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Relevant scales 
Free-streaming scale 
(function of mWDM)

Half-mode scale: where 
PWDM(k)=0.5 PCDM(k) 
(function of mWDM)
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The main constraint to the ΛWDM scenario comes
from the comparison of the results of WDM hydro-
dynamics simulations in the quasi-linear regime with
the Ly-α flux power spectrum of high-redshift quasars
(Narayanan et al. 2000; Viel et al. 2005), though these
comparisons are not free of uncertainties and limitations
(see e.g., de Vega et al. 2013). Depending on the nature
of the WDM particle, thermal, sterile neutrino, etc., a
lower limit to its mass, mWDM, can be stablished from
the Ly-α forest analysis, which implies an upper limit to
the damping scale in the mass power spectrum. Several
updated estimates were presented recently in the litera-
ture (e.g., Viel et al. 2013). Based on the constrains
of the latter authors (for a thermal relic particle, mWDM

should be ! 2 and 3.3 keV at the 4 and 2σ levels, respec-
tively), Schneider et al. (2014) conclude that the upper
limit in the damping is at so small scales that the allowed
ΛWDM models would not be already able to solve the
potential problems of ΛCDM.

So far, most studies on galaxy properties in the
ΛWDM scenario were based on dark-matter-only sim-
ulations or a combination of these kind of simulations
with semi-analytic models (for the latter see e.g., Macciò
& Fontanot 2010; Menci et al. 2012; Kang et al. 2013).
However, by their own nature these approaches can not
take into account the effects of the non-linear baryonic
physics on the evolution and dynamics of the halos, which
can be important. Thus, inferences based on the analy-
sis of dark-matter-only simulations (and, perhaps, semi-
analytic models) are necessarily limited when compar-
ing with observations (see e.g. Kang et al. 2013). It is
then important to go beyond those techniques and per-
form full N-body + hydrodynamical simulations. An in-
teresting question than one can ask is how much differ
the evolution and properties of galaxies formed in the
ΛWDM scenario from those formed in the ΛCDM one.
At this point, it is important to recognize that the dark-
matter structure evolution is expected to be very similar
in both scenarios at scales much larger than the filter-
ing one, with differences appearing gradually at scales
approaching this scale.

The so-called half-mode wavelength or its correspond-
ing mass, Mf , is commonly chosen as the relevant filter-
ing scale at which WDM halo abundance and properties
start to significantly deviate from the CDM case (see for
the exact definition and references Section 2). In this pa-
per, we present a set of zoom-in N-body/hydrodynamical
simulations of (dwarf) galaxies formed in a WDM sce-
nario in halos with masses " Mf and ∼ 20Mf , and
compare them with their CDM counterparts. Recently,
Herpich et al. (2014, see also Libeskind+2013) reported
WDM simulations of this kind but for three halos of
masses significantly larger than the filtering masses cor-
responding to their WDM particle masses (mWDM= 1,
2, and 5 keV). This is very likely the reason why the
evolution of their WDM galaxies did not differ signifi-
cantly from the CDM counterparts. After completion
of our study, it appeared a preprint by Governato et
al. (2014), where the authors present a simulation of
one dwarf galaxy formed in a ∼ 1010 M⊙ halo, both in
WDM and CDM cosmologies. For the WDM cosmology,
mWDM=2 keV was used, which implies that their system
is ∼ 2 times larger than the filtering mass.

Here, our main goal is to explore the evolution and

properties of dwarf galaxies formed in halos of masses
similar to Mf . These are expected to be among the most
abundant halos in a WDM scenario; below ∼ 0.5Mf ,
the halo mass function strongly decreases, and the struc-
tures, rather than virialized halos, are isolated 3D en-
hancements not assembled hierarchically (Angulo et al.
2013). Although our halos with mass ∼ Mf consist of
halos with virial masses ∼ 2−4×1010 M⊙, the evolution
and properties of these systems are expected to be generic
of structures of mass ∼ Mf , regardless of the value of the
WDM particle mass.

