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21 cm line from neutral hydrogen	

Hyperfine transition in the ground 	

state of neutral hydrogen produces 	

21cm line.	


Predicted by van den Hulst when	

Oort told him to find unknown	

radio lines to study our galaxy	




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).	




Once upon a time, HI was much more abundant: 
Reionization and Cosmic Dawn	
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Redshifted 21cm signal. 	

tune radio to:	


LOFAR,	

MWA,	

PAPER,	

21CMA,	

GMRT	

2nd gen: SKA	


interferometer	




21cm power spectrum from reionization	


δTb	
 Mesinger & Furlanetto 2007	


LOFAR/	

MWA	


knee feature	


250 Mpc	

(e.g. Lidz+2008; 
Furlanetto+2009;	

Santos+ 2011)	


SKA? 	

(1km2 core)	
~foreground limit	




If we see something, what do we learn??	




If we understand it, a lot!!	


neutral fraction	


gas density	


LOS velocity gradient	


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	


Cosmology	

&	




Let’s look at Cosmic history in 21cm	
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21cm is the only upcoming probe with the 
potential to see the Cosmic Dawn	




21cm is the only upcoming probe with the 
potential to see the Cosmic Dawn	


Why do participants of the “Dark Side of the Universe” 
conference care about the Cosmic Dawn?	




Digging out the cosmology…	


1)  Finding astrophysically “clean” epochs	

2)  Probing small-scale power through the 

abundance of high-z galaxies	

3)  Heating of the IGM through DM annihilations	




21cm probes cosmology	

1) “clean” epochs where cosmo signal dominates à 	


	
Dark Ages z > 40	
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21cm probes cosmology	

1) “clean” epochs where cosmo signal dominates à 	


	
Dark Ages z > 40 OR  efficient thermal feedback z<20	


	


mean density	


mean density	


material falls into overdensities through gravity	


But gas pressure resists	


Heated gas is pressure supported 	

wait for halo potential to grow for efficient star formation	


gas, T	


gas, T	




21cm probes cosmology	

1) “clean” epochs where cosmo signal dominates à 	


	
Dark Ages z > 40  OR  efficient thermal feedback z<20	
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AM+2013	

(see also Ricotti & 
Ostriker 2004)	


1	
 1	

completed heating	
pre-reionization	




21cm probes cosmology	

2) Models which suppress small-scale power, like Warm Dark 
Matter, result in a dearth of low mass galaxies, delaying 
astrophysical epochs in the 21cm signal	




Although very successful on large (>~ Mpc scales), 
CDM seemingly doesn’t do so well on small-scales	


for example:	

•  Galactic halos are kinematically inconsistent with 

CDM: missing population of dense, massive 
satellites (Boylan-Kolchin+ 2012)	


•  Inner profiles of individual dwarf galaxies are too 
shallow (Moore+1994; de Blok+2001; Maccio+2012; 
Governato+2012)	


•  Number of satellite galaxies in Milky Way (Moore
+1999; Klypin+1999) and in the field (ALFALFA 
survey; Papastergis+2011; Ferrero+2012) is too low	


•  … (see Sellwood & Kosowsky 2001; Menci+ 2012; 
Boylan-Kolchin+2012)	




What about suppressing primordial power, e.g.���
Warm Dark Matter	


e.g. free-streaming: particles stream out of primordial potential wells, 
truncating power on scales below the distance traveled up to ~ 
radiation-matter equality (Bode+ 2001):	
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below. Even if supernova winds or heating processes inhibit
star formation in dwarf halos, and thereby suppress dwarf
galaxies, it is hard to see why these processes would act
preferentially in the voids. Another clue of potential signi!-
cance is that observations (Metcalfe et al. 2001) point to the
formation of dwarf galaxies at 3 \ Z \ 4, later than bright
galaxies. This is not what one expects in a hierarchical
theory like CDM where small objects should form !rst.

