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The simplest case. Small-scale perturbations smoothed by free-streaming

Lovell et al. 2012

 1 parameter: the particle mass mX  in the range.   mX  = 1 - 5 keV
Thermal WDM
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Constraints on mX 
from comparing the observed abundance of small-
scale clumps (dwarf galaxies, Lyman-α absorbers) 
to the predicted abundance of low-mass DM 
clumps 

This involves modelling the baryon physics to relate 
the observed structures to DM 

mX ≥ 1.5 keV Polisensky & Ri-cotti 2011; 

Lovell et al. 2012, 2015 Horiuchi et al. 2014, 

Belokurov et al. 2010 

Lower limits on mX from abundance 
of sub-structures

mWDM>3.3 keV

mν>12 keV

WDM particle mass: 
limits from the Ly-α forest

vs. Hydro-Simulations

Viel et al. 2005-2013

Thermal 
relics WDM

Sterile ν 
WDM (DW)
Dodelson-Widrow 

Results subject to further investigations

Still affected by the difficult-to-
characterize physics of intergalactic gas. 
Degeneracy between WDM effects and 
Jeans and Doppler broadening of the 
absorption lines. These are affected by 
the IGM temperature

WDM particles are 1068 times heavier 
(105 M⊙) than the real WDM particles. 
This makes difficult to infer the initial 
velocity distribution of the effective 
particles from the known initial velocity 
distribution of the real WDM particles 
(Lovell et al. 2012, 2014; Maccio` et al. 
2012; Viel et al. 2013).

 Lyman-α absorbers yield mX> 3keV 

when compared to hydro simulations
(intergalactic gas physics)
Viel+2005, 2013



Constraints on mx from the abundance of low-mass galaxies: 
getting rid of degeneracy with astrophysics of gas and stars

WDM mass functions exhibit a down turn at masses close to the half-mode mass
Correspondingly, the number density of halos per Mpc3  saturates to a maximum value at small M

Observe galaxy density larger than such a maximum value would rule out the corresponding WDM
particle mass independently of L/M relation 

Focusing on WDM with lensed high-z galaxies L55

required for collapse, δc(M, z). Using spherically symmetric hy-
drodynamics simulations, and exploiting the analogy between the
WDM effective pressure and gas pressure, Barkana et al. (2001)
computed the modified δc(M, z) to be used in the excursion-set
random walk procedure. They show that this effective pressure can
be of comparable importance to the power-spectrum cut-off above,
in suppressing small-scale structures. Benson et al. (2013) showed
that the results of Barkana et al. (2001) can be well fitted by the
following functional form:

δc,WDM(M, z) = δc,CDM(t)
{

h(x)
0.04

exp(2.3x)
(6)

+ [1 − h(x)] exp
[

0.31687
exp(0.809x)

]}
. (7)

Here, x = log (M/MJ) and MJ is an effective WDM Jeans mass, i.e.
the mass scale below which collapse is significantly delayed by the
pressure:

MWDM ∼ 3.06 × 108
(

"xh
2

0.15

)1/2(
mx

keV

)−4

(8)

×
(

1 + zeq

3000

)1.5(
gx

1.5

)−1

M⊙, (9)

where zeq is the redshift of radiation–matter equality, gx is the ef-
fective number of degrees of freedom of WDM and

h(x) =
{

1 + exp
[

x + 2.4
0.1

]}−1

. (10)

Benson et al. (2013) also note that δc, WDM(M, z) should be mul-
tiplied by an additional factor of 1.197, in order to compensate
for the non-standard normalization of the window function above.
This normalization is motivated by requiring WDM and CDM mass
functions to converge at high masses. In order to compute the WDM
mass function, one can record the first crossing probability, f(σ 2),
averaging over many random walks (Mesinger et al. 2005). Instead,
we use the faster recursive procedure described in appendix A of
Benson et al. (2013), to which we refer the reader for further details.

2.3 CDM mass functions

We adopt a standard analytic formula, which is known to accurately
fit N-body results (Sheth & Tormen 1999; Jenkins et al. 2001), to
compute CDM mass functions:

fST = A

√
2a1

π
×

[
1 +

(
σ 2

a1δ2
c

)p]
× δc

σ
exp

(
−a1δ

2
c

2σ 2

)
(11)

where fST is the fraction of mass contained in haloes with masses
greater than M, and A = 0.322, a1 = 0.707, p = 0.3, δc = 1.686.

3 R ESULTS

The resulting CDM and WDM halo mass functions at z = 10 are
shown in Fig. 1, for four different values of the WDM particle
mass: mx = 0.5, 1.0, 1.5, 2.0 keV. Solid lines include both of the
effects mentioned above (free-streaming and effective pressure),
while dashed lines only include the free-streaming. The latter can
be considered as strict, highly conservative, particle-type indepen-

Figure 1. Halo mass functions in CDM (thick solid line) and WDM (solid
lines) at z = 10. The dot–dashed lines correspond to WDM models where
only the free-streaming effect has been accounted for (i.e. the effective
pressure from the residual velocity dispersion of the WDM particles is
neglected).

dent estimates of the impact of WDM on high-z mass functions.3

The thick solid line is the standard CDM halo mass function. The
exponential suppression of low-mass haloes in WDM models is ev-
ident in the figure, with the abundance of ∼108 M⊙ haloes dramat-
ically reduced for mx ! 2 keV. The effective pressure from WDM
velocity dispersion makes this mass function truncation much more
dramatic. Haloes with M ≈ 108 M⊙ correspond to the lowest
masses in which cooling by atomic hydrogen is efficient, suggest-
ing that abundances of z ∼ 10 star-forming galaxies are sensitive to
mx ! 2–3 keV (e.g. de Souza et al. 2013).