In Section 2, the cosmological background and the used
WDM models are presented. The details of the code and
simulations performed here are given in Section 3. The
properties and evolution of the simulated WDM dwarf
galaxies and their corresponding CDM ones are presented
in Section 4. Section 5 is devoted to discuss our results.
Conclusions of the paper are presented in Section 6.

2. THE COSMOLOGICAL MODELS
The cosmological background used in our numerical

simulations is a flat, low-density, model with Ωm = 0.3,
Ωb = 0.045, ΩΛ = 0.7, and h = 0.7. For the CDM ini-
tial power spectrum, P (k), we adopt the approximation
by Klypin & Holtzman (1997), which was obtained as a
direct fit of the power spectrum calculated using a Boltz-
mann code. For the scales studied in this paper, and even
larger ones, this approximation is very accurate. In the
case of WDM, the power spectrum at large scales is essen-
tially that of the CDM, but at small scales the power is
systematically reduced due to the free-streaming damp-
ing. The transfer function T 2

WDM (k) describes such a
deviation from the CDM power spectrum,

PWDM (k) = T 2
WDM (k)PCDM (k). (1)

The CDM or WDM power spectra are normalized to
σ8 = 0.8, a value close to that estimated from the Planck
mission (Planck Collaboration et al. 2013); σ8 is the rms
of z = 0 mass perturbations estimated with the top-hat
window of radius 8h−1Mpc.

The free-streaming of collisionless particles erase dark
matter perturbations below a scale given by the proper-
ties of the dark matter particle. Here, we will refer to
the case of fully thermalized particles at decoupling as
thermal relics. A simple analysis gives an estimate of the
comoving length at which thermal particles diffuse out
(e.g., ?Schneider et al. 2012):

λfs ≃ 0.4
(mWDM

keV

)−4/3
(

ΩWDMh2

0.135

)1/3

[h−1M⊙]. (2)

However, in order to calculate the whole processed power
spectrum, the coupled Boltzmann relativistic system of
equations for the various species of matter and radiation
should be numerically solved (?). Here, we adopt the
WDM transfer function given in Viel et al. (2005):

TWDM (k) =
[
1 + (αk)2.0ν

]−5.0/ν
, (3)

where ν = 1.12 and the parameter α is related to mWDM,
ΩWDM , and h through

α = a
(mWDM

1keV

)b
(

ΩWDM

0.25

)c (
h

0.7

)d

h−1Mpc, (4)
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Figure 1. Left : The linear matter power spectra for three di↵erent WDM models and standard CDM. The particle masses, mw 2
{0.5, 1.0, 2.0} keV are colour coded with magenta, red and cyan, respectively. The vertical lines correspond to a tenth of the free-streaming
wavenumber, kfs/10, for each model of WDM. These power spectra were produced using the Boltzmann solver CLASS (Lesgourgues
2011).
Right : ratios between the WDM and CDM power spectra, Pw(k)/Pc(k), to clearly see the suppression with respect to the kfs/10.

�3, which is the slope for standard, bottom-up struc-
ture formation (White & Frenk 1991; Knebe et al.
2003).
In fact the above seemingly artificial scale break, ↵ re-

lates to the free-streaming length of thermal relic WDM
particles (Zentner & Bullock 2003):
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which of course is related to the Fourier space free-
streaming scale, where free-streaming length e↵ect con-
tribute most to the power (see also eq. 1):

kfs ⇠ 5Mpc
⇣ mw

keV
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We plot kfs/10 in fig. (1), because it is the scale around
which the significant suppression of the power in the
linear matter power spectrum begins. It is an interest-
ing open-ended question why the free-streaming sup-
pression reaches scales so much larger than the free-
streaming scale. This has been explored, among others,
by Smith & Markovič (2011).
In addition, we can define a corresponding mass

found, on average, in a volume with such a radius or
free-streaming mass :

