
Small-scale Structure and  
Interacting Dark Matter & Dark Radiation 

Basudeb Dasgupta 
TIFR, Mumbai 

DSU 2016, Univ. of Bergen 
29 July 2016 



Does DM have Interactions? 

Moore (1994);  
Flores and Primack (1994)  

10 Oh et al.

Fig. 6.— Left: The rotation curve shape of DG1 and DG2 as well as the 7 THINGS dwarf galaxies. The dark matter rotation curves (corrected for
baryons as shown in Fig. 4) are scaled with respect to the rotation velocity V0.3 at R0.3 where the logarithmic slope of the curve is dlogV/dlogR = 0.3
(Hayashi & Navarro 2006). The small dots indicate the NFW model rotation curves with V200 ranging from 10 to 90 km s−1. See text for further
details. The best fitted pseudo-isothermal halo models (denoted as ISO) are also overplotted. See Section 4.2 for more details. Right: The scaled
dark matter density profiles of DG1 and DG2 as well as the 7 THINGS dwarf galaxies. The profiles are derived using the scaled dark matter rotation
curves in the left panel. The small dots represent the NFW models (α∼−1.0) with V200 ranging from 10 to 90 kms−1. The dashed lines indicate
the best fitted pseudo-isothermal halo models (α∼0.0). See Section 4.3 for more details.

estimate M200 as follows,
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where H0 is the Hubble constant (70.6 kms−1Mpc−1;
Suyu et al. 2010), G is the gravitational constant (4.3×
10−3 pcM−1

⊙ km2 s−2) and V200 in km s−1 is the rotation
velocity at radius R200 as given in Eq. 1. However, the
NFW halo model fails to fit the dark matter rotation
curves of the THINGS dwarf galaxies, giving negative
(or close to zero) c values (Oh et al. 2011). To circum-
vent the unphysical fits, we instead fit the NFW model to
the rotation curves with only V200 as a free parameter af-
ter fixing c to 5 which is lower than typical values (e.g.,
8–9; McGaugh et al. 2003) predicted from ΛCDM cos-
mology. The fitted V200 values of some galaxies are larger
than their measured maximum rotation velocities. This
is because the rotation curves are still rising at the last
measured points. Moreover, as a larger c value induces
a smaller V200 and hence lower halo mass, our choice
of a low c will provide a robust upper limit for our de-
rived halo mass, as indicated by the arrows in Fig. 5. As
shown in Fig. 5, despite the uncertainties remaining in
these estimates, the stellar masses of DG1 and DG2 at
their given halo masses are consistent with those of real
galaxies. Both the real galaxies and the simulations de-
viate from the extrapolated line from the Mstar−Mhalo
relation in Guo et al. (2010) at low halo masses. How-
ever, as discussed in Trujillo-Gomez et al. (2010), there
still remain uncertainties for dwarfs in the sense that the
observational data suffer from small number statistics

and the results of abundance matching are incomplete in
the low-luminosity tail of the luminosity function.

4.2. The rotation curve shape

The rotation curve reflects the total potential (dark
matter + baryons) of the galaxy and thus it is directly
related to the radial matter distribution in the galaxy
(and vice versa). Consequently, the cusp–like dark mat-
ter distributions in the CDM halos impose a unique shape
on the rotation curves, which steeply rise at the inner
regions. Therefore, a relative comparison of galaxy ro-
tation curves between the simulations and observations
can serve as a useful constraint for testing the ΛCDM
simulations.
In this context, we compare the rotation curves of DG1

and DG2 with those of the THINGS dwarf galaxies. In
order to accentuate their inner shapes, we scale the ro-
tation curves of both the simulations and the THINGS
dwarf galaxies with respect to the velocity V0.3 at the
radius R0.3 where the logarithmic slope of the curve is
dlogV/dlogR = 0.3 (Hayashi & Navarro 2006). At the
scaling radius R0.3, the rotation curves of both simula-
tions and the observations are well resolved, which allows
any differences between them to show up.
The scaled rotation curves, with the kinematic contri-

bution of baryons subtracted, are shown in the left panel
of Fig. 6. We overplot the scaled rotation curves of NFW
CDM halos (dark-matter-only) with different maximum
rotation velocities ranging from 10 to 350 km s−1. We
choose c values of ∼9 and ∼8 for dwarf and disk galaxies
respectively, which in turn provide V200 values ranging
from ∼10 to ∼90 km s−1, and ∼100 to ∼350 km s−1,
respectively. Considering that the rotation velocities of
DG1, DG2 and the THINGS dwarf galaxies at the out-

Oh et al. (2010) 
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Where are the  
massive dwarfs??? 

Core-Cusp Missing Satellites Too Big to Fail 
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How to improve structures ? 
•  Supernova feedback (blows out gas, no stars) 
•  Tidal effects (strips out small halos) 
•  Low star-formation (small halos have less stars) 
 
While these astrophysical solutions are plausible, it is not yet 
established that they address all the problems to the extent 
required (e.g., dwarf galaxies have lower metallicity and feedback 
is expected to be lower). On the other hand, one may question 
the data itself. This remains a topic of intense debate J 
 
•  Can particle physics address these issues? If so, what kind of 

models would we need? How would we test these models? 
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Simultaneous Solutions to Small Scale 
Structure Problems of Lambda-CDM 
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Power at small-scales 
cut-off by DM-DR interaction 

Too-Big-to-Fail Problem and 
the Core-Cusp Problem solved  
using DM self-interactions 
that smoothen DM density  

Missing Satellites Problem 
solved using DM interactions 
with a radiation-like species 
that delays kinetic decoupling 

Talk by Kai Schmidt-Hoberg 

Spergel and Steinhardt (1999) Boehm, Fayet, and Schaeffer (2001) 
Loeb and Zaldarriaga (2005) 
Bringmann and Hofmann (2005) 
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Smoothening DM Cusps 

Dwarf-sized halos do not have cusps due to DM-DM 
interactions mediated by A’. 
 
What one needs is then DM-DM scattering cross 
section at the level of 0.1 cm^2 / g for velocities of 
dwarf galaxies (10 km/s). 
 
 
This is easily achieved by having a light mediator A’ that 
enhances the cross section. 

Feng,  Kaplinghat, Tu, Yu (2009); Loeb and Weiner (2011) 
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Addressing the TBTF problem 

Dwarf-sized subhalos inside MW 
do not have cusps due to DM-
DM interactions mediated by A’. 
 
What one needs is then DM-DM 
scattering cross section at the 
level of 0.1 cm^2 / g for 
velocities of dwarf galaxies (10 
km/s). This is the same condition 
as that for solving the core-cusp 
problem.  
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Explaining the Missing Satellites 

The sterile neutrino-DM scattering keeps DM in kinetic 
equilibrium until somewhat later (Tχ/mχ nν σνχ) ~ H 
 
This erases structure at the smallest scales, and the 
smallest (dwarf) halos never form. 
 
 
What one needs is then M_cut ~ 10^9 solar masses or 
so. 

4

⌥ s
ov

er
pr

od
uc

tio
n

⇤⌅m2
⇥

1
eV

2 ⌅

Cluster bound violated

M
issing

satellites solved

⇧⌃ ⇥ 10�3

M
cut ⇥

10 9
M

Sun

M
cut ⇥

10 10
M

Sun

⇧ T ⌃ �m⌃ ⇥ 0.1 cm 2�g
⇧ T ⌃ �m⌃ ⇥ 1 cm2�g

⇧ T ⌃�m⌃ ⇤ 1 cm2�gfor vrel ⌦103 km ⌥s

for vrel ⌦10 km ⌥s
Cusp vs. core

&
Too big to fail

solved

si
n2

2
� m
⇤

10
�

3

10�3 10�2 10�1 100 101 102 103100

101

102

103

104

105

106

Dark photon mass M �MeV⇥

D
ar

k
m

at
te

rm
as

sm
⌃
�GeV

⇥

Figure 2. Constraints on DM self-interactions from the re-
quirements that the self-interaction in galaxy clusters is small,
i.e., ⇥⇥T ⇤/m� . 1 cm2/g, and that production of 1 eV ster-
ile neutrinos is suppressed, i.e., sin2 2�m . 10�3 at T� =
1MeV. We also show the favored parameter region for mit-
igating the cusp vs. core and too big to fail problems, i.e.,
⇥⇥T ⇤/m� = 0.1 � 1 cm2/g in dwarf galaxies, and solving the
missing satellites problem (Mcut = 109�10 MSun). The kink
in the ⇥T contours is from an approximate treatment of the
regime between the Born and classical limits.

⌥⌃T �, we take the analytical expressions for ⌃T for sym-
metric DM, as summarized in [36], and convolve with a
DM velocity distribution, that we take to be of Maxwell-
Boltzmann form, with velocity dispersion vrel.

As for the missing satellites problem, it was shown
in [37–39] that DM–neutrino scattering can decrease the
temperature of kinetic decoupling of DM, Tkd, which
can increase the cut-o� in the structure power spectrum,
Mcut ⌃ T�3

kd , to the scales of the dwarf galaxies. Tkd is de-
termined by equating the DM momentum relaxation rate
⇤ (Ts/m⇤)n⇤⌃⇤s with the Hubble expansion rate. Here,
n⇤ ⇤ T 3

s is the DM number density, and ⌃⇤s ⇤ T 2
s /M

4 is
the DM–sterile neutrino scattering cross section. Quan-
titatively [38],

Mcut

MSun
⇧ 3.2⇥ 1013 �

3
2
�

�
Ts

T�

⇥ 9
2

kd

�
TeV

m⇤

⇥ 3
4
�
MeV

M

⇥3

.

(7)

In previous literature, the exponent of Ts/T� in eq. (7) is
sometimes incorrectly given as 3/2 [40]. We find the cut-
o� can be raised to Mcut = 109 � 1010 MSun, as required
to solve the missing satellites problem. The number of
sterile neutrino generations Ns, assumed to be 1 here,

only weakly impacts the result as Mcut ⌃ N3/4
s . Note

that in contrast to Ref. [38], we obtain a small Ts/T� ,
from decays of heavy Standard Model particles after the
decoupling of the sterile sector.

In Fig. 2, we show the region of parameter space fa-
vored by these considerations (see also Appendix B). We
see that it is possible to simultaneously mitigate the cusp
vs. core problem, too big to fail problem, as well as
the missing satellites problem, while remaining consis-
tent with the cluster constraint and simultaneously sup-
pressing sterile neutrino production to evade BBN and
CMB constraints. The potentially interesting solution to
all the enduring problems with small-scale structures was
first shown in a scenario with active neutrinos [38], which
has since been constrained using laboratory data, BBN,
and large-scale structure [41–43]. A qualitative exten-
sion to sterile neutrinos was suggested therein, and we
see here that such a scenario may be realized with no
conflict with cosmology.

The DM relic abundance may be produced by
Sommerfeld-enhanced annihilations of DM into A⇥ pairs
that decay to sterile neutrinos, or alternatively through
an asymmetry. However, unlike in [38], we do not use
separate couplings of DM and ⌅ to do this, so this should
identify the preferred value for DM mass in the range
m⇤ ⇤ 1 � 100TeV. As long as DM chemical freeze-out
happens well above T� ⇤GeV and the sterile neutrinos
have time to rethermalize with ordinary neutrinos (and
photons) via high-scale interactions, our scenario remains
unaltered by DM annihilation.

DISCUSSION AND SUMMARY

We now discuss the possible origin of a new gauge force
in the sterile neutrino sector, and on further phenomeno-
logical consequences. In [44], Pospelov has proposed
a model with sterile neutrinos charged under gauged
baryon number. He has argued that the model is con-
sistent with low energy constraints, in particular the one
from K ⌅ ⇧⇧⌅⌅, even for ⇤2 sin ⇥/M2 ⇤ 1000GF . This
is precisely the parameter region in which sterile neutrino
production in the early Universe is suppressed, as we have
demonstrated above. In [44–46], the phenomenological
consequences of this model have been investigated, and
it has been shown that strong anomalous scattering of
solar neutrinos in DM detectors is expected. As an alter-
native to gauged baryon number, sterile neutrinos could
also be charged under a gauge force that mixes kinetically
with the photon [45]. In this case, M & 10 MeV is pre-
ferred unless the coupling constants are extremely tiny.
Once again in this model interesting solar neutrino sig-
nals in DM detectors can occur. Finally, while we have
focused here on new gauge interactions, it is also con-
ceivable that the new interaction is instead mediated by
a scalar [47, 48]. However, in this case ⌃⇤s ⌃ m2

⇥s
, which

is too small and the missing satellite problem cannot be
solved.

In summary, we have shown that eV-scale sterile neu-
trinos can be consistent with cosmological data from

One needs a spin-1 mediator for this to work. Scalars lead to a small effect. 

