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Peculiar Velocity Field
Measure the line of sight peculiar velocities:

VP = cZ — Hor

The difference between the redshift and the distance
Why should we study vp ?

* The peculiar velocity field is dominated by large scales

—eeee————)pe- |_inear structure

+Test of gravitational instability model V - V = i

P
* A direct probe of the mass distribution V = —ﬁgb

VA ApE iy

* Comparison of velocity fields & Luminous matter
distribution —————f-  bigs, Q ...
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HAFE, Waitkins & Hudson, arXiv.0911.5516 (2009)

Wadkins, HAF & Hudson, MNRAS, 392, 743-756 (2009)

HAF & Watkins, MNRAS 387, §25-829 (2008)
Waikins & HAF, MNRAS 379, 343-348 (2007)

Sarkar, HAF & Watkins, MINRAS 375 691-697 (2007)
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e Construct the full three dimensional bulk-flow
vectors.
e Compare bulk-flow for peculiar velocity
surveys.
e Surveys differ in their
o geometry
0 measurement errors
o galaxy types.
® The overall errors are
e Statistical
e Systemartic
e Aliasing
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On scales that are small compared to the Hubble
radius, galaxy motions are manifest in deviations
from the idealized isotropic cosmological
expansion

cz = Hor +r1 - [v(r) — v(0)]

The redshift-distance samples, obtained from
peculiar velocity surveys, allow us to determine
the radial (line-of-sight) component of the
peculiar velocity of each galaxy:

v(r) =r-v(r) =cz — Hpr

-~
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Galaxies trace the large-scale linear velocity field
v(r) which is described by a Gaussian random field
that is completely defined, in Fourier space, by its
velocity power spectrum Py(K).

Fourier Transform of the line-of-sight velocity

1 A .
F-v(r) = OE /d3k r-kok)e™”

Define the velocity power spectrum Py(k)

(v(k)v™ (k) = (2m)*Py(k)dp(k — k')

~
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In linear theory, the velocity power spectrum is
related to the density power spectrum

The rate of grom\

the perturbations at the

present epcy
®
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In linear theory, the velocity power spectrum is
related to the density power spectrum

The power spectrum provides a complete
statistical description of the linear peculiar
velocity field.
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A catalog of peculiar velocities galaxies, labeled by
an index n

Positions r,
Estimates of the line-of-sight peculiar velocities S,
Uncertainties o,

Assume that observational errors are Gaussian

distributed.

Model the velocity field as a uniform streaming
motion, or bulk flow, denoted by U, about which are
random motions drawn from a Gaussian distribution
with a 1-D velocity dispersion Ox
-~
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Likelihood function for the bulk flow components

S H ]. s 1 (Sn v f'n’iUi)Q
A e "2 ol+te
Maximum likelihood solution for bulk flow
r
Up=A4;7 .0
Z 2 _|_ O'

where Tn,iTn,j
Az’j — E

oL

g
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The measured peculiar velocity of galaxy n

B = T i Ui T )

A Gaussian with zero mean
and variance 0 -+ U
Theoreftical

R(")+6 (O’ +0.

covariance matrix
for the bulk flow

components .  (OW (k)dk

m f P(k)W (k)dk
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Question: Are surveys consistent with each other?

Even if two surveys are measuring the same
underlying velocity field, they will not necessarily

give the same bulk flow.
Reasons:
* measurement errors in the peculiar velocities

* surveys probe the velocity field in a different way

-~
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Comparing Velocity Field Surveys
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Large Scale Flows

Sarkar, HAF, Watkins, 2007
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Comparing Velocity Field Surveys
Sarkar, HAF, Watkins, 2007
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Can we do better?

Get rid of small scale aliasing?

lmprove the winolow
-(:uwctiow desigw
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Window Function @esign,

Decomposition of the velocity field iuser ss, 7affe & kaiser 95

vi(r) =1 -+ UijT’j - Uz'jkT‘jT’k S
Bulk Flow Shear Octuple

If the velocity is a potential flow then both shear
and octuple are symmetric (curl Free)

> 3 DoF for BF
> 6 DoF for shear
> 10 DoF for Octuple

19 Independent
components

"
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Window Function Design.
The BF Maximum Likelihood Estimates of the weights (MLE)
X5 I'p
72 + o2

—1
Wiy g — Ar,;j
T
depends on the spatial distribution and the errors.