Mfs =
4⇡⇢m
3

✓
�fs
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. (11)

where ⇢m is the comoving background matter density
and �fs is the comoving free-streaming length defined
in eq. (9) (note that di↵erent definitions for the free

streaming mass are used in the literature). We will come
back on this issue in sec. 2.3.2.
In fig. (2) we plot the linear matter power spectrum

alongside the CMB power spectrum for the HDM sce-
nario to illustrate the impact on the CMB and mat-
ter power of such a small mass candidate, it is thus
clear that heavier masses will impact much less on these
two observables at the largest scales. We plot the power
spectra in the neutrino-like (but with m ⇠ 10 eV) sce-
nario being all of DM. We expect the power spectra to
be suppressed at very large l due to the free-streaming
e↵ect and to increase for small l, due to a mixture of
two e↵ects: changes in the matter-radiation equality and
because the primordial power spectrum is normalised
at k = 0.05hMpc�1 causing the small-scale-suppressed
power spectrum to be boosted on large scales.
Since, l = 2000 corresponds to about a k ⇠ 0.2h/Mpc

at zCMB = 1000, we expect the e↵ect on the CMB from
reasonable WDM scenarios to be completely negligible.
In the right panel of fig. ( 1) it can be noted that at
k = 0.2, h/Mpc, the suppression is clearly less than 1%
for mw = 1keV.

2.2 Sterile Neutrinos

We have discussed some of the particle candidates for
DM in this introductory section of this review. A further
hypothetical particle that has sparked interest is the
sterile neutrino, which does not require an extension of
the Standard Model with SUSY (Dodelson & Widrow
1994; Fuller et al. 2003; Asaka et al. 2005; Abazajian
2006; Boyarsky et al. 2006; Petraki & Kusenko 2008;

PASA (2013)
doi:10.1017/pas.2013.xxx

k1/2 k1/2

below it, no structure formation

start to be notable the differences with CDM 
in halo properties and abundance (e.g., Avila-
Reese+01; Schneider+12;  Benson+13; Angulo+13) 



Relevant scales 

Free-streaming scale 
(function of mWDM).

Half-mode scale: where 
PWDM(k)=0.5 PCDM(k) 
(function of mWDM.)

•A: no cosmic structures form
•B: 3D enhancements and “proto-halos” 
•C: classical halos             (Angulo+ 2013)

At Mhm, the WDM halo MF 
is close to its maximum 
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The main constraint to the ΛWDM scenario comes
from the comparison of the results of WDM hydro-
dynamics simulations in the quasi-linear regime with
the Ly-α flux power spectrum of high-redshift quasars
(Narayanan et al. 2000; Viel et al. 2005), though these
comparisons are not free of uncertainties and limitations
(see e.g., de Vega et al. 2013). Depending on the nature
of the WDM particle, thermal, sterile neutrino, etc., a
lower limit to its mass, mWDM, can be stablished from
the Ly-α forest analysis, which implies an upper limit to
the damping scale in the mass power spectrum. Several
updated estimates were presented recently in the litera-
ture (e.g., Viel et al. 2013). Based on the constrains
of the latter authors (for a thermal relic particle, mWDM

should be ! 2 and 3.3 keV at the 4 and 2σ levels, respec-
tively), Schneider et al. (2014) conclude that the upper
limit in the damping is at so small scales that the allowed
ΛWDM models would not be already able to solve the
potential problems of ΛCDM.