Boehm, Fayet, Schaeffer (2000); Loeb and Zaldarriaga (2005) 

29/07/16 Basudeb Dasgupta (TIFR) for the DSU 2016 Conference at Univ. of Bergen 7 



Dark Radiation Candidates 

•  Many possibilities with good motivations … 
– Thermal QCD axions (Strong CP) 
– Hidden Photons (Dark U(1), …) 
– Sterile Neutrinos (eV scale) 
– Goldstone Bosons (broken Global symmetry) 
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Two Types of Models 

A’ 

A’ 

DM + (Sterile) Neutrinos + A’ Pseudo-Dirac DM + Complex Scalar 

D
M

 S
el

f-
In

te
ra

ct
io

ns
 

D
M

-D
R

 In
te

ra
ct

io
ns

 

DM-Goldstone Interactions 

van den Aarssen, Bringmann, Pfrommer (PRL, 2012) 
Hannestad, Hansen, Tram (PRL, 2014) 
Dasgupta and Kopp (PRL, 2014) 
Bringmann, Hasenkamp, Kersten (JCAP, 2014) 

Weinberg (PRL, 2012) 
Garcia-Cely, Molinari, Ibarra (JCAP, 2013) 
Chu and Dasgupta (PRL, 2014) 

DM-Neutrino Interactions 

See Bringmann et al. (2016) for EFT-type treatment 
Hannestad++ (2015, 2016) for Pseudo-scalar mediators 
… 

29/07/16 Basudeb Dasgupta (TIFR) for the DSU 2016 Conference at Univ. of Bergen 9 



Heavy A’ (~100 MeV) in conflict with BBN 
 
 
Light A’ (< 10 MeV) in conflict with LSS 
 
 
Neutrino interactions delay free-streaming 
and evade LSS bound 
 
 
But now CMB bound on free-streaming 
becomes too constraining 
 
 
More careful treatment of collisional 
production leads to stronger constraints 

Recent Developments 
DM + (Sterile) Neutrinos + A’ Pseudo-Dirac DM + Complex Scalar 

Saviano, Pisanti, Mangano, Mirizzi (PRD, 2014) 

Appears to be viable with GeV DM, 
MeV mediator and a Goldstone DR 
 
Testable via N_eff at next generation 
CMB experiments 
 
 
 
Finite Temperature and Sommerfeld 
corrections appear to be important 
 
 
 
 
 
  

We will now discuss some of these 
results in more detail 

Mirizzi, Mangano, Pisanti, Saviano (PRD, 2014) 

Chu, Dasgupta, Kopp (JCAP, 2015) 

Archidiacono and Hannestad (JCAP, 2014) 

Cherry, Friedland, Shoemaker (2016) 

Chu and Dasgupta (PRL, 2014) 

Das and Dasgupta (to appear) 
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Neutrinophilic DM Models 

vanDen Aarssen, Bringmann, Pfrommer (2012)  
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Figure 1: Interaction processes that set the DM relic density
and may lead to observable neutrino annihilation products
today (left), change the inner velocity and density profile of
dwarf halos (middle) and induce a comparatively large cuto⇥
in the spectrum of primordial density perturbations (right).

‘too big too fail problem’ [44], without being in conflict
with the strong constraints for models with constant ⇤T .
We also note that ⇤T drops with larger v such that for
galaxy clusters only the very central density profile at
r . O(1 � 10) kpc will be smoothed out, matching ob-
servational evidence (from improved lensing and stellar
kinematic data [51]) for a density cusp in A383 that is
slightly shallower than expected for standard CDM.

For our discussion, the astrophysically important
quantities are the velocity v2max = g2⇤mV /(2�2m⇤) at
which ⇤T v becomes maximal and ⇤max

T ⇤ ⇤T (vmax) =
22.7m�2

V . In particular, vmax should not be too di�er-
ent from the typical velocity dispersion ⇤v ⌅ O(10) km/s
encountered in dwarf galaxies if one wants to make any
contact to potential problems with standard structure
formation at these scales. On the other hand, the value
of ⇤max

T is constrained by various astrophysical measure-
ments, see Ref. [44] for a compilation of current bounds.

Fixing g⇤ by the relic density requirement, there is a
one-to-one correspondence between the particle physics
input (m⇤,mV ) and the astrophysically relevant param-
eters (vmax,⇤max

T ). As demonstrated in Fig. 2, a so-
lution to the aforementioned small-scale problems (2)
and (3) may then indeed be possible for DM masses
of m⇤ & 600GeV and a mediator mass in the (sub-)
MeV range. We also display the strongest astrophysi-
cal bounds on large DM self-interaction rates [43]. For
m⇤ . 4TeV, they arise from collisions with particles from
the dwarf parent halo, while at larger m⇤ an imminent
gravothermal catastrophe is more constraining.

The small-scale cuto�.— For small kinetic decou-
pling temperatures Tkd, acoustic oscillations [52] are
more e⌅cient than free streaming e�ects to suppress the
power spectrum [4, 53]. The resulting exponential cuto�
can be translated into a smallest protohalo mass of

Mcut ⇧
4�

3

⇥⇤
H3

���
T=Tkd

= 1.7⇥ 108
⌅
Tkd

keV

⇧�3

M⇥ , (4)

where H is the Hubble rate and we assumed late kinetic
decoupling such that the e�ective number of relativistic
degrees of freedom ge� = 3.37. For scattering with rela-
tivistic neutrinos, c.f. Eq. (3), the analytic treatment of
kinetic decoupling given in Ref. [54] is valid. Extending
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Figure 2: The white area corresponds to DM and mediator
masses that may solve the ‘cusp vs. core’ problem. The crosses
indicate two benchmark models for which detailed simulations
[44] have found a solution to the ‘too big to fail’ problem.
Dashed and solid lines show contours of the astrophysical rel-
evant quantities ⇥T
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Figure 3: This plane shows the mediator mass mV vs. the
coupling strength g⌫ . Large values of g⌫ and small values of
mV lead to late kinetic decoupling and thus a large mass Mcut

of the smallest protohalos. Mcut & 5 ⇥ 1010M� is excluded
by Ly-� data while Mcut & 109M� may solve the small-scale
abundance problems of �CDM cosmology.

those expressions to allow for T⇥ ⌃= T , we find

Tkd =
0.062 keV

N
1
4
⇥ (g⇤g⇥)

1
2

⌅
T

T⇥

⇧ 1
2

kd

⇥ m⇤

TeV

⇤ 1
4
⇥ mV

MeV

⇤
, (5)

where N⇥ is the number of neutrino species coupling to
V . Combining this with Eq. (2) we therefore expect that
Tkd, and thus Mcut, is essentially independent of g⇤ and
m⇤.

Using for definiteness N⇥ = 3 and T⇥ = (4/11)
1
3T� , we

show in Fig. 3 contours of constant Mcut in the (g⇥ ,mV )
plane. We find that the result of the full numerical
calculation [4, 5] is indeed extremely well described by
Eqs. (4,5) for g⇥ & 10�7 (assuming m⇤ ⌅ 1TeV and
mV ⌅ 1MeV; this value is even lower for larger m⇤ and

DM and Neutrinos share a common new interaction 

Relic Annihilation Self-Scattering Late-Decoupling 

Somewhat simpler to use sterile neutrinos instead!  
To avoid issues with DM-charged lepton interactions. 

29/07/16 Basudeb Dasgupta (TIFR) for the DSU 2016 Conference at Univ. of Bergen 11 



Neutrinos vs. Steriles 
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Figure 1: Interaction processes that set the DM relic density
and may lead to observable neutrino annihilation products
today (left), change the inner velocity and density profile of
dwarf halos (middle) and induce a comparatively large cuto⇥
in the spectrum of primordial density perturbations (right).

‘too big too fail problem’ [44], without being in conflict
with the strong constraints for models with constant ⇤T .
We also note that ⇤T drops with larger v such that for
galaxy clusters only the very central density profile at
r . O(1 � 10) kpc will be smoothed out, matching ob-
servational evidence (from improved lensing and stellar
kinematic data [51]) for a density cusp in A383 that is
slightly shallower than expected for standard CDM.

For our discussion, the astrophysically important
quantities are the velocity v2max = g2⇤mV /(2�2m⇤) at
which ⇤T v becomes maximal and ⇤max

T ⇤ ⇤T (vmax) =
22.7m�2

V . In particular, vmax should not be too di�er-
ent from the typical velocity dispersion ⇤v ⌅ O(10) km/s
encountered in dwarf galaxies if one wants to make any
contact to potential problems with standard structure
formation at these scales. On the other hand, the value
of ⇤max

T is constrained by various astrophysical measure-
ments, see Ref. [44] for a compilation of current bounds.

Fixing g⇤ by the relic density requirement, there is a
one-to-one correspondence between the particle physics
input (m⇤,mV ) and the astrophysically relevant param-
eters (vmax,⇤max

T ). As demonstrated in Fig. 2, a so-
lution to the aforementioned small-scale problems (2)
and (3) may then indeed be possible for DM masses
of m⇤ & 600GeV and a mediator mass in the (sub-)
MeV range. We also display the strongest astrophysi-
cal bounds on large DM self-interaction rates [43]. For
m⇤ . 4TeV, they arise from collisions with particles from
the dwarf parent halo, while at larger m⇤ an imminent
gravothermal catastrophe is more constraining.

The small-scale cuto�.— For small kinetic decou-
pling temperatures Tkd, acoustic oscillations [52] are
more e⌅cient than free streaming e�ects to suppress the
power spectrum [4, 53]. The resulting exponential cuto�
can be translated into a smallest protohalo mass of
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where H is the Hubble rate and we assumed late kinetic
decoupling such that the e�ective number of relativistic
degrees of freedom ge� = 3.37. For scattering with rela-
tivistic neutrinos, c.f. Eq. (3), the analytic treatment of
kinetic decoupling given in Ref. [54] is valid. Extending
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mV lead to late kinetic decoupling and thus a large mass Mcut

of the smallest protohalos. Mcut & 5 ⇥ 1010M� is excluded
by Ly-� data while Mcut & 109M� may solve the small-scale
abundance problems of �CDM cosmology.

those expressions to allow for T⇥ ⌃= T , we find

Tkd =
0.062 keV

N
1
4
⇥ (g⇤g⇥)

1
2

⌅
T

T⇥

⇧ 1
2

kd

⇥ m⇤

TeV

⇤ 1
4
⇥ mV

MeV

⇤
, (5)

where N⇥ is the number of neutrino species coupling to
V . Combining this with Eq. (2) we therefore expect that
Tkd, and thus Mcut, is essentially independent of g⇤ and
m⇤.

Using for definiteness N⇥ = 3 and T⇥ = (4/11)
1
3T� , we

show in Fig. 3 contours of constant Mcut in the (g⇥ ,mV )
plane. We find that the result of the full numerical
calculation [4, 5] is indeed extremely well described by
Eqs. (4,5) for g⇥ & 10�7 (assuming m⇤ ⌅ 1TeV and
mV ⌅ 1MeV; this value is even lower for larger m⇤ and

Sterile nus anyway benefit from an interaction – they 
become cosmologically viable. 
 
 
Same interaction rescues DM. 

Self-Scattering Late-Decoupling 

Hannestad, Hansen, Tram (2014) 
Dasgupta and Kopp (2014) 

Also, Bringmann, Hasenkamp, Kersten (2014) and Ko, Tang (2014) 
Dasgupta and Kopp (2014) 
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Sterile Neutrinos  at 1eV (_ )
� e appearance in the 3+1 scenario and beyond

10⇤ 3 10⇤ 2 10⇤1

10⇤1

100

101

sin 2 2 ⌥ ⇧e

⌅m
412

�

LSND

MiniBooNE ⌃

MiniBooNE
⌃

E776
⇥ LBL reactors

KARMEN

NOMAD

IC
AR
U
S

Combined

99� CL, 2 dof

⇥2
3+1/dof ⇥2

3+2/dof ⇥2
1+3+1/dof

LSND 11.0/11 8.6/11 7.5/11
MiniB � 19.3/11 10.6/11 9.1/11
MiniB �̄ 10.7/11 9.6/11 12.7/11
E776 32.4/24 29.2/24 31.3/24
KARMEN 9.8/9 8.6/9 9.0/9
NOMAD 0.0/1 0.0/1 0.0/1
ICARUS 2.0/1 2.3/1 1.5/1

Combined 87.9/66 72.7/63 74.6/63

Global fit to all appearance data is consistent
Background oscillations important
in MiniBooNE and E776
Significant improvement in
3 + 2 and 1 + 3 + 1 JK Machado Maltoni Schwetz, 1303.3011

other fits by Giunti Laveder et al.
Conrad Ignarra Karagiorgi Shaevitz Spitz Djurcic Sorel

Joachim Kopp, MPIK Sterile neutrinos on Earth and in the skies 11

3 + 1 3 + 2 1 + 3 + 1

Global fit to all appearance data 
is consistent, and 3+2 or 1+3+1 
models are better fits than 3 
only or 3+1. 

Machado, Kopp, Maltoni, Schwetz (2013) 

+ similar results by  
Palazzo;  
Giunti, Laveder, et al;  
Conrad et al., … 

If one takes the neutrino oscillation anomalies seriously,  
one needs 1 or 2 sterile neutrinos with large mixings 
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Cosmological Sterile Neutrinos 
•  Vacuum mixing (Dodelson-Widrow) 
–  Usual mixing of active-sterile.  
–  Hot sterile nus. 

•  Resonant production (Shi-Fuller) 
–  Steriles produced only via a MSW resonance that needs a 

large lepton asymmetry.  
–  Cold/Warm sterile nus. 

•  … 
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Effective m and N 
Often the temperature of the active neutrinos and the sterile neutrinos are 
not the same. 
 
Even if sterile neutrinos were in equilibrium at some early temperature, the 
decay of SM (or Sterile) sector particles can lead to different temperatures. 
 
Say the two were in thermal equilibrium above ~TeV, then 

Ts =

✓
g⇤(T�)

g⇤(TeV)

◆1/3

T�

So effective number and energy densities of sterile neutrinos can be different (lower).  
But typically oscillations bring them back in equilibrium, and this suppression is absent. 
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Endangered Sterile Neutrinos Planck Collaboration: Cosmological parameters
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Fig. 28. Left: 2D joint posterior distribution between Ne⌅ and
⇧

m⇥ (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne⌅–me⌅

⇥, sterile plane, colour-coded by ⇤ch2, in models with one massive
sterile neutrino family, with e⌅ective mass me⌅

⇥, sterile, and the three active neutrinos as in the base ⇥CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines). Note the pile up of points at low values of Ne⌅ , caused because the sterile neutrino component behaves like cold dark
matter there, introducing a strong degeneracy between the two components, as described in the text.

Here, recall that T⇥ = (4/11)1/3T� is the active neutrino temper-
ature in the instantaneous-decoupling limit and that the e⌅ective
number is defined via the energy density, �Ne⌅ = (Ts/T⇥)4. In
the Dodelson-Widrow case the relation is given by

me⌅
⇥, sterile = ⇤smDW

sterile , (81)

with �Ne⌅ = ⇤s. For a thermalized sterile neutrino with temper-
ature T⇥ (i.e., the temperature the active neutrinos would have if
there were no heating at electron-positron annihilation), corre-
sponding to �Ne⌅ = 1, the three masses are equal to each other.