By integrating the WDM mass functions in Fig. 1 above a low-
mass limit, Mmin, one obtains the total number density of haloes
at z = 10 with mass M > Mmin, shown in Fig. 2. This figure is
the main result of this work. As an example of its use, let us con-
sider halo abundances in WDM models with mx < 3 keV. We note
from the figure that haloes, of any mass, cannot be more abundant
than ≈0.8 Mpc−3 if mx ! 3 keV. This ‘forbidden region’ is high-
lighted in blue, and is completely independent of the physics of
the baryons. In principle, stronger constraints could be obtained, at
the expense of astrophysical modelling uncertainties, if such mod-
elling requires host haloes of detected galaxies to be higher than

3 The effects of free-streaming (Section 2.1) are straightforward to compute
analytically and to include in N-body simulations as a modification of the
initial power spectrum (e.g. Bode et al. 2001). Analytic WDM halo mass
functions are in agreement with N-body codes, when compared just includ-
ing free-streaming and accounting for artificial fragmentation of N-body
filaments (Wang & White 2007). Furthermore, the resulting modification of
the power spectrum can be computed for any given WDM particle, and so
results for our fiducial thermal relic mass, mx, can be translated to masses of
other WDM particles (e.g. sterile neutrinos), by equating their correspond-
ing streaming lengths. On the other hand, the effects of WDM velocity
dispersion (Section 2.2) are more uncertain, as they require accounting for
intra-particle dispersion in N-body simulations. Thus, our prescription for
including the effects of residual velocities on structure formation is not as
well tested as the effects of free-streaming. Furthermore, our method is
motivated by the results of Barkana et al. (2001), who made the analogy
of WDM velocity dispersion to gas temperature in their simulations. This
analogy is only well defined in the case of a thermal relic WDM particle.

 at IN
A

F R
om

a (O
sservatorio A

stronom
ico di R

om
a) on D

ecem
ber 23, 2014

http://m
nrasl.oxfordjournals.org/

D
ow

nloaded from
 

Pacucci, Mesinger, Haiman 2013  

Differential Halo Mass function Cumulative  Halo Mass function
(number / Mpc3)

Lapi & Danese 2015 



Constraints on mx from the abundance of low-mass galaxies: 
getting rid of degeneracy with astrophysics of gas and stars

WDM mass functions exhibit a down turn at masses close to the half-mode mass
Correspondingly, the number density of halos per Mpc3  saturates to a maximum value at small M

Observe galaxy density larger than such a maximum value would rule out the corresponding WDM
particle mass independently of L/M relation 

Focusing on WDM with lensed high-z galaxies L55

required for collapse, δc(M, z). Using spherically symmetric hy-
drodynamics simulations, and exploiting the analogy between the
WDM effective pressure and gas pressure, Barkana et al. (2001)
computed the modified δc(M, z) to be used in the excursion-set
random walk procedure. They show that this effective pressure can
be of comparable importance to the power-spectrum cut-off above,
in suppressing small-scale structures. Benson et al. (2013) showed
that the results of Barkana et al. (2001) can be well fitted by the
following functional form:

δc,WDM(M, z) = δc,CDM(t)
{

h(x)
0.04

exp(2.3x)
(6)

+ [1 − h(x)] exp
[

0.31687
exp(0.809x)

]}
. (7)

Here, x = log (M/MJ) and MJ is an effective WDM Jeans mass, i.e.
the mass scale below which collapse is significantly delayed by the
pressure:

MWDM ∼ 3.06 × 108
(

"xh
2

0.15

)1/2(
mx

keV

)−4

(8)

×
(

1 + zeq

3000

)1.5(
gx

1.5

)−1

M⊙, (9)

where zeq is the redshift of radiation–matter equality, gx is the ef-
fective number of degrees of freedom of WDM and

h(x) =
{

1 + exp
[

x + 2.4
0.1

]}−1

. (10)

Benson et al. (2013) also note that δc, WDM(M, z) should be mul-
tiplied by an additional factor of 1.197, in order to compensate
for the non-standard normalization of the window function above.
This normalization is motivated by requiring WDM and CDM mass
functions to converge at high masses. In order to compute the WDM
mass function, one can record the first crossing probability, f(σ 2),
averaging over many random walks (Mesinger et al. 2005). Instead,
we use the faster recursive procedure described in appendix A of
Benson et al. (2013), to which we refer the reader for further details.

2.3 CDM mass functions

We adopt a standard analytic formula, which is known to accurately
fit N-body results (Sheth & Tormen 1999; Jenkins et al. 2001), to
compute CDM mass functions:

fST = A

√
2a1

π
×

[
1 +

(
σ 2

a1δ2
c

)p]
× δc

σ
exp

(
−a1δ

2
c

2σ 2

)
(11)

where fST is the fraction of mass contained in haloes with masses
greater than M, and A = 0.322, a1 = 0.707, p = 0.3, δc = 1.686.

