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• After cosmological recombination, before 
reionization, the universe is 99.97% neutral. 

• Neutral hydrogen is observable in spin-flip hyperfine 
transition at 21cm / 1420 MHz

21cm cosmology basics
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21cm cosmology basics

• Fluctuations δTb(x, z) or δTb(k, z)                    
➡ geography of the universe: P(k), B(k1,k2,k3)

• Average Tb(z) ➡ history of the early universe

Pritchard 
& Loeb 2008

between these models is the redshift of reionization that
cuts off the 21 cm signal at low redshift and is most
responsible for the different ! values. Model C has a
significantly decreased Ly" flux, which shows itself
through a decrease in the strength of the absorption signal.

The global evolution of the 21 cm signal is itself the
target of several experiments, e.g. the ‘‘Cosmological
Reionization Experiment’’ (CoRE) [67] and the
‘‘Experiment to Detect the Global EOR Signature’’
(EDGES) [68]. Although such an observation is concep-
tually simple, it is experimentally challenging.
Distinguishing between a global signal and other sources
of all sky emission, including galactic synchrotron, free-
free radiation, and the CMB is difficult. Experimental
detection relies upon reionization proceeding rapidly lead-
ing to a distinctive steplike feature in the frequency direc-
tion, which would not be expected to be produced by the
spectrally smooth foregrounds. With the assumption of
sharp reionization, EDGES [68] places an initial constraint
that !Tb < 450 mK at z ! 8. While this is far from the
expected signal amplitude, such constraints will improve
with time. Efforts are also underway to extend the fre-
quency coverage to # " 50 MHz to access the transition
from an absorption to emission signal. As Fig. 1 indicates,
this transition is likely to be significantly larger in ampli-
tude (# 100 mK) than that at the end of reionization (#
20 mK).

B. Fluctuation history

The three-dimensional nature of the 21 cm signal makes
it difficult to convey the evolution of the fluctuations with a
single two-dimensional plot. We therefore plot the evolu-
tion of four individual comoving wavenumbers k ! 0:01,
0.1, 1, and 10 Mpc$1, spanning the range that might be
observed. On large scales we expect contamination from
foregrounds to limit the detection of the power spectrum.
On small scales thermal broadening of the 21 cm line will
smooth the signal. It is also to be expected that many of our
approximations will break down as small-scale informa-
tion about the sources becomes important (see for example
[69] for the importance of higher order correlations on
small scales during reionization). For the mean histories
shown in Fig. 1, we calculate the evolution of the 21 cm
angle-averaged power spectrum, which is plotted in
Figs. 2–4, for models A, B, and C, respectively.

The evolution of !"Tb
clearly shows three regimes: the

post-reionization regime at low redshifts (z < zreion) where
the 21 cm fluctuations from residual hydrogen follow the
matter power spectrum, an intermediate redshift regime
(xreion < z < ztrans), where Ly" coupling produces a large
signal and complicated astrophysics leads to significant
scale dependence, and a high redshift collisionally coupled
regime where 21 cm fluctuations track the density field
(z > ztrans " 23). For pedagogical purposes, let us describe
the evolution on a single comoving scale (say, k !

FIG. 1. Top panel: Evolution of the CMB temperature TCMB

(dotted curve), the gas kinetic temperature TK (dashed curve),
and the spin temperature TS (solid curve). Middle panel:
Evolution of the gas fraction in ionized regions xi (solid curve)
and the ionized fraction outside these regions (due to diffuse x-
rays) xe (dotted curve). Bottom panel: Evolution of mean 21 cm
brightness temperature Tb. In each panel we plot curves for
Model A (thin curves), Model B (medium curves), and Model C
(thick curves).

FIG. 2. Redshift evolution of the angle-averaged 21 cm power
spectrum !"Tb

for Model A at k ! 0:01 (solid curve), 0.1 (dotted
curve), 1.0 (short-dashed curve), and 10.0 (long-dashed curve)
Mpc$1. Reionization at z ! 6:5.
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(i) Tests of the standard model predictions for our cos-
mic thermal history T!z", expansion history H!z"
(which can be measured independently using both
expansion and the angular diameter distances), and
linear clustering growth.

(ii) Constraints on modified gravity from the above-
mentioned measurements of H!z" and clustering
growth.