So far, most studies on galaxy properties in the
ΛWDM scenario were based on dark-matter-only sim-
ulations or a combination of these kind of simulations
with semi-analytic models (for the latter see e.g., Macciò
& Fontanot 2010; Menci et al. 2012; Kang et al. 2013).
However, by their own nature these approaches can not
take into account the effects of the non-linear baryonic
physics on the evolution and dynamics of the halos, which
can be important. Thus, inferences based on the analy-
sis of dark-matter-only simulations (and, perhaps, semi-
analytic models) are necessarily limited when compar-
ing with observations (see e.g. Kang et al. 2013). It is
then important to go beyond those techniques and per-
form full N-body + hydrodynamical simulations. An in-
teresting question than one can ask is how much differ
the evolution and properties of galaxies formed in the
ΛWDM scenario from those formed in the ΛCDM one.
At this point, it is important to recognize that the dark-
matter structure evolution is expected to be very similar
in both scenarios at scales much larger than the filter-
ing one, with differences appearing gradually at scales
approaching this scale.

The so-called half-mode wavelength or its correspond-
ing mass, Mf , is commonly chosen as the relevant filter-
ing scale at which WDM halo abundance and properties
start to significantly deviate from the CDM case (see for
the exact definition and references Section 2). In this pa-
per, we present a set of zoom-in N-body/hydrodynamical
simulations of (dwarf) galaxies formed in a WDM sce-
nario in halos with masses " Mf and ∼ 20Mf , and
compare them with their CDM counterparts. Recently,
Herpich et al. (2014, see also Libeskind+2013) reported
WDM simulations of this kind but for three halos of
masses significantly larger than the filtering masses cor-
responding to their WDM particle masses (mWDM= 1,
2, and 5 keV). This is very likely the reason why the
evolution of their WDM galaxies did not differ signifi-
cantly from the CDM counterparts. After completion
of our study, it appeared a preprint by Governato et
al. (2014), where the authors present a simulation of
one dwarf galaxy formed in a ∼ 1010 M⊙ halo, both in
WDM and CDM cosmologies. For the WDM cosmology,
mWDM=2 keV was used, which implies that their system
is ∼ 2 times larger than the filtering mass.

Here, our main goal is to explore the evolution and

properties of dwarf galaxies formed in halos of masses
similar to Mf . These are expected to be among the most
abundant halos in a WDM scenario; below ∼ 0.5Mf ,
the halo mass function strongly decreases, and the struc-
tures, rather than virialized halos, are isolated 3D en-
hancements not assembled hierarchically (Angulo et al.
2013). Although our halos with mass ∼ Mf consist of
halos with virial masses ∼ 2−4×1010 M⊙, the evolution
and properties of these systems are expected to be generic
of structures of mass ∼ Mf , regardless of the value of the
WDM particle mass.

In Section 2, the cosmological background and the used
WDM models are presented. The details of the code and
simulations performed here are given in Section 3. The
properties and evolution of the simulated WDM dwarf
galaxies and their corresponding CDM ones are presented
in Section 4. Section 5 is devoted to discuss our results.
Conclusions of the paper are presented in Section 6.

2. THE COSMOLOGICAL MODELS
The cosmological background used in our numerical

simulations is a flat, low-density, model with Ωm = 0.3,
Ωb = 0.045, ΩΛ = 0.7, and h = 0.7. For the CDM ini-
tial power spectrum, P (k), we adopt the approximation
by Klypin & Holtzman (1997), which was obtained as a
direct fit of the power spectrum calculated using a Boltz-
mann code. For the scales studied in this paper, and even
larger ones, this approximation is very accurate. In the
case of WDM, the power spectrum at large scales is essen-
tially that of the CDM, but at small scales the power is
systematically reduced due to the free-streaming damp-
ing. The transfer function T 2

WDM (k) describes such a
deviation from the CDM power spectrum,

PWDM (k) = T 2
WDM (k)PCDM (k). (1)

The CDM or WDM power spectra are normalized to
σ8 = 0.8, a value close to that estimated from the Planck
mission (Planck Collaboration et al. 2013); σ8 is the rms
of z = 0 mass perturbations estimated with the top-hat
window of radius 8h−1Mpc.

