey (Jones et al. 2009) of 2MASS-selected galaxies,
showed that the Shapley and Horologium-Reticulum superclusters
generate significantly more peculiar velocity than predicted by the
PSCz, even allowing for a different 8 for 2MASS galaxies.

Representative

e ]

1000 — —

v, - U (km/s)

1000 |- . . o, T

Vpred (km/s)

Figure 4. The observed peculiar velocity minus the measured bulk flow
as a function of the linear-theory-predicted peculiar velocity for each SN,
assuming B = 1. The circular symbol diameter scales with the inverse of the
uncertainty (hence symbol area is proportional to weight). Representative
error bars are shown in the top left. The slope is the fitted g = 0.53.

We found that, for JRAS-selected galaxies, B = 0.53 = 0.08. This
value of B is in good agreement with the /RAS average of 0.50 %+
0.02 reported by Pike & Hudson (2005), and with the SNIa-based
result B; = 0.55 &£ 0.06 of Radburn-Smith et al. (2004). Comparing
fitted values of 8 between redshift surveys of different galaxy types
is complicated by the fact that the bias factor b need not be the
same because different galaxy types may trace the underlining mass
density differently. This problem can be alleviated by noting that in
linear theory, the rms fluctuation of the survey galaxies, say in an
8 ™! Mpc top-hat sphere (0g gu) is proportional to the true matter
rms fluctuations in a volume of the same size (i.e. 03 gt = b0§ mass)-
Thus with our measured B; and the known og ; from the /[RAS PSCz
of 0.80 = 0.05 (Hamilton & Tegmark 2002), we can calculate the
degenerate parameter pair fog (Where we dropped the subscript
‘mass’). Our value of 8 corresponds to fog = 0.424 £ 0.069.

‘We can then compare our fo g to other studies. Davis et al. (2011)
compared the 2MRS density field and the SFI4++ peculiar velocity
data, and derived fog = 0.31 &£ 0.05. This is lower than our result,
but not significantly so (1.50).

The fog parameter can also be derived from WMAP7 results.
Recall that WMAP is observing fluctuations at an early epoch, when
the perturbations were still well in the linear regime. To compare
to WMAP7, we can convert our non-linear og into the equivalent
linear value using the prescription of Juszkiewicz et al. (2010). If we
assume an Q2 of 0.272, and our o'g j;;, becomes 0.814 compared to

Table 3. Results from all three data subsets and the A1 full set with a linear perturbation theory model fit with a known matter distribution
to fit B and the residual flow U. Fit with 8 as a free parameter and with a thermal noise of 150kms~'. Note the uncertainties quoted for

the this method are the just propagated uncertainties from the measurements.

No. of SN (mag) ° b° Ux Uy Uy B XZ d.of.

(kms~1) (kms~1) (kms~1)
old 106 190459  349+22  0+14 187+60  —36+73 0+46  45+.11 139 101
Hicken 113 86+77 347454 9441 84+87  —19+83 13466  .62+.13 102 108
Carnegie 26 2904150 347441 31+£26 240+170 —50+£190 151+£130 .82+.33 21 21
Al 245 150+£43  345+20 8+13 144+44  —38+51 20435  53+.08 270 238
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its non-linear value of 0.867. Using this value of g jin, f0 g 1in drops
to 0.40 & 0.07, which is in excellent agreement with the results of
WMAPT (Larson et al. 2011): fog jin = 0.39 £ 0.04.

5 DISCUSSION

Attempts to determine the sources of the LG’s motion amount to
determining the factors in equation (1). While early studies focused
on simple toy infall models, more recent studies have concentrated
on models of the density field with the two free parameters 8 and
U. For a single object, such as the LG itself, there is a trade-off
between these parameters. Lower values of § lead to larger values
of U, which are required in order to match the same v on the
left-hand side of equation (7). This degeneracy can be broken with
more than one measurement. We have shown that the PCSz does not
account for all of the motion of the LG, although it is plausible that
some of the missing signal comes from within the survey volume
in the form of extra infall into the highest density superclusters.

An alternative explanation for the bulk flow has been proposed,
namely that the CMB temperature dipole, or part thereof, is intrinsic
and does not represent the peculiar velocity of the LG (A ‘tilted’
Universe: Turner 1991; Kashlinsky et al. 2008; Ma, Gordon &
Feldman 2011). This would lead to an illusory ‘bulk flow” which
would extend well beyond the local volume, indeed to the horizon.
The apparent 1005 4 267 kms~' bulk flow of z < 0.25 clusters
claimed by Kashlinsky et al. (2010), which is well outside the
expectations of ACDM bulk flows, might be explained by such an
effect. In such a scenario, there is an additional ‘bulk flow’ U,
which never vanishes no matter how deep a redshift survey Ry«
is used in equation (7). Our measured U thus provides an upper
limit on U ;. The amplitude of the bulk flow found by Kashlinsky
et al. (2010) is inconsistent with our measurement of U = 150 &
43 kms~'. However, amplitude of the Kashlinsky et al. (2010) bulk
flow is systematically uncertain. If we compare only the direction
of the Al fit [ = 345° £ 20°, b = 8° £ 13°and the Kashlinsky et al.
(2010) direction [ = 296° £ 29°, b = 39° £ 15°, the results are
marginal: they disagree at approximately the 90 per cent CL. Thus
our results do not support the high-amplitude bulk flow found by
Kashlinsky et al. (2010).