Assuming flat priors on Ne⌅ and me⌅
⇥, sterile with me⌅

⇥, sterile <
3 eV, we find the results shown in Fig. 28. The physical mass,
mthermal

sterile in the thermal scenario is constant along the dashed lines
in the figure and takes the indicated value in eV. The physical
mass, mDW

sterile, in the Dodelson-Widrow scenario is constant on
the dotted lines. For low Ne⌅ the physical mass of the neutrinos
becomes very large, so that they become non-relativistic well be-
fore recombination. In the limit in which the neutrinos become
non-relativistic well before any relevant scales enter the horizon,
they will behave exactly like cold dark matter, and hence are
completely unconstrained within the overall total constraint on
the dark matter density. For intermediate cases where the neutri-
nos become non-relativistic well before recombination they be-
have like warm dark matter. The approach to the massive limit
gives the tail of allowed models with large me⌅

⇥, sterile and low Ne⌅

shown in Fig. 28, with increasing me⌅
⇥, sterile being compensated

by decreased⇤ch2 to maintain the total level required to give the
correct shape to the CMB power spectrum.

For low me⌅
⇥, sterile and �Ne⌅ away from zero the physical neu-

trino mass is very light, and the constraint becomes similar to
the massless case. The di⌅erent limits are continuously con-
nected, and given the complicated shape seen in Fig. 28 it is
clearly not appropriate to quote fully marginalized parameter
constraints that would depend strongly on the assumed upper
limit on me⌅

⇥, sterile. Instead we restrict attention to the case where

the physical mass is mthermal
sterile < 10 eV, which roughly defines the

region where (for the CMB) the particles are distinct from cold
or warm dark matter. Using the Planck+WP+highL (abbreviated
to CMB below) data combination, this gives the marginalized
one-parameter constraints

Ne⌅ < 3.91
me⌅
⇥, sterile < 0.59 eV

�⌅⌅⇤
⌅⌅⇥ (95%; CMB for mthermal

sterile < 10 eV) . (82)

Combining further with BAO these tighten to

Ne⌅ < 3.80
me⌅
⇥, sterile < 0.42 eV

�⌅⌅⇤
⌅⌅⇥ (95%; CMB+BAO for mthermal

sterile < 10 eV) .

(83)

These bounds are only marginally compatible with a fully ther-
malized sterile neutrino (Ne⌅ ⇥ 4) with sub-eV mass mthermal

sterile ⇥
me⌅
⇥, sterile < 0.5 eV that could explain the oscillation anomalies.

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P � 4nHe/nb for helium-4 and yBBN
DP � 105nD/nH

46

Planck Collaboration: Cosmological parameters

0.0 0.2 0.4 0.6 0.8 1.0

�m� [eV]

2.4

3.2

4.0

4.8

N
e�

Planck+WP+highL

Planck+WP+highL+BAO

0.0 0.6 1.2 1.8 2.4

me�
�, sterile [eV]

3.5

4.0

4.5

N
e�

0.
5

1.
0

2.
0

5.0

10.0 0.088

0.096

0.104

0.112

0.120

0.128

0.136

�
c h

2

Fig. 28. Left: 2D joint posterior distribution between Ne⌅ and
⇧

m⇥ (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne⌅–me⌅

⇥, sterile plane, colour-coded by ⇤ch2, in models with one massive
sterile neutrino family, with e⌅ective mass me⌅

⇥, sterile, and the three active neutrinos as in the base ⇥CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines). Note the pile up of points at low values of Ne⌅ , caused because the sterile neutrino component behaves like cold dark
matter there, introducing a strong degeneracy between the two components, as described in the text.

Here, recall that T⇥ = (4/11)1/3T� is the active neutrino temper-
ature in the instantaneous-decoupling limit and that the e⌅ective
number is defined via the energy density, �Ne⌅ = (Ts/T⇥)4. In
the Dodelson-Widrow case the relation is given by

me⌅
⇥, sterile = ⇤smDW

sterile , (81)

with �Ne⌅ = ⇤s. For a thermalized sterile neutrino with temper-
ature T⇥ (i.e., the temperature the active neutrinos would have if
there were no heating at electron-positron annihilation), corre-
sponding to �Ne⌅ = 1, the three masses are equal to each other.

Assuming flat priors on Ne⌅ and me⌅
⇥, sterile with me⌅

⇥, sterile <
3 eV, we find the results shown in Fig. 28. The physical mass,
mthermal

sterile in the thermal scenario is constant along the dashed lines
in the figure and takes the indicated value in eV. The physical
mass, mDW

sterile, in the Dodelson-Widrow scenario is constant on
the dotted lines. For low Ne⌅ the physical mass of the neutrinos
becomes very large, so that they become non-relativistic well be-
fore recombination. In the limit in which the neutrinos become
non-relativistic well before any relevant scales enter the horizon,
they will behave exactly like cold dark matter, and hence are
completely unconstrained within the overall total constraint on
the dark matter density. For intermediate cases where the neutri-
nos become non-relativistic well before recombination they be-
have like warm dark matter. The approach to the massive limit
gives the tail of allowed models with large me⌅

⇥, sterile and low Ne⌅

shown in Fig. 28, with increasing me⌅
⇥, sterile being compensated

by decreased⇤ch2 to maintain the total level required to give the
correct shape to the CMB power spectrum.

For low me⌅
⇥, sterile and �Ne⌅ away from zero the physical neu-

trino mass is very light, and the constraint becomes similar to
the massless case. The di⌅erent limits are continuously con-
nected, and given the complicated shape seen in Fig. 28 it is
clearly not appropriate to quote fully marginalized parameter
constraints that would depend strongly on the assumed upper
limit on me⌅

⇥, sterile. Instead we restrict attention to the case where

the physical mass is mthermal
sterile < 10 eV, which roughly defines the

region where (for the CMB) the particles are distinct from cold
or warm dark matter. Using the Planck+WP+highL (abbreviated
to CMB below) data combination, this gives the marginalized
one-parameter constraints

Ne⌅ < 3.91
me⌅
⇥, sterile < 0.59 eV

�⌅⌅⇤
⌅⌅⇥ (95%; CMB for mthermal

sterile < 10 eV) . (82)

Combining further with BAO these tighten to

Ne⌅ < 3.80
me⌅
⇥, sterile < 0.42 eV

�⌅⌅⇤
⌅⌅⇥ (95%; CMB+BAO for mthermal

sterile < 10 eV) .

(83)

These bounds are only marginally compatible with a fully ther-
malized sterile neutrino (Ne⌅ ⇥ 4) with sub-eV mass mthermal

sterile ⇥
me⌅
⇥, sterile < 0.5 eV that could explain the oscillation anomalies.

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P � 4nHe/nb for helium-4 and yBBN
DP � 105nD/nH

46

Planck Collaboration (2013) 

Oscillation-friendly neutrinos  
are in tension with cosmology 
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Ways to avoid the constraint 

•  Large lepton asymmetry 
–  Foot and Volkas (1995)  

•  Majorons 
–  Babu and Rothstein (1992), Bento and Bereziani (2001),  

•  Very low reheating temperature 
–  Gelmini, Palomarez-Ruiz, Pascoli (2004) 

•  Dilution by decay of exotic heavy particles 
–  Fuller, Kishimoto, Kusenko (2011), Ho and Scherrer (2012), … 

•  ... 
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The Not-So-Sterile Neutrino 

Add to SM a sterile neutrino that has some gauge interaction via a new light 
gauge boson A.  
 
Initially sterile and active sectors in equilibrium, and decouple at T > 100 GeV. 
 
Because of energy injection into photons,  
 
Leads to extra N_eff ~0.5 by BBN thermally. 
 
What about oscillations? 

Ts =

✓
g⇤(T�)

g⇤(TeV)

◆1/3

T�

Hansen, Hannestad, Tram (2014) 
Dasgupta and Kopp (2014) 

L = e⌫⌫s�µ⌫sA
0
µ

29/07/16 Basudeb Dasgupta (TIFR) for the DSU 2016 Conference at Univ. of Bergen 18 



Thermal Masses 

5

BBN, CMB, and large-scale structure if we allow them
to be charged under a new gauge interaction mediated
by a MeV-scale boson. In this case, sterile neutrino pro-
duction in the early Universe is suppressed due to the
thermal MSW potential generated by the mediator and
by sterile neutrinos themselves. Our proposed scenario
leads to a small fractional number of extra relativistic
degrees of freedom in the early Universe, which may be
experimentally testable in the future. If the considered
boson also couples to DM, it could simultaneously ex-
plain observed departures of small-scale structures from
the predictions of cold DM simulations.
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Appendix A: Thermal Corrections to Self-Energy

Here, we derive the dispersion relation for sterile neu-
trinos coupled to a U(1)⇤ gauge force in the regime of
nonzero temperature and density. Our approach closely
follows [19, 20, 51, 52].

From considerations of Lorentz invariance, the sterile
neutrino self energy at one-loop can be expressed as

⇥(k) = (m� a/k � b/u)PL . (8)

Here, PL = (1 � �5)/2 is a chirality projector, m is the
sterile neutrino mass, p is its 4-momentum and u is the
4-momentum of the heat bath. We work in the rest frame
of the heat bath, so we take u = (1, 0, 0, 0).

This thermal self-energy modifies the dispersion rela-
tion to

det(/k � ⇥(k)) = 0 , (9)

which, in the ultrarelativistic regime, k0 ⇤ |k|, gives

k0 = |k|+ m2

2|k| � b (10)

to linear order in the coe⇧cients a and b. Note that the
usual dispersion relation for an ultrarelativistic neutrino,

k0 = |k|+ m2

2|k| , is modified by an e⇤ective potential

Ve� ⇥ �b . (11)

The coe⇧cient b can then be obtained according to the
relation

b =
1

2k2

�
[(k0)2 � k2]tr /u⇥(k)� k0tr /k⇥(k)

⇥
. (12)

So, the remaining job is to calculate ⇥(k).

�s �s

A�

A�

�s �s

f

�s

Figure 3. Bubble and tadpole contributions to the sterile neu-
trino self-energy, which create an e�ective “matter” potential.

We assume a Lagrangian Lint = e⇤f̄�µPLfA⇤
µ, where

e⇤ is the U(1)⇤ gauge coupling. At lowest order, ⇥(k)
receives contributions from the bubble and tadpole dia-
grams shown in Fig. 3. In the real time formalism, these
diagrams are calculated using the unitary gauge thermal
propagators for the fermion,

S(p) = (/p+m)

⇤
1

p2 �m2
+ i�f (p)

⌅
, (13)

and the gauge boson

Dµ⇥(p) = (�gµ⇥ + pµp⇥/M2)

⇤
1

p2 �M2
+ i�b(p)

⌅
.

(14)

The thermal parts are given by

�f (p) = 2⇧⇥(p2 �m2)⇤f (p) , (15)

�b(p) = 2⇧⇥(p2 �M2)⇤b(p) , (16)

respectively, with the distribution functions

⇤f (p) = [e|p·u|/Ts + 1]�1 , (17)

⇤b(p) = [e|p·u|/Ts � 1]�1 . (18)

The form of S(p) and Dµ⇥(p) can be understood from
the fact that at finite temperature and density, there are
not only virtual ⌅s and A⇤ in the medium, but also real
particles that have been thermally excited.

The diagrams in Fig. 3 are given by

⇥bubble(k) = �ie2⇤

⇧
d4p

(2⇧)4
�µ PL iS(p+ k) �⇥ iDµ⇥(p) ,

(19)

⇥tadpole(k) = ie2⇤�
µ PL iDµ⇥(0)

⇧
d4p

(2⇧)4
tr

⇤
�⇥ PL iS(p)

⌅
.

(20)

Sterile neutrinos acquire a “thermal mass” due to their 
interactions with virtual/real gauge bosons which can be 
quite large at high-T. 
 
They are not produced by oscillations if this mass 
exceeds the active-sterile neutrino oscillation frequency. 
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Thermal Masses 

6

Since we are interested in the leading thermal corrections,
we evaluate only terms proportional to one power of �f

or �b.

The leading thermal contributions to the bubble dia-
gram are

e2⇤

↵
d4p

(2⌃)4
⇥µ(/k + /p)⇥

⇥PL

⇤
� gµ⇥ +

pµp⇥
M2

⌅

⇥
⇧
i�f (k + p)

p2 �M2
� i�b(p)

(k + p)2 �m2

⌃
. (21)

We evaluate this expression by first using the ⇤-functions
in �f and �b to carry out the p0 integral. The remain-
ing 3-momentum integral can be evaluated in spherical
coordinates, with the z-axis defined by the direction of
k. In this coordinate system, the integral over the az-
imuthal angle is trivial, and the second angular integral
can be evaluated. We have checked that at this stage
our results agree with those of [52] if we neglect the con-
tributions of longitudinal polarization state of the gauge
boson, as these authors have done.

The remaining integral over |p| can be carried out nu-
merically, but we derive analytical approximations for
the two important limiting cases. In the limit of small
temperatures, |k|, Ts ⇧ M , we expand to leading order
in |p|/M , and obtain

b =
7e2⇤|k|
6⌃2M4

↵ ⇥

0
d|p| |p|3

�
⌅f + ⌅f̄

⇥
(22)

=
7e2⇤|k|⌃2T 4

s

45M4
. (23)

In the opposite limit of high temperature, |k|, Ts ⌃ M ,
we can drop subleading logarithmic terms in |p|, and the
linear term gives

b = �
e2⇤

4⌃2|k|

↵ ⇥

0
d|p| |p|

�
⌅f + ⌅f̄ + 2⌅b

⇥
(24)

= �
e2⇤T

2
s

8|k| . (25)

Note that the potential |b| ⇧ |k|, thus the neutrinos are
still ultrarelativistic, and we can replace |k| ⌅ k0 = E,
inside the potential.

