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The 21cm line

z=0
ν=1420 MHz

z=6
ν=200 MHz

z=13
ν=100 MHz

z=20
ν=70 MHz

• Advantages for studying reionization / dark ages:

• Unsaturated line => strong dependence on H properties, 
low attenuation

• Can be seen in absorption or emission against CMB -- 
no bright source needed

z=50
ν=28 MHz
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21cm & Fundamental Physics

• Two regimes:

• Dark ages (z ~ 20-50) -- “clean” signal 
of exotic physics, if it can be 
measured (no astrophysics yet)

• Epoch of Reionization (z ~ 6-10) -- 
very sensitive to source populations & 
IGM properties (but also messy)

• Dark ages harder observationally, but 
easier to interpret exotic physics

4Monday, 25 March 13



21cm & Fundamental Physics

• Major effects to look for:

• Energy injection into the IGM (heating, 
ionization)

• Alterations of small-scale power in 
matter distribution

• Shape of matter power spectrum, non-
gaussianities

• Change in stellar or black hole 
populations
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Global Signal in 21cm
• The spin temperature 

determines the 
relative occupancy of 
the hyperfine levels

• The brightness 
temperature 
measured by 
observations is 
determined by the 
spin temperature’s 
coupling to the CMB 
temperature
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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).

lies upon reionization proceeding rapidly leading to a
distinctive step-like feature in the frequency direction,
which would not be expected to be produced by the
spectrally-smooth foregrounds. With the assumption of
sharp reionization, EDGES [62] places an initial con-
straint that T̄b < 450 mK at z = 8. While this is far from
the expected signal amplitude, such constraints will im-
prove with time. Efforts are also underway to extend the
frequency coverage to ν ≈ 50 MHz to access the transi-
tion from an absorption to emission signal. As Figure 1
indicates, this transition is likely to be significantly larger
in amplitude (∼ 100 mK) than that at the end of reion-
ization (∼ 20 mK).

B. Fluctuation History

The three dimensional nature of the 21 cm signal
makes it difficult to convey the evolution of the fluctua-
tions with a single 2-dimensional plot. We therefore plot
the evolution 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 con-
tamination 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 ex-

pected that many of our approximations will break down
as small scale information about the sources becomes im-
portant (see for example [63] for the importance of higher
order correlations on small scales during reionization).
For the mean histories shown in Figure 1, we calculate
the evolution of the 21 cm angle-averaged power spec-
trum, which is plotted in Figures 2, 3, and 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 21cm fluctuations from residual hydrogen fol-
low the matter power spectrum, an intermediate red-
shift regime (xreion < z < ztrans) where Lyα coupling
produces a large signal and complicated astrophysics
leads to significant scale dependence, and a high red-
shift collisionally-coupled regime where 21 cm fluctua-
tions track the density field (z > ztrans ≈ 23). For peda-
gogical purposes, let us describe the evolution on a single
comoving scale (say, k = 0.1 Mpc−1) and draw attention
to the main features. Thermal decoupling at z ∼ 200 is
a gradual process and, initially, ∆̄Tb

grows due to a com-
bination of the growth of density fluctuations and the
steady gas cooling below TCMB. As the gas rarifies and
cools, collisional coupling becomes less effective and, at
z ∼ 60, ∆̄Tb

begins to decrease in amplitude. Note that
the continuing growth of structure offsets the turnover
on ∆̄Tb

from the minimum of Tb, seen in Figure 1 to oc-
cur at z ≈ 90. As collisional coupling diminishes, the
signal drops towards zero. This occurs while TK < 30,
a regime where κ1−0(TK) drops exponentially with TK

[32] and results in a rapid drop of the signal at z ! 40.
Before the signal drops all the way to zero, significant
star-formation occurs and the resultant Lyα production
leads to the beginning of Lyα coupling by z ≈ 25. The
exponential increase in the global star formation rate at
these redshifts is responsible for the rapid increase in Tb

and ∆̄Tb
. With this rise in signal, we enter into a regime

dominated by astrophysics and begin to see complicated
scale dependence.