3 R ESULTS

The resulting CDM and WDM halo mass functions at z = 10 are
shown in Fig. 1, for four different values of the WDM particle
mass: mx = 0.5, 1.0, 1.5, 2.0 keV. Solid lines include both of the
effects mentioned above (free-streaming and effective pressure),
while dashed lines only include the free-streaming. The latter can
be considered as strict, highly conservative, particle-type indepen-

Figure 1. Halo mass functions in CDM (thick solid line) and WDM (solid
lines) at z = 10. The dot–dashed lines correspond to WDM models where
only the free-streaming effect has been accounted for (i.e. the effective
pressure from the residual velocity dispersion of the WDM particles is
neglected).

dent estimates of the impact of WDM on high-z mass functions.3

The thick solid line is the standard CDM halo mass function. The
exponential suppression of low-mass haloes in WDM models is ev-
ident in the figure, with the abundance of ∼108 M⊙ haloes dramat-
ically reduced for mx ! 2 keV. The effective pressure from WDM
velocity dispersion makes this mass function truncation much more
dramatic. Haloes with M ≈ 108 M⊙ correspond to the lowest
masses in which cooling by atomic hydrogen is efficient, suggest-
ing that abundances of z ∼ 10 star-forming galaxies are sensitive to
mx ! 2–3 keV (e.g. de Souza et al. 2013).

By integrating the WDM mass functions in Fig. 1 above a low-
mass limit, Mmin, one obtains the total number density of haloes
at z = 10 with mass M > Mmin, shown in Fig. 2. This figure is
the main result of this work. As an example of its use, let us con-
sider halo abundances in WDM models with mx < 3 keV. We note
from the figure that haloes, of any mass, cannot be more abundant
than ≈0.8 Mpc−3 if mx ! 3 keV. This ‘forbidden region’ is high-
lighted in blue, and is completely independent of the physics of
the baryons. In principle, stronger constraints could be obtained, at
the expense of astrophysical modelling uncertainties, if such mod-
elling requires host haloes of detected galaxies to be higher than

3 The effects of free-streaming (Section 2.1) are straightforward to compute
analytically and to include in N-body simulations as a modification of the
initial power spectrum (e.g. Bode et al. 2001). Analytic WDM halo mass
functions are in agreement with N-body codes, when compared just includ-
ing free-streaming and accounting for artificial fragmentation of N-body
filaments (Wang & White 2007). Furthermore, the resulting modification of
the power spectrum can be computed for any given WDM particle, and so
results for our fiducial thermal relic mass, mx, can be translated to masses of
other WDM particles (e.g. sterile neutrinos), by equating their correspond-
ing streaming lengths. On the other hand, the effects of WDM velocity
dispersion (Section 2.2) are more uncertain, as they require accounting for
intra-particle dispersion in N-body simulations. Thus, our prescription for
including the effects of residual velocities on structure formation is not as
well tested as the effects of free-streaming. Furthermore, our method is
motivated by the results of Barkana et al. (2001), who made the analogy
of WDM velocity dispersion to gas temperature in their simulations. This
analogy is only well defined in the case of a thermal relic WDM particle.

 at IN
A

F R
om

a (O
sservatorio A

stronom
ico di R

om
a) on D

ecem
ber 23, 2014

http://m
nrasl.oxfordjournals.org/

D
ow

nloaded from
 

Pacucci, Mesinger, Haiman 2013  

Differential Halo Mass function Cumulative  Halo Mass function
(number / Mpc3)

Lapi & Danese 2015 Pacucci, Mesinger, Haiman 2013  

Showed that the two z ≈ 10 galaxies 
detected by the Cluster Lensing And 
Supernova survey with Hubble 
(CLASH) survey are sufficient to 
constrain the WDM particle mass to 
mx > 1 keV 



Finding the faintest galaxies
Gravitational lensing is the tool we need 
to find the faintest, distant galaxies
and constrain their space density 



The Hubble Frontier Fields survey

Hubble Frontier FieldHST Treasury program

Deep multi-band survey of 6 strong
lensing clusters.

Designed to reach to the faintest
high-redshift galaxies thanks to the
combined power of ultra-deep 
space observations and lensing
magnification 



Abell 2744
Cluster 

Clusters as lensing 
telescopes

slide by Jennifer Lotz
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background galaxies are magnified by factors up to ~10-20, 
providing the deepest yet view of the universe

slide by Jennifer Lotz



background galaxies are magnified by factors up to ~10-20, 
providing the deepest yet view of the universe

lensed galaxies

slide by Jennifer Lotz



Luminosity Functions of z=6 Galaxies in the Hubble Frontier Fields:  
Based on 2 HFF lensing clusters 164 galaxies at z=6

17

Fig. 10.— Comparison of the present stepwise UV LF at z ∼ 6
(dark red circles: see §5.6) with previous determinations by Atek
et al. (2015: blue squares), L16 (green squares), and Bouwens et
al. (2015) using the HUDF, HUDF-parallel, and CANDELS fields
(light red circles). All error bars and upper limits are 1σ. The dark
red squares give the results from our full forward-modeling proce-
dure, as given in §4 (but where the error bars are not independent:
see §5.6). See Table 5 for a tabulation of the present constraints
shown here. The red line shows our best-fit LF that we derive by
doing a forward-modeling analysis using the GLAFIC magnifica-
tion models as inputs. The luminosities of the individual points in
the L16 and Atek et al. (2015) LFs have been corrected brightward
by ∼0.4 mag and ∼0.3 mag, respectively, to ensure better consis-
tency with the luminosities (and total magnitudes) measured in
our own study (see §6.1.2). The dotted green line shows the fea-
ture in the z ∼ 6 LF results of L16 (i.e., an apparent steepening)
that likely drives their claiming no turn-over in the z ∼ 6 LF until
−11 mag (see §6.2).

6. DISCUSSION

The purpose of this paper is to present new constraints
on the form of the z ∼ 6 LF to low luminosities utilizing
new constraints from the first four clusters available from
the HFF program.