(iii) Constraints on decay or annihilation of dark matter
particles, or any other long-lived relic, from the
above-mentioned measurement of our thermal his-
tory [40–42]. Here 21 cm is so sensitive that even the
expected annihilation of ‘‘vanilla’’ neutralino WIMP
cold dark matter may be detectable [42].

(iv) Constraints on evaporating primordial black holes
from the thermal history measurement [43].

(v) Constraints on time-variation of fundamental physi-
cal constants such as the fine structure constant [44].

3. The scale frontier

These observations can potentially push the ‘‘scale fron-
tier’’, significantly extending the range of scales that are
accessible to do cosmology. This is illustrated in Fig. 6,
where the scales probed by different techniques are com-
pared to what is available in 21 cm. Neutral hydrogen is a

good probe of the small scales for two separate but related
reasons. First, one can potentially make observations at
higher redshifts, where more of the scales of interest are in
the linear regime and thus can be better modeled. Second,
at early times in the history of our Universe, hydrogen is
still very cold and thus its distribution is expected to trace
that of the dark matter up to very small scales, the so-called
Jeans scale, where pressure forces in the gas can compete
with gravity [45].
(i) Precision tests of inflation, since smaller scales pro-

vide a longer lever arm for constraining the spectral
index and its running (illustrated in Fig. 6) for the
power spectrum of inflationary seed fluctuations [18]

(ii) Precision tests of inflation by constraining small-
scale non-Gaussianity [46].

(iii) Precision constraints on noncold dark matter from
probing galactic scales while they were still linear.

4. The sensitivity frontier

This combination of a large available volume with the
presence of fluctuations on small scales that can be used to
constrain cosmology implies that the amount of informa-
tion that at least in principle can be obtained with the 21 cm
is extremely large. This can be illustrated by calculating
the number of Fourier modes available to do cosmology
that can be measured with this technique. This number can
be compared with the number of modes measured to date
with various other techniques such as galaxy surveys, the
CMB, etc. In Fig. 7, we show the number of modes
measured by past surveys and some planned probes includ-
ing 21 cm experiments.6 The figure illustrates a trend akin
to Moore’s law: exponential progress as a function of year.
It is striking that the improvement of the 1 km2 FFTT over
WMAP is comparable to that of WMAP over COBE.
Moreover, the ultimate number of modes available to be
observed with 21 cm tomography is dramatically larger
still, upward of 1016, so although many practical issues will
most certainly limit what can be achieved in the near
future, the ultimate potential is vast.
The FFTT sensitivity improvement translates into better

measurement accuracy for many of the usual cosmological
parameters. It has been shown that even the limited redshift
range 7 & z & 9 (dark shading in Fig. 5) has the potential
to greatly improve on cosmic microwave background con-

FIG. 6 (color online). 21 cm tomography can push the scale
frontier far beyond that of current measurements of cosmic
clustering, potentially all the way down to the Jeans scale at
the right edge of the figure. This allows distinguishing between a
host of alternative inflation and dark matter models that are
consistent with all current data, for example, a warm dark matter
with mass 14 keV (dashed curve) or greater and inflation with a
running spectral index more extreme than dns=d lnk # $0:03
(dotted).

6Although the number of modes gives an estimate of the
statistical power of a survey, constraints on specific parameters
will depend on how strongly each of the power spectra varies as a
function of the parameter of interest. Furthermore, when con-
sidering probes such as the Lyman-! forest that probes modes in
the nonlinear regime, our numbers based on the Gaussian
formula overestimates the constraining power. In constructing
this figure, only modes in the linear regime k < 0:1 hMpc$1

were included for galaxy surveys. These are the range of modes
that are typically used for doing cosmology. If the galaxy
formation process becomes sufficiently well understood it may
become feasible to increase the number of useful modes.
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21cm fluctuations during the 
dark ages: a new scale frontier

