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•  The cosmological 21cm signal	

–  Relevant physics	

–  Modeling challenges	


•  Imprint of DM:	

–  Direct probe of the matter power spectrum	

–  Suppression in the abundance of early galaxies (WDM)	

–  Heating the IGM through decay (WDM) and 

annihilations (CDM)	




21 cm line from neutral hydrogen	


Hyperfine transition in the ground state of 
neutral hydrogen produces the 21cm line.	




Now widely used to map the HI content of 
nearby galaxies	


Circinus Galaxy	

ATCA HI image by B. Koribalski (ATNF, CSIRO), K. Jones, M. Elmouttie (University 
of Queensland) and R. Haynes (ATNF, CSIRO).	
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Why so colorful?  Physics-rich probe	
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gas density	
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spin temperature	




Cosmological 21cm Signal	


Powerful probe:	


Astrophysics	
Has something everyone can enjoy!	

The trick is to disentangle the components:	

•  separation of epochs and/or	

•  accurate, efficient modeling (21cmFAST)	


Cosmology	

&	




The full power of 21cm to reach back into the 
infancy of galaxy formation….	




spin temperature	


defined in terms of the ratio of the number densities of 
electrons occupying the two hyperfine levels:	


n1/n0 = 3 e-0.068 K/Ts	


Pre-reionization signal	




Pre-reionization signal	


spin temperature:	


21cmFAST 11

which is default in 21cmFAST 13. On smaller-scales, MF07 pre-
dicts too much power, while 21cmFAST under-predicts the power.
It was shown in Zahn et al. (2010) that the FFRT ionization algo-
rithm used in 21cmFAST over-predicts the correlation of the ion-
ization and density fields on small scales, due to the fact that it
operates directly on the evolved density field. This strong cross-
correlation results in an under-prediction of 21-cm power on these
scales. The converse is true of the MF07 scheme, which although
using discrete source halos, paints entire filtered regions as ionized,
thus under-predicting the cross-correlation of the ionization and
density fields. The optimal configuration for accurately estimat-
ing the 21-cm signal semi-numerically is the FFRT-S scheme dis-
cussed in Zahn et al. (2010), set as default in the publicly-available
DexM14.

Most importantly, the model uncertainties of the semi-
numerical schemes are smaller than the evolution due to reion-
ization over a range ∆x̄HI ∼ 0.2. Therefore, one might naively
predict that the semi-numerical schemes are accurate enough to es-
timate x̄HI from the power spectra to± ∼

< 0.1, or even better if the
behavior of the models are understood. However, there are many as-
trophysical uncertainties associated with prescriptions for sources
and sinks of ionizing photons during the epoch of reionization, and
it will likely be these which regulate the achievable constraints on
x̄HI. Therefore it is imperative for models to be fast and be able
to span large regions of parameter space. A single 21cmFAST re-
alization of the δTb fields shown in this section (generated from
15363 ICs) takes ∼ 30 minutes to compute on a single-processor
computer.

3 THE SPIN TEMPERATURE

We now relax the requirement in §2 of TS ≫ Tγ , and derive the full
21-cm brightness temperature offset from eq. (1), including the spin
temperature field. As mentioned previously, models predict that the
heating epoch concluded well before the bulk of reionization, at
z ≫ 10 (Furlanetto 2006; Chen & Miralda-Escudé 2008; Santos
et al. 2008; Baek et al. 2009). However, the second generation 21-
cm interferometers, such as SKA, might be able to peek into this
high-redshift regime of the dark ages. Furthermore, the astrophys-
ical quantities at high-z are uncertain, and we do not really know
how robust is the assumption of TS ≫ Tγ even during the early
stages of reionization. Therefore, for many applications, especially
parameter studies, it is important to compute the spin temperature
field. Unfortunately, there is currently no numerical simulation that
includes the computationally expensive radiative transfer of both
X-rays and Lyα photons from atomically or molecularly cooled
sources required to compute TS numerically (though see the re-
cent work of Baek et al. 2010, who perform RT simulations on a
small subset of sources, withM ∼

> 1010M⊙). Therefore we cannot
directly compare our spin temperature fields to numerical simula-
tions.