Goal:
Study motions on largest scales
Require WF that
* have narrow peaks
e small amplitude outside peak

-
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Window Function @esign,

Consider an ideal survey

®* Very large number of points
® Tsotropic distribution : -
® Gaussian falloff n(r) x exp(—r /QRI)

R Depth of the survey

Find the weights that specify the moments
Uy — E wi,nSn
(4

that minimize the variance <(uz = UZ‘)2>

~
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Window Function @esigrp

BF and shear moments are orthogonal by design
Higher moments are nof.

e.g.: A pure octupole flow in a given volume V

Lol s

contains a net bulk flow

UiikTilk d°r
"

Which leads to a strong correlation between
the bulk flow and octupole moments

-~
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Window Function Desigm

Redefine the octuple moments

Uz’(r) e Uz’ + Uijrj - U@jkz (’I”’ka v Ajk) T

where

For a spherically symmetric volume
only Aii are non-zero

-
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Window Function Design. i
Line-of-sight peculiar velocity
s{p) - — o
= b TUsrn s Sl (7"' TiEAT) Ajkf'?;) =
19

|
'§
3
770N

)
N—"

Where P
U, o= UL o Us, Uy jUss, Usa Uho, Uss; Ui Uq 3,

Usoso, Usss, Ui1a, Usos, Uss1, Uiaa, Usss, Ur1z, Uas }

and
AP R DS )
gp(r) == {7“1, o ey T 7“7"2, 7“7“3, 217 Ty, 27“7“27“3, 211773,
P 2 A 2 A
i e A r2 — NooPo, 1 7“3 <3S A33r3,37° 7“17“2 = A11r2,3r 7“27“3 — Aoots,
372 7“37“1 A33T1,3r 7“27“1 = A227“1,37“ r3r2 1 A33r2,3r 7“17“3 s A11T3,6T Tlrgrg}
-~
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Window Function Desigm

Ideal velocity moments

N
1 O
L N, ng(r”)sn = Zw;,nsn where w’ gp](\f”)
| n o)

T

Given Up, find the weights Wy, 5, such that

N
Up = E wp,nSn givgs the best possible
4 estimates of U,
T, —

= On average, the correct amplitudes <up> — Up
for the velocity moments

Require that E wp,ngq(rn) — Opgq

T -~
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Window Function Design

Enforce this constraint using Lagrange multiplier

(Up — up) +Z)‘pq pr n9q(Tn) — Opg
or expand out the variance

= Z 2wp,n<SnUp> = Z wp,nwp,m<SnS’rTL> o

Z Apg Z Wp,nGq(Tn) — Opq
q n

Minimize with respect to wp)fn,

~
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Window Function Design

—2(5,Up) + 2 Z Wp,m {9 Sm) + Z Apq9q(Tn) =0
m q

- 1
S = Z Gnrln (<SmUp> =9 Z )‘png(rm)>
£ q
Gnm — <Sn Sm> individual velocity covariance matrix
Apg = ZGnm SmUi)gq(rn) — 014

M, ZGnmgp Ty )gq(Tm)

-
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Window Function Design

The covariance matrix

(5., = 5 5.} 5nm(af e (77%)

BN P v Y LA lo e )

The cross correlation

SmUp) = Z w;n’<3m3n’>

-
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Window Function Design

The correlation matrix

qu <uPuCI> E :wpanm SnSm E :wpanm nm

nm

~ R +RY

Velocity correlation matrix

Ql.l .
RV = / dk P(k)W?2 (k)

27T

Noise correlation matrix
e s 2 2
Rz(jq) == E W Won (O’n + O'*)
n
-~
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Window Function Design

Tensor square window function
2
Wha = Z WpnWam frm (k)
TV, T

where

fontB) = [ S (20 &) (- &) exp (14 (0 )

g
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DEEP (294 Galaxies & Clusters

1 1 I 1 1 1 1 I 1 1 1 1 I
o0 100 150
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Window Function Design

COMPOSITE WF: R, = 50

\
o)
-3
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Window Function Design

DEEP WF: R, = 50

J)
=) }
M)
o)
-1

-~
KU Hume A. Feldman Large Scale Flows UC Berkeley Lunch Seminar, March 10, 2010 ¢32
Tuesday, March 9, 2010




mperial College

Window Function Design

SFI++ WF: R, = 50

-~
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Window Function Design

COMPOSITE WF: R, = 50

-~
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| COMPOSITEn WF: Ideal (Thick solid) Optimal (solid)
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COMPOSITEn WF: Ideal (Thick solid)

