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Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

subdominant impact compared to the effect of DM collisions. This
was already seen, albeit not as clearly, in Fig. 5.

The apparent reduction of substructure is quantified in more
detail in Fig. 8, where we show the cumulative distribution of sub-
haloes within 300 kpc of the halo centre as a function of their
peak circular velocity Vmax. The left panel shows the cumulative
number on a linear scale, and includes observational data from
Polisensky & Ricotti (2011). The MS problem is apparent since
there are significantly more CDM subhaloes than visible satellites.
This discrepancy can be solved or alleviated through a combination
of photo-evaporation and photo-heating when the Universe was
reionised, and supernova feedback (e.g. Efstathiou 1992; Gnedin
2000; Benson et al. 2002; Koposov et al. 2008), although photo-

evaporation and photo-heating alone may not be enough to bring
the predicted number of massive, luminous satellites into agree-
ment with observations (e.g., Boylan-Kolchin et al. 2012; Brooks
et al. 2013). The plot also demonstrates that the reduction of sub-
structure in ETHOS-1 to ETHOS-3 alleviates the abundance prob-
lem significantly. The strong damping in the power spectrum of
model ETHOS-1 leads to a very significant reduction of satellites
which is quite close to the data, perhaps too close given the ex-
pected impact of reionisation and supernovae feedback. If these
processes were to be included in our simulations with a similar
strength as they are included in hydrodynamical simulations within
CDM, model ETHOS-1 would be ruled out. One must be cautious
however, since the strength of these processes is not known well
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Figure 1. Properties of the effective DM models relevant for structure formation. Left: Linear initial matter power spectra (�linear(k)2 = k3Plinear(k)/2⇡2)
for the different models (CDM and ETHOS models ETHOS-1 to ETHOS-4) as a function of comoving wavenumber k. The ETHOS models differ in the
strength of the damping and the dark acoustic oscillations at small scales. As a reference, we also include thermal-relic-WDM models, which are close to each
model in ETHOS. Right: Velocity dependence of the transfer cross-section per units mass (�T /m) for the different ETHOS models. Models ETHOS-1 to
ETHOS-3 have �T /m / v�4

rel for large relative velocities. For low velocities the cross sections can be as high as 100 cm2 g�1.

the outstanding small-scale problems of the MW satellites. Finally,
we present our summary and conclusions in Section 5.

2 EFFECTIVE MODELS

The different DM models that we investigate in this paper are sum-
marised in Table 1. For all simulations we use the following cos-
mological parameters: ⌦m = 0.302, ⌦⇤ = 0.698, ⌦b = 0.046,
h = 0.69, �8 = 0.839 and ns = 0.967, which are consistent
with recent Planck data (Planck Collaboration et al. 2014; Spergel
et al. 2015). We study mainly five different DM models, which we
label CDM and ETHOS-1 to ETHOS-4. In the parameter space of
ETHOS, these models are represented by a specific transfer func-
tion (see left panel of Fig. 1 for the resulting linear dimensionless
power spectra), and a specific velocity-dependent transfer cross-
section for DM (see right panel of Fig. 1). Our discussion will
mostly focus on ETHOS-1 to ETHOS-3, which demonstrate the ba-
sic features of our ETHOS models. ETHOS-4 is a tuned model that
was specifically set up to address the small-scale issues of CDM
(the MS problem and the TBTF problem). We discuss this model
towards the end of the paper.

These models arise within the effective framework of ETHOS,
described in detail in ?, which we summarise in the following.
ETHOS provides a mapping between the intrinsic parameters (cou-
plings, masses, etc.) defining a given DM particle physics model,
and (i) the effective parameters controlling the shape of the linear
matter power spectrum, and (ii) the effective DM transfer cross sec-
tion (h�T i/m�); both at the relevant scales for structure formation.