6.1. Comparison with Previous Observational
Constraints

Before looking into comparisons of our new observa-
tional constraints with theory, it is useful first to compare
the present results with previous results where available
to try to understand differences where they might occur.

6.1.1. Atek et al. (2015)

We first consider a comparison with the most recent
results of Atek et al. (2015) who make use of observations
available over the first three HFF clusters Abell 2744,
MACS0416, and MACS0717 and selected galaxies using
an I814-dropout selection criteria which would identify
galaxies from z ∼ 6 to z ∼ 7.
A comparison with the most recent determination of

the z ∼ 6-7 LF from Atek et al. (2015) is provided in
Figure 10. In comparing against the Atek et al. (2015) LF
determinations, we incorporate a ∼0.3-mag brightward

shift of the Atek et al. (2015) LF to correct for differences
in our apparent magnitude measurements for individual
sources. As already noted in one of the companion papers
to this study (Bouwens et al. 2016), overall the agreement
appears to be quite good, at least insofar as the stepwise
points are concerned.
The best-fit φ∗ and luminosity density that Atek et

al. (2015) estimate to −15 mag, i.e., ∼ 1026.20±0.13 ergs
s−1 Hz−1 Mpc−3, is ∼0.18 dex lower than what we find.
This is a small but readily understandable difference that
arises because Atek et al. (2015b) provide a constraint on
the LF at a higher mean redshift than we do, i.e., z ∼ 6.5
vs. z ∼ 6, and also include in their determinations re-
sults from field surveys, i.e., CANDELS or the HUDF,
which probe z ∼ 7 vs. our z ∼ 6 probe. Given that
the integrated luminosity density to a limit of −17 mag
changes by ∼0.2 dex per unit redshift, our larger lumi-
nosity density estimate is entirely expected.

6.1.2. L16

To ensure that comparisons with the LF results from
L16 were made using a consistent luminosity scheme, we
carefully cross-matched sources from our catalogs with
those from L16 and comparing our measured apparent
magnitudes with those inferred from their study using
the tabulated absolute magnitudes, redshifts, and mag-
nification factors.
Comparing the total magnitudes we infer for sources

using our scaled aperture scheme to the L16-inferred
magnitudes, we find a 0.52-mag median difference, with
L16-inferred magnitudes fainter than ours, both for rela-
tively brightH160,AB < 28 sources and fainterH160,AB >
28 sources. If we instead estimate total magnitudes for
sources by taking the flux in fixed apertures that would
enclose 70% of the flux for point sources, as performed by
HUDF12 team (Schenker et al. 2013; McLure et al. 2013)
and derive an inverse variance-weighted total magnitude
from the Y105, J125, JH140, and H160 bands, we find dif-
ferences of 0.25-mag in the median, with the L16-inferred
magnitudes being fainter, comparing magnitudes for the
faintest sources (i.e., >28 mag). The L16 magnitudes
show a similar offset relative to the published photome-
try of Atek et al. (2015a).
Given that the HUDF12 apparent magnitude measure-

ment scheme should give a fairly conservative lower limit
on the total fluxes for individual candidates, these com-
parisons suggest that L16 systematically underestimate
the luminosity of individual sources in their catalog by at
least ∼0.25 mag, if not more (taking our scaled-aperture
magnitudes as the baseline). In the next subsection, we
present evidence that L16 underestimated the flux in the
faintest z ∼ 6 candidate (in this case by ∼1 mag).
Given this range in values, we adopt a shift of the

binned z ∼ 6 LF of L16 brightward by 0.4 mag to com-
pare volume density measurements at luminosities closer
to what we measure. After doing so, we find that the
L16 stepwise results appear to be a factor of ∼ 3-4×
higher than our own results in the luminosity range −17
to −14.5 mag (Figure 10). After considering different
explanations for these differences, it would appear that
they are due to the large intrinsic half-light radii that L16
assume (median of 0.09′′). In Bouwens et al. (2016), we
demonstrated through extensive simulations that such
size assumptions would result in much higher inferred

Best fit       log Φobs=0.54 

1σ              log Φobs=0.26 

2σ              log Φobs=0.01 

3σ              log Φobs=—0.36

Integrated number densities of galaxies
(#/Mpc3) down to the faints magnitude: 
correspond to 

Best fit       log Φobs=-0.25 

1σ              log Φobs=-0.47 

2σ              log Φobs=-0.62 

3σ              log Φobs=-0.9

Livermore et al. 2017 

Bouwens et al. 2017



NM, Grazian Castellano Sanchez 2016

Recently Livermore, Finkelstein, Lotz 2016
obtained LFs of z=6 galaxies down to MUV=-12.5

Based on 2 HFF lensing clusters Abell 2744 and MACS 0416

1. Starting from observed luminosity 
function, we run 107 Monte Carlo 
extractions of galaxies according to the 
observed distribution and with an 
uncertainty provided by the observed 
error bars. 

