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PECULIAR VELOCITIES AND GRAVITY

In linear perturbation theory, peculiar velocity is proportional 
to peculiar acceleration
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WHY PECULIAR VELOCITIES?

• Measure the matter power spectrum 
on very large (~Gpc) scales in the 
low z Universe : via bulk flow 	

• Measure growth factor f and σ8: via 
infall



BULK FLOW



VELOCITIES IN FOURIER SPACE

• Note extra power of k in denominator



MEASURING THE BULK FLOW

• Bulk flow is the mean velocity of a region, usually 
spherical.	

• Galaxies are sparse samples of this volume: there 
are optimal ways to do this (Watkins, Feldman, 
Hudson 2009)



EXPECTATIONS FOR THE BULK 
FLOW VARIANCE

Fourier transform of survey geometry.	
Integrand peaks at k ~0.01

For a Gaussian-shaped window (50 Mpc/h) and ΛCDM: 	
σV ~ 100 km/s for each vector component	

!
Expect ~170 km/s     ~300 km/s OK    ~400 km/s too unlikely 
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BULK FLOW MEASUREMENTS
SAMPLE Flow	

km/s
Scale	
Mpc/h ΛCDM? Ref

COMPOSITE 407 ± 81 50 2% Watkins, Feldman & 
Hudson ‘09

SNe 249 ± 76 50 OK Turnbull, Hudson, 
Feldman et al.  ‘12

CosmicFlows-2 262 ± 60 50 OK Watkins & Feldman ‘14

2M Tully-Fisher 325 ± 49 40 OK Hong, Springob, 
Staveley-Smith  et al. ‘14

6dFGVS (FP) 257 ± 56 70? OK? Scrimgeour, Davis, Blake  
et al. ‘14

NFPS 175 ± 115 ~80 OK Lucey, Hudson et al., in 
prep.

CosmicFlows-3 300 ± 25? 70 ~1% Watkins & Feldman, in 
prep.



6DF PECULIAR VELOCITY 
POWER SPECTRUM

Johnson, Blake et al 14



COSMOLOGICAL 
PARAMETERS

USING THE GALAXY DENSITY FIELD

S. TurnbullJ. Carrick G. Lavaux



ASSUME GALAXY DENSITY 
TRACES MASS

𝛿g = b 𝛿m

Directly measurable from data

β



Measurable

β



2M++

• Combine 2MRS 
(K<11.5), 6dF 
(K<12.5) and SDSS 
(K<12.5)	

• ~70k galaxies	

•  200 Mpc/h in 6dF 
and SDSS areas	

!

Lavaux & Hudson 2011, MNRAS, 416, 2840 



2M++ RECONSTRUCTION

Carrick et al 
15, MNRAS,

450, 317	



2M++ RECONSTRUCTION

VirgoGA

Shapley

Perseus-Pisces

Coma
Carrick et al. 
15, MNRAS,

450, 317	



NOW IN 3D!

https://skfb.ly/
Iy7R

http://skfb.ly/Iy7R
https://skfb.ly/Iy7R


PECULIAR VELOCITY DATA

• SFI++ (Spiral TF Field I-band, ~2500)	

• Masters et al 2006, Springob et al 2007	

• Cut to exclude faint, low linewidth galaxies (similar to Davis et al)	

• “First Amendment” SNe (245)	

• Compiled by Turnbull et al 2012



COSMOLOGICAL PARAMETERS

Combined with galaxy clustering measurements, peculiar 
velocities yield:	

f σ8 = 0.401 ± 0.024 (6%!)	