Schematically:
n
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n
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h�T i1000

m�
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,(1)

where the parameters on the left are the intrinsic parameters of the
dark matter model: m� is the mass of the dark matter particle, {gi}
represents the set of coupling constants, {hi} is a set of other inter-
nal parameters such as mediator mass {mi} and number of degrees
of freedom, and ⇠ = (TDR/TCMB)|z=0 is the present day DR to
CMB temperature ratio.

The effective parameters of the framework are on the right of
Eq. 1, which in all generality include the doublet {bn,�l} char-
acterising the evolution of dark radiation perturbations, while the
triplet {dn,m�, ⇠} determines the adiabatic sound speed of dark
matter. The latter is very small for non-relativistic dark matter,
thus, it has no impact on the evolution of dark matter perturba-
tions (except on very small scales, irrelevant for galaxy forma-
tion/evolution). On the other hand, since in this work we are only
interested on the evolution of dark matter perturbations, the param-
eters {bn,�l} can be neglected since they have very little impact
on the actual structure of the linear matter power spectrum. More
precisely, when the DR-DR interactions decouple later than the
DR-DM interactions, these terms should be taken into account but
they only affect scales at and smaller than that of the second DAO
peak in the linear power spectrum. This would introduce only mi-
nor corrections that can be neglected for the purpose of following
the non-linear evolution of structures. We are therefore left only
with the doublet {an,↵l}, which fully characterises the evolution
of the dark matter perturbations, with the set of l�dependent coeffi-
cients ↵l encompassing information about the angular dependence
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Figure 19. Limits on the mixing angle sin2(2✓) as a function of sterile neutrino DM mass. The
bounds are based on the works [270, 449, 466, 469, 480, 499, 500, 500, 501, 503, 504, 776, 780–
784, 787–789, 791, 792, 794, 795, 854]. All bounds are smoothed and additionally divided by a factor
of 2 to take into account possible uncertainties in the DM content of a given object. A lower bound
on sin2 ✓ for a given DM mass can be imposed if the DM is produced via active-sterile mixing, see
section 5.1.3, but is model dependent.

the Milky way [482].
A difficulty in interpreting the origin of a weak emission line is inherent uncertainty

in the astrophysical backgrounds, in particular in the flux of plasma emission lines. The
strongest uncertainty comes from two potassium lines, K XVIII at 3.47 and 3.51 keV. Given
the spectral resolution of the XMM-Newton, within the systematic uncertainty the flux could
be attributed to emission from these K XVIII plasma lines. Ref. [1026] argued that considering
a larger range of plasma temperatures reduces the tension between the observed 3.5 keV line
flux in clusters and the expectations from known plasma lines (see however the subsequent
discussion in [806, 807, 1029]). The interpretation of the 3.5 keV line as a plasma line would
imply that its surface brightness profile must trace the density of the plasma (more precisely:
the distribution of potassium). If it is a DM line it should, on the other hand, trace the
overall distribution of DM, which dominates the gravitating matter in Perseus and other
clusters. This point is disputed: While the analysis in [471] suggests that the line traces
the overall matter distribution (pointing towards DM), the authors of [1033] conclude that
the morphology is incompatible with the DM interpretation. The Potassium interpretation
also cannot explain the origin of the line in the Andromeda galaxy reported in [184], the
significance of which is, however, disputed [806, 1026].

Systematic errors in instrumental calibration and/or systematics induced by the analysis
procedure may impact the significance of weak lines. The calibration systematics was explored
in [482] who demonstrated that no line is detected in an extremely long exposure combination
of the off-center observations of the Milky way (“blank sky” dataset). A 3.5 keV line is not
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A	concrete	example	for	the	warm	dark	matter:	Sterile	Neutrinos

Dodelson-Widrow mechanism:	Thermal	active	neutrinos	conversion	to	sterile	neutrinos

L = −yNLH −
1
2
MNN θ =

y H
M

Drewes et	al	(2016)