In terms of the U(1)⇤ fine-structure constant, �⇤ ⇤
e2⇤/(4⌃), we thus arrive at,

V bubble
e� ⌥

⌥
⌦⌦⌦ 

⌦⌦⌦�

�28⌃3�⇤ET 4
s

45M4
for Ts, E ⇧ M

+
⌃�⇤T 2

s

2E
for Ts, E ⌃ M

(26)

which is the result used in the main text.
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Figure 4. In analogy to Fig. 2, these plots show the depen-
dence of DM self-scattering constraints on the DM coupling
for a fixed DM mass m� = 10TeV (top panel) and fixed gauge
boson mass M = 0.3MeV (bottom panel).

Similarly, calculating the tadpole diagram gives

V tadpole
e� ⌥ 2⌃�⇤

M2
(nf � nf̄ ) , (27)

in terms of terms of the number density of background
fermions. It is straightforward to see that ⇥tadpole(k)
vanishes when there is no fermion asymmetry. In this
work, we have assumed that ⇧s does not have an asym-
metry, but instead consider the possibility that A� cou-
ples to asymmetric DM ⌥, with a net number density,
n⇤ � n⇤̄, which can provide this potential.

Appendix B: Exploration of the parameter space

In Fig. 4 we show that the DM results, shown in the
main text, are valid over a reasonable range of values for

Purely thermal contribution. Exists even with no asymmetry. 

5

BBN, CMB, and large-scale structure if we allow them
to be charged under a new gauge interaction mediated
by a MeV-scale boson. In this case, sterile neutrino pro-
duction in the early Universe is suppressed due to the
thermal MSW potential generated by the mediator and
by sterile neutrinos themselves. Our proposed scenario
leads to a small fractional number of extra relativistic
degrees of freedom in the early Universe, which may be
experimentally testable in the future. If the considered
boson also couples to DM, it could simultaneously ex-
plain observed departures of small-scale structures from
the predictions of cold DM simulations.
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Appendix A: Thermal Corrections to Self-Energy

Here, we derive the dispersion relation for sterile neu-
trinos coupled to a U(1)⇤ gauge force in the regime of
nonzero temperature and density. Our approach closely
follows [19, 20, 51, 52].

From considerations of Lorentz invariance, the sterile
neutrino self energy at one-loop can be expressed as

⇥(k) = (m� a/k � b/u)PL . (8)

Here, PL = (1 � �5)/2 is a chirality projector, m is the
sterile neutrino mass, p is its 4-momentum and u is the
4-momentum of the heat bath. We work in the rest frame
of the heat bath, so we take u = (1, 0, 0, 0).

This thermal self-energy modifies the dispersion rela-
tion to

det(/k � ⇥(k)) = 0 , (9)

which, in the ultrarelativistic regime, k0 ⇤ |k|, gives

k0 = |k|+ m2

2|k| � b (10)

to linear order in the coe⇧cients a and b. Note that the
usual dispersion relation for an ultrarelativistic neutrino,

k0 = |k|+ m2

2|k| , is modified by an e⇤ective potential

Ve� ⇥ �b . (11)

The coe⇧cient b can then be obtained according to the
relation

b =
1

2k2

�
[(k0)2 � k2]tr /u⇥(k)� k0tr /k⇥(k)

⇥
. (12)

So, the remaining job is to calculate ⇥(k).

�s �s

A�

A�

�s �s

f

�s

Figure 3. Bubble and tadpole contributions to the sterile neu-
trino self-energy, which create an e�ective “matter” potential.

We assume a Lagrangian Lint = e⇤f̄�µPLfA⇤
µ, where

e⇤ is the U(1)⇤ gauge coupling. At lowest order, ⇥(k)
receives contributions from the bubble and tadpole dia-
grams shown in Fig. 3. In the real time formalism, these
diagrams are calculated using the unitary gauge thermal
propagators for the fermion,

S(p) = (/p+m)

⇤
1

p2 �m2
+ i�f (p)

⌅
, (13)

and the gauge boson

Dµ⇥(p) = (�gµ⇥ + pµp⇥/M2)

⇤
1

p2 �M2
+ i�b(p)

⌅
.

(14)

The thermal parts are given by

�f (p) = 2⇧⇥(p2 �m2)⇤f (p) , (15)

�b(p) = 2⇧⇥(p2 �M2)⇤b(p) , (16)

respectively, with the distribution functions

⇤f (p) = [e|p·u|/Ts + 1]�1 , (17)

⇤b(p) = [e|p·u|/Ts � 1]�1 . (18)

The form of S(p) and Dµ⇥(p) can be understood from
the fact that at finite temperature and density, there are
not only virtual ⌅s and A⇤ in the medium, but also real
particles that have been thermally excited.

The diagrams in Fig. 3 are given by

⇥bubble(k) = �ie2⇤

⇧
d4p

(2⇧)4
�µ PL iS(p+ k) �⇥ iDµ⇥(p) ,

(19)

⇥tadpole(k) = ie2⇤�
µ PL iDµ⇥(0)

⇧
d4p

(2⇧)4
tr

⇤
�⇥ PL iS(p)

⌅
.

(20)
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Thermal MSW Potential 
2

ditional e⇥ective number of fully-thermalized neutrinos
at BBN, for a single left-handed sterile neutrino (and its
right-handed antineutrino) and a relativistic A⇥, is

�N⇥ ⇤ ⇧⇥s + ⇧A0

⇧⇥
=

(g⇥s + gA0)T 4
s

g⇥ T 4
⇥

(1)

=

�
7
8 ⇥ 2 + 3

⇥
⇥
�
10.75
106.7

⇥ 4
3

�
7
8 ⇥ 2

⇥
⇥

�
4
11

⇥ 4
3

⌥ 0.5 , (2)

which is easily consistent with the bound from BBN, viz.,
�N⇥ = 0.66+0.47

�0.45 [12]. Up to 3 generations of sterile
neutrinos could be accommodated within ⌥ 1⌃. Note
that we have conservatively taken T⇥ at the end of BBN.

At lower temperatures, Ts . 0.1MeV, A⇥ becomes non-
relativistic, and decays to sterile neutrinos, heating them
up by a factor of ⌥ 1.4. However, these neutrinos with
masses m & 1 eV, are nonrelativistic by the epoch of
matter-radiation equality (T� ⌥ 0.7 eV) and recombina-
tion (T� ⌥ 0.3 eV). Thus the impact of thermal abun-
dances of A⇥ and ⇤s on the CMB and structure formation
is negligible. See also [16–18] for alternate approaches.
We will now show that oscillations of active neutrinos into
sterile neutrinos, which are normally expected to bring
the two sectors into equilibrium again, are also strongly
suppressed due to “matter” e⇥ects.

The basic idea underlying our proposal is similar to the
high-temperature counterpart of the MSW e⇥ect. Let us
recall that at high temperatures, i.e., in the early Uni-
verse, an active neutrino with energy E experiences a
potential VMSW � G2

FET 4
� due to their own energy den-

sity [19]. This is not zero even in a CP symmetric Uni-
verse. A similar, but much larger, potential can be gen-
erated at high-temperature for sterile neutrinos, if they
couple to a light hidden gauge boson A⇥. There are two
types of processes that can contribute to this potential
— the sterile neutrino can forward-scatter o⇥ an A⇥ in
the medium, or o⇥ a fermion f that couples to A⇥.

These interactions of the sterile neutrino with the
medium modify its dispersion relation through a poten-
tial Ve⇥ :

E = |k|+ m2

2E
+ Ve⇥ , (3)

where E and |k| are the energy and momentum of the
sterile neutrino.

We calculated Ve⇥ using the real time formalism in
thermal field theory (see Appendix A). Physically, this
potential is the correction to the sterile neutrino self-
energy. In the low-temperature limit, i.e., Ts, E ⇧ M , we
find Ve⇥ ⌥ �28⌅3�⇤ET 4

s /(45M
4) , similar to the poten-

tial for active neutrinos [19], with �⇤ ⇤ e2⇤/(4⌅) being the
U(1)⇤ fine-structure constant. In the high-temperature
limit, Ts, E ⌃ M , we find Ve⇥ ⌥ +⌅�⇤T 2

s /(2E) , similar
to the result for hot QED [20]. We have assumed that
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Figure 1. Comparison of the e⇥ective matter potential Ve�

for sterile neutrinos (black curves) to the active–sterile os-
cillation frequency �m2/(2E) (green line) at E ⇤ T� and
�m2 = 1 eV2. As long as |Ve�| ⇥ �m2/(2E), oscillations
are suppressed. Di⇥erent black curves show |Ve�| for di⇥erent
values of the gauge boson massM , with solid lines correspond-
ing to Ve� > 0 and dashed lines indicating Ve� < 0. Thin
(Thick) lines show exact numerical (approximate analytical)
results. The hidden sector fine-structure constant is taken as
�⇥ � e2⇥/(4⇥) = 10�2/(4⇥). Red lines show the contribution
to Ve� from an asymmetric DM particle with m⇥ = 1 GeV.
The QCD phase transition and active neutrino decoupling
epochs are annotated. The small kinks in the curves are due
to changes in g⇥, the e⇥ective number of degrees of freedom
in the Universe.

there is no asymmetry in ⇤s, which may be interesting
to consider [16, 21]. These analytical results are plot-
ted in Fig. 1 (thick black lines). For comparison, we also
calculated the potential numerically (thin black lines),
and found excellent consistency with the analytical ap-
proximations in their region of validity. The potential is
small only in a very small range of temperatures Ts ⌅ M ,
where the potential changes sign and goes through zero.
Note that the potential is always smaller that |k| and
vanishes at zero temperature.

In the presence of a potential, it is well-known that
neutrino mixing angles are modified. In the two-flavor
approximation, the e⇥ective mixing angle ⇥m in matter
is given by [22]

sin2 2⇥m =
sin2 2⇥0�

cos 2⇥0 +
2E

�m2Ve⇥

⇥2
+ sin2 2⇥0

, (4)

where ⇥0 is the vacuum mixing angle, and �m2 = m2
s �

m2
a is the di⇥erence between the squares of the mostly

sterile mass eigenstate ms and the active neutrino mass
scale ma. If the potential is much larger than the vacuum

If M <  10 MeV the thermal potential can be large  
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Figure 2. Constraints on DM self-interactions from the re-
quirements that the self-interaction in galaxy clusters is small,
i.e., ⇥⇥T ⇤/m� . 1 cm2/g, and that production of 1 eV ster-
ile neutrinos is suppressed, i.e., sin2 2�m . 10�3 at T� =
1MeV. We also show the favored parameter region for mit-
igating the cusp vs. core and too big to fail problems, i.e.,
⇥⇥T ⇤/m� = 0.1 � 1 cm2/g in dwarf galaxies, and solving the
missing satellites problem (Mcut = 109�10 MSun). The kink
in the ⇥T contours is from an approximate treatment of the
regime between the Born and classical limits.

⌥⌃T �, we take the analytical expressions for ⌃T for sym-
metric DM, as summarized in [36], and convolve with a
DM velocity distribution, that we take to be of Maxwell-
Boltzmann form, with velocity dispersion vrel.

As for the missing satellites problem, it was shown
in [37–39] that DM–neutrino scattering can decrease the
temperature of kinetic decoupling of DM, Tkd, which
can increase the cut-o� in the structure power spectrum,
Mcut ⌃ T�3

kd , to the scales of the dwarf galaxies. Tkd is de-
termined by equating the DM momentum relaxation rate
⇤ (Ts/m⇤)n⇤⌃⇤s with the Hubble expansion rate. Here,
n⇤ ⇤ T 3

s is the DM number density, and ⌃⇤s ⇤ T 2
s /M

4 is
the DM–sterile neutrino scattering cross section. Quan-
titatively [38],

Mcut

MSun
⇧ 3.2⇥ 1013 �

3
2
�

�
Ts

T�

⇥ 9
2

kd

�
TeV

m⇤

⇥ 3
4
�
MeV

M

⇥3

.

(7)

In previous literature, the exponent of Ts/T� in eq. (7) is
sometimes incorrectly given as 3/2 [40]. We find the cut-
o� can be raised to Mcut = 109 � 1010 MSun, as required
to solve the missing satellites problem. The number of
sterile neutrino generations Ns, assumed to be 1 here,

only weakly impacts the result as Mcut ⌃ N3/4
s . Note

that in contrast to Ref. [38], we obtain a small Ts/T� ,
from decays of heavy Standard Model particles after the
decoupling of the sterile sector.

In Fig. 2, we show the region of parameter space fa-
vored by these considerations (see also Appendix B). We
see that it is possible to simultaneously mitigate the cusp
vs. core problem, too big to fail problem, as well as
the missing satellites problem, while remaining consis-
tent with the cluster constraint and simultaneously sup-
pressing sterile neutrino production to evade BBN and
CMB constraints. The potentially interesting solution to
all the enduring problems with small-scale structures was
first shown in a scenario with active neutrinos [38], which
has since been constrained using laboratory data, BBN,
and large-scale structure [41–43]. A qualitative exten-
sion to sterile neutrinos was suggested therein, and we
see here that such a scenario may be realized with no
conflict with cosmology.

The DM relic abundance may be produced by
Sommerfeld-enhanced annihilations of DM into A⇥ pairs
that decay to sterile neutrinos, or alternatively through
an asymmetry. However, unlike in [38], we do not use
separate couplings of DM and ⌅ to do this, so this should
identify the preferred value for DM mass in the range
m⇤ ⇤ 1 � 100TeV. As long as DM chemical freeze-out
happens well above T� ⇤GeV and the sterile neutrinos
have time to rethermalize with ordinary neutrinos (and
photons) via high-scale interactions, our scenario remains
unaltered by DM annihilation.