Initially, Lyα fluctuations boost the signal somewhat
above the level of density fluctuations alone. However, X-
ray heating follows not far behind and contributes to ∆̄Tb

with the opposite sign (hotter regions produce a weaker
absorption signal, see Pritchard and Furlanetto [29]). In
this competition, X-ray driven temperature fluctuations
dominate causing ∆̄Tb

to pass through a zero point (seen
as a sharp dip at z ∼ 18 in all three plots). Tempera-
ture fluctuations dominate as T̄K approaches TCMB and
T̄b vanishes. In proceeding to the emission regime, we
note based on Figure 1 that the brightness fluctuations
emitted Tb are generically smaller than they were during
the absorption regime, leading to a decreasing trend in
∆̄Tb

. As reionization gets underway, ionization initially
causes ∆̄Tb

to drop leading to a pronounced dip in its
evolution. This occurs as a result of the clustering of
ionizing sources in over dense regions causing the ionized
HII regions to “mask out” those dense regions that have
been producing the strongest 21 cm signal. As reioniza-

dark ages
star formation

Pritchard &
 Loeb 2008
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Dark Matter Signals at High z

• Heating during the dark ages

• CMB temperature and polarization

• 21cm brightness temperature, power spectrum

• Altered stellar structure?

• “Dark stars” (Freese, Dobler, Scott, Gondolo, others)

• Small-scale power spectrum (esp. hot DM)

• Chemistry (H2 abundance)
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Indirect Detection

• Indirect detection looks for the gamma-rays or particles that 
escape the halos -- but that’s only a fraction of the energy

• Much of the annihilation energy goes to heating, ionization, 
photons that are absorbed locally

M.E.DE.A. code

• MEDEA follows every particle from TeV down to eV energies in a continuous way.

• Previous works have considered electrons up to keV only 
(e.g. J.M.Shull & M.E. van Steenberg, APJ, 1985; S.Furlanetto & S.J.Stoever,!MNRAS, 2010).

ionization

heating

Lyman photons

injected particle

M.Valdés, CE, A.Ferrara, MNRAS, 2011 

giovedì 26 aprile 12

Image from talk by Carmelo Evoli
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IGM Ionization & Temperature
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pann=0,      fh=0,    zreio=10

Figure 8: Free electron fraction and matter temperature for pann = 0, 10�6 and 10�5 m3s�1kg�1

(from bottom to top) and di⌦erent values of fh and zh, compared to the usual results for pann = 0
and a single-step model for reionization from stars. All curves were obtained using hyrec in mode
RECFAST.

free electron fraction explodes and oscillates very rapidly already for small value of our
parameters fh and zh. With hyrec in FULL modes, the only problem is that for large
values of zh and fh, the ratio TM/Tr may exceed one, falling outside the range of one
interpolation tables. The RECFAST mode of hyrec is always well behaved.

The right plot in figure 8 shows that the matter temperature increases a lot due DM
annihilation in halos. Note also that for extreme values of the temperature TM > 2�104 K,
using RECFAST’s case-B recombination coe⇢cient becomes inaccurate [45]. We will see
anyway in section 4.6 that such large values are in contradiction with constraints on the
temperature of the inter-galactic medium at z ⇥ 4, as inferred from Lyman-� observations:
this will provide an addition constraint on the DM annihilation rate.