X

PP

X

Figure 16. Evolution of the phase space density in time: initially occupying the compact region (left
panel) particles spread over the phase space (right panel). The volume remains intact, but the coarse
grained phase space density decreases in the dense regions.

which are provided by observations of the stellar dynamics in the smallest structures, dwarf
spheroidal galaxies, [378]

Q = (0.005 � 0.02)
M�/pc3

(km/s)
. (4.4)

The galaxies are compact and dim with mass strongly dominated even in the central part by
the DM component. Hence, one has ⇢0 = MX nX with nX standing for the number density
of the DM particles in the galaxy center. For the spheroidal dwarfs one can substitute
hv2

ki = hv2i/3, where hv2i is the average squared velocity. For the DM particles with average
squared momentum hp2i = M2

Xhv2i.
Collecting all terms together we arrive at

Q = 33/2 M4
X

n

hp2i3/2 ' 33/2 M4
X f̃(p,X, t0) ,

where in the last equality we used the phase space distribution of DM particles in the galaxy
center, x ' 0 at present, t = t0. Then from eq. (4.3) we obtain the lower limit on the DM
particle mass known as the Tremaine–Gunn-type bound [74],

MX &
✓

Q

33/2 maxf̃i

◆1/4

This bound is valid for both bosons and fermions, but maxf̃i of course depends on the pro-
duction mechanism. For the former it supersedes what we have above from the de Broglie
waves, while for the latter it coincides with that from the Pauli principle if maxf̃i reaches the
critical value (4.1), but generally is somewhat more restrictive given maxf̃i in the denomina-
tor. Applying this limit to the sterile neutrino nonresonantly produced in the early Universe
with the corresponding spectrum (see Sec. 5.1), one obtains:
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Figure 17. Best fit model for the data sets used in the analysis (SDSS+HIRES+MIKE) shown as
green curves. We also show a WDM model that has the best fit values of the green model except for
the WDM (thermal relic) mass of 2 keV (red dashed curves). These data span about two orders of
magnitude in scale and the period 1.1-3.1 Gyrs after the Big Bang. From this plot is is apparent how
the WDM model does not fit the data at small scales and high redshift.
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⌫e
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Figure 18. Decay channels of the sterile neutrino N with the mass below twice the electron mass.
Left panel: dominant decay channel to three (anti)neutrinos. Right panel shows radiative decay
channel that allows to look for the signal of sterile neutrino DM in the spectra of DM dominated
objects.

panel). The decay width of this process is about 128 times smaller that the main into active
neutrinos ⌫a and photon with energy E = ms/2, with the width [485, 766]

�N!�⌫a =
9 ↵ G2

F

256 · 4⇡4
sin2 2✓ m5

s = 5.5 ⇥ 10�22✓2
h ms

1 keV

i5
s�1 . (4.13)
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DM	constraints	heavily	depend	on	the	production	mechanism!	

1)	Active-Sterile	neutrino	oscillation	(e.g.	Dodelson-Widrow)

2)	Active-Sterile	neutrino	oscillation	with	the	resonance	(e.g.	Shi-Fuller)

3)	Decay	of	a	heavier	particle,	Thermal	freeze-out,	variable	mixing	angle,	...
(	e.g.	Kusenko,	Petraki,	Asaka,	Shaposhnikov,	Merle,	Schneider	,Berlin,	Hooper,..	)

4)	Sterile-sterile	oscillation!		(KK	and	Kaneta (2017))	

Also	the	left-handed	neutrino	masses	via	the	seesaw	mechanism!
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Sterile neutrino dark matter from right-handed neutrino oscillations
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We propose a scenario where sterile neutrino (either warm or cold) dark matter (DM) is produced
through (non-resonant) oscillations among right-handed neutrinos (RHNs) and can constitute the
whole DM in the Universe. We study this production mechanism in a simple setup with three
RHNs, where the lightest RHN can be sterile neutrino DM whose mixing with left-handed neutrinos
is su�ciently small while heavier RHNs can have non-negligible mixings with left-handed neutrinos
to explain the neutrino masses by the seesaw mechanism. We also demonstrate that, in our scenario,
the production of sterile RHN DM from the decay of a heavier RHN is subdominant compared with
the RHN oscillation production due to the X-ray and small scale structure constraints.