Tegmark & Zaldarriaga 2009

CMB: k ≲ kSilk ~0.15 Mpc-1

LSS: k ≲ kNL ~ few x 0.1 Mpc-1 

21cm: k ≲ kJeans ~300 Mpc-1

3D power spectrum
Loeb & Zaldarriaga 2004

• ns, running
• Warm dark matter
• Massive neutrinos
• Non-gaussianity
• P(k ~ 300 Mpc -1)



pole source fluctuations and redshift distortions.2 Except
on very large scales the next most important term is from
the CMB dipole in the rest frame of the gas, which gives
percent-level contribution at l < 50 for the redshift shown
here, but is negligible on much smaller scales.3 At (l <
100) the contribution from the potential and other velocity
terms is also not entirely negligible. The contributions
from the CMB temperature anisotropy above the dipole,
and reionization rescattering sources, are completely neg-
ligible on all scales. At lower redshifts the background
signal becomes smaller, and the relative importance of
the terms changes. The background signal depends on
!Ts ! !T!, but some of the perturbation sources depend
only on the 21 cm optical depth and are nonzero even
when the spin temperature is equal to the CMB tempera-
ture. As an extreme example, Fig. 7 shows the relatively
large contribution from the photon-baryon dipole at z " 20
on large scales if there were no additional sources from
nonlinear structures.

Note that just because something does not show up in a
narrow frequency window autopower spectrum at a given
redshift does not mean that it is necessarily negligible. The
correlation between source planes at a given l falls off very
rapidly once the plane separation is greater than character-

istic perturbation size "=l. Extra information may there-
fore be available in the cross-power spectra, particularly
about small large-scale signals that are correlated between
redshift bins. The effect of different frequency window
functions is shown in Fig. 8. Here the baryon oscillations
only show up when the window is wide enough to damp
down the large smaller-scale fluctuations so that the power
on baryon oscillation scales is not dominated by contribu-
tions from smaller scales. When narrow frequency win-
dows are used this information is hidden in the cross-
correlation structure of the different source planes.

The white-noise signal on large scales can be reduced by
averaging over many redshift slices. Figure 6 shows the
relative importance of the various terms on large scales
when a broad redshift window function is used. Redshift
distortions from scales smaller than the bin width are sup-
pressed, and the large-scale white-noise monopole signal is
reduced because of the line-of-sight averaging of small-
scale power. The relative importance of the additional
terms is therefore larger. This raises the question of
whether the large-scale 21 cm signal can be useful, for
example, to learn about large-scale power or as a source for
the integrated Sachs-Wolfe effect (ISW). There are two
main problems. First, a very broad window function is
required to make the extra terms comparable to the mono-
pole source, and residual monopole and redshift-distortion
signals will generally dominate. Second, since the dark-age
redshift shells are * 3=4 of the comoving distance to the
last scattering surface, large-angle correlations, such as
those due to Sachs-Wolfe potential redshifting, will be
strongly correlated between redshift slices and correlated
with the large-scale CMB. As an averaged source plane for
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FIG. 8 (color online). The 21 cm power spectrum at z " 50 for
"# " f1; 0:1; 0:01; 0g MHz (bottom to top). Large widths sup-
press the redshift-distortion contribution and allow the baryon
oscillations to be seen. All show characteristic damping due to
line-of-sight averaging over the bin width at l * "="", and the
effect of baryon pressure at l * 5# 106.
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FIG. 7 (color online). The large-scale 21 cm power spectrum
at z " 20 and z " 30 ("# " 0:01 MHz) if there were no
Lyman-$ sources, shock heating, minihaloes, or other nonlinear
effects. Solid lines are the full linear result, dashed lines include
only monopole and redshift-distortion sources. The difference is
dominated by the baryon-photon velocity term.

2Note that at the percent level it is important to use the baryon
rather than CDM velocity when calculating the redshift
distortions.

3Note that although the CMB dipole signal has only a small
effect on the dark-age 21 cm power spectrum, it may make a
larger contribution to the correlation with other sources, for
example the cross correlation with the CMB temperature during
reionization (cf. Ref. [30]).
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At z = 50, λ = 10 m.  
Array size ≈ 1 km (l/100)
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Measuring anisotropies on 
angular scales l  ≳ 104-105 

(k ≳ 1-10 Mpc-1) will be 
extremely challenging. 