2. Compute the total nuber density of 
galaxies down to the faintest magn bin:
# of galaxies/Mpc3

at different confidence levels:

3. Assume a Power Spectrum 
P(mX, production model)

4. Compute the associated WDM 
cumulative mass function and the 
corresponding maximum number density 
     (mX, production model)

5. Allowed WDM models are those with
Φobs ≤      (mX, production model)�̃

�̃

Best fit   log Φobs/Mpc3 = 0.54

1σ         log Φobs/Mpc3 = 0.26

2σ         log Φobs/Mpc3 = 0.01

3σ         log Φobs/Mpc3 = -0.36

HFF constraints on thermal WDM models

Menci, Grazian, Castellano & Sanchez 2016
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HFF constraints on thermal WDM models
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DM halos
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NM, Grazian, Castellano, Sanchez 2016

thermal relics

HFF constraints on thermal WDM models

Menci, Grazian, Castellano & Sanchez 2016
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HFF constraints on thermal WDM models
mX>3 keV (1σ)  mX>2.4 keV (2σ)
(comparing with Livermore et al)

mX>2.5 keV (1σ)  mX>2. keV (2σ)
(comparing with Bouwens et al)

The tighter limits derived so far independently of 
baryon physics visible galaxies cannot outnumber 
their host DM halos

Very Conservative: The observed galaxies 
cannot outnumber their host DM halo, 
whose density saturates to a max. value 
depending on mX

Menci, Grazian, Castellano & Sanchez 2016



2 THEORY OF STERILE NEUTRINOS 16

The decay is achieved by νs virtually transforming itself into two charged particles.
This is possible if the mass eigenstate of the sterile neutrino couples to a W boson
and transforms it into a charged lepton (e, µ, τ) [29, 32]. One of the charged
particles can emit a photon and hereafter the two charged particles recombine to
form a να.

Figure 7: The Feynman diagrams for a νs virtually transforming itself into two charged
particles by the coupling of the mass eigenstate to a W boson and thereby decaying
radiatively [32, 33].

The kinematics of the reaction give that the photon must be mono-energetic
and the energy in the νs rest frame can be determined from energy and momentum
conservation (two-body decay) [19]:

Eγ =
1

2
ms

(

1 −
m2

α

m2
s

)

. (15)

If ms >> mα, which is likely since
∑

α mα ! 5eV [22] and ms is of the order
of keV, then Eγ ≈ ms/2. The branching ratio for the radiative decay has been
derived to be [30]:

Γγ

Γtot
=

27α

8π
≈

1

128
. (16)

The radiative decay is a testable signature of the sterile neutrinos as dark
matter4. A mass of ms ≈ 0.5 − 100 keV is preferred by structure formation [11]
leading to X-ray photon emission. X-ray observatories usually have a sensitivity
range of Eγ = 0.3 − 10 keV corresponding to a mass search range of ms = 0.6 −
20 keV.

2.6 Constraining the decay rate from the emitted photons

For a dark matter particle decaying radiatively with Eγ = m/2 the upper limit on
the detected flux originating from a given clump of matter can be converted into
a constraint on the decay rate.

4A wide range of effects from neutrinos decaying into photons have been discussed for many
years e. g. by Sciama [34].
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particles can emit a photon and hereafter the two charged particles recombine to
form a να.

Figure 7: The Feynman diagrams for a νs virtually transforming itself into two charged
particles by the coupling of the mass eigenstate to a W boson and thereby decaying
radiatively [32, 33].

The kinematics of the reaction give that the photon must be mono-energetic
and the energy in the νs rest frame can be determined from energy and momentum
conservation (two-body decay) [19]:

Eγ =
1

2
ms

(

1 −
m2

α

m2
s

)

. (15)

If ms >> mα, which is likely since
∑

α mα ! 5eV [22] and ms is of the order
of keV, then Eγ ≈ ms/2. The branching ratio for the radiative decay has been
derived to be [30]:

Γγ

Γtot
=

27α

8π
≈

1

128
. (16)

The radiative decay is a testable signature of the sterile neutrinos as dark
matter4. A mass of ms ≈ 0.5 − 100 keV is preferred by structure formation [11]
leading to X-ray photon emission. X-ray observatories usually have a sensitivity
range of Eγ = 0.3 − 10 keV corresponding to a mass search range of ms = 0.6 −
20 keV.

2.6 Constraining the decay rate from the emitted photons

For a dark matter particle decaying radiatively with Eγ = m/2 the upper limit on
the detected flux originating from a given clump of matter can be converted into
a constraint on the decay rate.

4A wide range of effects from neutrinos decaying into photons have been discussed for many
years e. g. by Sciama [34].

Stacked XMM spectra (MOS and PN) of 73 bright galaxy

Detected a very weak line at E = 3.55–3.57 keV rest-frame 
energy: IF due to WDM corresponds to the decay of 

mν ≈ 7 keV  

Line in stacked XMM spectra, full cluster sample
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3.57 ± 0.02 (0.03)

No line added

X-ray line reported in stacked observations of X-ray clusters with 
the XMM-Newton X-ray Space telescope with both CCD 
instruments (Bulbul et al. 2014). Consistent line in XMM-Newton 
observations of M31, Galactic Center (Boyarsky et al. 2015) and 
M31, Draco (Ruchayskiy 2015), Perseus Cluster (Boyarsky et al. 
2014) + 9 individual clusters (Iakubovskyi 2016). Signal from 
Milky Way detected also by NuSTar (Nerenov et al. 2016)

Not completely Dark !

Sterile Neutrino WDM Production from Active-Sterile Transitions
Strong physical motivation: the most natural extension of  
SM to include mass terms for active neutrinos.  

2 parameters:   neutrino mass
mixing with active neutrinos 
(oscillation probability)

m⌫
sin2(2✓)

Strong physical motivation: the most natural extension of  
SM to include mass terms for active neutrinos.  

The radial distribution of 
the signal is consistent with 
a decay origin (Franse et al. 
2016)
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Sets lower bounds for mixing angle which are 
Independent of baryon physics (L/M ratio) and of 
the assumed density profile.

Unprecedented constraints on parameter space of 
such models
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Sets lower bounds for mixing angle which are 
Independent of baryon physics (L/M ratio) and of 
the assumed density profile.