Our derivations in this section are similar to other semi-
analytic models (Furlanetto 2006; Pritchard & Furlanetto 2007;

generated directly on the same scale 2563 grids show similar shot noise
upturns in power on these scales (see Fig. 7 in Zahn et al. 2010).
13 Note that the FFRT results shown here are not precisely analogous to
those in Zahn et al. (2010), since there the evolved density field was taken
from an N-body simulation, where in 21cmFAST, we self-consistently gen-
erate the density field according to §2.1.
14 http://www.astro.princeton.edu/ mesinger/DexM.html

Santos et al. 2008). However, unlike Santos et al. (2008) and Santos
et al. (2009), we do not explicitly resolve the halo field as an inter-
mediary step. Instead we operate directly on the evolved density
fields, using excursion set formalism to estimate the mean num-
ber of sources inside spherical shells corresponding to some higher
redshift. As discussed above, bypassing the halo field allows the
code to be faster, with modest memory requirements. Below we go
through our formalism in detail.

The spin temperature can be written as (e.g. Furlanetto et al.
2006):

T−1
S =

T−1
γ + xαT−1

α + xcT
−1
K

1 + xα + xc
(5)

where TK is the kinetic temperature of the gas, and Tα is the color
temperature, which is closely coupled to the kinetic gas tempera-
ture, Tα ≈ TK (Field 1959). There are two coupling coefficients
in the above equation. The collisional coupling coefficient can be
written as:

xc =
0.0628 K
A10Tγ

h

nHIκ
HH
1−0(TK) + neκ

eH
1−0(TK) + npκpH

1−0(TK)
i

,

(6)
whereA10 = 2.85×10−15 s−1 is the spontaneous emission coeffi-
cient, nHI, ne, and np are the number density of neutral hydrogen,
free electrons, and protons respectively, and κHH

1−0(TK), κeH
1−0(TK),

and κpH
1−0(TK) are taken from Zygelman (2005), Furlanetto &

Furlanetto (2007), and Furlanetto & Furlanetto (2007), respec-
tively. The Wouthuysen-Field (Wouthuysen 1952; Field 1958; WF)
coupling coefficient can be written as:

xα = 1.7 × 1011(1 + z)−1SαJα , (7)

where Sα is a correction factor of order unity involving detailed
atomic physics, and Jα is the Lyman α background flux in units
of pcm−2 s−1 Hz−1 sr−1. We compute Tα and Sα according to
Hirata (2006).

According to the above equations, there are two main fields
governing the spin temperature: (1) the kinetic temperature of the
gas, TK(x, z), and (2) the Lyα background, Jα(x, z). We address
these in §3.1 and §3.2, respectively.

3.1 The Kinetic Temperature

3.1.1 Evolution Equations

To calculate the kinetic temperature, one must keep track of the in-
homogeneous heating history of the gas. We begin by writing down
the evolution equation for TK(x, z) and the local ionized fraction in
the “neutral” (i.e. outside of the ionized regions discussed in § 2.2)
IGM, xe(x, z):

dxe(x, z′)
dz′

=
dt
dz′

ˆ

Λion − αACx2
enbfH

˜

, (8)

dTK(x, z′)
dz′

=
2

3kB(1 + xe)
dt
dz′

X

p

ϵp

+
2TK

3nb

dnb

dz′
−

TK

1 + xe

dxe

dz′
, (9)

where nb = n̄b,0(1 + z′)3[1 + δnl(x, z′)] is the total (H +
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TK – gas kinetic temperature	

Tα – color temperature ~ TK 	


the spin temperature interpolates between Tγ  and TK 	
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et al. 2008; Baek et al. 2009). However, the second generation 21-
cm interferometers, such as SKA, might be able to peek into this
high-redshift regime of the dark ages. Furthermore, the astrophys-
ical quantities at high-z are uncertain, and we do not really know
how robust is the assumption of TS ≫ Tγ even during the early
stages of reionization. Therefore, for many applications, especially
parameter studies, it is important to compute the spin temperature
field. Unfortunately, there is currently no numerical simulation that
includes the computationally expensive radiative transfer of both
X-rays and Lyα photons from atomically or molecularly cooled
sources required to compute TS numerically (though see the re-
cent work of Baek et al. 2010, who perform RT simulations on a
small subset of sources, withM ∼

> 1010M⊙). Therefore we cannot
directly compare our spin temperature fields to numerical simula-
tions.