• Earth ionosphere becomes opaque at ν ≲ 10 MHz (z ≳ 140) 
• Foreground emission steeply rises at low frequencies

A very challenging observation

Lewis & Challinor 2007
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We recomputed the signal accounting for the relative 
velocity of baryons and CDM (Tseliakhovich & Hirata 2010) 

Punch line of this work
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FIG. 1. 21 cm angular power spectrum at redshift 30 for a
window function of width�⌫ = 1 MHz without relative veloc-
ity corrections (obtained using camb sourcesa). The bottom
panel shows the relative correction when accounting for the
relative velocity e↵ect: solid lines represent an enhancement
and dashed lines a suppression.
a http://camb.info/sources/

photon-baryon fluid resist gravitational growth due to its
high pressure, resulting in acoustic oscillations. Mean-
while, the CDM is oblivious to photons and its perturba-
tions grow under their own gravitational pull. At recom-
bination, CDM and baryons have therefore very di↵erent
density and velocity fields; in particular, their relative

velocity is of order 30 km/s at recombination, a factor of
⇠ 5 times larger than the post-recombination baryonic
sound speed.

TH10 pointed out two consequences of these supersonic
motions. First, the growth of structure is hampered on
scales smaller than the characteristic advection scale over
a Hubble time, and the matter density fluctuations are
suppressed by ⇠15% around k ⇠ 200 Mpc�1. Second, the
small-scale power is modulated on the large scales over
which the relative velocity field varies, corresponding to
k ⇠ 0.005 � 1 Mpc�1.

As we shall demonstrate in this paper, the relative ve-
locity a↵ects the 21 cm fluctuations in three di↵erent
ways. First, on small scales, k ⇠ 200 Mpc�1, the pertur-
bations are suppressed by several tens of percent; this
is because the 21 cm brightness temperature depends
on the baryonic density and temperature fluctuations,
which is more dramatically a↵ected by the relative veloc-
ity than the CDM [9]. Second, on extremely small scales
(k & 2000 Mpc�1), we actually find an enhancement of
baryonic density and temperature fluctuations, hence of
21 cm fluctuations. This comes from the quasi-resonant
excitation of baryon acoustic oscillations as the baryonic

fluid is advected across CDM density perturbations, an
e↵ect which was not pointed out previously. Third, and
most importantly, we also find enhanced 21cm fluctua-
tions on large scales, k ⇠ 0.005 � 1 Mpc�1. This e↵ect
is less intuitive but can be summarized as follows. The
relation between the 21 cm intensity and the underly-
ing baryonic fluctuations � is fundamentally non-linear,
and we may formally write �T21 ⇡ ↵� + ��2, where ↵
and � are of comparable magnitude. When considering
large-scale fluctuations of the brightness temperature, we
therefore have �T21|l ⇡ ↵�

l

+ �(�2)
l

. In the absence of
relative velocities, the second term would be negligible
for Gaussian initial conditions and as long as perturba-
tions are in the linear regime. However, relative velocities
lead to a large-scale, order unity modulation of the ampli-
tude of small-scale fluctuations �

s

, and as a consequence,
(�2)

l

⇠ h�2
s

i. The small-scale fluctuations are much larger
that the large-scale ones, �

l

⌧ �
s

⌧ 1; for z . 100, we
even have �2

s

⇠ �
l

, and the quadratic term usually ne-
glected in 21 cm fluctuations is actually comparable to
the linear term, leading to an order unity enhancement of
the large-scale 21 cm power spectrum. The e↵ect on the
angular power spectrum is not so dramatic, since power
on large angular scales is dominated by the rapidly rising
small-scale power spectrum due to standard terms. We
find that the angular power spectrum is enhanced by a
few percent at z = 30 for ` . 1000. We emphasize that
the large-scale enhancement is formally a non-linear ef-
fect, even if the perturbations remain small. The change
to the large-scale power spectrum of 21cm fluctuations
is indeed of order (�2

s

/�
l

)2 ⇠ 1, even though h�2i ⌧ 1.
The latter condition allows us to neglect “standard” non-
linear terms which are not a↵ected by the relative veloc-
ity.

Our results are summarized in Figure 1, where we show
the standard theoretical 21 cm angular power spectrum
at redshift 30 and the corrections resulting from including
the relative velocity e↵ect.