Optimal

(solid) R, = 10 hrlMpC

BF + Shea

R: = 50 h'Mpc

r
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| COMPOSITEn WF: Ideal (Thick solid) Optimal (solid) R, = 60 h{'Mpc

BF + Shlear

R: = 50 h'Mpc
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Comparing Surveys

COMPOSITE

I I I ‘ ]

I ‘ I I I
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b
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Window Function Design

COMPOSITE WF: R, = 50

~
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Window Function Design
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Window Function Design

SFI++—-DEEP WF: R, = 50
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Window Function Design

COMPOSITE WF: R, = 50 Ochumale
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COMPOSITEn WF: Ideal (Thick solid) Optimal (solid)
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COMPOSITEn WF: Ideal (Thick solid) Optimal (Solld) R, = 10 lMpC
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Comparing Surveys

COMPOSITE SFI++ SFI++—DEEP
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i
Moments and correlation coefficients
COMPOSITE SFI++-DEEP SEFI4+4- DEEP
X 86.5 = 68.8 104.7 = 71.0 0.72 69.0 £ 95.7 0.64 | 192.7 = 115.6  0.51
y -404.9 = 61.8 -430.3 £ 63.8 0.75 | -473.6 = 87.2 0.67 | -320.7 = 106.0 0.51
// 42.8 £ 37.7 64.9 £ 38.7 0.88 57.7 = 59.3 0.80 62.0 = 55.8 0.76
XX 2.73 = 1.01 2.94 £ 1.05 0.68 3.36 = 1.29 0.62 2:19 <2176 0.47
vy 1.37 = 0.98 2.07 £ 1.02 0.68 3.72 &£ 1.27 0.63 -0.19 £ 1.79 0.42
77 -0.03 == 0.68 0.68 = 0.72 0.79 2.72 = 0.96 0.71 -0.72 £ 1.04 0.67
Xy 0.13 = 0.76 -0.01 = 0.79 0.50 -0.71 £ 0.98 0.42 0.27 = 1.29 0.31
N -0.95 = 0.57 -1.14 £ 0.59 0.62 -1.05 £ 0.78 0.52 -0.71 £ 0.94 0.40
ZX 1.22 &= 0.54 1.14 £ 0.56 0.65 1.50 = 0.74 0.256 0.98 = 0.84 0.47
xxx | -1.2e-2 .+ 2.2e-2 -9.8e-3 &= 2.3e-2  0.37 | -9.3e-3 £ 2.9e-2 0.31 | 1.0e-2 & 3.6e-2  0.25
yyy | -2.4e-2 = 1.7e-2 -2.3e-2 == 1.8e-2  0.40 | -1.9e-2 £ 2.4e-2 0.34 | -2.2¢-2 & 2.7e-2  0.24
zzZ | -7.2e-3 = 1.1e-2 -7.7e-3 = 1.1e-2 0.60 | -3.3e-3 = 1.6e-2 0.48 | -2.5e-3 £ 1.6e-2 0.47
xyy | -8.2e-3 = 1.2e-2 -0.7e-3 = 1.3e-2  0.30 | -3.3e-2 £ 1.7e-2 0.23 | 2.0e-2 = 1.9e-2  0.20
yzz | 95.8e-4 = 6.6e-3 2.8¢-3 £ 6.7¢-3 044 | -1.8e-3 = 1.0e-2 0.33 | 8.9e-3 £ 9.6e-3 0.30
zxx | 7.3e-3 X 7.8e-3 4.9e-3 £ 8.1e-3 045 | 8e-3 = 1.1e-2 0.34 | -2.1e-3 £ 1.2e-2 0.34
xxy | 8.3e-3 x 1.2e-2 9.0e-3 = 1.2e-2  0.28 | 5.7e-3 £ 1.6e-2 0.24 | 2.2e-2 & 1.9e-2 0.16
yyz | 6.3e-4 &= 8.3e-3 2.2e-3 £ 85e-3 040 | 7.7¢-3 = 1.2e-2 0.28 | -2.5e-3 = 1.2¢-2 0.30
zzx | 1.2e-2 & 7.6e-3 9.9e-3 £ 7.8e-3 0.46 | -2.5¢-3 = 1.1e-2 0.35 | 1.6e-2 £ 1.1e-2 0.34
xyz | 6.6e-3 &= 5.0e-3 8.7e-3 = 9.6e-3  0.34 | 9.3e-3 £ 8.2e-3 0.25 | 4.9e-3 & 8.2¢-3 0.22
®
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The total observed P(>x¢) in percent for Nmom = 3, 9
and 19 for R; =50 h™ Mpc, and the WMAPS central
parameters Qn, = 0.258 and 03 = 0.796.