Unprecedented constraints on parameter space of 
such models

Schn
eider

 et al
. 2016

Love
ll et a

l. 2015

Depend on 
 
assumed upper limit for MW mass 

 
assumed lower limit for satellite masses (based on 
estimated L/M ratio or stellar velocity dispersion 
depending on assumed density profile) 

assumed isotropic distribution to correct SDSS 
observations for limited sky coverage  

assumed halo-to-halo variance 

Sterile Neutrino WDM Production from Active-Sterile Transitions
Exploring the Parameter Space of 
Sterile Neutrino Models 
based on resonant production 

Limits from Milky Way satellites:

Menci et al. 2017



Small Higgs coupling 

S is gradually produced, and sterile neutrino production follows. 
Freeze-in limit. Model depend only on y

Strong Higgs coupling 
S is abundantly produced at early times. Fast sterile neutrino production follows until freeze-out
Freeze-out limit

Special Cases

Exploring the full parameter space of Sterile Neutrino Models based on scalar decay

3 parameters

�
y

mS mass of scalar
coupling to scalar field 
coupling to Higgs 



Scalar field S coupled to the right-handed neutrino. The most general coupling is a Yukawa term 
with coupling strength y

Small Higgs coupling 

Scalar field S coupled to the right-handed neutrino. The most general coupling is a Yukawa term 
with coupling strength y

Menci et al. 2017



Wave DM - Fuzzy Dm: Bose condensate of ultra-light axion 
mX~10-22 ev.  Such class of models is ruled out

Marsch et al. 2015

Schive et al. 2016
High-z Galaxies in  DM 5

Fig. 3.— Density field at z = 4 for  DM simulations with m22 =
1.6 in a 15h�1 Mpc box. Each image displays a projected field for
a 3h�1 Mpc thick slab with a size of 2.70 ⇥ 1.35h�1 Mpc. White
and red circles show halos more massive than 2 ⇥ 107 M� in the
5123 and 10243 simulations, respectively, where the radii of circles
equal the halos’ virial radii. The most massive halo has a mass of
⇠ 1⇥1012 M�. The upper panel shows both genuine and spurious
halos, while the lower panel only shows genuine halos. Suspicious
low-mass halos, which are mostly confined along filaments and have
no clear counterparts in the 5123 and 10243 runs, are identified as
spurious, while only massive halos with a good match between low-
and high-resolution simulations are regarded as genuine.

cut-o↵ su↵er from the formation of spurious halos, espe-
cially at low masses (Wang & White 2007; Angulo et al.
2013; Schneider et al. 2013).
These spurious halos are caused by artificial fragmen-

tation due to numerical artifacts (Wang & White 2007),
and are mostly confined along cosmic filaments (see Fig.
3, upper panel). They outnumber genuine halos below a
characteristic mass, which linearly depends on the mean
interparticle separation (Wang & White 2007), result-
ing in a prominent upturn in MF at the low-mass end
(see Fig. 4, open symbols). We define ‘protohalo’ as
the initial particle positions of an identified halo. Lovell
et al. (2014) showed that the protohalos of genuine and
spurious halos have distinct features. Genuine protoha-
los are spheroidal and have a good match between low-
and high-resolution simulations, while spurious protoha-
los have disc-like shapes and their masses and positions
are sensitive to the simulation resolution, and thus do not
have clear counterparts in simulations with di↵erent res-
olution. To identify and remove these artificial halos, we
thus adopt a similar approach suggested by Lovell et al.
(2014) based on the shape of the protohalos and the spa-
tial overlap between low-resolution protohalos and their
high-resolution counterparts. See Appendix A for a more
detailed description of the algorithms adopted.
Figure 4 shows the halo MF obtained in our simu-

lations. For comparison, we show both the ‘original’
MF (containing both genuine and spurious halos) in
the 30h�1 Mpc simulations with 10243 particles, and
the ‘genuine’ MF (with spurious halos removed) in the

Fig. 4.— Halo mass function (MF) in logarithmic mass bins.
The open symbols represent the original MF containing both gen-
uine and spurious halos in the 30h�1 Mpc simulations with 10243

particles, and the filled symbols show the genuine MF with spuri-
ous halos removed in the 15h�1 Mpc simulations using 5123 and
10243 particles for estimating the spatial overlap factor. The spu-
rious halos outnumber genuine halos at low masses, resulting in
an unphysical upturn at the low-mass end of the original MF, es-
pecially for lower m22. By contrast, the genuine MF reveals a
prominent drop at the low-mass end, as anticipated and seen in
our high-resolution wave-based simulations, reported earlier. The
shaded regions indicate the uncertainties of genuine MF by varying
Scut and Ocut by ±20% (see Appendix A). Various lines show the
analytic form, Equation (7), which fit the simulation results well.
Arrows mark the minimum  DM halo masses proposed by S14b
for m22 = 0.8.