The signature of DM annihilation on the primary CMB anisotropy spectrum is found
to be very similar to that of reionization. In addition to the peak shifting and damping
due to a non-zero pann parameter, the halo e⇡ect controlled mainly by fh leads to an
overall suppression of temperature/polarization power for l > 30, and an enhancement of
polarization for l < 30. We can anticipate that the CMB alone can hardly discriminate
between the contribution of reionization from stars and from halos, since the CMB spectra
probe mainly the optical depth, i.e. the integral of xe over time. However, the fact that
DM induces a slow reionization process starting at high redshift4 implies that the step-
like suppression of temperature and the low-l polarization bump are smoother and wider
than with the default reionization model. To illustrate this, we compare in figure 9 the
low-l polarization spectrum for two models with the same optical depth. Accurate CMB
polarization data limited only by cosmic variance on large angular scale may probe such a

4In the CMB analysis of the next subsections, zh is found in the range from 20 to 30, implying that
halos start contributing between 40 and 60, well before star formation.
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pann = energy injection rate (normalized)
fh related to halo formation redshift & concentration (higher fh = higher formation redshift)

Giesen et al. 2012
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21cm Global Signal
(IGM Heating/Ionization)

Wino DM
bino DM
leptophilic DM

6

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).

lies upon reionization proceeding rapidly leading to a
distinctive step-like feature in the frequency direction,
which would not be expected to be produced by the
spectrally-smooth foregrounds. With the assumption of
sharp reionization, EDGES [62] places an initial con-
straint that T̄b < 450 mK at z = 8. While this is far from
the expected signal amplitude, such constraints will im-
prove with time. Efforts are also underway to extend the
frequency coverage to ν ≈ 50 MHz to access the transi-
tion from an absorption to emission signal. As Figure 1
indicates, this transition is likely to be significantly larger
in amplitude (∼ 100 mK) than that at the end of reion-
ization (∼ 20 mK).

B. Fluctuation History

The three dimensional nature of the 21 cm signal
makes it difficult to convey the evolution of the fluctua-
tions with a single 2-dimensional plot. We therefore plot
the evolution 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 con-
tamination 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 ex-

pected that many of our approximations will break down
as small scale information about the sources becomes im-
portant (see for example [63] for the importance of higher
order correlations on small scales during reionization).
For the mean histories shown in Figure 1, we calculate
the evolution of the 21 cm angle-averaged power spec-
trum, which is plotted in Figures 2, 3, and 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 21cm fluctuations from residual hydrogen fol-
low the matter power spectrum, an intermediate red-
shift regime (xreion < z < ztrans) where Lyα coupling
produces a large signal and complicated astrophysics
leads to significant scale dependence, and a high red-
shift collisionally-coupled regime where 21 cm fluctua-
tions track the density field (z > ztrans ≈ 23). For peda-
gogical purposes, let us describe the evolution on a single
comoving scale (say, k = 0.1 Mpc−1) and draw attention
to the main features. Thermal decoupling at z ∼ 200 is
a gradual process and, initially, ∆̄Tb

grows due to a com-
bination of the growth of density fluctuations and the
steady gas cooling below TCMB. As the gas rarifies and
cools, collisional coupling becomes less effective and, at
z ∼ 60, ∆̄Tb

begins to decrease in amplitude. Note that
the continuing growth of structure offsets the turnover
on ∆̄Tb

from the minimum of Tb, seen in Figure 1 to oc-
cur at z ≈ 90. As collisional coupling diminishes, the
signal drops towards zero. This occurs while TK < 30,
a regime where κ1−0(TK) drops exponentially with TK

[32] and results in a rapid drop of the signal at z ! 40.
Before the signal drops all the way to zero, significant
star-formation occurs and the resultant Lyα production
leads to the beginning of Lyα coupling by z ≈ 25. The
exponential increase in the global star formation rate at
these redshifts is responsible for the rapid increase in Tb

and ∆̄Tb
. With this rise in signal, we enter into a regime

dominated by astrophysics and begin to see complicated
scale dependence.