The free-streaming of collisionless particles erase dark
matter perturbations below a scale given by the proper-
ties of the dark matter particle. Here, we will refer to
the case of fully thermalized particles at decoupling as
thermal relics. A simple analysis gives an estimate of the
comoving length at which thermal particles diffuse out
(e.g., ?Schneider et al. 2012):

λfs ≃ 0.4
(mWDM

keV

)−4/3
(

ΩWDMh2

0.135

)1/3

[h−1M⊙]. (2)

However, in order to calculate the whole processed power
spectrum, the coupled Boltzmann relativistic system of
equations for the various species of matter and radiation
should be numerically solved (?). Here, we adopt the
WDM transfer function given in Viel et al. (2005):

TWDM (k) =
[
1 + (αk)2.0ν

]−5.0/ν
, (3)

where ν = 1.12 and the parameter α is related to mWDM,
ΩWDM , and h through

α = a
(mWDM

1keV

)b
(

ΩWDM

0.25
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h
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h−1Mpc, (4)
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(for thermal relic particles)
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B
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Previous and our hydro WDM simulations 
(for thermal relic particles)

Herpich+
Governato+

•Libeskind+13: galaxy group simulation
•Herpich+14:  halos at z=0 ≳10xMhm.
•Governato+14: 1 halo at z=0, 2xMhm.

Colín+ 14: halos at z=0 ≲Mhm 
and ~20xMhm (Mv=2-3x1010 M☉/h)
Well above the artificial fragmentation 
limit given in Wang&White 07, even at 
high z’s. 

H+ART code (Kravtsov+ 97,03): 
cooling, advection of metals, 
cosmological UV heating.
“Standard” SF and stellar (thermal) 
feedback implementation (see Colín
+10; Avila-Reese+11; Gonzalez-Samaniego
+14)
zoom-in simulations of distinct halos

mDM=6.6x104 M☉/h

WDM1.2 WDM3.0



WDM

Sta Ga s

CDM

ars
Dw3 (WDM1.2)

All the WDM1.2 and WDM3.0 zoom-in simulations have their CDM 
counterparts     (presented in González-Samaniego+14). 

The WDM galaxies at the Mhm scale are more disky, extended, and less 
centrally concentrated than their CDM counterparts. 

face on                             edge on face on                             edge on



~Mhm

~20xMhm

Halo and stellar mass assembly histories

WDM1.2

WDM3.0

Mvir

M✶

M✶

Mvir

Mvir Mvir Mvir

M✶ M✶ M✶

-Halos at the filtering scale start to assemble later than the CDM ones. 

-The stellar mass assembly is delayed and today M✶ is smaller than in the 
CDM runs (⇒lower M✶/Mvir ratio)

dashed -CDM
solid -WDM



~Mhm

~20xMhm

Halo and stellar mass assembly histories

WDM1.2

WDM3.0

Mvir

M✶

M✶

Mvir

Mvir Mvir Mvir

M✶ M✶ M✶

-For halos ~20xMhm, the differences are minimal (see also Herpich+14)

dashed -CDM
solid -WDM



Star formation histories

~Mhm

dashed -CDM
solid -WDM

~20xMhm

WDM1.2

WDM3.0

-For halos at the filtering scale, the starting of SF is delayed by ~2 Gyr and it keeps 
more active until z~0 than in the CDM counterparts.

-Bursty SFHs in the CDM (see Gonzalez-Samaniego+14) and in the WDM cases

WDM 

CDM



Cumulative SFHs (WDM1.2 vs CDM)

4.5-2 Gyr ago

-WDM: 20%  of stars 
assembled in the last ~2-4.5 
Gyr CDM (all the SFHs are 
late)

-CDM: large scatter (early 
and late SFHs; see also Maccio’s  
and Bullock’s talks); 
80% of stars in place already 
~5-9 Gyr ago.
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Stellar and gas surface density profiles (z=0)

The stellar Re are 1.3-3x larger in the WDM1.2 galaxies than in the CDM 
counterparts.