DISCUSSION AND SUMMARY

We now discuss the possible origin of a new gauge force
in the sterile neutrino sector, and on further phenomeno-
logical consequences. In [44], Pospelov has proposed
a model with sterile neutrinos charged under gauged
baryon number. He has argued that the model is con-
sistent with low energy constraints, in particular the one
from K ⌅ ⇧⇧⌅⌅, even for ⇤2 sin ⇥/M2 ⇤ 1000GF . This
is precisely the parameter region in which sterile neutrino
production in the early Universe is suppressed, as we have
demonstrated above. In [44–46], the phenomenological
consequences of this model have been investigated, and
it has been shown that strong anomalous scattering of
solar neutrinos in DM detectors is expected. As an alter-
native to gauged baryon number, sterile neutrinos could
also be charged under a gauge force that mixes kinetically
with the photon [45]. In this case, M & 10 MeV is pre-
ferred unless the coupling constants are extremely tiny.
Once again in this model interesting solar neutrino sig-
nals in DM detectors can occur. Finally, while we have
focused here on new gauge interactions, it is also con-
ceivable that the new interaction is instead mediated by
a scalar [47, 48]. However, in this case ⌃⇤s ⌃ m2

⇥s
, which

is too small and the missing satellite problem cannot be
solved.

In summary, we have shown that eV-scale sterile neu-
trinos can be consistent with cosmological data from

One can explain Neff , Neutrino Oscillations, and All 3 DM problems, simultaneously  
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Can lead to depletion of HE events around a PeV at IceCube 
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MSW suppression 

2

ditional e⇥ective number of fully-thermalized neutrinos
at BBN, for a single left-handed sterile neutrino (and its
right-handed antineutrino) and a relativistic A⇥, is

�N⇥ ⇤ ⇧⇥s + ⇧A0

⇧⇥
=

(g⇥s + gA0)T 4
s

g⇥ T 4
⇥

(1)

=

�
7
8 ⇥ 2 + 3

⇥
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�
10.75
106.7

⇥ 4
3

�
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⇥
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�
4
11

⇥ 4
3

⌥ 0.5 , (2)

which is easily consistent with the bound from BBN, viz.,
�N⇥ = 0.66+0.47

�0.45 [12]. Up to 3 generations of sterile
neutrinos could be accommodated within ⌥ 1⌃. Note
that we have conservatively taken T⇥ at the end of BBN.

At lower temperatures, Ts . 0.1MeV, A⇥ becomes non-
relativistic, and decays to sterile neutrinos, heating them
up by a factor of ⌥ 1.4. However, these neutrinos with
masses m & 1 eV, are nonrelativistic by the epoch of
matter-radiation equality (T� ⌥ 0.7 eV) and recombina-
tion (T� ⌥ 0.3 eV). Thus the impact of thermal abun-
dances of A⇥ and ⇤s on the CMB and structure formation
is negligible. See also [16–18] for alternate approaches.
We will now show that oscillations of active neutrinos into
sterile neutrinos, which are normally expected to bring
the two sectors into equilibrium again, are also strongly
suppressed due to “matter” e⇥ects.

The basic idea underlying our proposal is similar to the
high-temperature counterpart of the MSW e⇥ect. Let us
recall that at high temperatures, i.e., in the early Uni-
verse, an active neutrino with energy E experiences a
potential VMSW � G2

FET 4
� due to their own energy den-

sity [19]. This is not zero even in a CP symmetric Uni-
verse. A similar, but much larger, potential can be gen-
erated at high-temperature for sterile neutrinos, if they
couple to a light hidden gauge boson A⇥. There are two
types of processes that can contribute to this potential
— the sterile neutrino can forward-scatter o⇥ an A⇥ in
the medium, or o⇥ a fermion f that couples to A⇥.

These interactions of the sterile neutrino with the
medium modify its dispersion relation through a poten-
tial Ve⇥ :

E = |k|+ m2

2E
+ Ve⇥ , (3)

where E and |k| are the energy and momentum of the
sterile neutrino.

We calculated Ve⇥ using the real time formalism in
thermal field theory (see Appendix A). Physically, this
potential is the correction to the sterile neutrino self-
energy. In the low-temperature limit, i.e., Ts, E ⇧ M , we
find Ve⇥ ⌥ �28⌅3�⇤ET 4

s /(45M
4) , similar to the poten-

tial for active neutrinos [19], with �⇤ ⇤ e2⇤/(4⌅) being the
U(1)⇤ fine-structure constant. In the high-temperature
limit, Ts, E ⌃ M , we find Ve⇥ ⌥ +⌅�⇤T 2

s /(2E) , similar
to the result for hot QED [20]. We have assumed that
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Figure 1. Comparison of the e⇥ective matter potential Ve�

for sterile neutrinos (black curves) to the active–sterile os-
cillation frequency �m2/(2E) (green line) at E ⇤ T� and
�m2 = 1 eV2. As long as |Ve�| ⇥ �m2/(2E), oscillations
are suppressed. Di⇥erent black curves show |Ve�| for di⇥erent
values of the gauge boson massM , with solid lines correspond-
ing to Ve� > 0 and dashed lines indicating Ve� < 0. Thin
(Thick) lines show exact numerical (approximate analytical)
results. The hidden sector fine-structure constant is taken as
�⇥ � e2⇥/(4⇥) = 10�2/(4⇥). Red lines show the contribution
to Ve� from an asymmetric DM particle with m⇥ = 1 GeV.
The QCD phase transition and active neutrino decoupling
epochs are annotated. The small kinks in the curves are due
to changes in g⇥, the e⇥ective number of degrees of freedom
in the Universe.

there is no asymmetry in ⇤s, which may be interesting
to consider [16, 21]. These analytical results are plot-
ted in Fig. 1 (thick black lines). For comparison, we also
calculated the potential numerically (thin black lines),
and found excellent consistency with the analytical ap-
proximations in their region of validity. The potential is
small only in a very small range of temperatures Ts ⌅ M ,
where the potential changes sign and goes through zero.
Note that the potential is always smaller that |k| and
vanishes at zero temperature.

In the presence of a potential, it is well-known that
neutrino mixing angles are modified. In the two-flavor
approximation, the e⇥ective mixing angle ⇥m in matter
is given by [22]

sin2 2⇥m =
sin2 2⇥0�

cos 2⇥0 +
2E

�m2Ve⇥

⇥2
+ sin2 2⇥0

, (4)

where ⇥0 is the vacuum mixing angle, and �m2 = m2
s �

m2
a is the di⇥erence between the squares of the mostly

sterile mass eigenstate ms and the active neutrino mass
scale ma. If the potential is much larger than the vacuum

3

oscillation frequency, i.e.,

|Ve�| ⇧
����
⇥m2

2E

���� , (5)

then ⇥m will be tiny, and oscillations of active neutrinos
into sterile ones are suppressed.

This is confirmed by Fig. 1, which summarizes our
main results. For a typical neutrino energy E ⇤ T�

and M . 10 MeV, we see that condition (5) is well-
satisfied down to temperatures T� . 1 MeV, i.e., until
after the time of neutrino decoupling, when their thermal
production becomes impossible. Thus ⇥m is suppressed
and sterile neutrinos are not produced in significant num-
bers. There is also non-forward scattering of sterile neu-
trinos mediated by the hidden gauge boson, as well as
the usual MSW potential for active neutrinos, which fur-
ther suppress oscillations. A full numerical calculation
using quantum kinetic equations [23] is consistent with
our simple estimate using condition (5). Oscillations af-
ter decoupling reduces a small fraction, sin2 2⇥m . 0.1, of
the active neutrinos to steriles (which are nonrelativistic
below 1 eV), consistent with Ne� = 3.30+0.54

�0.51 (95% lim-
its) from cosmological data [13]. Note that in Fig. 1, we
have conservatively taken sterile neutrino decoupling to
occur at the same temperature, T� ⌃ 1 MeV, as the de-
coupling of active neutrinos. In reality, sterile neutrino
production ceases when �s ⇤ sin2 ⇥sG2

FT
5
� drops below

the Hubble expansion rate H ⌥ T 2
� , which happened at

temperatures around 1 MeV/(sin2 ⇥)1/3.

Even for M slightly larger than 1 MeV, sterile neutrino
production remains suppressed until the BBN epoch, but
it is interesting that in this case Ve� crosses zero while
neutrinos are still in thermal equilibrium. This implies
that there is a brief time-period during which sterile neu-
trinos could be produced e⌃ciently. However, as long as
its duration is much shorter than inverse of the sterile
neutrino production rate ��1

s ⇤ [sin2 ⇥sG2
FT

5
� ]

�1, only
partial thermalization of sterile neutrinos will occur. In-
terestingly, at the MSW resonance, i.e., ⇥m2 ⌃ �2EVe� ,
one may get some active-to-sterile neutrino (or antineu-
trino) conversion, depending on the adiabaticity of this
resonance. This implies that, for M & 10 MeV, we pre-
dict a fractional value of ⇥Ne� at BBN. A study of the
detailed dynamics during this epoch is beyond the scope
of our present work.

As a final remark, we would like to emphasize that,
while Fig. 1 is for E = T� , it is important to keep in
mind that active neutrinos follow a thermal distribution.
We have checked that even for E di⌅erent from T� , the
value of Ve� does not change too much. Therefore, our
conclusions regarding the suppression of sterile neutrino
production remain valid even when the tails of the ther-
mal distribution are taken into account.

COUPLING TO DARK MATTER

If a new gauge force of the proposed form exists, it
is conceivable that not only sterile neutrinos, but also
DM particles, ⇧, couple to it. This of course leads to
an additional contribution 2⇤�⇥(n⇥ � n⇥̄)/M2 to Ve� ,
through forward scattering o⌅ the net DM density (see
Appendix A). As long as DM is CP-symmetric, we have
n⇥ � n⇥̄ = 0 and this extra contribution vanishes. Even
for asymmetric DM [24], we see in Fig. 1 (red lines) that
it is usually subleading for m⇥ & 1GeV.
The extra gauge interaction of DM does, however, lead

to DM self-scattering, which has received considerable at-
tention recently as a way of solving [25–27] the existing
disagreement between the observed substructure of DM
in the Milky Way and N-body simulations of galaxy for-
mation. In particular, self-interacting DM can solve the
“too big to fail” problem [28, 29], i.e., the question why
very massive DM subhaloes that are predicted to exist in
a Milky Way type galaxy have not been observed, even
though one would expect star formation to be e⌃cient in
them and make them appear as luminous dwarf galax-
ies. Similarly, DM self-interactions could be the reason
why the Milky Way appears to have fewer dwarf galax-
ies than expected from simulations (the “missing satel-
lites” problem [30]). Finally, it may be possible to ex-
plain why the observed DM density distribution in Milky
Way subhaloes appears to be exhibit a constant density
core [31, 32] rather than a steep cusp predicted in N-
body simulations [33] (“cusp vs. core problem”). While
all these problems could well have di⌅erent explanations
— for instance the impact of baryonic feedback on N-
body simulations is not yet well understood — it is in-
triguing that the self-scattering cross sections predicted
in the scenario discussed here has exactly the right prop-
erties to mitigate these small-scale structure issues.
In our model, the “energy transfer cross section” in

the center of mass frame, ⌅T =
⌅
d⇤ d⌅/d⇤(1� cos ⇥), is

given in Born approximation by [34]

⌅T ⌃
8⇤�2

⇥

m2
⇥v

4
rel

⇥
log(1 +R2) � R2

1 +R2

⇤
, (6)

with R ⇥ m⇥vrel/M . Here, vrel is the relative velocity
of the two colliding DM particles. It is easy to see that
⌅T is velocity independent for vrel ⌅ M/m⇥ and drops
roughly ⌥ v�4

rel for larger vrel ⇧ M/m⇥. This implies that
the velocity-averaged cross section per unit DM mass,
 ⌅T ⌦ /m⇥, can be of order 0.1–1 cm2/g in galaxies (vrel ⇤
O(100 km/sec)), as required to mitigate the small-scale
structure problems [26, 27], while remaining well below
this value in galaxy clusters (vrel ⇤ O(1000 km/sec)),
from which the most robust constraints are obtained [35].
The cross section given in eq. (6) becomes inaccurate in
the limit �⇥m⇥/M > 1, and one needs to take nonper-
turbative/resonant e⌅ects into account. In computing

No production by oscillations.  Also thermalization rate is similarly suppressed. 
 
Neff is increased by ~0.5 due to sterile neutrinos at BBN (much less at CMB) 
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Full QKE 

In what follows we will refer δm2
s > 0 as the normal hierarchy scenario (NH) and δm2

s < 0
as the inverted hierarchy scenario (IH). Structure formation data strongly disfavour models
with a total thermalised neutrino mass (the sum of all fully thermalised mass states) in
excess of 0.5-1 eV. Given that all the active states are fully thermalised this disfavours the
inverted hierarchy for sterile masses above 0.2-0.3 eV. However, for masses below this the
inverted hierarchy is not disfavoured and for completeness we study the same mass and
mixing parameter space for both NH and IH.

In order to describe the evolution of sterile neutrinos in the early universe, we use the
density matrix formalism and we express the density matrix associated with each momentum
p in terms of the Bloch vector components (P0,P) = (P0, Px, Py, Pz) [40, 41, 43],

ρ =
1

2
f0(P0 +P · σ) , ρ =

1

2
f0(P 0 +P · σ) , (2.3)

where σ are the Pauli matrices and f0 = 1/(1+ep/T ) is the Fermi-Dirac distribution function
with no chemical potential. The neutrino kinetic equations in terms of the components of
the Bloch vectors for each momentum mode are:

Ṗ = V ×P−D(Pxx+ Pyy) + Ṗ0z , (2.4)

Ṗ0 = Γ

!
feq
f0

−
1

2
(P0 + Pz)

"
(2.5)

where the dot denotes the time derivative (dt = ∂t −Hp∂p, with H the Hubble parameter)
and feq = 1/(1 + e(p−µ)/T ).