I. INTRODUCTION

While it has been established that neutrinos are mas-
sive due to the discovery of neutrino oscillations [1, 2],
their precise properties, such as their complete mixing
parameters and their being Dirac or Majorana, however
are still under active investigation. An analogous (and
even more perplexing) story applies to DM whose nature
remains unknown despite the ever-growing evidence for
its existence from the astrophysical observables. An in-
triguing possibility regarding these mysteries would be to
introduce RHNs which can address the origin of neutrino
masses and act as DM, and their importance can well
go beyond the DM and neutrino physics including their
potential roles in the inflation and baryon asymmetry
production [3–8].

In this letter, we seek a possibility for a sterile RHN
to make up the whole DM in the Universe and, in par-
ticular, propose the new production mechanism of sterile
RHN DM through the mixing among RHNs. Our pro-
duction mechanism di↵ers from the conventional active-
sterile neutrino oscillation production where sterile RHN
DM is produced due to its mixing with left-hand neutri-
nos. Those production mechanisms requiring the sterile
RHN DM to couple to left-handed neutrinos are known
to su↵er from the sever tension between the upper DM
mass bound from the X-ray data and the lower mass
bound from the small-scale structure data [9–13].

These astrophysical constraints on the sterile RHN
DM heavily depend on their production mechanisms and
many possibilities have been explored to produce the de-
sired sterile RHN DM abundance in addition to the con-
ventional non-resonant/resonant active-sterile neutrino
conversion mechanisms [14–17]. The examples include
the RHN production from heavier particle decays, by the
freeze-in and by the freeze-out accompanied by the en-
tropy dilution, and these alternative production mech-
anisms typically involve the additional fields besides
RHNs.

Our scenario does not introduce any additional fields
besides RHNs which naturally show up in a simple exten-
sion of the SM to account for the neutrino masses. The

tight X-ray and DM lifetime bounds on the DM mass
can be evaded because our scenario does not necessar-
ily require DM mixing with SM neutrinos and the desir-
able sterile RHN DM abundance can be realized for both
warm and cold DM mass ranges.

II. SETUP

The Lagrangian we study is the SM with three Majo-
rana RHNs, given by

L = LSM + LN , (1)

LN = ⌫Ri/@⌫R �


⌫cR

T y⌫LH �

1

2
⌫cR

T
MN⌫cR + h.c.

�
,

(2)

where LSM is the SM Lagrangian, and H,L, ⌫R are,
respectively, Higgs doublet, lepton doublet and RHN.
While we have omitted flavor indexes, the neutrino
Yukawa coupling y⌫ and the Majorana mass MN are
understood as 3⇥ 3 matrix.
We begin with the field basis where y⌫ is diagonal, de-

noted as ydiag⌫ , while MN is in general a non-diagonal
matrix, which we call the interaction basis in the follow-
ing discussion. 1 A familiar seesaw mechanism for the
mass of left-handed neutrino ⌫L reads, in terms of its
Dirac mass mdiag

D = ydiag⌫ v (v is the Higgs VEV),

M⌫ = mdiag
D

T
M

�1
N mdiag

D (3)

which can be diagonalized as M

diag
⌫ = UT

LM⌫UL, with
UL being the Pontecorvo-Maki-Nakagawa-Sakata ma-
trix.2 The neutrino mass eigenstates are given by


⌫L
⌫cR

�
= U


⌫
N c

�
, U =


1 ✓†

�✓ 1

� 
UL

U⇤
R

�
, (4)