If these problems with CDM are real, they represent a
remarkable opportunity. The observed pattern of gravita-
tional clustering may be revealing the physical properties of
the dark matter. If so, this will be an invaluable clue to
physics beyond the standard model. Deciphering this clue
represents an exciting challenge in which both more re!ned
observations and numerical simulations will be needed.
Even if the conclusion of this work is that CDM theory
survives, it will have been strengthened in the process. Alter-
native theories are valuable foils against which the successes
of the better theory may be judged.

The small-scale problems mentioned above do not negate
the remarkable successes of the "CDM)

M
D 0.3, )" D 0.7

cosmology on larger scales (Bahcall et al. 1999). These
include the abundances and observed evolutionary proper-
ties of Lya clouds, large galaxies, clusters, and of course the
normalization and shape of the power spectrum of cosmic
microwave anisotropies. Therefore, it seems sensible to seek
a modest modi!cation of the scenario whose sole e†ect is to
damp small-scale structure.

Free-streaming owing to thermal motion of particles, or
Landau damping, is the simplest known mechanism for
smearing out small-scale structure. This process was central
to the hot dark matter (HDM; massive neutrino) scenario
for structure formation, which failed because the particle
speeds were too high and erased perturbations up to tens of
megaparsec scales. Structure formation was ““ top-down,ÏÏ
with galaxies forming only through fragmentation of pan-
cakes and at redshifts too low to be compatible with obser-
vation.

Warm dark matter (WDM) is just HDM cooled down.
We shall review below some of the many ideas in the liter-
ature as to how WDM might be produced. A particularly
interesting possibility is that if the reheating temperature
following inÑation is low, then standard k or q neutrinos
can be WDM. Historically, WDM was considered (and
quickly rejected) as a means of reconciling computed and
observed cluster abundances while maintaining a critical
density for the dark matter (Colombi, Dodelson, & Widrow
1996). That problem is resolved in the "CDM model by
simply lowering the dark matter density. But the new prob-
lems faced by CDM motivate reconsideration of WDM
(reincarnated now as "WDM) with a view to damping
structure on submegaparsec scales (Sommer-Larsen &
Dolgov 2001 ; Hogan & Dalcanton 2000), requiring much
lower particle velocities.

It is conventional to discuss WDM in terms of a canon-
ical candidate, a light fermion with 2 spin degrees of
freedom like the neutrino, assumed to decouple adia-
batically and while still relativistic. The number of rela-
tivistic degrees of freedom at decoupling determines the
e†ective temperature of the warm particles today, and the
dark matter density determines the WDM particle mass m

X
.

We shall discuss WDM in terms of this mass, but it should
be remembered that what really matters is the particle
streaming speed, given for the canonical particle in equation
(A3) of the Appendix.

We discuss linear perturbation theory relevant to warm
particles in the Appendix, where we derive the following
formula for the smoothing scale, de!ned as the comoving
half-wavelength of the mode for which the linear pertur-
bation amplitude is suppressed by 2 :

R
S
B 0.31

A)
X

0.3
B0.15A h

0.65
B1.3AkeV

m
X

B1.15
h~1 Mpc . (1)

The scaling given here is di†erent from that given in the
previous literature on WDM (which mostly refers to Bond
& Szalay 1983 and Bardeen et al. 1986). The scaling usually
given does not properly take into account streaming prior
to matter-radiation equality.

The outline of this paper is as follows. In ° 2 we review
particle physics mechanisms through which WDM may be
formed. In ° 3 we discuss the lower bound imposed on m

Xby the requirement of early structure formation and, in par-
ticular, of reionizing the universe (the Gunn-Peterson
constraint). In ° 4 we discuss the phase-space density
(Tremaine-Gunn) constraint and show that the initial
thermal velocities of the particles are relevant only to the
inner cores of halos, scales of hundreds of parsecs. The fol-
lowing sections are devoted to numerical results, revealing
several potential observational signatures of WDM.