Our derivations in this section are similar to other semi-
analytic models (Furlanetto 2006; Pritchard & Furlanetto 2007;

generated directly on the same scale 2563 grids show similar shot noise
upturns in power on these scales (see Fig. 7 in Zahn et al. 2010).
13 Note that the FFRT results shown here are not precisely analogous to
those in Zahn et al. (2010), since there the evolved density field was taken
from an N-body simulation, where in 21cmFAST, we self-consistently gen-
erate the density field according to §2.1.
14 http://www.astro.princeton.edu/ mesinger/DexM.html

Santos et al. 2008). However, unlike Santos et al. (2008) and Santos
et al. (2009), we do not explicitly resolve the halo field as an inter-
mediary step. Instead we operate directly on the evolved density
fields, using excursion set formalism to estimate the mean num-
ber of sources inside spherical shells corresponding to some higher
redshift. As discussed above, bypassing the halo field allows the
code to be faster, with modest memory requirements. Below we go
through our formalism in detail.

The spin temperature can be written as (e.g. Furlanetto et al.
2006):

T−1
S =

T−1
γ + xαT−1

α + xcT
−1
K

1 + xα + xc
(5)

where TK is the kinetic temperature of the gas, and Tα is the color
temperature, which is closely coupled to the kinetic gas tempera-
ture, Tα ≈ TK (Field 1959). There are two coupling coefficients
in the above equation. The collisional coupling coefficient can be
written as:

xc =
0.0628 K
A10Tγ

h

nHIκ
HH
1−0(TK) + neκ

eH
1−0(TK) + npκpH

1−0(TK)
i

,

(6)
whereA10 = 2.85×10−15 s−1 is the spontaneous emission coeffi-
cient, nHI, ne, and np are the number density of neutral hydrogen,
free electrons, and protons respectively, and κHH

1−0(TK), κeH
1−0(TK),

and κpH
1−0(TK) are taken from Zygelman (2005), Furlanetto &

Furlanetto (2007), and Furlanetto & Furlanetto (2007), respec-
tively. The Wouthuysen-Field (Wouthuysen 1952; Field 1958; WF)
coupling coefficient can be written as:

xα = 1.7 × 1011(1 + z)−1SαJα , (7)

where Sα is a correction factor of order unity involving detailed
atomic physics, and Jα is the Lyman α background flux in units
of pcm−2 s−1 Hz−1 sr−1. We compute Tα and Sα according to
Hirata (2006).

According to the above equations, there are two main fields
governing the spin temperature: (1) the kinetic temperature of the
gas, TK(x, z), and (2) the Lyα background, Jα(x, z). We address
these in §3.1 and §3.2, respectively.

3.1 The Kinetic Temperature

3.1.1 Evolution Equations

To calculate the kinetic temperature, one must keep track of the in-
homogeneous heating history of the gas. We begin by writing down
the evolution equation for TK(x, z) and the local ionized fraction in
the “neutral” (i.e. outside of the ionized regions discussed in § 2.2)
IGM, xe(x, z):

dxe(x, z′)
dz′

=
dt
dz′

ˆ

Λion − αACx2
enbfH

˜

, (8)

dTK(x, z′)
dz′

=
2

3kB(1 + xe)
dt
dz′

X

p

ϵp

+
2TK

3nb

dnb

dz′
−

TK

1 + xe

dxe

dz′
, (9)

where nb = n̄b,0(1 + z′)3[1 + δnl(x, z′)] is the total (H +

c⃝ 0000 RAS, MNRAS 000, 000–000

two coupling coefficients:	