1 Note that the interaction basis in this letter is not the electroweak
eigenstate.

2 Throughout this letter, we take the charged lepton Yukawa cou-
pling to be diagonal.
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2

where ✓ ⌘ M

�1
N mdiag

D and UR is a unitary matrix de-

fined to diagonalize MN as M

diag
N = U†

RMNU⇤
R. By

taking the rotation of Eq. (4), the Yukawa coupling y⌫
is in general a non-diagonal matrix while the neutrino
masses, M⌫ and MN , are simultaneously diagonalized.
We call this field basis the mass basis. Thus, we obtain
the relation

ydiag⌫ ydiag⌫
† = v�2UR(M

diag
N )1/2Mdiag

⌫ (Mdiag
N )1/2U †

R.(5)

For other possible parametrizations, see, e.g. Refs. [18–
21]. Our parametrization given by Eq. (5) is convenient
for our following discussions on the estimation of the
abundance and the decay rate of the RHN DM for a
given RHN mass matrix. The mixing between ⌫L and N
is then parametrized by ⇥ = ✓†U⇤

R, and

⇥2
⌘ ⇥†⇥ = (Mdiag

N )�1/2
M

diag
⌫ (Mdiag

N )�1/2. (6)

The oscillations among RHNs can take place when
their mass and interaction bases di↵er. We, in the follow-
ing discussions, consider three RHNs with their masses
M

diag
N = diag{M1,M2,M3} and take N1 as the lightest

one so that it can play a role of DM. For the active neu-
trino masses, we parametrize Mdiag

⌫ = diag{m1,m2,m3}

for the Normal Hierarchy (NH), where �m2
21 ⌘ m2

2 �

m2
1 = (7.50+0.19

�0.17) ⇥ 10�5 eV2,�m2
31 ⌘ m2

3 � m2
1 =

(2.457+0.047
�0.047) ⇥ 10�3 eV2 [22]. For the Inverted Hier-

archy (IH), we take M

diag
⌫ = diag{m3,m1,m2} and

�m2
32 ⌘ m2

3 � m2
2 = (�2.449+0.048

�0.047) ⇥ 10�3 eV2. The
lightest neutrino mass (m1 for the NH case, and m3 for
the IH case) is taken as a free parameter. In our dis-
cussions below, whenever it is not necessary to distin-
guish the mass orderings, m1 refers to the lightest mass
for brevity. We can see from Eq. (6) that ⇥2 is diag-
onal, so that one just needs to check ⇥11 is su�ciently
small to evade the constraints from the decay rate of
N1 such as the X-ray and lifetime bounds. A few con-
crete RHN mass matrices which can realize the desired
DM relic abundance and neutrino masses via the seesaw
mechanism are given in §IV.

III. DM PRODUCTION THROUGH RHN
OSCILLATION

We now check if the enough abundance of ⌫R1 can be
produced from the RHN oscillations. In our scenario,
⌫R2, ⌫R3 explain the left-handed neutrino masses by the
seesaw mechanism and they can have sizable neutrino
Yukawa couplings to be in the thermal equilibrium at a
su�ciently high temperature. ⌫R1, on the other hand,
has a su�ciently small coupling to the SM species, so
that its production is dominated by the conversion from
heavier RHNs. For the clarity of the following quantita-
tive discussion, we focus on the ⌫R1 abundance produced
only from its mixing with ⌫R2 because ⌫R3 plays the same
role as ⌫R2 in producing ⌫R1.

FIG. 1. The ratios between the rescaled (i.e. divided by
the Yukawa couplings) reaction rates and the Hubble param-
eter are shown (the actual reactions rates are obtained by
multiplying the Yukawa couplings). The solid curves are for
M

2

= 1 GeV and the dashed curves are for M
2

= 1 TeV.