We !nd that replacing CDM with WDM has the follow-
ing e†ects :

1. Smoothing of massive halo cores, lowering core den-
sities and increasing core radii.

2. Lowering greatly the characteristic density of low-
mass halos.

3. Reduction of the overall number of low-mass halos.
4. Suppression of the number of low-mass satellite halos

in high-mass halos.
5. Formation of low-mass halos almost solely within

caustic pancakes or ribbons connecting larger halos in a
““ cosmic web.ÏÏ Voids in this web are almost empty of small
halos, in contrast to the situation in CDM theory.

6. Late formation (Z \ 4) of low-mass halos, in a top-
down process.

7. Suppression of halo formation at high redshift (Z [ 5)
and increased evolution of halos at lower redshifts relative
to CDM.

The !rst four !ndings indicate that WDM holds some
promise as a solution to the satellite and core density prob-
lems of CDM. The !fth is interesting as it may solve the
problem raised by Peebles. The sixth and seventh items
point to observational tests at high redshift, where there is
the possibility of actually seeing the pancake formation as it
!rst occurs. Recent Hubble Space Telescope observations
probing galaxies at high redshift seem to indicate the forma-
tion of dwarf galaxies after bright galaxies (Metcalfe et al.
2001), which is an argument in favor of WDM. It is perhaps
worth emphasizing that W DM succeeds both in suppressing
the number of satellites in large halos, while producing a dis-
tribution of dwarf halos in a cosmic web connecting higher
mass galaxies. All of these e†ects need to be better quanti-
!ed in both observational data and simulations so that
precise statistical tests are possible.

It is a challenging problem at the limit of current numeri-
cal codes to simultaneously represent the modes responsible
for structure formation (tens of megaparsecs at least) while
resolving objects as small as dwarf galaxies less than 108

2 Benson, Farahi, Cole, Moustakas, Jenkins, Lovell, Kennedy, Helly & Frenk

Ciro et al. 2012). A variety of experimental measurements
may be sensitive to the small-scale structure of dark matter
halos (Simon et al. 2005; Viel et al. 2008). The most promis-
ing are future lensing experiments, which have the potential
to strongly constrain dark matter particle phenomenology
(Keeton & Moustakas 2009; Vegetti & Koopmans 2009a,b;
Vegetti et al. 2010a,b, 2012). A variety of previous work has
shown that the subhalo mass function should depend sen-
sitively on the dark matter physics and the shape of the
power spectrum. To maximize the scientific return of future
experiments therefore requires the ability to accurately and
rapidly predict the distribution of dark matter substructure
as a function of dark matter particle thermal or interaction
properties, for arbitrary power spectra.

In this work, we develop techniques to follow the growth
of nonlinear structure in non-CDM universes using a fully
consistent treatment of the extended Press-Schechter for-
malism. We demonstrate the performance of these tech-
niques by applying them to a representative case of warm
dark matter (WDM), which has the advantage of several
pre-existing N-body simulations which we utilize to test the
accuracy of our methods. WDM particles1 are lighter than
their CDM counterparts, allowing them to remain relativis-
tic for longer in the early universe and to retain a non-
negligible thermal velocity dispersion. This velocity disper-
sion allows them to free-stream out of density perturbations
and so suppresses the growth of structure on small scales
(Bond & Szalay 1983; Bardeen et al. 1986). While mass func-
tions have been previously considered in this case (Barkana
et al. 2001), we go one step further and develop methods to
compute conditional mass functions, and halo merger rates
and use these to construct merger trees in WDM universes.
These merger trees are a key ingredient required to predict
the distribution of substructure masses, positions and inter-
nal structure as is necessary to make detailed predictions for
future lensing experiments.