Peculiar velocities are consistent with other cosmological probes 
on small (~20 Mpc/h) scales.
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~800,000 redshifts

~3000 peculiar velocities

Hudson and Turnbull 2012, ApJL, 751, L30,   arXiv:1203.4814 
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fσ8 from different probes Carrick et al 
15

Peculiar velocities	
~3000

RSD (~2012)	
800,000 z



cosmicflows.uwaterloo.ca or cosmicflows.iap.fr

http://cosmicflows.uwaterloo.ca
http://cosmicflows.iap.fr


GROWTH OF STRUCTURE

• Both f and σ8 depend on z	

• Using peculiar velocities at different z, it is possible 
to break degeneracies between f and σ8	

• Combine direct PV measurements at low z with 
redshift-space distortion measurements at high z



PECULIAR VELOCITIES ONLY
The Astrophysical Journal Letters, 751:L30 (5pp), 2012 June 1 Hudson & Turnbull
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Figure 1. Growth parameter f σ8(z) as a function of z. The data and error bars
are labeled as in Table 1. The ΛCDM model with WMAP7+BAO+H0 parameters
Ωm,0 = 0.275, σ8,0 = 0.816 is shown by the solid magenta curve. Note that
the high-redshift RSD points assume the ΛCDM redshift–distance relation to
correct for the AP effect and hence the appropriate value of f σ8(z). The dotted
curves are normalized to have the correct σ8 at zCMB but have different possible
γ values starting at 0.50 at the top and increasing in steps of 0.05 toward the
bottom. The dashed and dash-dotted curves show predictions of flat and open
DGP models, respectively, normalized to the amplitude of the fluctuations in
the CMB (see the text for details).
(A color version of this figure is available in the online journal.)

(1979, hereafter AP) effect. If we assume a flat universe, then
the redshift–distance relation, and hence the AP distortion are
all fixed by our choice of Ωm,0. With the AP distortion fixed,
the appropriate f σ8 values can then be calculated, but only
for those surveys that have published the covariance matrix
between the AP effect and f σ8: WZ and BOSS. The peculiar
velocity measurements (THF and DNM) and the low-z 6dF RSD
measurement are negligibly affected by the AP distortion.

Figure 2 shows the results of the fit in the Ωm,0 versus σ8,0
parameter plane with γ = 0.55. While the WZ+BOSS-only fit
is quite degenerate in the Ωm,0–σ8,0 plane, these degeneracies
are broken when low-z data are included in the fit. Assuming
a fixed γ = 0.55, the best fit is Ωm,0 = 0.259 ± 0.045
and σ8,0 = 0.748 ± 0.035 but the WMAP7+BAO+H0 value
is consistent with these results. Some ΛCDM variants, such
as those with a non-standard effective number of relativistic
species, are disfavored. The figure shows one such example
(Neff = 3.8), from Keisler et al. (2011). We stress that these
results depend only on growth measurements and hence are
independent of other determinations (CMB, SNe, BAO, etc.)

4. CONSTRAINTS ON γ

As discussed above, it is also interesting to measure the
growth rate index γ . However, once γ is included as a
third parameter, the fits become very degenerate. These de-
generacies can be broken using CMB data, for example,
from WMAP7+BAO+H0. Let us assume that the Friedman
equation (and hence the expansion history) is the same as for
the ΛCDM model, but treat γ as a phenomenological growth

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Ωm,z=0

0.5

0.6

0.7

0.8

0.9

σ
8,

z=
0

Constraints only from fσ8

measured from peculiar velocities

68%

95%

Peculiar velocities best fit
WMAP+BAO+H0 best fit

WMAP+SPT+BAO+H0 Neff = 3.8

Figure 2. Ωm,0 vs. σ8,0. Dashed contours show the 68%, 95%, and 99% con-
fidence intervals using only WZ and BOSS redshift-space distortion measure-
ments. The solid contours show the same constraints for the above data plus
the peculiar velocity measurements (THF and DNM) and the low-z 6dF RSD
measurement (which is unaffected by the AP effect). The red circle shows the
WMAP7+BAO+H0 best-fit parameters for comparison, the blue circle shows our
best fit. The green circle shows the WMAP+SPT+BAO+H0 best fit for a model
with 3.8 effective relativistic species (Keisler et al. 2011), which is disfavored
at >99% confidence level.
(A color version of this figure is available in the online journal.)

