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The Hubble diagram of Supernova Ia: accelerated
 expansion 
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Concordance Cosmology: Cosmological constant 

Supernova 

Accelerated Expansion 

•  ΩΛ ~ 1 (p=wρc2 , e.g. w=-1
 vacuum energy) 

LSS and Clusters  
•  Ωm ~0.3  

CMB 

•  flat (ΩTOT=1) 

•  Ωm ~0.3 ! ΩΛ ~0.7 

• They together (with many others) 

•    Ωm ~0.3     ΩΛ~0.7 



Either side of the GR equation could be a solution  
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Pair separation perpendicular to line-of-sight rp 
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Linear distortions only, flattening  
proportional to growth rate: 
depends on amount and kind of 
dark matter and dark energy 

Full distortions, 
including small-
scale “spindle” 
due to clusters of 
galaxies, 
Ωm=0.25, 
ΩΛ=0.75 

No redshift distortions 

Redshift-space galaxy-galaxy correlation function ξ(rp,π) 
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SDSS BOSS CMASS sample DR11 

The sample contains about 600000 massive galaxies 
at redshift 0.6, perhaps  most suitable for measuring 
RS P(K) 



Challenge in measuring RS power spectrum  

"   It is generally preferred to measure the power spectrum in
 redshift space (RS), as the RS P(k) is coupled weakly at
 different scales, and the nonlinearities (such as mapping,
 galaxy bias, structure evolution)can be handled on quailinear
 scales （hopefully）   

"   But it is not easy to directly measure the RS P(K) because of
 two problems 1) lines of the sights to galaxies not parallel; 2)
 convolved with a complex observational window function
 plus a shot noise 

"   Use the moving-LOS method by Yamamoto et al.(2006,PASJ)
 to solve problem 1. 

"   It seems there is no good way to solve problem 2 especially on
 the scale comparable to that of the survey 



The method of Jing & Boerner (2001): simple and
 accurate 

"   Both the window function and the shot noise can be
 corrected in the correlation function (CF)
 measurement 

"   RS P(k) from                                                       FFT of
 the CF 

 

 

"   One worry is that the errors of P(k) could be
 correlated on different scales, but we will see  the
 correlations are weak 



Mock catalog test 

" Subhalo catalog, from an LCDM simulation
 with Np=3072**3 and L=1200 Mpc/h 

"   Using the Galaxy-Subhalo Matching method
 of Wang & Jing（2010），we have
 constructed a CMASS mock catalog (Cubic
 volume) 

"   Result：P(K) from the FFT of CF and that
 directly from FFT are in good agreement,
 indicating one can get P(K) if the input CF is
 correct.  



JB2001 method（red lines）vs direct FFT (black
 points with error bars） 

Li, Zhigang, JYP et al 2016, ApJ, accepted 



Applied to CMASS sample DR11 

Correlation function in 
redshift space 

Power spectrum in 
redshift space 



Error Matrix estimated from mocks 

1. Estimate the 
error matrix of 
P(k) with 
MultiDark Patchy 
mock catalogs  
 
2. Found 
different modes 
correlate weakly, 
the method not 
introduces 
mode-mode 
coupling  



Comparing with previous works 

Previous works: window function or shot noise may not be 
properly  corrected 



Reproduced RS CFs in previous studies 
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Single streaming 
No magnification bias 

Cumulant expansion theorem 

Deterministic 
density-velocity 
 

Linear density-velocity 
relation, no velocity bias 

Negligible high 
order corrections 

Further approximations  often used in observations 
•  Scale independent galaxy density bias 
•  DFOG: Gaussian, Lorentz, more complicated? Meaning ofσv? 

Incomplete list of approximations/simplifications in RSD modeling 

Neglecting AP/relativistic effects/lensing distortion 



Disentangle RSD:  
A generic velocity decomposition 

•  Velocity decomposition into 
three eigen-modes: 
–  Gradient part vE 

•  vδ: correlated with density: 
mostly linear, dominant at 
large scale 

•  vS: uncorrelated: 
significant at intermediate 
scale 

–  Curl part vB 
•  Highly nonlinear, small scale 

•  Different origins 
•  Different scale/z dependence 
•  Different RSD 

Zhang,, Pan, Zheng, 2013 Zheng et al. 2013 



A	formula	of	Zhang	et	al.(2013) 



Disentangle RSD: nonlinear velocity-density 

Zheng et al. 2013 
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•  Velocity growth is 
suppressed w.r.t density.  

•  Leading order correction 
to the Kaiser formula 

•  10% at k=0.1h/Mpc 
and z=0 

to understand its behavior. Nevertheless, [55] found that
PvBvB

ðzÞ / D7ðzÞ. Our results confirm this relation (Fig. 3).

Figure 1 shows that vB grows later than vS. It is less than
1% of v! at k ¼ 0:3 h=Mpc. It is subdominant to vS at
k & 3 h=Mpc. Our convergence tests presented in the
Appendix do not find significant numerical artifacts on
vB measured from the 100 Mpc=h G100 simulation at
k & 3 h=Mpc. So the above results should be reliable.
We may also expect that the velocity field becomes
completely randomized at sufficiently small scales, so
PvBvB

!2PvSvS
. We do find this sign of equipartition at

k$ 10 h=Mpc. However, numerical artifacts at these re-
gimes are non-negligible, as shown in the Appendix.
Simulations with resolution higher than G100 are required
to study this issue.