The remainder of this paper is organized as follows. In
§2 we describe the changes that we introduce to the ex-
tended Press-Schechter formalism to make it applicable to
the case of non-CDM scenarios (including some specifics for
the WDM case). In §3 we apply these methods to the case
of WDM, first comparing their predictions to the available
data from N-body simulations, then exploring the limita-
tions of ignoring the e↵ects of WDM velocity dispersion,
and presenting a comparison of key results between WDM
and CDM. Finally, in §4 we discuss the consequences of this
work and present our conclusions.

We also include two appendices. Appendix A gives a de-
tailed derivation of our numerical procedure for solving the
excursion set first crossing problem for arbitrary barriers.
Appendix B explores the numerical accuracy and robust-
ness of the methods developed in this work.

When comparing our analytic theory with results from
N-body simulations we will adopt the same cosmological pa-
rameters and dark matter particle properties as were used

1 The two usual candidates–both lying beyond the standard
model of particle physics–are sterile neutrinos (Dodelson &
Widrow 1994; Shaposhnikov & Tkachev 2006) and gravitinos (El-
lis et al. 1984; Moroi et al. 1993; Kawasaki et al. 1997; Gorbunov
et al. 2008).

for the simulation. These values will be listed where relevant.
For the rest of this work, specifically in §2, §3.2, §3.3 and
Appendix B we adopt a canonical a cosmological model with
⌦

M

= 0.2725, ⌦
⇤

= 0.7275, ⌦
b

= 0.0455 and H
0

= 70.2 km
s�1 Mpc�1 (Komatsu et al. 2011) and a canonical WDM
particle of mass, m

X

= 1.5 keV and e↵ective number of de-
grees of freedom g

X

= 1.5 (the expected value for a fermionic
spin- 1

2

particle).

2 METHODS

Our approach makes use of the Press-Schechter formalism
(Press & Schechter 1974; Bond et al. 1991; Bower 1991;
Lacey & Cole 1993) which, after substantial development
and tuning against N-body simulations, has proven to be
extremely valuable in understanding the statistical prop-
erties of dark matter halo growth in CDM universes. The
Press-Schechter formalism in its modern form is expressed
in terms of excursion sets–the set of all possible random
walks in density at a point as the density field is smoothed
on ever smaller scales. Halo formation corresponds to a ran-
dom walk making its first crossing of a barrier. The height
of that barrier is determined from models of the non-linear
collapse of simple overdensities.

The Press-Schechter algorithm requires three ingredi-
ents: 1) the power spectrum of fluctuations in the density
field (characterized by �(M), the fractional root-variance
in the linear-theory density field at z = 0); 2) the critical
threshold in linear-theory corresponding to the gravitational
collapse of a density perturbation, �

c

; and 3) a solution for
the statistics of excursion sets to cross this threshold. We
will address each of these three ingredients below.

2.1 Power Spectrum

We assume a power-law primordial power spectrum with
n
s

= 0.961 (Komatsu et al. 2011), and adopt the transfer
function of Eisenstein & Hu (1999). We include a modifi-
cation for warm dark matter using the fitting function of
Bode et al. (2001; as re-expressed by Barkana et al. 2001)
to impose a cut-o↵ below a specified length scale, �

s

:

T (k) ! T (k)
⇥
1 + (✏k�

s

)2⌫
⇤�⌘/⌫

, (1)

where ✏ = 0.361, ⌘ = 5 and ⌫ = 1.2 are parameters of the fit-
ting function. For our canonical WDM particle, the smooth-
ing scale2 is �

s

= 0.124 Mpc (Barkana et al. 2001; eqn. 4)
corresponding to a mass of M

s

= 4⇡⇢̄�3

s

/3 = 2.97⇥108 M�.
The power spectrum is normalized to give the required
�
8

= 0.807 (Komatsu et al. 2011) when integrated un-
der a real-space top-hat filter of radius 8h�1Mpc (where
h = H

0

/100 km s�1 Mpc�1).