Initially, Lyα fluctuations boost the signal somewhat
above the level of density fluctuations alone. However, X-
ray heating follows not far behind and contributes to ∆̄Tb

with the opposite sign (hotter regions produce a weaker
absorption signal, see Pritchard and Furlanetto [29]). In
this competition, X-ray driven temperature fluctuations
dominate causing ∆̄Tb

to pass through a zero point (seen
as a sharp dip at z ∼ 18 in all three plots). Tempera-
ture fluctuations dominate as T̄K approaches TCMB and
T̄b vanishes. In proceeding to the emission regime, we
note based on Figure 1 that the brightness fluctuations
emitted Tb are generically smaller than they were during
the absorption regime, leading to a decreasing trend in
∆̄Tb

. As reionization gets underway, ionization initially
causes ∆̄Tb

to drop leading to a pronounced dip in its
evolution. This occurs as a result of the clustering of
ionizing sources in over dense regions causing the ionized
HII regions to “mask out” those dense regions that have
been producing the strongest 21 cm signal. As reioniza-

Valdes et al. 2012
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Dark Stars
The Astrophysical Journal, 742:129 (14pp), 2011 December 1 Scott et al.
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Figure 3. Impacts of varying astrophysical parameters on the reionization history of a universe containing no dark stars (left), and one containing EC dark stars with
tDSP = 150 Myr, fDS = 1 (right). Here we show the effects of varying the product of the star-forming baryon fraction f! and the ionizing photon escape fraction fesc.
The variation of astrophysical parameters induces a similar change in the reionization history of the universe to dark stars (left), but has a slightly reduced impact
when applied to reionization scenarios that include dark stars (right). Variations in f!fesc cannot only delay reionization as EC dark stars do, but also speed it up, to a
much greater extent than MC dark stars are able to do.
(A color version of this figure is available in the online journal.)

we have shown that although dark stars can have a significant
impact on the reionization history of the universe, they need
not necessarily. Even in cases with the most extreme effects
(e.g., EC scenarios with fDS = 1, tDSP > 100 Myr), Figure 3
shows that ad hoc scenarios like those considered by Schleicher
et al. are not necessary to reconcile dark stars with reionization
constraints; a simple increase in f!fesc does the job quite well
enough.

6. IMPACTS ON THE COSMIC MICROWAVE
BACKGROUND

6.1. Electron-scattering Optical Depths

Following Shull & Venkatesan (2008), for each of our
reionization histories we calculate the optical depth from the
present day to a redshift z due to Thomson scattering as

τe(z) = c

H0

∫ z

0

ne(z)σT

(1 + z)[Ωm(1 + z)3 + ΩΛ]1/2
dz, (6)

where

ne(z) =
3ΩbH

2
0

8πGmH
(1 + z)3

[
XfH ii(z) +

Y

4
{fHe ii(z) + 2fHe iii(z)}

]

(7)

is the number density of free electrons. Here, H0, Ωm, ΩΛ, and
Ωm are the present-day values of the Hubble constant, mass
fraction, baryon fraction, and dark energy fraction of the crit-
ical density of the universe, respectively. The electron–photon
Thomson-scattering cross-section is given by σT, the mass of
hydrogen by mH, the primordial hydrogen mass fraction by X,
and the primordial helium fraction by Y ≈ 1 − X. The ion-
ization fractions fH ii, fHe ii, and fHe iii refer to the fraction by
number of hydrogen or helium atoms, respectively, in the ion-
ization states H ii, He ii, and He iii. We assume that the number

of electrons provided by ionization from He i to He ii directly
tracks hydrogen ionization (i.e., fHe ii + fHe iii = fH ii), leading
to

ne(z) =
3ΩbH

2
0

8πGmH
(1 + z)3

[(
1 − 3Y

4

)
fH ii(z) +

Y

4
fHe iii(z)

]
.

(8)

We assume a simple step-function ionization model for
He iii, with fHe iii(z > 3) = 0 and fHe iii(z ! 3) = 1. We
also assume a residual electron fraction from recombination,
present even before reionization at the level of xe = 2.1×10−4.
This number comes from recombination modeling in CAMB
(Section 6.2). For both the optical depths based on Equation (6)
and CAMB calculations, we use the same values for cosmolog-
ical parameters as in our reionization calculations, coming from
WMAP seven-year results (Larson et al. 2011). We give optical
depths integrated up to the surface of last scattering (z ∼ 1090)
for each of our parameter combinations in Table 1.