B. The window function ~Wðk; zÞ
The window function, WðkÞ [Eq. (3)], and the normal-

ized one, ~WðkÞ % WðkÞ=Wðk ! 0Þ ¼ WðkÞ=f, are of cru-
cial importance for the following reasons in understanding
and reconstructing the velocity field and in improving
RSD modeling (Paper I). (1) ~W describes the impact of
the nonlinear evolution on the velocity-density relation.
(2) ~W quantifies a major systematic error in RSD cosmol-
ogy. We have shown that the leading term in the redshift
space matter power spectrum Ps

!!ðk; uÞ is P!!ð1þ
f ~WðkÞu2Þ2. Hence, the widely adopted Kaiser formula
underestimates f by a factor ~WðkÞ ' 1. Perturbation the-
ory predicts a $10% bias at k ¼ 0:1 h=Mpc and z ¼ 0
(Paper I), much larger than the statistical error associated
with stage IV dark energy surveys. (3) W behaves as a
window function exerting on the density field to reveal the
underlying velocity field. This deterministic function can

be inferred from RSD in spectroscopic redshift surveys in
less model dependent way. So it is essential in three-
dimensional peculiar velocity reconstruction in redshift
surveys, at cosmological distances.
Figure 5 shows ~WðkÞ at different redshifts measured in

the J1200 simulation. It confirms our theoretical prediction
using third-order Eulerian perturbation theory (Paper I),
which is applicable at k & 0:2 h=Mpc. As expected, ~W
changes from unity at k ! 0 to zero at k ! 1. As ex-
plained in Paper I, 1( ~W quantifies a systematic error in f.
Since stage IV dark energy surveys have the potential to
measure f to$1% level accuracy, this ~W-induced system-
atic error becomes significant, even at relatively high red-
shift z ¼ 2 and pretty linear scale k ¼ 0:1 h=Mpc. The
situation worsens towards lower redshifts and smaller
scales. For example, 1( ~W * 10% at z & 0:5. It is
already significant for stage III dark energy surveys like
BOSS and eBOSS [58–60]. This systematic error may
contribute a significant fraction to the tension in f between
existing measurements and the prediction from Planck
cosmology [61].
We expect the degrees of freedom in ~W is limited. The

perturbation theory predicts [57], for a power law initial
power spectrum with power index n,

~Wðk; zÞ ¼ 1þ "!#ðnÞ!2
Lðk; zÞ þOð!4

LÞ
1þ "!!ðnÞ!2

Lðk; zÞ þOð!4
LÞ

’ 1

1þ!"ðnÞ!2
Lðk; zÞ

:

(12)

Here, !2
L is the linear matter power spectrum variance

and !2
NL is the nonlinear one. The " symbols follow the

notation in [57] and !"ðnÞ % "!!ðnÞ ( "!#ðnÞ. However,
in reality, the power index depends on k. So !" is a

FIG. 5 (color online). Left panel: the ~Wðk; zÞ ( k relation, calculated from the J1200 simulation. ~W changes from unity at k ! 0 to
zero at k ! 1. 1( ~W * 10% at k ¼ 0:1 h=Mpc and z & 0:5, indicating a significant systematic error in RSD cosmology even for
stage III dark energy surveys like BOSS and eBOSS. Right panel: the ~Wðk; zÞ (!2

!! relation. Long dashed lines represent the fitting
formula [Eq. (13)] with the best-fit !" listed in Table II. Comparing to the ~W-k curves in the left panel, the redshift dependence of
~W-!2

!! curves is greatly reduced.
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Accurate model for W(k) 

1.  Mainly depend on power spectrum, only weakly on 
cosmology 

2.  With third-order PT + simulations, we can predict W(K) 
at the accuracy better than1%  

Cheng,D.L. et al in preparation 



Anisotropy Measure (AM) 

"   One of the main aims to measure RS P(k)is to
 measure the motion of galaxies, thus the growth
 rate of structures; 

"   To minimize to uncertainties of galaxy bias and non
-linar evolution, we define the anisotropy measure： 

"   To the major order, it is related to the galaxy motion
 only 



Anisotropy Measure of CMASS galaxies 

kµ<0.1 h/Mpc for our model fitting, in order to minimize high 
order effects (which will be considered in a future work) 





Our main result of the growth rate at z=0.57  



Simulation test for w(k) 

It is necessary to include nonlinearity(       )，which 
can bias the f measure to a lower value (for our cut 
k and µ, it is 5-10%) 

W (k)



Summary 

"   RSD is potentially a powerful tool to study
 dark energy and modified gravity 

"   Our method of measuring RS power spectrum
 from RS correlation function is simple and

 accurate 

"   It is necessary to include the quasi
-nonlinear effect W(k) in the velocity

 field even at scale k<0.24 and kμ<0.1 

"   Applied to SDSS DR11, we get  

Li, Zhigang, JYP et al 2016, ApJ, accepted; arXiv:1609.03697 



Outlook 

"   Modeling: high order effects; full
 simulations 

"   Observations: SDSS DR12, and future
 surveys 

Thank you! 
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