2 This scale is usually approximated as being equal to the speed
of the particles at the epoch of matter-radiation equality multi-
plied by the comoving horizon scale at that time; see Bode et al.
(2001) for further discussion.
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Modification of the transfer function	


Smith+2011	


relativistic thermal relic	




High-z is the place to be	


Due to heirarchal structure formation, in WDM it is empty!	


CDM	


0.5keV	

3keV	


Mesinger+2005	




Halo number density of lensed galaxies:���
only constraint free of astrophysical degeneracies 	


Pacucci, AM, Haiman 2013	


CLASH	


mx>1 keV	

NO ASTROPHYSICS!!	


Limits can improve dramatically	

 with future detections	




What does this mean for 21cm??	

2) Models which suppress small-scale power, like WDM 
result in a dearth of low mass galaxies, delaying astrophysical 
epochs, and subsequently speeding them up	
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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

Sitwell, AM+ 2013	


Gastrophysics only has 
to be known to within a 
factor of ~20 for the 
onset of heating to not 
be degenerate with 
WDM models	


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




21cm probes cosmology	

3) Heat input from DM annihilations	
 5

FIG. 3: Evolution of the 21cm power at k = 0.1 h Mpc!1.

21cmFAST to generate the reionization and heating sce-
nario. We vary astrophysical parameters, looking for gen-
eral trends and physical insight. summarize our results
as follows.
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Evoli, AM+ in prep	


see Carmelo’s talk	


Uniform heating is 
unachiavable with 
astrophysics 	

(e.g. AM+2013)	




21cm probes cosmology	

3) Heat input from DM annihilations	


Valdes+2012	


1005020 20030 30015070

!150

!100

!50

0

z

"T
b
!mK" DM models:	


•  200 GeV Wino	

•  10 GeV Bino	

•  1 TeV Leptophilic	

•  No heating	


first stars 	

(WF coupling)	


first BH	

(X-ray heating)	


DM heating is 
slower than X-ray 
heating	

	


Global signal	

see Carmelo’s talk	




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

IGM heating	

(first BH)	


reionization	


spin T coupling	

(first stars)	


We are getting data as we speak!	

1st gen.: LOFAR, PAPER	




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

reionization	


Rich physics of the early Universe	

1st gen.: MWA	


MWA 2013B:	

Ewall-Wice+ 	

“Constraining Xray and Dark Matter heating Before the 
Epoch of Reionization (EoR):  Preliminary Observations 
at Low Frequency with the MWA”	


IGM heating	

(first BH)	


spin T coupling	

(first stars)	




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

2nd gen.: SKA, LUNAR	


IGM heating	

(first BH)	


reionization	


spin T coupling	

(first stars)	


Rich physics of the early Universe	




You have convinced me this is exciting, and 
relevant to my research.  What do I do now?	




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..	




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	


In just over 2 years, 21cmFAST is being used by researchers in 13 countries,	

and most of the 1st gen. 21cm experiments: LOFAR, MWA, 21CMA	




Conclusions	


•  Cosmological 21cm signal is very rich in information, containing both 
cosmological and astrophysical components. 	


•  The range of scales and unknown parameter space is enormous: 21cmFAST!	

•  The matter power spectrum (extending to very small-scales) can be measured 

directly either during (i) the Dark Ages at z>40 (difficult, Moon?); (ii) during a 
“respite” between heating and reionization (e.g. very high X-ray/SFR in early 
galaxies and/or efficient thermal feedback)	


•  The early Universe is a great test-bed for models involving a suppression of small-
scale power, like WDM. 	


–  Driven by late-appearing galaxies, the 21cm signal would be delayed and subsequently more rapid	

–  Current limits from CLASH lensed galaxies are only constraints with no astrophysics: mx >~ 1 keV	


•  Dark matter annihilations can leave a robust footprint in the 21cm power spectrum 
by suppressing the heating peak.	


•  Exciting times are ahead!	