Defining the comoving momentum x = p/T , the vector V has the following components

Vx =
δm2

s

2xT
sin 2θs , (2.6)

Vy = 0 , (2.7)

Vz = V0 + V1 + VL. (2.8)

and

V0 = −
δm2

s

2xT
cos 2θs, (2.9)

V (a)
1 = −

7π2

45
√
2

GF

M2
Z

xT 5 [nνa + nν̄a] ga (2.10)

VL =
2
√
2ζ(3)

π2
GFT

3L(a). (2.11)

Here, gµ,τ = 1 for νµ,τ–νs mixing, ge = 1 + 4 sec2 θW/(nνe + nν̄e) for νe–νs mixing and θW is
the Weinberg angle. The dimensionless number densities nνa,(ν̄a) are the equilibrium active
neutrino (antineutrino) densities normalised to unity in thermal equilibrium. The effective
neutrino asymmetries L(a) are defined by

L(e) =

#
1

2
+ 2 sin2 θW

$
Le +

#
1

2
− 2 sin2 θW

$
Lp −

1

2
Ln + 2Lνe + Lνµ + Lντ , (2.12)

L(µ) = L(e) − Le − Lνe + Lνµ , (2.13)

L(τ) = L(e) − Le − Lνe + Lντ , (2.14)

– 3 –

Besides oscillations, scattering processes also taken into account. 
The scattering rate is   

where Lf ≡ (nf − nf̄ )Nf/Nγ with Nf (Nγ) the integrated active (photon) number density
in thermal equilibrium. The potential VL, defined as in Eq. (2.11), is the leading order
contribution to Vz. The V1 term is the finite temperature correction and for example in the
case of νe–νs mixing it includes coherent interactions of νe with the medium through which
it propagates. The condition for a matter induced resonance to occur is Vz = 0, and because
Vz depends on L(a) any non-zero lepton asymmetry can have dramatic consequences for
oscillation driven active-sterile neutrino conversion. In Appendix A we discuss the location
of resonances in detail for all possible values of mass, mixing, and lepton asymmetry.

A detailed derivation of the quantum kinetic equations is presented in [42, 46]. Here
we choose to adopt minimal assumptions on the collision terms. In particular, the term D is
the damping term, quantifying the loss of quantum coherence due to νa collisions with the
background medium. For example, considering νe, the elastic contribution should come from
the elastic scattering of νe with e− and e+ and with the other active flavours νa and ν̄a. The
inelastic contribution comes from the scattering of νe with ν̄e (producing e− and e+ or νa and
ν̄a). In terms of the Bloch vectors such terms have the effect of suppressing the off-diagonal
elements of the density matrix (Px,y). The effective potentials contributing to this term have
been previously calculated [46–48] and if thermal equilibrium is aasumed and the electron
mass neglected, it is approximately half the corresponding scattering rate Γ [40, 42, 49]

D =
1

2
Γ . (2.15)

The evolution of P0 is determined by processes that deplete or enhance the abundance
of νa with the same momentum and its rate of change receives no contribution from coherent
νa-νs oscillations. The repopulation term Γ(feq/f0 − 1/2(P0 + Pz)) is an approximation for
the correct elastic collision integral [49] with

Γ = CaG
2
FxT

5 (2.16)

where Ce ≃ 1.27 and Cµ,τ ≃ 0.92 [41]. Note that the term including the effective collision rate,
Γ, is an approximation to the full momentum dependent scattering kernel which repopulates
neutrinos from the background plasma. The full expression has been derived in [42]. In [49] it
was proven that the general form of D (and Γ) exactly reduces to Eqs. (2.15,2.16) for weakly
interacting species in thermal equilibrium with zero chemical potential, and that it is the zero
order approximation for particles with non-null chemical potential. The respective equations
of motion for anti-neutrinos can be found by substituting L(a) = −L(a) and µ = −µ in the
above equations. In our treatment we have not included the rate equations for the electrons
and positrons since we are assuming that all the species electromagnetically interacting are
kept in equilibrium.

2.2 Mapping with the active and the sterile variables

We can distinguish among large and small linear combinations of the dynamical variables in
the particle and antiparticle sector to simplify the numerical treatment. For each momentum
mode, we define for each component i (with i = 0, x, y, z) of the Bloch vector

P±
i = Pi ± P i . (2.17)

– 4 –
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A detailed derivation of the quantum kinetic equations is presented in [42, 46]. Here
we choose to adopt minimal assumptions on the collision terms. In particular, the term D is
the damping term, quantifying the loss of quantum coherence due to νa collisions with the
background medium. For example, considering νe, the elastic contribution should come from
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inelastic contribution comes from the scattering of νe with ν̄e (producing e− and e+ or νa and
ν̄a). In terms of the Bloch vectors such terms have the effect of suppressing the off-diagonal
elements of the density matrix (Px,y). The effective potentials contributing to this term have
been previously calculated [46–48] and if thermal equilibrium is aasumed and the electron
mass neglected, it is approximately half the corresponding scattering rate Γ [40, 42, 49]
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of νa with the same momentum and its rate of change receives no contribution from coherent
νa-νs oscillations. The repopulation term Γ(feq/f0 − 1/2(P0 + Pz)) is an approximation for
the correct elastic collision integral [49] with
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where Ce ≃ 1.27 and Cµ,τ ≃ 0.92 [41]. Note that the term including the effective collision rate,
Γ, is an approximation to the full momentum dependent scattering kernel which repopulates
neutrinos from the background plasma. The full expression has been derived in [42]. In [49] it
was proven that the general form of D (and Γ) exactly reduces to Eqs. (2.15,2.16) for weakly
interacting species in thermal equilibrium with zero chemical potential, and that it is the zero
order approximation for particles with non-null chemical potential. The respective equations
of motion for anti-neutrinos can be found by substituting L(a) = −L(a) and µ = −µ in the
above equations. In our treatment we have not included the rate equations for the electrons
and positrons since we are assuming that all the species electromagnetically interacting are
kept in equilibrium.

2.2 Mapping with the active and the sterile variables

We can distinguish among large and small linear combinations of the dynamical variables in
the particle and antiparticle sector to simplify the numerical treatment. For each momentum
mode, we define for each component i (with i = 0, x, y, z) of the Bloch vector

P±
i = Pi ± P i . (2.17)
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Fractional dofs from QKE 
3
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FIG. 2: Contours of equal thermalization. ∆Neff is given by
the colors. The solid, dashed, and dot-dashed lines correspond
to hidden bosons with masses MX = 300MeV, 200MeV, and
100 MeV respectively.
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FIG. 3: Dependence of ∆Neff on the mixing parameters. gX =
0.01 has been used for all the models while GX has been
changed to give the variation in mass.

system and θm is the in-medium mixing angle (see e.g.
[17, 18] for a discussion of this in the context of active
neutrinos). Γ is entirely dominated by the interaction via
X so that Γ ∝ G2

X and the in-medium mixing angle is
likewise dominated by the potential generated by the new
interaction so that sin2(2θm) ∝ 1/V 2

s ∝ M4
X/G2

X leading
to the sterile thermalization rate being proportional to
M4

X , i.e. Γt does not depend on gX , only on MX .

The determination of mixing parameters from acceler-
ator experiments is quite uncertain, and it is therefore in-
teresting to know how our results would be affected if we
changed the vacuum mixing angle or the mass difference.
The results of such a variation are seen in Fig. 3. Re-
garding the ability to inhibit thermalization, the results
do not change much. A somewhat higher or lower mass
will be needed for the hidden boson, but ∆Neff = 0.6 can
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f0
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, µνs

)
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FIG. 4: The sterile energy distribution relative to f0 at T =
4.3 MeV, where ∆Neff crosses 1 for δm2 = 1 eV2, sin2(2θ) =
0.05, GX = GF , and gX = 0.01 which corresponds to MX =
2.9 GeV. Note that the peak at p/T < 1 is unimportant due
to the limited phase space for so low p.

for example be reached by using MX = 100MeV even at
δm2 = 10 eV2. There are, however, two other interesting
observations. First, note that when the hidden boson
mass is high, ∆Neff decreases with decreasing sin2(2θ)
or δm2 - the well known limit for non-interacting sterile
neutrinos (see e.g. [9, 16]). As the boson mass is lowered,
the new interaction first permits full thermalization of the
sterile neutrino before we reach the mass range where the
new interaction inhibits the thermalization.

The other interesting observation is that ∆Neff > 1 for
some values of MX . At first this seems very puzzling and
counterintuitive. In a model with only oscillations and no
new interactions this would be impossible since the num-
ber density and energy density of the sterile neutrinos
could never exceed the densities of the active neutrinos,
the net production of steriles would simply shut off as
soon as ρss ∼ f0. However, in the model presented here
there are two effects at play simultaneously: The produc-
tion of steriles due to oscillations and the redistribution
of sterile states due to the new interaction. If the redistri-
bution of energy is sufficiently fast it can keep ρss < f0,
allowing for more production of steriles. Fig. 4 provides
an illustration of the effect by showing a snapshot of the
distributions at the point where ∆Neff crosses 1 for a
model with MX = 2.3 GeV. Sterile neutrinos are still
being produced in the region close to the resonance at
p/T ≈ 5 since f0 > ρss and oscillations therefore popu-
late sterile neutrinos from the active sector. At the same
time ρss continues to grow at lower p/T due to the redis-
tribution of states. In total this means that ∆Neff is still
growing and will do so until the resonance has moved to
very high p/T where f0 becomes very small or the ac-
tive neutrinos decouple from the electrons. Naively we
would expect ∆Neff to be highest for low values of MX

For  ~100 MeV boson 
One can easily suppress  
N_eff to below 0.5 
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Comments 

•  Detailed dynamics should consider MSW 
resonances 

•  Adiabaticity effects 
•  Non-forward scattering processes 
•  Sterile neutrino decoupling is slightly earlier 

than 1 MeV due to mixing angle suppression 
•  Tails of the thermal distribution 
•  V << T, so relativistic approximation holds 
•  Heavy M (~40-100 MeV) spoils BBN 
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Post-BBN Thermalization 
3

FIG. 1: Neutrino refractive and collisional rates (normalized in terms of the Hubble rate) versus temperature T for gX = 0.1.
Left panel corresponds to GX = 108 GF and MX = 1.2 MeV, while right panel to GX = 1010 GF and MX = 0.12 MeV. The
curves correspond to the active-sterile vacuum term (solid curve), the secret matter potential for ρss = 10−1 (dotted curve), and
the production rate Γt associated with G2

X , assuming a sterile neutrino abundance from vacuum oscillations (dashed curve).

collisional effects. As shown in [24, 25], the combination
of precession and damping can lead to different behaviors
depending on the relative strength of the two effects.
In particular, when the typical oscillation rate (t−1

osc),
collision rate (t−1

coll) and the expansion rate of the universe
(H), obey the hierarchy t−1

osc ≫ t−1
coll ≫ H the damping

term would lead to PT = 0, with the system evolving
towards the flavor equilibrium. Namely, starting with a
pure active flavor state, corresponding to ρ = diag(1, 0),
the final density matrix would be ρ = diag(1/2, 1/2) with
both active and sterile states equally populated. The av-
eraged relaxation rate to reach this chemical equilibrium
is [9, 24]

Γt ≃ ⟨P (να → νs)⟩collΓX , (7)

where ⟨P (να → νs)⟩coll is the conversion probability of
an active into a sterile neutrino averaged over a collision
time scale. Notice that this rate is non zero as soon as
an initial sterile neutrino density is produced when the
matter term becomes of the order of the vacuum oscil-
lation frequency. This initial sterile abundance is again
proportional to the conversion probability. Thus Γt is, at
first, proportional to the square of ⟨P (να → νs)⟩coll.
In the following we will show that the conditions for

flavor equilibrium are always fulfilled at T ≪ 1 MeV,
leading to a copious sterile neutrino production.

III. STERILE NEUTRINO PRODUCTION BY
DAMPING

In Fig. 1 we show the behavior of the different neutrino
refractive and collisional rates normalized to the Hubble
rate H(T ), versus photon temperature T (see [4] for de-
tails). For the sake of illustration, we show the quantity

of Eq. (2)-(5) averaged over thermal Fermi-Dirac distri-
butions. Results are shown for gX = 10−1. Left panel is
for GX = 108 GF and MX = 1.2 MeV, while right panel
corresponds to GX = 1010 GF and MX = 0.12 MeV.
We show the active-sterile vacuum term (solid curve)
and the secret matter potential (dotted curve) assuming
ρss = ns/na = 10−1 , an indicative value when ster-
ile neutrinos are about to be excited. We note that for
T > MX the real form of the matter potential would de-
viate from the contact structure of Eq. (3) used in the
Figure (see [6]). In particular, for T ≃ MX the potential
would vanish, leading to a possible production of νs when
this condition is fulfilled. However, since the duration
of this phase is expected to be shorter than the inverse
of the sterile neutrino production rate Γ−1

t , for simplic-
ity we neglect this possible (small) extra-contribution of
sterile neutrinos. In the left panel a resonance would take
place at T ≃ 3 × 10−2 MeV, while in the right panel at
T ≃ 7× 10−3 MeV. This resonance excites sterile states.

In principle one should perform numerical simulations
in a (3+1) scheme in order to calculate the resonant ster-
ile neutrino abundance and the further flavor evolution.
However, in the presence of the very large matter poten-
tial and collisional term, induced by the secret interac-
tions, these would be computationally demanding. More-
over, our main argument is not related to the details of
the corresponding dynamics. Therefore, for simplicity we
assume that the resonance is completely non-adiabatic,
so we have to take into account only the vacuum produc-
tion of sterile neutrinos at lower temperatures when the
matter term becomes smaller than the vacuum oscillation
term, associated with ∆m2

st. This is a very conservative
assumption. However, it allows us to easily compute the
flavor evolution and is enough to show the role of the
damping term.

Mirizzi, Mangano, Pisanti, Saviano (2014) 

For  ~1 MeV boson, 
one equilibrates sterile  
and active neutrinos through  
collisional decoherence 
 
In some cases tension with 
mass bounds L 

This constraint rules out almost all parameter space except two regions at M~1 MeV 
and g~10^-4 and at M ~ 0.1 MeV with g~0.1   
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Evading LSS bounds using A’ 

1 eV neutrinos are strongly 
constrained by SDSS data 
 
But if interacting via A’ evade 
LSS bound by never really 
free-streaming until matter-
radiation equality 
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Viel et al. (2013) 
Chu Dasgupta, and Kopp (2015) 

1 eV neutrinos are strongly constrained 
by Lyman-Alpha data 
 
Seem to be OK if interacting via A’ 
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Is any parameter space allowed? 

