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The coming era of 21cm observation of the high redshift universe will present a huge op-
portunity to probe the distribution of matter. Key to this is an understanding of how our
observation in redshift space maps into the underlying matter distribution. Our work gives
a full non-perturbative calculation of the redshift space power spectrum, and examines the
results in their implications for 21cm measurements.

1 Introduction

Within the local Universe we can directly probe the distance to astrophysical objects using IA
Supernovae, Cepheid Variables and others. Further out there are no direct measurements and
instead we rely on the redshift imprinted by Cosmic expansion. Assuming the redshift is entirely
cosmological, we can simply calculate the comoving distance χz from the redshift. Unfortunately
this assumption does not hold — the peculiar velocities of objects ensure the actual comoving
distance to an object χ at redshift z is not χz, but it also depends on the local velocity v(x)
field. The comoving distance is in fact:

χ = χz − v(x) · n̂/H (1)

From here onwards we’ll write v(x) · n̂/H = φ(x).
The first order effect on the Power spectrum is well known and easy to calculate (see 1). The

density perturbation in redshift space is

∆r(r) = ∆(r) − φ′(r) (2)

where the prime denotes a derivative along the line of sight. For linear perturbations the Fourier
velocity modes are directly linked to the density field ṽ(k) = −ifH

(

k/k2
)

∆̃(k), where f is the
derivative of the growth factor, f = d ln D+/d ln a, and H is the comoving Hubble parameter.

Putting this together where µk = n̂ · k̂, the Redshift-space Power Spectrum takes the form:

Pr(k) =
(

1 + fµ2
k

)2
P (k) (3)

2 Exact Result

This approach can be taken to higher order to calculate the non-linear contributions but even
at second order it is much less straightforward.

Instead we used a non-perturbative method to calculate the full non-linear redshift space
power spectrum. It gives the result in terms of a Fourier Transform of real-space Correlation
Functions. Similar work has been done at low redshift, see 2.

Assuming we are still in the regime of linear growth, that is ∆, and φ to be Gaussian Fields
we calculate the redshift space power spectrum to be

Pr(k) =

∫

d3r e−ik·r e
−k2

‖
[Cφ(0)−Cφ(r)]

[1 + C∆(r) + 2ik‖C∆φ(r) − k2
‖C∆φ(r)2] (4)

where C∆, Cφ and C∆φ are the obvious correlations and cross-correlation.
The field ∆ need not be the matter density contrast, any Gaussian field will do e.g. 21cm

Brightness Temperature.



Figure 1: Redshift power spectrum at µ = 1.0 (solid)
and 0.2 (dashed) both at z = 30. At low µ small scale
velocity perturbations smear the overall gradient, sup-
pressing power at all scales. At higher µ, small scale per-
turbations are affected by large scale velocity gradients,

causing further distortion and increasing the power.

Figure 2: The Non-linear behaviour as a fraction of the
linear result. The shaded regions indicate where the
non-linearity is significant. Clearly they become more
significant at higher µ and lower redshift. For a low
redshift z = 10 the non-linear contribution completely

dominates from about k/h = 5 Mpc−1 onwards.

3 Component Separation in 21cm Observation

21cm observations measure the brightness temperature, which depends on both the matter
density and the neutral fraction x. The detailed physics involved (ionisation, gas heating) is
particularly difficult especially at low redshift after the dark ages. The linear redshift space
power spectrum is:

P∆T (k) = P0(k) + 2µ2
kP2(k) + µ4

kP (k) (5)

To separate we can examine the angular dependence (Barkana and Loeb, 2005). The µ4
k term is

sourced by the velocity correlations and depends only on the matter power spectrum enabling
the determination of the matter power spectrum, even if we know nothing about the astrophysics
of P0(k) and P2(k).

Introducing the Non-Linear behaviour makes this picture much more difficult. The complex
angular dependence makes this separation challenging whenever the non-linear effects are sig-
nificant. Unfortunately at lower redshifts where the brightness temperature no longer directly
tracks the underlying density, and where separation would be useful the Non-Linear contribu-
tions become large. The process of separation becomes increasingly complex.

4 Summary

Non-Linear redshift distortions introduce qualitatively new behaviour in the enhancement of
power at small scales. This effect starts becoming significant compared to the linear result at
redshifts z < 30, and is dominant at high k at redshifts lower than 10. This will make analysis
of 21cm observations difficult at low redshift without making significant assumptions about the
astrophysical behaviour.
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