Table 2
Measurements of γ from Combinations of the Data

Sample γ σCMB σtot

WZ 0.666+0.077
−0.073 0.053 0.092

LRG 0.625+0.072
−0.077 0.046 0.088

All RSD 0.607+0.038
−0.040 0.046 0.060

THF+DNM 0.653+0.073
−0.064 0.035 0.077

All 0.619+0.033
−0.035 0.042 0.054

parameter which is allowed to differ from 0.55. At high red-
shifts (z ∼ 1000), Ωm = 1 to high accuracy and so the growth of
perturbations at early epochs is independent of γ . Therefore, we
can use WMAP7+BAO+H0 parameters4 Ωm,0 and σ8,0 to fix the
amplitude of fluctuations at high redshift, as well as fixing the
Friedman equation and expansion history. Note that the quoted
WMAP7 σ8,0 is extrapolated to z = 0 assuming ΛCDM. To al-
low for other values of γ we use ΛCDM to calculate σ8(zCMB),
and then extrapolate the zCMB predictions forward at later times,
using different values of γ (following Samushia et al. 2012,
Section 4.5). We then use the WMAP7+BAO+H0 Monte Carlo
Markov chains to marginalize over Ωm,0 and σ8,0. The resulting
fits are shown in Figure 1.

Table 2 gives the derived γ measurements for different com-
binations of the f σ8 measurements. Also listed are the uncer-
tainties in γ arising from f σ8, from the CMB determinations

4 While the primary fluctuations in the CMB are independent of γ , the
secondary Integrated Sachs–Wolfe (ISW) effect is not. The ISW effect affects
the CMB anisotropy spectrum on very large angular scales. We neglect this
effect here.

3

Planck

Hudson and 
Turnbull 2012, 
ApJL, 751, L30,   

arXiv:
1203.4814 



TESTING GRAVITY

• ΛCDM: ϒ=0.55	

• DGP: ϒ=0.68	

• Fix σ8 at the time of the CMB (WMAP)



GROWTH INDEX
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Figure 3. Values of γ derived for each survey individually, assuming the
WMAP7+BAO+H0 central parameters and extrapolating the WMAP7 σ8,0 to
zCMB. Error bars on individual measurements reflect only the uncertainties in
the f σ8 measurements and not the (correlated) uncertainties in the CMB-derived
parameters. Symbols are as in Figure 1. The horizontal dashed line indicates
the ΛCDM expectation. The best fit to the data and ±1σ range, including
uncertainties in CMB-derived parameters is shown by the hatched box.
(A color version of this figure is available in the online journal.)

of Ωm,0 and σ8,0, and the total error. Note that the errors from
WMAP+BAO+H0 are not independent (between one f σ8 mea-
surement and another), are weakly dependent on z, and domi-
nate the total error budget when all data are combined. Figure 3
shows the derived γ for all f σ8 measurements assuming the
WMAP7+BAO+H0 parameters, and fixing σ8(zCMB). The re-
sults from the MD surveys are consistent with those from all of
the RSD measurements. The hatched region shows the best fit
to all data5 combined: 0.619 ± 0.054, consistent with ΛCDM.

Although for purposes of illustration we have focused on a
constant scale-independent γ , peculiar velocity data also allow
one to test more complicated modified gravity scenarios (see,
e.g., the review by Clifton et al. 2012). One example is the DGP
brane world model. Figure 1 shows the predicted values of f σ8
for a self-accelerating flat DGP model, with parameters chosen
to match the expansion history and CMB constraints (Lombriser
et al. 2009), and with a perturbation amplitude at early times
chosen to match the CMB. Although the expansion history of
the DGP model is similar to ΛCDM, the Friedmann equation,
and hence Ωm(z), differs. Furthermore, its γ = 0.68 also differs
considerably from the ΛCDM value. These effects lead to lower
growth and much lower values of f σ8 at z < 1. This model,
already disfavored at the 5σ level from other data (Lombriser
et al. 2009), is excluded at the ∼8σ level using only the f σ8
measurements discussed here. An open DGP model, which is
a better fit to the redshift–distance relation, is excluded at the
∼10σ level by growth measurements alone. This suggests that
alternative modified gravity models will be strongly constrained