21cmFAST 11

which is default in 21cmFAST 13. On smaller-scales, MF07 pre-
dicts too much power, while 21cmFAST under-predicts the power.
It was shown in Zahn et al. (2010) that the FFRT ionization algo-
rithm used in 21cmFAST over-predicts the correlation of the ion-
ization and density fields on small scales, due to the fact that it
operates directly on the evolved density field. This strong cross-
correlation results in an under-prediction of 21-cm power on these
scales. The converse is true of the MF07 scheme, which although
using discrete source halos, paints entire filtered regions as ionized,
thus under-predicting the cross-correlation of the ionization and
density fields. The optimal configuration for accurately estimat-
ing the 21-cm signal semi-numerically is the FFRT-S scheme dis-
cussed in Zahn et al. (2010), set as default in the publicly-available
DexM14.

Most importantly, the model uncertainties of the semi-
numerical schemes are smaller than the evolution due to reion-
ization over a range ∆x̄HI ∼ 0.2. Therefore, one might naively
predict that the semi-numerical schemes are accurate enough to es-
timate x̄HI from the power spectra to± ∼

< 0.1, or even better if the
behavior of the models are understood. However, there are many as-
trophysical uncertainties associated with prescriptions for sources
and sinks of ionizing photons during the epoch of reionization, and
it will likely be these which regulate the achievable constraints on
x̄HI. Therefore it is imperative for models to be fast and be able
to span large regions of parameter space. A single 21cmFAST re-
alization of the δTb fields shown in this section (generated from
15363 ICs) takes ∼ 30 minutes to compute on a single-processor
computer.

3 THE SPIN TEMPERATURE

We now relax the requirement in §2 of TS ≫ Tγ , and derive the full
21-cm brightness temperature offset from eq. (1), including the spin
temperature field. As mentioned previously, models predict that the
heating epoch concluded well before the bulk of reionization, at
z ≫ 10 (Furlanetto 2006; Chen & Miralda-Escudé 2008; Santos
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Furlanetto (2007), and Furlanetto & Furlanetto (2007), respec-
tively. The Wouthuysen-Field (Wouthuysen 1952; Field 1958; WF)
coupling coefficient can be written as:

xα = 1.7 × 1011(1 + z)−1SαJα , (7)

where Sα is a correction factor of order unity involving detailed
atomic physics, and Jα is the Lyman α background flux in units
of pcm−2 s−1 Hz−1 sr−1. We compute Tα and Sα according to
Hirata (2006).

According to the above equations, there are two main fields
governing the spin temperature: (1) the kinetic temperature of the
gas, TK(x, z), and (2) the Lyα background, Jα(x, z). We address
these in §3.1 and §3.2, respectively.

3.1 The Kinetic Temperature

3.1.1 Evolution Equations

To calculate the kinetic temperature, one must keep track of the in-
homogeneous heating history of the gas. We begin by writing down
the evolution equation for TK(x, z) and the local ionized fraction in
the “neutral” (i.e. outside of the ionized regions discussed in § 2.2)
IGM, xe(x, z):

dxe(x, z′)
dz′

=
dt
dz′

ˆ

Λion − αACx2
enbfH

˜

, (8)

dTK(x, z′)
dz′

=
2

3kB(1 + xe)
dt
dz′

X

p

ϵp

+
2TK

3nb

dnb

dz′
−

TK

1 + xe

dxe

dz′
, (9)

where nb = n̄b,0(1 + z′)3[1 + δnl(x, z′)] is the total (H +
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Wouthuysen-Field (WF)	

uses the Lyα background	

effective soon after the first sources ignite	


The spin temperature approaches the kinetic temperature if either coefficient is high.	

Otherwise, the spin temperature approaches the CMB temperature: NO SIGNAL!	




What do the temperatures do?	