The relevant reactions for the ⌫R2 thermalization are:
the scatterings caused by Yukawa interaction, ⌫R2L $

tQ3, ⌫R2t $ LQ3, ⌫R2Q3 $ Lt, those involving the
gauge bosons, ⌫R2V $ HL, ⌫R2L $ HV, ⌫R2H $ LV
and the decay and inverse decay ⌫R2 $ LH (Q3(t) is
the left (right) handed top quark, and V represents the
SU(2)L and U(1)Y gauge bosons).
The Boltzmann equation for ⌫R1 [23] reads

dn⌫R1

dt
+ 3Hn⌫R1 = C⌫R1 (7)

where C⌫R1 represents the collision term integrated over
the ⌫R1 momentum given by
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Here P is the oscillation probability (✓N is the mix-
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(y⌫y†⌫)22M2/(8⇡) is the decay width, and �̂ is the reduced
cross section for the ⌫R2 collisions with the kinematical
cut smin of the Mandelstam variable s, and K1 is the
modified Bessel function of the first kind. 3

3 A factor 1/2 in P comes from averaging out the RHN os-
cillation because the oscillation time scale is much shorter
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diag
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RMNU⇤
R. By

taking the rotation of Eq. (4), the Yukawa coupling y⌫
is in general a non-diagonal matrix while the neutrino
masses, M⌫ and MN , are simultaneously diagonalized.
We call this field basis the mass basis. Thus, we obtain
the relation
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N )1/2U †

R.(5)

For other possible parametrizations, see, e.g. Refs. [18–
21]. Our parametrization given by Eq. (5) is convenient
for our following discussions on the estimation of the
abundance and the decay rate of the RHN DM for a
given RHN mass matrix. The mixing between ⌫L and N
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The oscillations among RHNs can take place when
their mass and interaction bases di↵er. We, in the follow-
ing discussions, consider three RHNs with their masses
M

diag
N = diag{M1,M2,M3} and take N1 as the lightest

one so that it can play a role of DM. For the active neu-
trino masses, we parametrize Mdiag
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lightest neutrino mass (m1 for the NH case, and m3 for
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cussions below, whenever it is not necessary to distin-
guish the mass orderings, m1 refers to the lightest mass
for brevity. We can see from Eq. (6) that ⇥2 is diag-
onal, so that one just needs to check ⇥11 is su�ciently
small to evade the constraints from the decay rate of
N1 such as the X-ray and lifetime bounds. A few con-
crete RHN mass matrices which can realize the desired
DM relic abundance and neutrino masses via the seesaw
mechanism are given in §IV.

III. DM PRODUCTION THROUGH RHN
OSCILLATION

We now check if the enough abundance of ⌫R1 can be
produced from the RHN oscillations. In our scenario,
⌫R2, ⌫R3 explain the left-handed neutrino masses by the
seesaw mechanism and they can have sizable neutrino
Yukawa couplings to be in the thermal equilibrium at a
su�ciently high temperature. ⌫R1, on the other hand,
has a su�ciently small coupling to the SM species, so
that its production is dominated by the conversion from
heavier RHNs. For the clarity of the following quantita-
tive discussion, we focus on the ⌫R1 abundance produced
only from its mixing with ⌫R2 because ⌫R3 plays the same
role as ⌫R2 in producing ⌫R1.

FIG. 1. The ratios between the rescaled (i.e. divided by
the Yukawa couplings) reaction rates and the Hubble param-
eter are shown (the actual reactions rates are obtained by
multiplying the Yukawa couplings). The solid curves are for
M

2

= 1 GeV and the dashed curves are for M
2

= 1 TeV.
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Observational Cosmology Lectures 4+5 (K. Basu):  CMB  theory and experiments

COBE

18

Launched on Nov. 1989 on a Delta 
rocket.