We note that several previous works have already com-
puted the consequences of the relative velocity on the 21
cm signal in the pre-reionization era, after the first stars

have formed, at redshifts z . 30 [10–14]. At that epoch
the relevant physical ingredients are very di↵erent than
during the dark ages. On the one hand, the 21 cm spin
temperature is determined by the strength of the am-
bient stellar ultraviolet radiation field through resonant
scattering of Lyman-↵ photons (the Wouthuysen-Field
e↵ect [15–17]). On the other hand, the gas tempera-
ture, which sets the color temperature in the Lyman-↵
line, and hence the spin temperature, is determined by
the rate of X-ray heating. Because the physics involved
is complex, modeling the 21 cm emission from z . 30
requires numerical simulations, is model-dependent, and
observing this signal is more likely to inform us about
the details of the formation of the first luminous sources
than about fundamental physics. Our work is therefore
complementary to these studies, extending the physical
analysis of relative velocities to higher redshifts. The 21

• enhancement of large-
scale fluctuations, 
dependent on the power 
at k ~300 Mpc-1  

• decrease of small-
scale fluctuations

➡ Large scale signal 
gives a handle on very 
small-scale physics
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• Scale of suppression: 

• The effect is fundamentally non-linear:

kvbc ⇠
aH

v
bc

⇡ 40 Mpc�1 � k
coh

⇠ 0.3 Mpc�1

Effect of a local relative streaming
vbc

0 = �̇ + ~r · ~v +~v ·r�
0 = ~̇v + ~r� +(~v · ~r)~v
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Small-scale baryon power spectrum is a function 
of the local vbc: P(k≳40; vbc) < P(k≳40; vbc = 0) 
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k = 200 Mpc�1 k = 2700 Mpc�1

vbc · k̂ = 0

vbc · k̂ = 17 km/s
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FIG. 5. Evolution of the ratio |�
Tgas/�b| as a function of redshift, for k = 200 Mpc�1 and k = 2700 Mpc�1, as a function of

the local relative velocity. In both cases the relative velocity speeds up the convergence towards the adiabatic limit �
Tgas = 2
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(indicated with a dotted line). The e↵ect is much more pronounced for very small scales.
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FIG. 6. Power per logarithmic k-interval for baryon density
and temperature fluctuations at z = 50, neglecting the rela-
tive velocities (dashed lines), and averaging over their proba-
bility distribution (solid lines). Accounting for relative veloc-
ities leads to a suppression of power around k ⇠ 200 Mpc�1

and an enhancement at smaller scales due to resonant excita-
tion of acoustic waves. The enhancement is more pronounced
for temperature fluctuations, which are driven towards the
adiabatic regime �

Tgas ! 2

3

�

b

earlier on when relative veloci-
ties are present.

If we consider the small-scale fluctuations of X, we see
that, to lowest order,

X
s

= �1�s

+ O(X�2
s

), (40)

i.e. at small scales we only need to account for the linear
term, up to corrections of relative order �

s

. However,
when computing the long-wavelength fluctuations of X,
the quadratic term does become important and can be
comparable to the linear term, provided it is significantly
modulated on large scales:

X
l

= �1�l

+ �2(�
2
s

)
l

+ O(X�3
s

, X�2
l

). (41)
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FIG. 7. Characteristic change in the small-scale baryon
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= 0)| (black, lower
two curves) and characteristic baryon overdensity �

b

(k) ⌘⇥
k

3

P

b

(k)/(2⇡2)
⇤
1/2

(blue, upper two curves), as a function
of wavenumber, and at redshifts 100 and 50. The dotted
lines illustrate that the long-wavelength modulation of the
small-scale quadratic fluctuations is of the same order as
the long-wavelength fluctuations of the linear overdensity:
(�2

s

)
l

= ��

2

s

⇠ �

l

.

In the absence of relative velocities, �2
s

does vary stochas-
tically, but mostly on small scales. On the other hand,
fluctuations of the relative velocity over large scales lead
to order unity fluctuations of the small-scale power spec-
trum, and therefore (�2

s

)
l

⇠ �2
s

⇠ �
l

. This is illustrated
in Fig. 7.