Tγ – CMB temperature decreases as (1+z)	

TK – coupled to the CMB at high z ~>250. Then after 

decoupling adiabatically cools as ~(1+z)2. When first 
astrophysical sources ignite, they heat the IGM through 
their X-rays (or dark matter annihilations; stay 
tuned…). 	


	




Global evolution: TS, TK, TCMB	


collisional coupling	


WF coupling	


emission	
 absorption	
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Main stages:	
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Global evolution: dTb	


Main stages:	

•  Collisional coupling (z>~100)	

•  Collisional decoupling (25<z<100)	

•  WF coupling (Lyα pumping)	

•  IGM heating (X-rays)	

•  Reionization	


Likely overlap!	


DARK AGES	


COSMIC DAWN	




Global evolution: dTb	


1st gen.	

LOFAR, MWA,	

PAPER, 21CMA	


2nd gen.	

SKA, HERA	




http://homepage.sns.it/mesinger/21cm_fiducial.mov	




How do we interpret upcoming observations?	




How to understand and model the signal?	


~ FoV of 21cm	

interferometers	


•  Dynamic range required is enormous:  single star --> Universe	

•  We know next to nothing about high-z --> ENORMOUS parameter space to explore	

•  Numerical simulations are computationally expensive: not good for parameter studies	

•  Most relevant scales are in the linear to quasi-linear regime	


	
--> use the right tool for each task!	
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Figure 3. Comparison of four radiative transfer simulations post-processed on the same density field, but using different source prescriptions parametrized by
Ṅ (m) = α(m) m. The white regions are ionized and the black are neutral. The left-hand panel, left centre panel, right centre panel and right-hand panels are,
respectively, cuts through Simulations S2 (α ∝ m−2/3), S1 (α ∝ m0), S3 (α ∝ m2/3) and S4 (α ∝ m0, but only haloes with m > 4 × 1010 M⊙ host sources). For
the top panels, the volume-ionized fraction is x̄i,V ≈ 0.2 (the mass-ionized fraction is x̄i,M ≈ 0.3) and z = 8.7. For the middle panels, x̄i,V ≈ 0.5(xi,M ≈ 0.6)
and z = 7.7, and for the bottom panels, x̄i,V ≈ 0.7(x̄i,M ≈ 0.8) and z = 7.3. Note that the S4 simulation outputs have the same x̄i,M , but x̄i,V that are typically
0.1 smaller than that of other runs. In S4, the source fluctuations are nearly Poissonian, resulting in the bubbles being uncorrelated with the density field
(x̄i,V ≈ x̄i,M ). Each panel is 94 Mpc wide and would subtend 0.6 degrees on the sky.
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Figure 4. The volume-weighted bubble radius PDF for the S1 (solid curves),
S3 (dot–dashed curves) and S4 (dotted curves) simulations. See the text for
our definition of the bubble radius R. We do not include curves for the
S2 simulation because they are similar to those for S1. The thin curves
are at z = 8.7 and x̄i,M = 0.3, and the thick curves are at z = 7.3 and
x̄i,M = 0.8. Simulation S4 has the rarest sources and the largest H II regions
of the four models.
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Figure 5. The ionization fraction power spectrum "xx (k)2 = k3 Pxx (k)/2π2

for the S1 (solid curves), S2 (dashed curves), S3 (dot–dashed curves) and S4
(dotted curves) simulations. For the top panels, x̄i,V ≈ 0.2(x̄i,M ≈ 0.3), for
the middle panels, x̄i,V ≈ 0.5(xi,M ≈ 0.6) and for the bottom panels, x̄i,V ≈
0.7(x̄i,M ≈ 0.8). In all panels, the fluctuations are larger at k ! 1 h Mpc−1

in S3 and S4 than they are in S1 and in S2. As the most massive haloes
contribute more of the ionizing photons, the ionization fraction fluctuations
increase at large scales.
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McQuinn+ (2007)	


Mesinger (2010)	




How to approach the problem	


scale	


Hydrodynamical Numerical Simulations (+RT)	