Nyviom = 3 Nyom = 9 Nyom = 19

BF Total BF  shear Total BF shear octupole

COMPOSITE
=D e BSU 0 UL ; .0 J.2U } 50.
SFI14-4- 3.11 ko 922 7.70 16.19 0.22 11.22 89.38
DEEP 6.02 30.41 6.29  82.62 55.54 3.18 91.22 81.61
~
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Sources of the Flow Work in progress

COMPOSITE

R, (h~! Mpc)
-~
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Sources of the Flow Work in progress

COMPOSITE

R, (h~! Mpc)
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Is there an attractor?
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Is There an arfracror?
320°, +70°

Waoulelt & Rraan-Korirawag, 2001 (320°, —70°)

KU Hume A. Feldman Large Scale Flows UC Berkeley Lunch Seminar, March 10, 2010
Tuesday, March 9, 2010




IS There an attractor?

(4
o

"t 9"
o é‘ .x' y
y O ’5‘ 7 g

oT“,.c"

3 ."\'>~’ n . L i r .
'y. b p @ ;$ ”\ -

;‘ o{‘e? PAV(). I:I '

’-‘xn .Lﬁu'l ‘i. o 1 ~r

340 320
Woulklt & Rraan-Kortawag, 2001 GALACTIC LONGITUDE (DEGREES)

I
0
-

%
&
=]
0,
O
=
=
S’
=)
=
-~
3
<
R
=
=
O
=
=1
=
O

-~
KU Hume A. Feldman Large Scale Flows UC Berkeley Lunch Seminar, March 10, 2010 ¢>3
Tuesday, March 9, 2010




IS There an attractor?
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- 1s There an artracrores e

Large Scale Structure in the Local Universe

Corona Borealis Bootes MV Flow Direction
Supercluster (0.072) Suferduster
H les 0.061) Coma Cluster (0.023) Virao G (16 Mpc)
ercu uster
Superciuster (0.037) 99 pe

Leo Supercluster (0.032)

Ursa Major Sugerclusbar
(0.058) Shapley Concenj/ation (0.048+)

Ophiuch " ' , *\N %‘b
Cluster (0.028) &\( 7 % 5 ﬁo Centaurus Cluster (0.02)
O T B TS 3 %
B &?u(gagzs) ’ o e 2 ’;;,’,‘:- v IRAS dipole
r(u. e\ -
. Tt e : @n

=% CMB dipole

Abell 569 H )
Cluster (0.019 ydE% % i:)sber
Orion Molecular
Cloud
Taurus Molecular
Cloud Columba
Cluster (0.034)

Norma &
Great Attractor
(0.016)

Perseus-Pisces

» : /\ R
Supercluster (0.017+) % =, '
(1"!3&) M‘N s
Pisces-Cetus e

e P 2 7 - Horoloal mFomax Cluster (20 Mpc)
Supercluster (0.063)  mily way Pavo-Indus __ Supercluster (0.067)
Center Supercluster (0.015)
Sculptor Supercluster (0.054)

Le?end: image shows 2MASS galaxies color coded by redshift (Jarrett 2004);
familiar galaxy clusters/superclusters are labeled (numbers in parenthesis represent redshift).
Graphic created by T. Jarrett (IPAC/Caltech)
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MegaZ LRG DR7 Thomas, Abdalla & Lahav (2009)
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MegaZ LRG DR7 Thomas, Abdalla & Lahav (2009)
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MegaZ LRG DR7 Thomas, Abdalla & Lahav (2009)
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‘UCL

%me

Given appropriate window functions, velocity field
surveys are consistent with each other.

Maximum Likelihood parameter estimation are robust

and mostly agree with other methods.

There is a minimal sensitivity to small-scale aliasing
which biases the results, hiding large-scale flows

Optimization of window functions removes the bias and
shows the flow

Bulk flow disagrees with the Standard ACDM
parameters (WMAPS) to ~ 30

More power on k ¢ 0.01 will make these results likely

~
KU Hume A. Feldman Large Scale Flows UC Berkeley Lunch Seminar, March 10, 2010 ‘GQ
Tuesday, March 9, 2010




e

Thank qyou

"
KU Hume A. Feldman Large Scale Flows UC Berkeley Lunch Seminar, March 10, 2010 04
Tuesday, March 9, 2010