15h�1 Mpc simulations using 5123 and 10243 particles
for estimating the spatial overlap factor. The original
 DM MF shows a prominent upturn at the low-mass
end due to the contamination from spurious halos, es-
pecially for lower m22. By contrast, the genuine  DM
MF features a clear drop at low masses for all redshifts
and particle masses, apparently di↵erent from CDM and
in agreement with the expectation from a sharp break
in the  DM initial power spectra. It is also consistent
with the minimum  DM halo mass at z & 1 proposed by

S14b, Mmin = 3.7⇥ 107 m�3/2
22

(1 + z)3/4 M� (indicated
by arrows in Fig. 4 for m22 = 0.8). On the other hand,
the original and genuine CDM MFs are almost indis-
tinguishable, which is no surprise since we assume most
CDM halos are genuine when calibrating the thresholds
for removing spurious halos.
The shaded regions in Figure 4 indicate the uncer-

tainties of genuine  DM MF by varying Scut and Ocut

by ±20% (see Appendix A). It shows that the finding
of strong suppression of low-mass halos in  DM is re-
liable, but the exact slope at the low-mass end is still
uncertain. In the high-mass end (Mh & 1011 M�) the
original MF is smoother because of a larger simulation
box. Note, however, that in the intermediate mass range
(Mh ⇠ 3 ⇥ 109 � 1 ⇥ 1011 M�) the original and genuine
MFs are reasonably consistent with each other, suggest-
ing that in this mass range (i) most halos are genuine and
(ii) a 15h�1 Mpc simulation box is su�cient to obtain an
accurate MF. These results make the  DM MF obtained
in this work more robust for the purpose of comparing
with observations.

matching observed abundance of z=6 galaxies requires m22>10 
Matching the dwarf profiles requires m22<1.2

Menci et al. 2017



The abundance of faint galaxies at z=5-7 down to MUV=-12.5 yields strong 
constraints on DM models with suppressed power spectra. 

• Thermal Relics:                                                                                       
mX>2 kev (abundances in Bouwens et al. 2017) at 2-σ level                                                        
mX>2.4 keV (abundances in Livermore et al. 2017) at 2-σ level 

• Sterile neutrinos 
–Produced through Shi-Fuller mechanism (resonant production): 

unprecedented lower limits for sin2(2ϑ) as a function of msterile.          
E.g., for msterile=7 keV we obtain -10.4 <log sin2(2ϑ) < -9.8 at  at 2-σ level 

–Produced through scalar decay (for small Higgs portal coupling)    
y>10-8 at  at 2-σ level 

•  Fuzzy DM (condensate of ultra-light axions) are ruled out: mX > 10-21 eV 
2-σ level

Strongest constraints derived so far independently of baryon physics

Conclusions
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Constraints from maximum abundance of DM halos are  MODEL INDEPENDENT  but 
VERY CONSERVATIVE. The observed galaxies cannot outnumber their host DM halo,  

If baryon physics is included in the models (e.g. through SAM models) the predicted 
abundance of luminous galaxies can provide tighter constraints 

UV LF computed from the
Rome Semi-analytic model

Feedback tuned so as to 
match the local stellar mass
and the local LFs.

CDM
3 keV thermal model

4 sterile neutrino models 
Consistent with the 
tentative 3.5 keV line 
(2 based on resonant 
production, 2 based on 
scalar decay)

Observed abundance 
by Livermore disfavour all 
WDM and sterile N models.

Scalar decay models are 
Disfavoured by existing 
Measurements

Menci et al. 2018





Guo et al. 2011

The Nature of DM determines the shape of the power spectrum P(k)

Even considering baryonic effects, the 
comparison with observed abundance of 
dwarf galaxy is critical

A Possible Solution: Baryon Physics 
Suppress luminosity (star formation) in low-mass haloes 
Heat - Expell Gas from shallow potential wells 
- Enhanced SN feedback  
- UV background

CDM: Large power in at small scales yields  
- huge amount of small-scale structures Papastergis et al. 2011

- huge amount of sub-structure Kravtsov, Klypin, Gnedin 2004

N(L) = N(M)

"
dM

dL

#

An Alternative Solution: 
The problem is rooted in the power 
spectrum, i.e., in the  
assumed DM model: the actual DM 
Power Spectrum and Mass Function are 
suppressed with respect to CDM below 
mass scales M~108 M⦿ - 109 M⦿

Predicted abundance of low-mass halos are much larger than the observed 
abundances of low-luminosity galaxies



Suppression with respect to CDM

Sterile Neutrino WDM

2 parameters:   neutrino mass
mixing with active neutrinos 
(oscillation probability)

m⌫

sin2(2✓)

Suppression of the power spectrum of 
resonantly-produced sterile neutrino 
models (solid lines) and their best-fit 
thermal equivalent model (dashed lines) 
relative to CDM.

The L7 model has an equivalent thermal 
WDM model of m=2 keV (THM2/dashed; 
magenta). 

The shape and large-k behavior of the WDM 
transfer functions vary among the sterile 
neutrino models and compared with their 
thermal equivalent models.

Suppression of Power spectrum with respect to CDM

Suppression of Power Spectrum is only approximately 
similar to thermal WDM with a rescaled mass  

Approximate correspondence between thermal relic 
mass mX and sterile neutrino mass mν (yielding the same 
power spectrum) depends on the assumed production 
mechanism 
E.g. for the Shi-Fuller mechanism mν ≈ 2.5 mX   

m⌫

- Solve the Boltzmen equation to get the momentum distrib.
sterile-dm code (Venumadhav et al. 2016) 

- Compute the Power Spectrum based on obtained f(p)
Boltzmann solver CLASS (Blas et al. 2011; Lesgourgues & Tram 2011) 

For each couple of free parameters 

Deriving Power Spectra in the sterile neutrino case requires  
complete computations

Bozek et al. 2015

Production from Active-Sterile Transitions
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2 THEORY OF STERILE NEUTRINOS 16

The decay is achieved by νs virtually transforming itself into two charged particles.
This is possible if the mass eigenstate of the sterile neutrino couples to a W boson
and transforms it into a charged lepton (e, µ, τ) [29, 32]. One of the charged
particles can emit a photon and hereafter the two charged particles recombine to
form a να.