DIRBE:  Measured the absolute sky 
brightness in the 1-240 μm 
wavelength range, to search for the 
Infrared Background

FIRAS: Measured the spectrum of the 
CMB, finding it to be an almost perfect 
blackbody with T0 = 2.725 ± 0.002 K 

DMR:  Found “anisotropies” in the 
CMB for the first time, at a level of 1 
part in 105 

2006 
Nobel 

prize in 
physics

Credit: NASA
FIRAS:	|μ|<9×10-5CMB	spectral	distortion:
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μ-type	distortion:	The	number	stays	same	but	modifies	the	phase	space	distribution

f = [e(E−µ )/T −1]−1

Thermal	equilibrium:	

Chemical	equilibrium:	Creation	and	destruction	of	photons
Radiative (double)	Compton	scattering:
Bremsstrahlung:		

Kinetic	equilibrium:	Energy	distribution	changes	by	scattering	
Compton	scattering:			
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Figure 1. Important events in the history of the CMB spectrum and anisotropy formation in big bang cos-
mology. Redshift range (2 × 106 ! z ! 105), where the energy injection would give rise to a Bose-Einstein
spectrum (µ-type distortion), is marked as µ. At much smaller redshifts (z " 104), any heating of CMB through
Compton scattering would create a y-type distortion. The spectrum in the intermediate redshift range would
not be a pure µ or y type but in between the two types.

The CMB (anisotropy and polarization) is at present the most precise cosmological probe. The
CMB spectrum was created at z ! 2 × 106, and this critical redshift defines the blackbody surface for
our Universe. Spatial fluctuations in the temperature of the CMB were imprinted much later, when the
electron and protons recombined to form hydrogen atoms at z ≈ 1100. This second boundary defines
the well known last scattering surface, the structure of which is encoded in the photon visibility
function [first studied by 7]. The anisotropies and physics at the last scattering surface have been
very well studied and accurate analytic [8] and numerical solutions [9, 10] have been available for
some time, motivated by the precise experiments such as WMAP [6] and Planck [11].

The blackbody spectrum, once created at high redshifts (for example before the time of electron-
positron annihilation), is preserved by the adiabatic expansion of the Universe at all subsequent times.
However, if there is energy release at lower redshifts , for example by particle decay and annihilation
or Silk damping, it will distort the CMB spectrum away from the Planck form. In this case, Zeldovich
and Sunyaev [12] first demonstrated that bremsstrahlung alone cannot recreate blackbody spectrum
until very high redshifts, almost up to the time of electron-positron annihilation. The problem of evo-
lution of the CMB spectrum through the blackbody surface, in the presence of heating, was solved
analytically by [13] including the processes of comptonization and emission and absorption of pho-
tons with special emphasis on bremsstrahlung. Comptonization is the process of redistribution of
photons over frequency, resulting from the Doppler and recoil effects of Compton scattering of pho-
tons on thermal electrons [14]. Since the double Compton cross section [15, 16] has a dependence
on frequency similar to bremsstrahlung, the solution of Sunyaev and Zeldovich [13] also allowed
inclusion of double Compton emission and absorption, which is dominant over bremsstrahlung in a
low baryon density Universe such as ours and was first considered by [17]. Double Compton emis-
sion or absorption is just the first radiative correction to the process of Compton scattering just as

– 2 –

Khatri&Sunyaev’12

y ~σ TnekTe

y-type	distortions:	Kinematically decouple	too,	so	it	just	adds	energy	shift	
Thomson	scattering:			

e+γ↔ e+γ
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Zeldovich & Sunyaev, 1969, Ap&SS, 4, pp. 301 
Sunyaev & Zeldovich, 1980, ARAA, 18, 537

Compton y and chemical potential (µ) distortions

Sunyaev & Zeldovich, 1970, Ap&SS, 7, pp.20-30 
Illarionov & Sunyaev, 1975, Sov.Astr., 18, pp. 413
Danese & de Zotti, 1982, A&A, 107, 39-42 