In Figure 4, we show the evolution of optical depth corre-
sponding to the ionization histories detailed in Figure 1. As
might be expected from the ionization curves, longer-lived
and more numerous EC dark stars result in smaller electron-
scattering optical depths, as they reionize the universe later. The
resulting integrated optical depths across the entire EC param-
eter space are summarized in Figure 5, where we plot τe as a
continuous function of tDSP and fDS.

Similarly, we show a zoomed-in section of the optical depth
curves for the longest-lived MC case (τDSNMS = 6 Myr) in
Figure 6. In this case, the smaller variations in reionization his-
tory have a correspondingly smaller (and opposite) effect on τe,
leading to slightly larger optical depths than in the fDS = 0 case.

We also show in Figures 4 and 6 the 1σ measurement of
the integrated optical depth to last scattering from WMAP7
(τe = 0.088 ± 0.014; Komatsu et al. 2011), along with a
projected Planck sensitivity to the same quantity (Colombo et al.

9

reionization without dark stars reionization with dark stars
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Molecular Hydrogen

• Free electrons are a catalyst 
for H2 production:

• H + e- → H- + γ

• H- + H → H2 + e-

• Sources of ionization (e.g., 
DM annihilation) can alter 
H2 abundance via ionization

xH2
! 10"4 needed for molecular hydrogen to trigger cool-

ing and star formation in collapsed halos (e.g., see [20]). In
particular, it exceeds the H2 abundance formed in low mass
halos (where reactions are slower due to lower tempera-
tures) catalysed by the low primordial electron fraction
xe ! 2# 10"4. Thus, some of these dark matter decay
scenarios may be ruled out on the grounds that they would
naturally seed a good deal of high-redshift star formation
which would violate bounds on the observed WMAP opti-
cal depth. However, a variety of interlocking feedback
mechanisms are at play, so it is difficult to make quantita-
tive claims without further study.

For example, one possible caveat to the claim that early
preheating/reionization would seed early star formation is
that the entropy of the IGM will suppress gas accretion
onto halos and instead exert a negative feedback effect
[65]. However, early reionization by decaying dark matter
differs in one crucial respect from early reionization by
stars, the scenario envisaged by Ref. [65]: unlike early star
formation, reionization by decaying dark matter is accom-
panied by a negligible LW background. Ref. [65] showed
that the cores of gas accreted from a high entropy IGM had
low enough densities that a small LW background would
suffice to destroy any H2 formed—i.e., the photodissocia-
tion timescale was much shorter than the H2 cooling time.
By contrast, in our present scenario the LW background is
negligible and indeed, H2 can form and survive at the mean

density of the IGM. Thus, as long as the gas can contract to
sufficient density that the cooling time falls below the
expansion timescale, the effect of the entropy floor is
unimportant. Of course, once some star formation takes
place, the LW background rises and H2 destruction in low
density cores and the IGM proceeds. Therefore, detailed
study is necessary to understand if an early epoch of
preheating and copious H2 production will indeed result
in extensive star formation in violation of WMAP optical
depth bounds.

There are a few general features worth noting about H2
production in these scenarios. Most of the H2 in all scenar-
ios is made at z! 100; this is the highest redshift at which
H" photodetachment from the high-energy tail of CMB
becomes unimportant, yet where the IGM gas is still
sufficiently dense that reactions can proceed rapidly. This
era of peak H2 production is fairly independent of tem-
perature or ionization history in the different scenarios.
The boost in H2 production is primarily due to the in-
creased free electron fraction; for low xe, we see from
Eq. (25) that xH2

/ xe (indeed, the peak H2 abundance
can roughly be estimated from xH2

! $kmnxetH%zf , where
km & k1k2=k"1, and zf ! 100 is the redshift at which km
peaks). The H2 formed should not have a significant effect
on the temperature of the IGM: since the H2 cooling
function !H2

/ T4 for T < 3000 K, the cooling time is

 tcool ' 9# 108
!
1( z
100

""3
!
! xH2

10"4

""1
!