Figure 7: The Feynman diagrams for a νs virtually transforming itself into two charged
particles by the coupling of the mass eigenstate to a W boson and thereby decaying
radiatively [32, 33].

The kinematics of the reaction give that the photon must be mono-energetic
and the energy in the νs rest frame can be determined from energy and momentum
conservation (two-body decay) [19]:

Eγ =
1

2
ms

(

1 −
m2

α

m2
s

)

. (15)

If ms >> mα, which is likely since
∑

α mα ! 5eV [22] and ms is of the order
of keV, then Eγ ≈ ms/2. The branching ratio for the radiative decay has been
derived to be [30]:

Γγ

Γtot
=

27α

8π
≈

1

128
. (16)

The radiative decay is a testable signature of the sterile neutrinos as dark
matter4. A mass of ms ≈ 0.5 − 100 keV is preferred by structure formation [11]
leading to X-ray photon emission. X-ray observatories usually have a sensitivity
range of Eγ = 0.3 − 10 keV corresponding to a mass search range of ms = 0.6 −
20 keV.

2.6 Constraining the decay rate from the emitted photons

For a dark matter particle decaying radiatively with Eγ = m/2 the upper limit on
the detected flux originating from a given clump of matter can be converted into
a constraint on the decay rate.

4A wide range of effects from neutrinos decaying into photons have been discussed for many
years e. g. by Sciama [34].

are produced in primordial plasma through

• oscillations with null lepton asymmetry L=0
Dodelson, Widrow; Abazajian, Fuller; Dolgov,  Hansen;Asaka, Laine, Shaposhnikov et al.

• oscillations on resonance with lepton asymmetry 
Shi Fuller, Laine Shaposhnikov

• Decay of a scalar field 
Merle 2015

•  production mechanisms which do not involve oscillations

   – inflaton decays directly into sterile neutrinos Shaposhnikov, Tkachev 
    – Higgs physics: both mass and production  AK, Petraki

Sterile Neutrino WDM

2 parameters:   neutrino mass
mixing with active neutrinos 
(oscillation probability)

m⌫

1 parameter 
are related to produce 
the correct abundance

2 parameters sin2(2✓)m⌫
and lepton asymmetry 
are related to produce 
the correct abundance

m⌫
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sin2(2✓)

sin2(2✓)

3 parameters

mass of scalar
coupling to scalar field 
coupling to Higgs �

y
mS

Right-handed neutrino
Strong physical motivation: the most natural extension of  
SM to include mass terms for active neutrinos requires SNs  

If right-handed neutrinos exist, neutrinos get a mass through a Yukawa 
term  



Suppression with respect to CDM

2 THEORY OF STERILE NEUTRINOS 16

The decay is achieved by νs virtually transforming itself into two charged particles.
This is possible if the mass eigenstate of the sterile neutrino couples to a W boson
and transforms it into a charged lepton (e, µ, τ) [29, 32]. One of the charged
particles can emit a photon and hereafter the two charged particles recombine to
form a να.

Figure 7: The Feynman diagrams for a νs virtually transforming itself into two charged
particles by the coupling of the mass eigenstate to a W boson and thereby decaying
radiatively [32, 33].

The kinematics of the reaction give that the photon must be mono-energetic
and the energy in the νs rest frame can be determined from energy and momentum
conservation (two-body decay) [19]:

Eγ =
1

2
ms

(

1 −
m2

α

m2
s

)

. (15)

If ms >> mα, which is likely since
∑

α mα ! 5eV [22] and ms is of the order
of keV, then Eγ ≈ ms/2. The branching ratio for the radiative decay has been
derived to be [30]:

Γγ

Γtot
=

27α

8π
≈

1

128
. (16)

The radiative decay is a testable signature of the sterile neutrinos as dark
matter4. A mass of ms ≈ 0.5 − 100 keV is preferred by structure formation [11]
leading to X-ray photon emission. X-ray observatories usually have a sensitivity
range of Eγ = 0.3 − 10 keV corresponding to a mass search range of ms = 0.6 −
20 keV.

2.6 Constraining the decay rate from the emitted photons

For a dark matter particle decaying radiatively with Eγ = m/2 the upper limit on
the detected flux originating from a given clump of matter can be converted into
a constraint on the decay rate.

4A wide range of effects from neutrinos decaying into photons have been discussed for many
years e. g. by Sciama [34].

are produced in primordial plasma through

• oscillations with null lepton asymmetry L=0
Dodelson, Widrow; Abazajian, Fuller; Dolgov,  Hansen;Asaka, Laine, Shaposhnikov et al.

• oscillations on resonance with lepton asymmetry 
Shi Fuller, Laine Shaposhnikov

• Decay of a scalar field 
Merle 2015

•  production mechanisms which do not involve oscillations

   – inflaton decays directly into sterile neutrinos Shaposhnikov, Tkachev 
    – Higgs physics: both mass and production  AK, Petraki

Sterile Neutrino WDM

2 parameters:   neutrino mass
mixing with active neutrinos 
(oscillation probability)

m⌫

1 parameter 
are related to produce 
the correct abundance

2 parameters sin2(2✓)m⌫
and lepton asymmetry 
are related to produce 
the correct abundance

m⌫
m⌫ sin2(2✓)

sin2(2✓)

sin2(2✓)

3 parameters

mass of scalar
coupling to scalar field 
coupling to Higgs �

y
mS

Right-handed neutrino
Strong physical motivation: the most natural extension of  
SM to include mass terms for active neutrinos requires SNs  

If right-handed neutrinos exist, neutrinos get a mass through a Yukawa 
term  