In order to compute the long-wavelength fluctuation
of �2

s

, we may first smooth it over an intermediate scale
of a few tenths of Mpc, such that the smoothing scale
satisfies

kcoh ⌧ ksmooth ⌧ k
vbc

. (42)

The first inequality ensures that the long-wavelength



Effect on the large-scale signal

δ is linear in initial conditions
BUT 

Tb is a fully non-linear function of δ 

�Tb = T1 � + T2 �2 + ...
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FIG. 14. Variance of fluctuations per logarithmic k-
interval for the quadratic correction (solid) and the standard
monopole term (dashed) at z = 30 (top) and z = 120 (bot-
tom). The correction is of order tens of percent at large scales
and low redshift.

from comparing the Fourier-space fluctuations. We still
find that quadratic terms enhance the large-scale power
spectrum by a few percent at z = 30 and for ` up to a
few hundred. The relative increase is larger when using a
larger window function (see right panel of Fig. 15); how-
ever in that case the absolute power is also decreased. We
note that with the standard cosmological scenario con-
sidered, the correction to the large-scale power spectrum
is maximal around z ⇡ 30, due to the near-cancellation
of various terms at higher redshitfs. One should keep in
mind that at these redshifts the radiation from the first
stars may alread have a significant impact on the 21 cm
signal, depending on the model considered [14].

Finally, we point out that we have only considered a
standard cosmology here, and simply extrapolated the
small-scale power spectrum from its known shape at
much larger scales. Any unusual feature in the small-
scale power spectrum (due, fore example to a running of
the spectral index, or to a warm dark matter [4]) would
also have some e↵ect on large angular scales through the
relative velocity e↵ect. This e↵ect therefore potentially
allows to measure small-scale physics through observa-
tions of large angular scales, an aspect which we shall
explore in future works.

D. Comment on other non-linear terms

In this paper we are considering quadratic terms only
insofar as they are significantly modulated on large scales
by the relative velocity. We are neglecting the term
2h�0�x

i2 in the autocorrelation function of �2, as well
as terms of similar order that would result from the
correlation of linear terms with cubic terms, h�0�

3
x

i =
3h�2ih�0�x

i. This neglect is formally justified, since our
correction to the simple linear analysis at large scales is
of relative order (�2

s

/�
l

)2 ⇠ 1, whereas other non-linear

terms are formally corrections of order �2 ⌧ 1. In prac-
tice, however, our large-scale correction is numerically of
the order of tens of percent, and is the largest at z ⇠ 30.
By then the variance of the density fluctuation is already
several percent, and the neglected non-linear terms could
therefore be of comparable magnitude as the one we have
accounted for, even though they are formally of a di↵er-
ent order. To our knowledge, the e↵ect of higher-order
terms in the brightness temperature expansion has not
been investigated yet (beside Ref. [45], where the non-
linear velocity gradient terms are considered, see also
Ref. [43]). Including the other non-linear terms consis-
tently would also require accounting for the non-linear
growth of overdensities. This would significantly compli-
cate the analysis, and we defer it to a future work.

V. CONCLUSIONS

We have revisited the theoretical prediction for the
21 cm intensity fluctuations during the dark ages, ac-
counting for the relative velocity between baryons and
CDM recently discussed by Tseliakhovich and Hirata [8].
We have focused on isolating the consequences of this
e↵ect and for the sake of simplicity have made several
assumptions regarding other e↵ects which can be impor-
tant at the few-percent level. Some of these e↵ects are
treated elsewhere in the literature and we list them here
for completeness. First, we have computed the signal
to lowest order in the small optical depth and neglected
fluctuations of the residual free electron fraction, which
lead to a few percent correction [6]. This can be straight-
forwardly accounted for in our computation, and we have
not done so simply for the sake of conciseness. Secondly,
we have neglected the thermal broadening of the 21 cm
line and have assumed it can be described by a single,
velocity-independent spin temperature, e↵ects which can
be important at the percent-level [42]. Finally, we have
used linear perturbation theory to follow the growth of
density perturbations, and neglected non-linear correc-
tions which a↵ect the small-scale power spectrum at the
several percent level at z . 50. Computing these correc-
tions accurately is technically challenging and has only
been done approximately so far [6]. We have also ne-
glected higher-order terms in the expansion of the bright-
ness temperature, which could lead to corrections at the
several percent level at low redshift. To our knowledge,
these corrections have not yet been explored. Last but
not least, we have neglected the impact that early-formed
stars may have on the signal at z ⇡ 30.