Seminumerical Simulations  or	

lower resolution large-scale numerical simulations	


Seminumerical Simulations 	

or Analytic Estimates	




21cmFAST	


•  Combines excursion-set approach with perturbation theory for efficient generation 
of large-scale density, velocity, halo, ionization, 21cm brightness fields	


•  Portable and FAST! (if it’s in the name, it must be true…)	

–  A realization can be obtained in ~ minutes on a single CPU	


–  New parallelized version, optimized for parameter studies	

•  Run on arbitrarily large scales	

•  Optimized for the 21cm signal	

•  Vary many independent free parameters; cover wide swaths of parameter space	

•  Tested against state-of-the-art hydrodynamic cosmological simulations (Trac & Cen 

2007; Trac+ 2008) 	

•  Publically available!	


semi-numerical simulation (Mesinger, Furlanetto, Cen 2011)	


Previous halo-based version, DexM (Mesinger & Furlanetto 2007),	

has been used to interpret LAEs, QSO spectra, LLS distribution..	




Density Fields	

z=7	
 0.19 Mpc cells	


143 Mpc	




Ionization fields	


Trac & Cen (2007)	


21cmFAST (Mesinger+ 2011)	


Zahn+ (2010)	


DexM (with halos;	

Mesinger & Furlanetto; 2007) 	
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Fig. 1.— Comparison of ionization fields generated from four schemes: McQuinn et al., Trac & Cen, MF07, and FFRT. The maps are
from the same slice (100 Mpc/h by 100 Mpc/h with depth of 0.4 Mpc/h) through the simulation box.



Redshift space distortions (sorry no pics)	


nonlinear structure formation creates an asymmetric velocity gradient distribution	




Full 21cm comparison (without spin temperature)	


hydro+DM+RT	
 DexM (with halos)	
 21cmFAST (no halos)	


~ 1 week on 1536 cores	
 ~ few min on 1 core	
100 Mpc/h	




Get on board!	

http://homepage.sns.it/mesinger/Sim	


Three years following its release, 21cmFAST is being used by researchers in 15 
countries and most of the 1st gen. 21cm experiments: LOFAR, MWA, 21CMA, GMRT	




Fine.  Please start talking about (warm) dark 
matter…	




It would be great to see into the Dark Ages	

Astrophysically “clean” epoch where cosmo signal 
dominates..  à would require Lunar interferometer	


!"#$%&'($)*+,-.$
/0,.$1,12-3$

45,$



Direct probe of matter power spectrum	

Astrophysically “clean” epoch where cosmo signal 
dominates..  à OR  efficient thermal feedback z<20	


!"#$%&'($)*+,-.$
/0,.$1,12-3$

45,$

AM+2013	

(see also Ricotti & Ostriker 2004)	


astrophysical ‘half-time’	




Indirect probes	


•  From its suppression of halo abundances, the 
relevant epochs in WDM models are delayed, and 
then accelerated	


•  Can contribute to the epoch of IGM heating 
through WDM particle decay (or through 
annihilations for CDM)	


AND	


Thermal history pre-reionization is a powerful probe	




Global brightness temperature evolution	

•  From its suppression of halo abundances, the 

relevant epochs in WDM models are delayed, and 
then accelerated	


Sitwell+, AM (2014)	




But this is degenerate with star formation	


•  Best bet is high-z regime (heating epoch)	

•  For mx > 5keV, we must know astrophysics to better than a factor of 2	

•  For mx > 3keV, order of magnitude is sufficient!	


Sitwell, AM+ (2014)	
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Figure 5. ‘Critical points’ in the mean 21-cm signal. (a) Critical points for CDM (solid curves) and WDM (dashed curves) models. In
descending order from the right, the curves are the redshifts zmin (blue), zh (green), and zr (red) for each model. (b) Parameter space

curves ze(f⇤|CDM) = ze(mX|WDM) for various critical points ze 2 {zmin, zh, zr}.

Figure 6. Evolution of f⇤(z) in CDM required to match the mean

brightness temperature �T̄b in WDM with mX = 4keV. All other
parameters are set to their values in the fiducial CDM model.