T
1000 K

""3
yr;

(29)

where ! is the gas overdensity. This is substantially greater
than the Hubble time and the Compton cooling time tC '
1:2# 106)$1( z%=100*"4)xe=10"2*"1 yr. The effects of
H2 cooling are only important in dense virialized halos.

Apart from the possible effect of seeding high-redshift
star formation, there are few observable consequences of
this large amount of early H2 formation. It could poten-
tially increase fluctuations in Ly" coupling (due to the
consumption of LW photons in photodissociation regions),
but this is likely difficult to detect.

VI. DISCUSSION

The 21 cm transition is, at least in principle, a window
into the dark ages of structure formation at z * 50. We
have argued that, because of the overall simplicity of the
(known) physics at that time—the expanding Universe,
hydrogen recombination, and linear gravitational
growth—it presents a unique probe of both cosmology
[11,12] and exotic processes such as dark matter decay
and annihilation. The heating and ionization induced by
the decay (or annihilation) products can significantly affect
the IGM. These processes can modify the CMB power
spectrum [1,5,8], but this is a relatively insensitive measure
because it requires a large "xi for scattering to be significant.

FIG. 8. H2 production in the IGM for different models of
energy injection. Top panel: long-lived dark matter, with IGM
histories as in Fig. 1. Note the rapid destruction of H2 in the top
curve as the temperature climbs above 3000 K. Bottom panel:
solid lines depict energy injection in transparency window, as in
Fig. 4. Dashed curves are for dark matter annihilation, as in
Fig. 6, where h#vi"26 ' )h#vi=10"26 cm3 s"1*.

STEVEN R. FURLANETTO, S. PENG OH, AND ELENA PIERPAOLI PHYSICAL REVIEW D 74, 103502 (2006)

103502-12

z10 100

But UV can photo-
dissociate H2 => 
must consider full 
particle cascade

Furlanetto, Oh & Pierpaoli 2006
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Putting it All Together
• Several ways DM can affect 

early structure formation 
and the high-z 21cm signal:

- Internal heating of halos

- Dark stars?

- Overall evolution of 
IGM heating/ionization

- New reionization 
models?

- Radiation background

- Small-scale power

- Also feeds back into 
DM radiation, via 
power∝ρ2 term

- H2 abundance

- Star formation

- Direct collapse BHs?
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altered radiation field 
at early times

altered H2 abundance

altered small-scale 
power

change in SMBH production 
from direct collapse / 

quasistars

change in IGM 
evolution (heating/

ionization)

21cm power 
spectrum

21cm global 
signal

dark matter halos heat 
themselves

dark matter annihilates

DRAGONS
(Dark-ages Reionization And 
Galaxy Formation Simulation)

altered Pop III / 
dark stars
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DRAGONS Code

• Suite of codes being 
developed for galaxy 
formation and reionization

• Melbourne Simulation Group
Paul Angel, Camila Correa, Alan Duffy, 
Akila Jeeson Daniel, Antonios 
Katsianis, Hansik Kim, Simon Mutch, 
Jaehong Park, Bart Pindor, Greg Poole, 
Edoardo Tescari, Stuart Wyithe ...and 
new student: Sarah Schön

• Based on: 21cmFAST 
(Mesinger, Furlanetto & 
Cen), GADGET-2 (Springel), 
ROCKSTAR (Behroozi, 
Wechsler & Wu)

• This project: Add dark 
matter particle physics
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Ongoing & Future Work

• Plan for the next few years: Incorporate all 
these effects into DRAGONS code suite

• End goal:

• (A) New pathway to DM constraints/
detection and/or

• (B) Estimate of uncertainties in reionization 
calculations due to uncertainty about DM
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End
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