Chu, Dasgupta, and Kopp (2015) 

Perhaps in tension with active nu 
free-streaming 

Archidiacono and Hannestad (2014) 
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Collisional Production Revisited 

Cherry, Friedland, Shoemaker (2016) 

Key Point: The x-section for scattering is g^4/M^2 not g^4/T^2 at low T 
 
This has significant impact on the parameter space and it appears prima facie 
that all of the parameter space is now disfavored 
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Ok, so if not neutrinos, then what? 
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Getting Rid of Neutrinos 

A “Pas de Deux” – Dark Radiation Fattens and Pu↵s-up Dark Matter Halos
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We show that a scalar and a fermion charged under a global U(1) symmetry can not only explain
the existence and abundance of dark matter (DM) and dark radiation (DR), but also imbue DM
with improved scattering properties at galactic scales, while remaining consistent with all other
observations. Delayed DM-DR kinetic decoupling eases the missing satellites problem, while scalar-
mediated self-interactions of DM ease the cusp vs. core and too big to fail problems. In this scenario,
DM is expected to be pseudo-Dirac and have a mass 100 keV � m� � 10GeV. The predicted DR
may be measurable using the primordial elemental abundances from big bang nucleosynthesis (BBN),
and using the cosmic microwave background (CMB).

PACS numbers: 95.35.+d

Introduction.– Cosmological and astrophysical data
now firmly point towards the existence of new nonrela-
tivistic particles, dubbed dark matter (DM), and there is
a vigorous experimental program underway to discover
these particles and measure their properties. Dark radi-
ation (DR), on the other hand, refers to new relativis-
tic particles that contribute to the cosmological energy
density but are otherwise decoupled from ordinary mat-
ter and radiation. There is neither clear evidence nor
a definitive exclusion, but several independent analyses
of cosmological data show tantalizing hints for DR [1–5],
most recently to reconcile the results from Planck [6] with
those from BICEP2 [7].

Candidate particles for DR have been motivated by ex-
perimental results, e.g., additional neutrinos that explain
oscillation anomalies, or to address conceptual problems
in the visible sector, e.g., thermal axions that solve the
strong CP problem. On the other hand, DR may have
little to do with the observed particles in the Universe
and instead may simply be light particles in the dark sec-
tor, e.g., as in refs. [8–12]. Weinberg recently presented a
set-up [13], where the Goldstone bosons of a global sym-
metry in the dark sector lead to dark radiation, while
the residual symmetry provides stability to a fermionic
DM candidate. Its phenomenology has been explored in
subsequent works [14–19]. In this Letter, we show that if
DM and DR share this common origin, it may naturally
solve long-standing problems in DM structure-formation.

A weakly interacting massive particle explains the cos-
mological abundance of DM, but there are hints from
observations of dwarf galaxies and the Milky-Way that
something may be lacking in this description. N-body
simulations of collisionless cold DM [20] predict numer-
ous dwarf satellite galaxies of the Milky-Way, that are
not seen, viz., the missing satellites problem [21]. They
also predict cuspy halos in dwarf galaxies where cores
are observed [22, 23], viz. the cusp vs. core problem, and

highly massive subhalos of Milky-Way-type galaxies that
would be expected to host stars, but which aren’t ob-
served, viz., the too big to fail problem [24]. It has been
considered that inclusion of more detailed astrophysi-
cal processes [25–29], e.g., supernova feedback, low star-
formation, tidal e�ects, etc., or new DM physics [30–34],
e.g., self-interactions, warm DM, decays/annihilations,
or DM-“baryon” coupling etc., can solve some of these
problems. Exotic interactions between DM and ordinary
matter, e.g., neutrinos [35] or sterile neutrinos [36] may be
able to address all these persistent problems. However,
almost all models invoke additional physics specifically
to address the small-scale problems.

We show that (i) DM scattering o� the DR bath, com-
posed of the Goldstone bosons of the global symmetry,
leads to delayed kinetic decoupling that erases the least
massive DM halos, which can mitigate the missing satel-
lites problem, and (ii) DM self-scattering mediated by
the scalar mode leads to smoothening of the inner cusps
of small galactic halos, which alleviates the cusp vs. core
and too big to fail problems. Together, they can ease
all tensions between observations and cold DM simula-
tions, with no need for any other particles or interactions.
Simultaneously, the observed DM density and all other
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⇧ becomes a massless Goldstone field while its CP-even
component � remains. At the same time, the last term in
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↵± with massesm⌃
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ual symmetry, i.e., ↵± ⌥ �↵± and (�, ⇧)⌥ (�, ⇧), guar-
antees that the lighter mass eigenstate, which we take to
be ↵
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, is stable, and therefore a viable DM candidate.

Relativistic dark particles, e.g., the massless Goldstone
mode ⇧, yield DR.
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cesses mediated by the ↵�⌦ interaction in Eq. (1), which,
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The temperatures of the dark and the visible sectors
are defined to be the temperatures of the bath of ⇧ and
photons (denoted by ⇥), respectively. We will assume
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chemical freeze-out is determined by the co-annihilation
process ↵

+
↵

�
⌥ � ⇧, with the co-annihilation cross sec-

⇥� ⇥�

� �

⇥+ ⇥+

⇥� ⇥�

� �

�� ��

⌘ ⌘

⇢

Figure 1. DM-DR scattering via u, s, and t channels.
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served DM fraction ⇥DM = 0.11h�2 is obtained, depend-
ing on the details of g⇥d,v at the temperature of freeze-

out, for ⌦ v↵  (2 � 5) ⇥ 10�26 cm3/s [37]. We take
⌦ v↵ = 3⇥10�26 cm3/s as an illustrative value. Note that
the observed ⇥DM needs fd ⌃ 1, which self-consistently
motivates the smallness of �m⌃ (⌅ 2fdv⇧), without fine-
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where ⇤ ⌅ �m⌃/m⌃ is the fractional mass di⇤erence, and
⌃kd ⌅ (T⇥/T�)|kd, which is in the range of (0.5 � 0.8).
DM-DR scattering can lower Tkd, which enhances the
acoustic damping cuto⇤, Mcut, in the structure power
spectrum. Quantitatively [39], we have Mcut  1.7 ⇥
108 (Tkd/keV)

�3 M⌅, such that Tkd  0.5 keV, ensures
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that T⌦ is a temperature above which the dark sector was
in thermal equilibrium with the visible sector. This may
have been through processes common to both sectors at
high-scale, e.g., inflaton decay. Below this temperature,
the two sectors are decoupled but the conservation of
entropy relates the temperatures in the two sectors as

T⇥ =

�
g⇥d(T⌦)

g⇥d(T⇥)

g⇥v(T�)

g⇥v(T⌦)

⇥1/3

T� , (3)

where g⇥(T ) are the e⇤ective number of relativistic de-
grees of freedom in the dark (d) and visible (v) sectors,
respectively, at their temperatures T . Typically, the fac-
tor in brackets is slightly smaller than 1, and T⇥ � T� .

The DR density is given by relativistic particles in
the dark sector, i.e., �DR = ⌥2g⇥dT

4
⇥ /30, which is con-

veniently parametrized as an additional number of neu-
trinos species,

�N⇤ ⌅
�DR

�⇤
=

4g⇥d
7

�
T⇥

T⇤

⇥4

, (4)

using the known energy density �⇤ of a single flavor of
an active neutrino at temperature T⇤ .

The DM density is set by its chemical freeze-out. In
the regime of our interest (where �m⌃ ⌃ m⌃) the DM
chemical freeze-out is determined by the co-annihilation
process ↵

+
↵

�
⌥ � ⇧, with the co-annihilation cross sec-

⇥� ⇥�

� �

⇥+ ⇥+

⇥� ⇥�

� �

�� ��

⌘ ⌘

⇢

Figure 1. DM-DR scattering via u, s, and t channels.

tion approximately given by [15],

⌦ v↵  �2
d⌥

m2
⌃

, (5)

where �d = f2
d/(4⌥). The contribution from all other

channels are p-wave suppressed and subleading. The ob-
served DM fraction ⇥DM = 0.11h�2 is obtained, depend-
ing on the details of g⇥d,v at the temperature of freeze-
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in the limit of �m⌃ ⌃ m⌃ and where � is the energy of
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where ⇤ ⌅ �m⌃/m⌃ is the fractional mass di⇤erence, and
⌃kd ⌅ (T⇥/T�)|kd, which is in the range of (0.5 � 0.8).
DM-DR scattering can lower Tkd, which enhances the
acoustic damping cuto⇤, Mcut, in the structure power
spectrum. Quantitatively [39], we have Mcut  1.7 ⇥
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with cosmological observations, and testable in the near
future.

Explain why this is new: A minimal model where one
doesn’t even need the SM for explaining DM properties.
The DM simply scatters o⇤ a bath of the force mediator
itself. Compare with previous results. Explain why this
is important: There is a lot of experimental e⇤ort to make
more precise measurements of Neff and the model could
be testable. It solves many problems all at once, without
having many free parameters. Explain why this a⇤ects
a wide audience: It a⇤ects cosmology and astrophysics,
as well as DM particle physics. Explain the plan of the
paper.

Dark Matter and Dark Radiation.– The La-
grangian of Weinberg’s model is written as1

L ⌃ �µ�
⇤�µ�+ µ2

⌅|�|2 � ⇤⌅|�|4

+ i ̄�µ�µ � M  ̄ � (
f↵
2
� ̄ c + h.c.), (1)

where � and  are a complex scalar and a Dirac fermion,
respectively. At this stage, we neglect the possible mixing
of the SM Higgs and � field.

After � obtains a vev, i.e. v⌅, to break the global U(1),
its CP-odd component ⇥ becomes a massless Goldstone
field while its CP-even component ⌃ remains. At the
same time, the last term in Eq. (1) splits the Dirac
fermion field into two mass eigenstates, �� and �+. The
interaction terms now are given by

� f

2
· ⌃( ̄+ + �  ̄� �) � f

2
· ⇥( ̄+ � +  ̄� +). (2)

The obvious Z2 residual symmetry gurantees that the
lighter mass eigenstate (say  �, denoted as  below) is
stable, and therefore a valid dark matter candidate.

Meanwhile, the residual of massless ⇥ yields dark radi-
ation. The existence of extra radiation has been a long-
standing suspicion based on several experimental mea-
surements, although the latest Planck results have put a
stringent bound on it. Recall that from Planck []

Ne� = 3.36+0.68
�0.64 (95%; Planck +WP + hightL). (3)

It means that even extra physical degrees of freedom of
0.3 (or equivalently, �Ne� ⇤ 0.57 at recombination time)
is still allowed.

Review the model in detail and say everything that
has been done by Weinberg and Ibarra, and how this is
interesting.

Talk about the cosmological evolution of the model
and show how it gives DR and how are the temperatures
related.

1 Here we adopt the formulae used in [? ].

Mention that if dark sector decouples from SM par-
ticles after dark matter freeze-out, the bound on Fig.10
in [? ] applies. However, another possibility which was
missing is that dark sector decouples before, and under-
goes its own reheating processes when massive dark par-
ticles become non-relativistic. This possibility naturally
leads to �Neff around 0.3 – 0.5.2

Dark Matter Freeze-Out.–In the freeze-out sce-
nario, if the two Majorana fermions are nearly de-
generate, the DM relic density is determined the co-
annihilation channel  +  � ⌅ ⌃ ⇥, with the co-
annihilation cross section approximates to

�⌥v ⇧ f4

16⇧m2
⇧

(4)

at the limit of both m⇧+ ⇤ m⇧� =̂ m⇧ and m⇤/m⇧ ⌅ 0.
This is the parameter region this paper is concerned with.

Although the dark sector may have its own tempera-
ture T ⌅ di⇤erent from T� , T ⌅/T� at later time needs to
be larger than ⇤ 0.7 as long as one wants a detectable
extra radiation. Therefore, the value of �⌥v required for
the observed ⇥DM is close to 1 pb (see footnote. 2).

Scattering of Dark Matter .– In this scenario, dark
matter particles scatter with each other via the mediating
scalar ⌃, see , see Fig. 1. Among the three inequivalent
Feynman diagrams, t-and u-channel dominate the self-
interaction due to the smallness of the energy transfer.3

At non-relativistic limit, the squared-matrix element is
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Figure 1. t, u, s-channel self-scattering diagrams.

approximated by

|iM|2 ⇧
4m4

⇧

m4
⇤

. (5)

Moreover, at nonrelativistic limit this interaction is bet-
ter described by an attractive Yukawa potential in the
form of

V (r) = � f2

4⇧r
e�r·m⇢ , (6)

whose cross section has been studied extensively in the
literature [? ]. For instance, in the Born regime

2 Although a dark freeze-out with T 0 implies a smaller thermal
annihilation cross section, ↵f / h(T 0/T i)1/2.

3 Note that, even though, there is a relative minus sign in the
amplitudes of the two channels.
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cesses mediated by the ↵�⌦ interaction in Eq. (1), which,
after symmetry breaking, is rewritten as
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We will show that when ↵
�
and ↵

+
are quasi-degenerate,

i.e., m⌃
+
�m⌃

�
⌅ �m⌃ ⌃ m⌃, the scattering processes

can be appreciable and important. However, before we
get to that, let’s consider the cosmological abundance of
DR and DM in this scenario.

The temperatures of the dark and the visible sectors
are defined to be the temperatures of the bath of ⇧ and
photons (denoted by ⇥), respectively. We will assume
that T⌦ is a temperature above which the dark sector was
in thermal equilibrium with the visible sector. This may
have been through processes common to both sectors at
high-scale, e.g., inflaton decay. Below this temperature,
the two sectors are decoupled but the conservation of
entropy relates the temperatures in the two sectors as
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�
g⇥d(T⌦)

g⇥d(T⇥)

g⇥v(T�)

g⇥v(T⌦)

⇥1/3

T� , (3)

where g⇥(T ) are the e⇤ective number of relativistic de-
grees of freedom in the dark (d) and visible (v) sectors,
respectively, at their temperatures T . Typically, the fac-
tor in brackets is slightly smaller than 1, and T⇥ � T� .