5 If we replace LRG1, LRG2, and BOSS with the “free-growth” fits from
Tojeiro et al. (2012), we obtain a γ only 0.013 lower.

by the requirement of simultaneously matching the ΛCDM
expansion history and the ΛCDM growth history.

5. DISCUSSION

The prospects for improving the measurements of γ are
excellent. At present, the error budget is dominated by the
WMAP7+BAO+H0 estimates of the parameters at high redshift.
Planck will reduce the CMB uncertainties so that these become
subdominant.

Peculiar velocity measurements will continue to improve,
leading to a reduction in the observational errors in f σ8. The
BOSS measurement will improve with further data releases.
RSD measurements are also being made at higher redshifts
(Bielby et al. 2012). However, the statistical power all of the
RSD measurements combined (which are based on 800,000
redshifts) is similar to that of MD (based only on ∼3000 peculiar
velocity measurements), the subsamples having uncertainties of
0.060 and 0.077, respectively, in γ (Table 2). It is therefore
clearly of great interest to improve the statistics of MDs. At
low redshift, supernovae will continue to accumulate. We can
also look forward to fundamental plane peculiar velocities from
6dFGS (Springob et al. 2012), and later an order-of-magnitude
increase in the number of Tully–Fisher peculiar velocities
from WALLABY.6 Finally, the kinetic Sunyaev–Zel’dovich
effect will be used to measure the velocity field of clusters
at intermediate redshift (Hand et al. 2012). The redshift survey
data used to construct the density field and hence the predicted
peculiar velocities is also improving (Lavaux & Hudson 2011).
It remains to better understand systematics by comparing
measurements using the same sets of peculiar velocity and
density data but different methods.

6. CONCLUSION

We have shown that by combining measurements of f σ8(z)
at different redshifts, and in particular by including results at
z ∼ 0 from MD surveys, we can break the degeneracy between
Ωm,0 and σ8,0 and obtain Ωm,0 = 0.259 ± 0.045 and σ8,0 =
0.748 ± 0.035, consistent with independent determinations
from WMAP7+BAO+H0.

We can also constrain the growth index γ by comparing
measurements of f σ8(z) at low z, after fixing their values at
zCMB. The strongest leverage on γ arises from peculiar veloc-
ity measurements at the lowest redshifts. By including these
measurements, we derive γ = 0.619 ± 0.054, consistent with
ΛCDM. The Planck mission plus upcoming peculiar velocity
and redshift surveys will tighten these constraints further.

We thank Gigi Guzzo, Florian Beutler, and David
Parkinson for useful comments. M.J.H. and S.J.T. acknowledge
the financial support of NSERC and OGS, respectively.
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0.62 ± 0.06	
!
cf. Howlett et al ’14: 
0.64 ± 0.09



FUTURE
Better DATA:	
!

• Deeper all-sky redshift surveys (TAIPAN + WALLABY
+ WNSHS + ? ... ): better density field	
!

• New large peculiar velocity datasets from FP (6dF
+NFPS+TAIPAN…), TF (WALLABY), more SNe.	

• But need to control systematics to <1%	
!

• kSZ should allow improved probes particularly of very 
large scales.



TAKE HOME MESSAGES

•   Bulk flows on largest scales: still hints of  “tension” 
with ΛCDM.	

•   Only ~3000 peculiar velocities give competitive 
constraints on f σ8.	

Cosmic flows estimated from direct peculiar velocity 
estimates have great potential : need systematic 

better-than-SDSS surveys!