Our findings are as follows. The relative velocity
between baryons and CDM leads to a suppression of
baryonic density and temperature fluctuations on scales
k & 30 Mpc�1 by several tens of percent, which re-
sult in a similar suppression of the 21 cm fluctuations
on angular scales ` & 5 ⇥ 105. Less intuitively, we find
an enhancement of the 21 cm fluctuations in two scale
regimes. First, on scales much smaller than the Jeans
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FIG. 1. 21 cm angular power spectrum at redshift 30 for a
window function of width�⌫ = 1 MHz without relative veloc-
ity corrections (obtained using camb sourcesa). The bottom
panel shows the relative correction when accounting for the
relative velocity e↵ect: solid lines represent an enhancement
and dashed lines a suppression.
a http://camb.info/sources/

photon-baryon fluid resist gravitational growth due to its
high pressure, resulting in acoustic oscillations. Mean-
while, the CDM is oblivious to photons and its perturba-
tions grow under their own gravitational pull. At recom-
bination, CDM and baryons have therefore very di↵erent
density and velocity fields; in particular, their relative

velocity is of order 30 km/s at recombination, a factor of
⇠ 5 times larger than the post-recombination baryonic
sound speed.

TH10 pointed out two consequences of these supersonic
motions. First, the growth of structure is hampered on
scales smaller than the characteristic advection scale over
a Hubble time, and the matter density fluctuations are
suppressed by ⇠15% around k ⇠ 200 Mpc�1. Second, the
small-scale power is modulated on the large scales over
which the relative velocity field varies, corresponding to
k ⇠ 0.005 � 1 Mpc�1.

As we shall demonstrate in this paper, the relative ve-
locity a↵ects the 21 cm fluctuations in three di↵erent
ways. First, on small scales, k ⇠ 200 Mpc�1, the pertur-
bations are suppressed by several tens of percent; this
is because the 21 cm brightness temperature depends
on the baryonic density and temperature fluctuations,
which is more dramatically a↵ected by the relative veloc-
ity than the CDM [9]. Second, on extremely small scales
(k & 2000 Mpc�1), we actually find an enhancement of
baryonic density and temperature fluctuations, hence of
21 cm fluctuations. This comes from the quasi-resonant
excitation of baryon acoustic oscillations as the baryonic

fluid is advected across CDM density perturbations, an
e↵ect which was not pointed out previously. Third, and
most importantly, we also find enhanced 21cm fluctua-
tions on large scales, k ⇠ 0.005 � 1 Mpc�1. This e↵ect
is less intuitive but can be summarized as follows. The
relation between the 21 cm intensity and the underly-
ing baryonic fluctuations � is fundamentally non-linear,
and we may formally write �T21 ⇡ ↵� + ��2, where ↵
and � are of comparable magnitude. When considering
large-scale fluctuations of the brightness temperature, we
therefore have �T21|l ⇡ ↵�

l

+ �(�2)
l

. In the absence of
relative velocities, the second term would be negligible
for Gaussian initial conditions and as long as perturba-
tions are in the linear regime. However, relative velocities
lead to a large-scale, order unity modulation of the ampli-
tude of small-scale fluctuations �

s

, and as a consequence,
(�2)

l

⇠ h�2
s

i. The small-scale fluctuations are much larger
that the large-scale ones, �

l

⌧ �
s

⌧ 1; for z . 100, we
even have �2

s

⇠ �
l

, and the quadratic term usually ne-
glected in 21 cm fluctuations is actually comparable to
the linear term, leading to an order unity enhancement of
the large-scale 21 cm power spectrum. The e↵ect on the
angular power spectrum is not so dramatic, since power
on large angular scales is dominated by the rapidly rising
small-scale power spectrum due to standard terms. We
find that the angular power spectrum is enhanced by a
few percent at z = 30 for ` . 1000. We emphasize that
the large-scale enhancement is formally a non-linear ef-
fect, even if the perturbations remain small. The change
to the large-scale power spectrum of 21cm fluctuations
is indeed of order (�2

s

/�
l

)2 ⇠ 1, even though h�2i ⌧ 1.
The latter condition allows us to neglect “standard” non-
linear terms which are not a↵ected by the relative veloc-
ity.

