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Likelihood Methods for Peculiar Velocities

A catalog of peculiar velocities galaxies, labeled by an index 71
Positions 7,
Line-of-sight peculiar velocity estimators S,

Uncertainties 0,

[Assume that observational errors are Gaussian dis’rribufed.J
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Estimators

Determination of the line-of-site peculiar (local) motion
requires the measurement of the galaxy's distance

U=~ 1T

At large distances, we can include the effects of cosmic
acceleration

Pral — 2O g 2= (6l 030+ 1)2°]
Since redshift is not an additive quantity Ses dlsgibaflst S ldUE 20K,

(1 + 2mod) = (1 4+ Hor/c)(1 4+ v/c)

The peculiar velocity is
Coinag — H o1 gro o — ]
1+ H,r/c 1 4+ 2053

P
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Estimators

Determination of the line-of-site peculiar (local) motion
requires the measurement of the galaxy's distance

Distance estimators give the distance moduli (1), that is, log
distances with Gaussian distributed errors.

Distance errors are skewed, not Gaussian and with non-zero
average.

(re) 1 = (V) #

These undesirable features can lead to biases and invalidate our
statistical assumptions about the errors in peculiar velocities.
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Estimators
Proposal: estimate peculiar velocities using

V. = ¢zloglez/ H, r.)

Watkins & Feldman, 2015, MNRAS 450, 1868

log distance = Gaussian distributed errors.

The uncertainty in the peculiar velocity

Uncertainty in

5/06 s CZélé/ the log distance

and

as long as the

:> </Ue> ~ U true v < ¢z
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Estimators

A more accurate estimator at large redshift

with uncertainty

01 = Canadlaltl F 2ioa)

We assume that actual velocity (V) is small compared to the
redshift, not the estimated velocity (Ve).

ve = few x 10°km/s  whereas v = few x 10°km/s

Should hold quite well for galaxies at distances = 20 Mpc
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Wang, Rooney, Feldman & Watkins Ve[oci'l'y Correlations

\IJZ] (7?) . <Uz’ ( _)1 )Uj (772 )> Correlation Tensor

54 S ) The observable quantity

line-of-site peculiar velocities

A N

casty =ri-r cosb, =19 -1 cosbio =11 - 79
The Line-of-site velocity correlations

Zpairs(fr) U1 U2 COS 912

The dot product of the radial peculiar velocities

)

&
e

¥ T
2%

N——"
il

2
Zpaui]rs('r) cOs* 012

Zpairs(r) U1U2 COS 6’1 COS (92 The product of the components of the

Line-of-site velocities along the vector

Epairs(r) COS 912 COS 91 COS 6’2 : separating the two galaxies

<
\V)
I
i
~—
1

Gérski, 1988, ApJL, 332, L7

Gorski, Davis, Strauss, White & Yahil, 1989, ApJ 344: 1-19
Torment etal 1993, ApJ 411, 16-33

Brogani, etal, 2000, AJ, 119, 102 -__
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Velocity Correlations

The line-of-site velocity correlations are related to the peculiar velocity correlations

(s Hos) = Fiafor 0 Uy i i Pon

where
Monin and Yaglom, 1975

<Um1]n> = [¢H (fr') e ng_ (r)} ff*m/fn - ¢J_ (T)émn Gérski, 1988, ApJL, 332, L7

We can express %1 and %2 in terms of ¢|| and @1 assuming homogeneity and isotropy

hi(r) = A1) + [1 — A(r)] o1
ha(r) = B(r)¢| + [1 — B(r)| ¢

Where A and B are the moments of the selection function

Yipairs(r) COS 01 oS 03 cos 012

Atr) =

2
Z‘pa,irs(r) cOs* 012

2 2
Yipairs(r) COS” 01 cos® 05

B er5
(T) Zpairs(r) COS 912 COS 61 COb 92



Velocity Correlations

Inverting to get the Line-of-site Radial and Transverse Velocity Correlations

i ()] 1 — A(r)] a2(r)

Q) (r) =

In general, use the distance estimator as .
At large distances the redshift is a better estimator of the distance.