WDM

CDM

WDM

CDM

WDM

CDM

WDM

CDM

~MhmWDM1.2



The stellar Re are 1.3-3x larger in the WDM1.2 galaxies than in the CDM 
counterparts.

The gas distribution in the WDM1.2 galaxies roughly follows the stellar 
one; in the CDM counterparts.

Stellar and gas surface density profiles (z=0)
~MhmWDM1.2



Circular velocity decomposition (z=0)

~Mhm

Dw3 Dw5 Dwn1 Dwn2

Dw3

R [kpc]

Dw5

R [kpc]

Dw4
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Dw7

R [kpc]

~20xMhm

WDM1.2

WDM3.0
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Dw3 Dw5 Dwn1 Dwn2

Dw3

R [kpc]

Dw5

R [kpc]

Dw4

R [kpc]

Dw7

R [kpc]

Circular velocity decomposition (z=0)

~Mhm

dashed -CDM
solid -WDM

Dw3 Dw5 Dwn1 Dwn2

Dw3

R [kpc]

Dw5

R [kpc]

Dw4

R [kpc]

Dw7

R [kpc]

~20xMhm

WDM1.2

WDM3.0

-WDM1.2 dwarfs have Vmax 1.2-1.6x lower than CDM ones. 
-The Vc profiles of WDM1.2 dwarfs are shallower, mainly because the stars+gas 
profiles are much less concentrated than the CDM ones.
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-For WDM3.0 dwarfs, the differences with CDM dwarfs are small (see also Herpich+14).



only-DM sim’s:

WDM ha los are 
~NFW (no shallow 
cores), though less 
concentrated 
(Avila-Reese+01; Colín
+00,08; Lovell+12; Schneider
+12;  Anderhalden+13)

The halo mass density distribution



only-DM sim’s:

WDM ha los are 
~NFW (no shallow 
cores), though less 
concentrated 
(Avila-Reese+01; Colín
+00,08; Lovell+12; Schneider
+12;  Anderhalden+13)

The halo mass density distribution

hydro sim’s: 

in the WDM1.2 runs, 
the cores are 

shallower than in 
the CDM ones!

(~Mhm)WDM1.2

CDM

WDM

CDM

WDM

CDM

WDM

CDM

WDM



why do shallow cores form?

• lower concentrations → 
more efficient effect of outflows
• no mergers to regrow cusps 
and to increase baryon dens.
• later SFHs → survival of 
cores (see also Bullock’s talk)

•

Dw3
Dw5
Dwn1
Dwn2
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rly lat

e
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----- CDM
       

WDM



why do shallow cores form?

• lower concentrations → 
more efficient effect of outflows
• no mergers to regrow cusps 
and to increase baryon dens.
• later SFHs → survival of 
cores (see also Bullock’s talk)

why the inner stellar SDs are 
flat?

• lower halo spin parameters?  
-No (λ can be lower or higher)

• late stellar assembly → lower 
densities in general
• no mergers → no central-
concentration formation 



Conclusive remarks
•First N-body/hydro simulations of galaxies at the filtering scale. 
The WDM galaxies at this scale differ from their CDM 
counterparts in that:

• assemble	 later	 (mass-weighted ages younger by ~1.5-5 Gyr)
•	 have	 lower	 inner	 stellar	 SDs	 and	 more	 extended	 	 	 	 	 	 	 
profiles	 	 (Re larger by 1.3-3x)
•	 have	 lower	 Vmax	 values	 by	 1.2-1.6x,	 and	 shallower	 Vc(r)
•	 have	 lower	 M✶	 and	 higher	 gas	 fractions

•If mWDM>3 keV, then Mhm<1.5x109M☉ --> M✶<5x106M☉; field 
dwarfs of these masses are expected to be more extended, disky 
and gaseous, with lower Vmax and shallower cores than their CDM 
counterparts.

•As the halos are larger than Mhm, the galaxies are more similar to 
the CDM counterparts.