Our results are summarized in Figure 1, where we show
the standard theoretical 21 cm angular power spectrum
at redshift 30 and the corrections resulting from including
the relative velocity e↵ect.

We note that several previous works have already com-
puted the consequences of the relative velocity on the 21
cm signal in the pre-reionization era, after the first stars

have formed, at redshifts z . 30 [10–14]. At that epoch
the relevant physical ingredients are very di↵erent than
during the dark ages. On the one hand, the 21 cm spin
temperature is determined by the strength of the am-
bient stellar ultraviolet radiation field through resonant
scattering of Lyman-↵ photons (the Wouthuysen-Field
e↵ect [15–17]). On the other hand, the gas tempera-
ture, which sets the color temperature in the Lyman-↵
line, and hence the spin temperature, is determined by
the rate of X-ray heating. Because the physics involved
is complex, modeling the 21 cm emission from z . 30
requires numerical simulations, is model-dependent, and
observing this signal is more likely to inform us about
the details of the formation of the first luminous sources
than about fundamental physics. Our work is therefore
complementary to these studies, extending the physical
analysis of relative velocities to higher redshifts. The 21
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FIG. 15. Left : Computed large-scale power spectrum (LC07, including relativistic corrections) and its correction due to the
relative velocity between baryons and cold dark matter at redshift 30 and through 3 di↵erent windows �⌫ = 0.01, 0.1 and 1
Mhz (top to bottom). Right The relative contribution of the correction at redshift 30. Applying a bigger window transfers
more power from large scales, leading to a larger relative contribution.

scale, we find that the streaming of cold dark matter
perturbations relative to baryonic ones lead to a reso-
nant amplification of acoustic waves. This translates to
an enhancement of the 21 cm power spectrum for angular
scales ` & 5⇥ 107. Most importantly (and as anticipated
by TH10), the large-scale fluctuations of the relative ve-
locity field are imprinted on the 21 cm signal, at scales
k ⇠ 0.005 � 1 Mpc�1, corresponding to angular scales
` . 104. This enhancement is due to the combination of
two facts. On the one hand, the 21 cm brightness tem-
perature depends non-linearly on the underlying baryonic
fluctuations. On the other hand, the large-scale modula-
tion by the relative velocity of the square of small-scale
perturbations is comparable to the linear large-scale fluc-
tuations at z . 100.

One of the prime appeals of 21 cm fluctuations from
the dark ages is to access the small-scale power spec-
trum at k & few Mpc�1, currently unaccessible to other
probes [4, 46]. If observed directly, these Fourier modes
correspond to multipoles ` of several tens of thousands
at least, i.e. an angular resolution better than 10�4 radi-
ans. Reaching this resolution at the highly redshifted fre-
quency of the 21 cm transition would be highly challeng-
ing, requiring very large baselines. Our results show that
detection prospects are in fact more optimistic (though
still challenging): the relative velocity imprints the char-
acteristic amplitude of the small-scale density power
spectrum (around k ⇠ 100 Mpc�1) on large angular fluc-
tuations of the 21 cm signal, around ` . 1000. Note that
the relative velocity perturbations have support on scales
which are well measured by current cosmological probes,
and can therefore be computed exactly. Any deviation
from the standard cosmological model on small scales,
such as warm dark matter or a running of the primordial
power spectrum, would therefore not only a↵ect the small
angular scales of 21 cm fluctuations, but also the regime

` . 1000. The relative velocity should also significantly
change the e↵ect that dark matter annihilations would
have on the 21 cm signal fluctuations [47]. We plan to
investigate these issues in future work.

Another extension to the work presented here is
to include e↵ects of primordial non-Gaussianity; simi-
larly to the relative velocity, non-Gaussianities modu-
late the small-scale power spectrum on large scales in
the squeezed limit. It is interesting to know how these
e↵ects compare, both as a function of scale as well as am-
plitude, and whether the relative velocity may hamper or
help detection of primordial non-gaussianities with 21 cm
fluctuations.

Finally, the analytical results presented here also en-
courage to look for semi-analytical modeling of the low
redshift Universe. So far, this has predominantly been a
numerical e↵ort, but it is not unlikely that some of the
physics at late times can be modeled analytically. We
shall tackle this problem in future work.
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