Since the bias of sources in WDM is greater than that in
CDM, more power is added on large scales in WDM than
in CDM. This can been seen in Fig. 7, which shows the
21-cm power spectrum at z = 15. This e↵ect is most eas-
ily seen at times when inhomogeneities in x↵ or TK are at
their height. Fig. 8 shows the evolution of the power spec-
trum for the modes k = 0.08Mpc�1 and k = 0.18Mpc�1,
showing a three peak structure, where the peaks from high
to low redshift are associated with inhomogeneities in x↵,
TK, and xHI, respectively. At these peaks, the excess of
power in WDM can be as much as 30 � 35% higher for
wavenumbers with k . 0.05Mpc�1 and 15�30% higher for
0.05Mpc�1 . k . 0.2Mpc�1.

Finally, we mention that for simplicity we have cho-
sen to vary only one astrophysical property. By allowing
other astrophysical parameters to vary, most notably Mmin,

Figure 7. Power spectrum of the brightness temperature �Tb at

z = 15 for CDM (solid) and WDM with mX = 4keV (dashed).
The CDM model has f⇤ vary in time as seen in Fig. 6 as to

reproduce the mean 21-cm signal as in WDM with mX = 4keV.

it might be possible to produce a 21-cm power spectrum
degenerate with WDM throughout the redshifts under in-
vestigation and leave this question for future work.

6 CONCLUSIONS

If dark matter is warm instead of cold, e↵ects from its
non-negligible velocities can delay structure formation and
subsequently hasten its pace. This in turn can delay the ap-
pearance of the first luminous sources and therefore features
in the pre-reionization 21-cm signal, as it is greatly a↵ected
by these sources since they can alter the kinetic tempera-
ture, ionization fraction, and WF coupling of neutral hydro-
gen. Since structure formation is delayed but more rapid in

c� 0000 RAS, MNRAS 000, 000–000

Current lower limits from de Souza, AM+ 2013, Viel+2013…	




It is not completely degenerate with star-formation	


2670 M. Sitwell et al.

Figure 5. Evolution of f∗(z) in CDM required to match the mean bright-
ness temperature δT̄b in WDM with mX = 2 keV (dashed) and mX = 4 keV
(solid). All other parameters are set to their values in the fiducial CDM
model.

Finally, we mention that for simplicity we have chosen to vary
only one astrophysical property. By allowing other astrophysical
parameters to vary as a function of redshift, most notably Mmin, it
might be possible to produce a 21-cm power spectrum degenerate
with WDM throughout the redshifts under investigation and we
leave this question for future work.

6 C O N C L U S I O N S

In WDM models, the abundance of small haloes is suppressed,
which can leave a strong imprint at high redshifts. Since structure
formation is delayed but more rapid in WDM, a delayed, deeper and
more narrow absorption trough in the mean 21-cm signal will be
produced in WDM models. These effects can easily be seen in the

Figure 7. Power spectrum of the brightness temperature δTb. The top panel
shows the power spectrum at z = 12.5 for WDM with mX = 2 keV (dashed)
and CDM (solid). In the CDM model, f∗(z) evolves as shown in Fig. 5 such
that it reproduces the global signal in the WDM model. Similarly, the bottom
panel shows the power spectrum at z = 15 for WDM with mX = 4 keV
(dashed) and CDM (solid) with f∗(z) chosen to match the global signal in
this WDM model. The power spectrum of each model is plotted at a redshift
near where the X-ray background is at its most inhomogeneous state in its
respective model.

global 21-cm signal for WDM with free-streaming lengths above
current observational bounds for thermal relic masses as high as
mX ∼ 10–20 keV (R0

c ∼ 6–13 kpc).
Suppressing the photon-production efficiency of astrophysical

sources can delay the 21-cm signal as well. As such, to discrimi-
nate between WDM and CDM models by measuring the redshift
of reionization, the photon-production efficiency must be known
within a factor of 3.0, 1.8 and 1.4 for WDM with mX = 2, 3, 4 keV
(R0

c ≈ 86, 54, 39 kpc), respectively. Since the impact of WDM is
larger at higher redshifts, if milestones in the mean 21-cm signal