6 CONCLUSION

We have analysed the peculiar velocities of a 245 SNe data set
dubbed the ‘A1’. Overall, we have found that this new compilation
is in marginal agreement with previous bulk flow results and is not
in significant conflict with ACDM + WMAP7 predictions. The Al
compilation yields a bulk flow of 248 & 87km s~ in the direction
[=319° £25°,b="7° £ 13°.

We have compared the peculiar velocities to the predictions from
the IRAS PSCz and have found Q%% oy j;, of 0.40 £ 0.07, which is
in excellent agreement with the ACDM + WMAP7 predictions and
other previous measurements.

A residual flow of 150 £ 43kms~! [ =345° £20°, b = 8° &
13° was found for the IRAS PSCz as normalized with the A1 SNe.
This may suggest that the /JRAS PSCz undersamples massive dense
superclusters such as the Shapley Concentration. Nevertheless, the
small amplitude of the residual flow is in conflict with ‘tilted Uni-
verse’ scenarios such as might be favoured by the kSZ analysis of
Kashlinsky et al. (2010).

As its name suggests, the A1 compilation is readily extendible as
new SNe are found and their distances are published. Ongoing sur-
veys such as CfA4 (95 SNe; Hicken, private communication), Lick
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Observatory Supernova Search (Ganeshalingam, Li & Filippenko
2011), Palomar Transit Factory (Law et al. 2009) and CSP (50 more
distances expected soon; Stritzinger et al. 2011), and upcoming sur-
veys such as SkyMapper (100 SNe per year with z < 0.085; Keller
et al. 2007), Panoramic Survey Telescope and Rapid Response Sys-
tem and Large Synoptic Survey Telescope will eventually provide
sufficient SNe to reduce the 20000 kms~! bulk and residual flow
uncertainties to the systematic limits. Future results on fog i, are
expected based on predicted peculiar velocities from the 2M+-+
redshift compilation (Lavaux & Hudson 2011). Additionally, al-
though individually less precise, Fundamental Plane distances and
peculiar velocities can contribute significant precision to bulk flow
surveys by sheer numbers. We wish to re-analyse the full ‘Com-
posite’ data set from Feldman & Watkins (2008) after replacing
the 103 SNe currently contained in that data set with the 245 SNe
of Al, as well as to add the Fundamental Plane peculiar velocities
from NOAO Fundamental Plane Survey (Smith et al. 2006) and 6dF
(Jones et al. 2004) when they become available. For now, the results
are data limited, but the future promises many fruitful results from
many promising surveys, and we await them eagerly.
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APPENDIX A: LIGHT-CURVE PARAMETER
COMPARISONS

The Al data set is composed of three different SNe catalogues;
this complicates the description of the light-curve fitting proce-

dures used because the catalogues used different methods. In the
‘Old’ sample are 34 SNe from Jha et al. (2007), most of which are
fitted using the MLCS2k2 light-curve fitter with a reddening law
parameter Ry of 3.1 (for SN with high extinction, Ry was a free fit
parameter with a tight prior of 3.1). The remaining 72 SN in ‘Old’
are from Hicken et al. (2009) and are also fitted using MLCS2k2,
but with a reddening law parameter Ry of 1.7. The second data
set, which we refer to as ‘Hicken’, contains the remaining 113 SNe
from Hicken et al. (2009) and are all fitted with MLCS2k2 with a
reddening law parameter Ry of 1.7. The ‘Carnegie’ set containing
28 SNe were fitted with a Ry as a free variable. The light-curve
fitter used for the ‘Carnegie’ set is described in detail in the original
paper (Saunders et al. 2000).

For SNe fit by Hicken et al. (2009), four distances were reported
for each SN. We use the distances reported using the MLCS2k2
fitting procedure rather than either of the SALT procedures for
multiple reason. To start with, the MLCS2k2 process determines
host reddening on a case-by-case basis. Furthermore, of the two
published MLCS2k2 methods, we use the results with a reddening
law parameter Ry of 1.7 instead of 3.1 since Hicken et al. (2009)
show that the Hubble residuals for high-extinction SNela using
Ry = 3.1 are systematically negative (suggesting that the extinction
is overestimated). We study the effect the choice of Ry parameter
has upon bulk flow measurements to explore systematics. Hicken
et al. (2009) provide distances to 162 SNe using both Ry = 1.7
and Ry = 3.1. We fit both of these data sets for bulk flows using
the ML method to investigate the systematics. The results of this
comparison can be seen in Table Al. Although the results for the
two light-curve fitters agree to less than 1o in each of the 3 d.o.f.,
the data sets are fitted to the same light curves, so they are not
independent. This result highlights how large the systematic errors
are for bulk flow surveys, in part reflected by the large ogn, which
in most cases dominates the uncertainty budget for peculiar velocity
surveys.

Table A1. Results for 162 SNe from Hicken et al. (2009) fit with the MLCS2k2 light-curve fitter either with

Ry =1.7o0r3.1.

Number Mag r Vx (kms™')  Vy (kms™')  Vz(kms™!)
ML thermal noise = 250 km s~
Ry =17 162 22070 298418 9+ 14 103 £ 68 —191473 35452
Ry =3.1 162 175470 310+£25 14+18 108 + 70 —131+75 43453
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