The DR density is given by relativistic particles in
the dark sector, i.e., �DR = ⌥2g⇥dT

4
⇥ /30, which is con-

veniently parametrized as an additional number of neu-
trinos species,
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⇥4

, (4)

using the known energy density �⇤ of a single flavor of
an active neutrino at temperature T⇤ .

The DM density is set by its chemical freeze-out. In
the regime of our interest (where �m⌃ ⌃ m⌃) the DM
chemical freeze-out is determined by the co-annihilation
process ↵

+
↵

�
⌥ � ⇧, with the co-annihilation cross sec-
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Figure 1. DM-DR scattering via u, s, and t channels.

tion approximately given by [15],

⌦ v↵  �2
d⌥

m2
⌃

, (5)

where �d = f2
d/(4⌥). The contribution from all other

channels are p-wave suppressed and subleading. The ob-
served DM fraction ⇥DM = 0.11h�2 is obtained, depend-
ing on the details of g⇥d,v at the temperature of freeze-

out, for ⌦ v↵  (2 � 5) ⇥ 10�26 cm3/s [37]. We take
⌦ v↵ = 3⇥10�26 cm3/s as an illustrative value. Note that
the observed ⇥DM needs fd ⌃ 1, which self-consistently
motivates the smallness of �m⌃ (⌅ 2fdv⇧), without fine-
tuning.

Scattering in the Dark Sector.– The DM particle
↵

�
scatters with DR, i.e., the massless pseudoscalar ⇧,

through the processes shown in Fig. 1. The cross section
for DM-DR scattering is
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in the limit of �m⌃ ⌃ m⌃ and where � is the energy of
⇧ in the center-of-mass frame, roughly T⇥. One can see
that a small �m⌃ enhances the DM-DR scattering.

DM remains in kinetic equilibrium with DR until the
momentum exchange rate due to this process becomes
smaller than the Hubble expansion rate [33, 38], i.e.,
(T⇥/m⌃)n⇥⌦ ⇥⌃

�
↵ ⇧ H(T�) , where n⇥ = 3⌅(3)T 3

⇥ /(4⌥
2)

is the DR number density. The above condition de-
termines the temperature of kinetic decoupling, Tkd ⌅
T� |kd. We have

Tkd  0.5 keV
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⇥1/3

⌃�4/3
kd , (7)

where ⇤ ⌅ �m⌃/m⌃ is the fractional mass di⇤erence, and
⌃kd ⌅ (T⇥/T�)|kd, which is in the range of (0.5 � 0.8).
DM-DR scattering can lower Tkd, which enhances the
acoustic damping cuto⇤, Mcut, in the structure power
spectrum. Quantitatively [39], we have Mcut  1.7 ⇥
108 (Tkd/keV)

�3 M⌅, such that Tkd  0.5 keV, ensures

the smallest DM halos are larger than about 109M⌅,
which eases the missing satellites problem [40].

DM particles can scatter with each other via ↵
�
↵

�
�

↵
�
↵

�
, mediated by the scalar �. The t and u channel

amplitudes dominate the self-scattering due to the small-

3

ness of the energy transfer. In the nonrelativistic limit,
the squared-matrix element is approximately |iM|2 ⇧
4m4

⌅/m
4
⇥, and the interaction is better described by

an attractive Yukawa potential V (r) = �(�d/r)e
�rm⇢ ,

whose cross section has been studied extensively in the
literature [41–43]. For instance, in the Born regime,
�dm⌅/m⇥ ⌅ 1, the scattering cross section in the center
of mass frame, ⌃T =

⇤
d⇥ (d⌃/d⇥)(1 � cos ⇤), is given

by [42]
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with R ⇥ vrelm⌅/m⇥. Here, vrel is the relative velocity
of the two colliding DM particles. We use ⌃T in the
nonperturbative and resonant regimes from ref. [43].

The self-scattering of DM can address the other two
small-scale problems of DM. N-body simulations show
that ⌃⌃T ⌥/m⌅ ⇤ (0.1 � 1) cm2/g at vrel ⇤ 10 km/s leads
to smoothening of the inner ⇤ 1 kpc of DM halos in
dwarf galaxies and mitigates the cusp vs. core prob-
lem [44, 45]. Here, ⌃...⌥ denotes an average over the ve-
locity distribution, which we take to be of the Maxwell-
Boltzmann form with dispersion vrel. The same e⇤ect
also tends to make the inner region of dwarf-sized dark
matter halos less dense, and is able to alleviate the too
big too fail problem [45, 46]. On the other hand, obser-
vations of colliding galaxy clusters, e.g., the Bullet clus-
ter, do not show evidence for DM-DM interactions and
thus require ⌃⌃T ⌥/m⌅ < 1 cm2/g at typical velocities of

vrel ⇤ 103 km/s therein [47]. An ab initio calculation, in-
cluding the above e⇤ects, will provide a more detailed
and quantitative prediction of the small-scale structure.

In Fig. 2, we show the parameter space where the ob-
served DM abundance is obtained through its chemi-
cal freeze-out and all the small-scale problems of DM
structure-formation are solved simultaneously. For a
given DM mass, the relic density fixes �d (shown on the
top x-axis). To solve the cusp vs. core and too big to fail
problems, one needs ⌃⌃T ⌥/m⌅ ⇤ (0.1�1) cm2/g at vrel ⇤
10 km/s, which determines m⇥ in terms of m⌅ (shaded
band). The oscillatory behavior comes from resonances
in the DM scattering. To mitigate the missing satel-
lites problem the DM-DR scattering must be enhanced
through a near-degeneracy of the masses of �±. The
corresponding value of ⇥, which leads to Tkd = 0.5 keV
and hence to Mcut ⇧ 109 M⇤, is shown through a color-
gradient inside the band. We also show the constraint
from the galaxy clusters that ⌃⌃T ⌥/m⌅ < 1 cm2/g for

vrel ⇤ 103 km/s (hatched region at the bottom is ruled
out), and that the theory for the complex scalar ⌥ is
perturbative, i.e., ⌅⇤/(4⇧) . 1 (below dashed line).

Some comments are in order about the scenario we
identify above. If m⌅ . 100 keV, DM is no longer a truly
cold relic, and ⇥ is no longer small. Also, m⇥ becomes
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Figure 2. Solution of all small-scale problems of DM. For
a DM mass m⇥, the coupling �d (top x-axis) is determined
by the relic density. Small-scale problems are solved within
the band. Three thin solid lines in the band correspond
to ⇤⇤T ⌅/m⇥ ⇥ 0.1, 1, 10 cm2/g, respectively (top-down), at
vrel ⇥ 10 km/s, addressing the cusp vs. core and too big to
fail problems. The color-gradient inside shows the common
logarithm of ⇥ � �m⇥/m⇥, which leads to Tkd = 0.5 keV
and solves the missing satellites problem. The hatched re-
gion at the bottom shows the constraint from galaxy clusters,
⇤⇤T ⌅/m⇥ . 1 cm2/g at vrel ⇥ 103 km/s, while the dashed line
indicates the largest m� for which the scalar potential for ⌅
is perturbative.

light enough that it directly contributes to DR around
Tkd. On the other hand, ifm⌅ & 10GeV the potential for
⌥ is no longer perturbative. We therefore find 100 keV .
m⌅ . 10GeV to be best-motivated.

Predictions and Constraints.– The previous con-
siderations show that the complete scenario is specified in
terms of the DM mass if we require that the small-scale
problems of DM be resolved. This has two interesting
and generic consequences – (i) DR leads to an observ-
able prediction for �N� , and (ii) m⌅ is predicted in the
100 keV - 10GeV range, which may be testable at collid-
ers and direct detection experiments aimed at light DM.

Fig. 3 shows the prediction for �N� in BBN and CMB
epochs. �N� increases with a later decoupling, i.e., lower
T⇧, because the decaying SM particles heat up the dark
sector as well. This is most apparent for T⇧ . 0.2GeV,
i.e., below the QCD crossover. There is also a signature
step-like dependence on m⌅, because of energy injection
in the dark sector from m⌅ and m⇥ decays. If m⌅ > T⇧,
then DM freeze-out heats up both the visible and dark
sectors and e⇤ectively lowers �N� . On the other hand,
if m⌅ and/or m⇥ ⇧ 10�3m⌅ & TBBN ⇧ 1MeV, then
the DR bath is heated up by their annihilations/decays,
increasing �N� at BBN. These e⇤ects lead to sharp
changes in �N� across the mass thresholds. Such an
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where ⌦ is a complex scalar and ↵ is a 4-component
fermion, both charged under a global U(1) symmetry.
After symmetry-breaking, ⌦ ⌅ (v⇧ + � + i⇧)/
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2 has a

vacuum expectation value v⇧. Its CP-odd component
⇧ becomes a massless Goldstone field while its CP-even
component � remains. At the same time, the last term in
Eq. (1) splits the fermion field into two mass eigenstates
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ual symmetry, i.e., ↵± ⌥ �↵± and (�, ⇧)⌥ (�, ⇧), guar-
antees that the lighter mass eigenstate, which we take to
be ↵
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, is stable, and therefore a viable DM candidate.

Relativistic dark particles, e.g., the massless Goldstone
mode ⇧, yield DR.

We will be interested in DM and DR scattering pro-
cesses mediated by the ↵�⌦ interaction in Eq. (1), which,
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can be appreciable and important. However, before we
get to that, let’s consider the cosmological abundance of
DR and DM in this scenario.

The temperatures of the dark and the visible sectors
are defined to be the temperatures of the bath of ⇧ and
photons (denoted by ⇥), respectively. We will assume
that T⌦ is a temperature above which the dark sector was
in thermal equilibrium with the visible sector. This may
have been through processes common to both sectors at
high-scale, e.g., inflaton decay. Below this temperature,
the two sectors are decoupled but the conservation of
entropy relates the temperatures in the two sectors as
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where g⇥(T ) are the e⇤ective number of relativistic de-
grees of freedom in the dark (d) and visible (v) sectors,
respectively, at their temperatures T . Typically, the fac-
tor in brackets is slightly smaller than 1, and T⇥ � T� .

The DR density is given by relativistic particles in
the dark sector, i.e., �DR = ⌥2g⇥dT

4
⇥ /30, which is con-

veniently parametrized as an additional number of neu-
trinos species,

�N⇤ ⌅
�DR

�⇤
=

4g⇥d
7

�
T⇥

T⇤

⇥4

, (4)

using the known energy density �⇤ of a single flavor of
an active neutrino at temperature T⇤ .
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Figure 1. DM-DR scattering via u, s, and t channels.
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where �d = f2
d/(4⌥). The contribution from all other

channels are p-wave suppressed and subleading. The ob-
served DM fraction ⇥DM = 0.11h�2 is obtained, depend-
ing on the details of g⇥d,v at the temperature of freeze-

out, for ⌦ v↵  (2 � 5) ⇥ 10�26 cm3/s [37]. We take
⌦ v↵ = 3⇥10�26 cm3/s as an illustrative value. Note that
the observed ⇥DM needs fd ⌃ 1, which self-consistently
motivates the smallness of �m⌃ (⌅ 2fdv⇧), without fine-
tuning.

Scattering in the Dark Sector.– The DM particle
↵
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scatters with DR, i.e., the massless pseudoscalar ⇧,

through the processes shown in Fig. 1. The cross section
for DM-DR scattering is
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in the limit of �m⌃ ⌃ m⌃ and where � is the energy of
⇧ in the center-of-mass frame, roughly T⇥. One can see
that a small �m⌃ enhances the DM-DR scattering.

DM remains in kinetic equilibrium with DR until the
momentum exchange rate due to this process becomes
smaller than the Hubble expansion rate [33, 38], i.e.,
(T⇥/m⌃)n⇥⌦ ⇥⌃
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is the DR number density. The above condition de-
termines the temperature of kinetic decoupling, Tkd ⌅
T� |kd. We have
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where ⇤ ⌅ �m⌃/m⌃ is the fractional mass di⇤erence, and
⌃kd ⌅ (T⇥/T�)|kd, which is in the range of (0.5 � 0.8).
DM-DR scattering can lower Tkd, which enhances the
acoustic damping cuto⇤, Mcut, in the structure power
spectrum. Quantitatively [39], we have Mcut  1.7 ⇥
108 (Tkd/keV)

�3 M⌅, such that Tkd  0.5 keV, ensures

the smallest DM halos are larger than about 109M⌅,
which eases the missing satellites problem [40].

DM particles can scatter with each other via ↵
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, mediated by the scalar �. The t and u channel

amplitudes dominate the self-scattering due to the small-
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Solving Small-Scale Problems 
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Dark Radiation Predictions 

Chu and Dasgupta, 2014 (PRL) 
dNeff > 0.1 is detectable using 
EUCLID, via lensing of the CMB  
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Kinetic Decoupling Revisited 

Kine tic decoupling

10-7 10-6 10-5 10-4
10-6

0.001

1

1000

106

T @GeVD

Ghc

H

Our previous result ignored some small correction suppressed by m_DM 
and crudely treated the thermal averaging. These corrections lead to 
further delaying of kinetic decoupling  
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Sommerfeld Enhancement 

v/c = 10-3
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P-wave suppressed DM annihilation is hugely enhanced by Sommerfeld 
effects at late times. This can even become the dominant annihilation 
channel even at early times (exceeding the s-wave coannihilation rate) and 
at late times! 

Das and Dasgupta (to appear) 

P-wave annihilation 
exceeds s-wave 
coannihilation 

Annihilation x-sec 
Divided by  
Coannihilation x-sec 
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Summary and Outlook 

Solution of the missing satellites problem using particle 
physics is possible with DM-DR interactions. These can 
be included in models which have DM-DM interaction 
 
Using neutrinos as the radiation bath is getting 
constrained, as there are tensions with BBN, CMB, 
oscillation expts. etc. 
 
Using a Goldstone boson of a same symmetry that gives 
DM self-interaction remains attractive. Finite-T and 
Sommerfeld corrections are very important. Indirect 
detection may become possible at late times! 
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