Use redshift measurements as the distances in the velocity correlations analysis.
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Velocity Correlations
Working equations
Zpauirs(’r)ull@ cos 612

i) =

The Line-of-site Zpaw'ﬂl“S(”“) cos? g
Velocity Correlations Zpairs(’r)ul Uo CcoS 01 cos 65
Pa(r) = Y pairs(r) COS O12 cos 01 cos by
5 () < L= B ) = [1 = AE) ()
The Radial and Transverse ” A(r) S B(r)
VQIOCH'Y Correlations B(T)¢1 (,r) e A(T)po (T)
S Hy oAp
Yipairs(r) CO8 01 cos O3 cos 012
A= S 25
The Moments of the Pairs(r) O U2
Selection Functions Z e C082 9 C082 9
B(?“) ot p ( ) 1 2
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Velocity Correlations

In linear theory the radial and transverse correlation functions of the three-
dimensional peculiar velocity field are a convolution of the power spectrum of
density fluctuations with the window functions

P (r) = L /dkP(k) jo(kr)—Zjl(kr)_

g : Rre s
HO 28 [ gy pgy i
P dk’ P k’ Gérski, 1988, ApJL, 332, L7
¢J‘ (T) 27-(2 ( ) k?” Brogani, efal, 2000, AJ, 119, 102

Where
Ji (2’3) is the it" order spherical Bessel function

and
f (Qm) ~ Q?ﬁBS Linder, 2005, PRD, 72, 043529

_x
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Frequency

IS,

: 0
100 150 20 250 300 -6000 -—-3000 0
h~! Mpc km/s
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Data
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Velocity Correlations

Use the Millennium Simulation, a dark matter only
simulation using GADGET-2 simulation code

Matter density, €2,, 0.25

Cosmological constant density, {25 0.75

Baryon density, 2 0.045

Hubble parameter, h (100kms~ 1 Mpc™1) 0.73

Amplitude of matter density fluctuations, og 0.9

Primordial scalar spectral index, ng 1.0

Box size (h~*Mpc) 500 Ao ats

Number of particles 21603 Springel etal, 2005, Nature, 435, 629

Particle mass, m,, (10°h~' M) 8.61 s A e s SR
90 ftening, fc ( h_l kpC) S https: //wwwmpa.mpa-garching.mpg.de/gal form/irgo/millennium/

We select the galaxies for each , CF3 Galaxy Catalogue

mock survey by ensuring a best
fit to the radial selection
function fitted with

100 150
r (k" Mpe)

-~
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Velocity Correlations
We chose 100 independent mock surveys and calculated the

correlation functions with exact positions from the simulations

N

o
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o

Mean

COsmiC Vdridnce Standard deviations
68% CL

95% CL

[
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Velocity Correlations
We chose 100 independent mock surveys and calculated the

correlation functions with exact positions from the simulations
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Velocity Correlations

The other main source of uncertainty in the correlation functions comes
from the the uncertainty of the peculiar velocity measurements
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Velocity Correlations
The other main source of uncertainty in the correlation functions comes
from the the uncertainty of the peculiar velocity measurements

esH
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Velocity Correlations
The other main source of uncertainty in the correlation functions comes
from the the uncertainty of the peculiar velocity measurements

Perturbing the distance modulus|
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Velocity Correlations
The other main source of uncertainty in the correlation functions comes
from the the uncertainty of the peculiar velocity measurements
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Velocity Correlations
Observational Data
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Velocity Correlations
Observational Data
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Velocity Correlations
Observational Data
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Velocity Correlations
Observational Data
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Velocity Correlations

Use the correlation function to constrain H.
Create catalogues with different H.

Since we are using cz as the distance, only v, changes

CF3-galaxy
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Velocity Correlations

CF3-group vs. H
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Velocity Correlations

CF3-galaxy vs. H
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Velocity Correlations
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Velocity Correlations
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Velocity Correlations
Errors as a function of sample size
The statistical errors get smaller with sample size

Statistical error as a function of catalogue
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Velocity Correlations
Errors as a function of sample size
The statistical errors get smaller with sample size
Cosmic Variance stays the same

Cosmic Variance as a function of catalogue
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Velocity Correlations
Errors as a function of sample size
The statistical errors get smaller with sample size
Cosmic Variance stays the same

Cosmic Variance as a function of catalogue
_At large Separations
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Velocity Correlations
Conclusions

Correlation function statistic is robust and stable across different samples.
Provides a constraint on H = 75 + 2 km s™! Mpc™!

Coherence length of ~1,500 + 500 km s

Amplitude 5-10 (102 km s)?
Statistical errors get smaller with sample size
Cosmic variance is independent of sample size

Agrees with A CDM expectations with Planck/WMAP parameters

Ersih 2 =0.33.0:15
og = 0.85 + 0.6 preliminary resulfs

ng = Q955 gg = 0.42 + 0.2

-~

-KU Hume A. Feldman Cosmic Velocity Correlation Function XIIth Rencontres du Vietnam, Large Scale Structure and Galaxy Flows, Quy Nhon, Vietnam July 5%, 2016 &}L



-

Hume A. Feldman Cosmic Velocity Correlation Function XIIth Rencontres du Vietnam, Large Scale Structure and Galaxy Flows, Quy Nhon, Vietnam July 5™, 2016 ‘&}i