Figure 6. Evolution of the power spectrum of δTb for WDM with (a) mX = 2 keV and (b) mX = 4 keV. The top panels show power spectra at
k = 0.08, 0.18 Mpc−1 for WDM (dashed) and the CDM model (solid). CDM models have f∗(z) chosen to reproduce the global 21-cm signal found for
the respective WDM model. The bottom panels show the difference in the power spectrum between WDM and CDM models. Dotted curves show forecasts
for the 1σ power spectrum thermal noise as computed in Mesinger et al. (2013a) with 2000 h of observation time. The dotted green, blue and red curves are
the forecasts for the MWA, SKA and HERA, respectively.
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Sitwell, AM+ (2014)	


Evolution of the 21cm power spectrum, amplitude,	

leaving star-formation as  free parameter	


Difference due to 
more biased halos 
hosting galaxies in 
WDM	


detectable	


caveat: we still need to know star-formation would be 
possible in the ‘missing halos’	




Dark Matter heating:���
WDM decay and CDM annihilations	




Heating impact on global signal	


Heating by 1keV sterile neutrino	
Heating by DM annihilations	




DM heating can affect the global signal	


1005020 20030 30015070

!150
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!50

0

z

∆T
b
!mK" DM models:	


•  200 GeV Wino	

•  10 GeV Bino	

•  1 TeV Leptophilic	

•  No heating	


DM annihilation heating +“fiducial” astrophysics	


first stars 	

(WF coupling)	


first BH	

(X-ray heating)	


DM heating 
suppresses 
absorption trough	

(degenerate with 
more abundant X-
rays)	


DM heating is 
slower than X-ray 
heating (extremely 
weakly degenerate 
with astro!)	

	

AND	


Valdes, Evoli, AM+2013	


annihilation heating computed with MEDEA2 (Evoli+)	




DM heating is more uniform than 
astrophysical	


This cannot be reproduced with reasonable astrophysics	


CDM, annihilating 10GeV Bino, thermal cross-sec	


No annihilation heating	


with annihilations	




DM heating is more uniform than 
astrophysicalà heating peak is LOWEST of 

the three	


Peak is supressed and is 
in emission!	

(cannot be reproduced 
with astro!)	




Cosmology:	  
DM	  hea/ng,	  BAO,	  ma5er	  power	  spectrum	  

IGM heating	

(first BH)	


reionization	


spin T coupling	

(first stars)	


Rich physics of the early Universe	
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1st gen.: LOFAR, PAPER	




Cosmology:	  
DM	  hea/ng,	  BAO,	  ma5er	  power	  spectrum	  

2nd gen.: SKA, HERA	


IGM heating	

(first BH)	


reionization	


spin T coupling	

(first stars)	


Rich physics of the early Universe	




Conclusions	


•  Cosmological 21cm signal is very rich in information about the first structures, 
provided we can interpret it robustly.  High-z is the place to be for cosmology!	


•  Direct measurements of the matter power spectrum are possible either (i) during 
the dark ages (LUNAR mission?); or (ii) between X-ray heating and reionization, 
provided thermal feedback is efficient (observable with SKA and HERA)	


•  WDM models (or other cosmologies with a dearth of small-scale power) result in a 
delayed and more rapid evolution of the 21cm signal.	


•  Fixing the evolution of the mean signal, WDM can be distinguished by an increase 
in the 21cm power, driven by the higher bias of the more massive halos.  This 
could be detectable even with 1st generation instruments.	


•  WDM decay heating is negligible, HOWEVER dark matter annihilations can leave 
a robust footprint in the 21cm power spectrum by suppressing the heating peak, 
which can occur when the gas is in emission (you cannot reproduce this with astro).	


•  1st gen. interferometers are already taking data, 2nd gen. soon to follow. Exciting 
times are ahead!	