‘Late’ Energy Release (z ≤ 50000) 
  y-type spectral distortion

‘Early’ Energy Release (z ≥ 50000)
  µ-type spectral distortion

up-scattering 
of photons

Zeldovich,	Sunyaev (1969)

Process µ

electron-positron annihilation 10−178
BBN tritium decay 2 × 10−15
BBN 7Be decay 10−16

WIMP dark matter annihilation 3 × 10−9 fγ 10GeVmWIMP
Silk damping 10−8 − 10−9

Adiabatic cooling of matter and
Bose-Einstein condensation −2.7 × 10−9

Table 1. Census of energy release and µ distortions in standard cosmological model. The negative distortion
from adiabatic cooling of matter is shown in red.

Process y
WIMP dark matter annihilation 6 × 10−10 fγ 10GeVmWIMP

Silk damping 10−8 − 10−9
Adiabatic cooling of matter and
Bose-Einstein condensation −6 × 10−10

Reionization 10−7
Mixing of blackbodies: CMB ℓ ≥ 2 multipoles 8 × 10−10

Table 2. Census of energy release and y distortions in standard cosmological model. We also give the value
of y-type distortion expected from the mixing of blackbodies when averaging our CMB sky [53]. The negative
distortion from adiabatic cooling of matter is shown in red. y type distortion is clearly dominated by the
contributions, during and after reionization, from the intergalactic medium and clusters of galaxies, and the
early Universe contributions are difficult to constrain.

spectral distortions from adiabatic initial conditions, and constraints from the future experiments on
initial power spectrum spectral index and its running.

5.6 Bose-Einstein condensation of CMB

After the epoch of electron-positron annihilation, electrons and baryons are non-relativistic and cool
adiabatically (with adiabatic index 5/3) as a result of the expansion of the Universe, Te ∝ (1 + z)2.
Radiation (photons) has adiabatic index 4/3 and cools slower than baryons, Tγ ∝ (1 + z) [2]. Comp-
tonization however is very efficient before recombination and efficiently transfer energy from pho-
tons to electrons/baryons, keeping them at same temperature as photons. This cooling of CMB
[23], along with thermalization from comptonization, results in Bose-Einstein condensation of CMB
[26]. The photons thus move from high to low frequencies where they are efficiently destroyed by
bremsstrahlung (and at high redshifts also by double Compton scattering). Since the amount of cool-
ing is small, linear theory for small distortions applies. The resulting distortions have the same shape
as that caused by heating of CMB in previous examples, but with opposite sign. Thus we have nega-
tive µ and negative y distortions which partially cancel the distortions due to dark matter annihilation
and Silk damping. Surprisingly, the µ (and y) distortions have a magnitude which is similar to those
from dark matter annihilation and Silk damping. A comparison of µ distortions from Bose-Einstein
condensation as well as all previous examples is presented in Table 1. We also show comparison
of y-type distortions in Table 2. y-type distortions are dominated by the low redshift contributions,
during and after reionization, from the intergalactic medium and clusters. Early universe physics is
therefore difficult to constrain using the y-type distortions.
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Figure 3: The expected bounds from the CMB spectral
distortion by PIXIE (colored regions are excluded) when
mZd � keV for a few representative DM masses (m� =
1 MeV, 300 MeV, 1 GeV), due to the elastic scattering between
DM and protons. ↵d = 0.1 is used for concreteness and the pa-
rameter sets producing the CMB distortion of the order |�| ⇡
3 ⇥ 10�9 expected in the conventional standard cosmology are
indicated in a dashed line (brown). The other experimental con-
straints are adopted from [22].

fer cross section for mZd � |
~k| is given by

�tr =
16⇡c2

W"
2↵↵D

(m� + mb)2m4
Zd

m2
�m

2
b + O(v2). (17)

Note that the leading term is independent of the velocity for the
non-relativistic hidden gauge boson.

Fig. 2 shows how the momentum-transfer cross section varies
in terms of m� (dotted lines) along with the expected upper
bounds from the CMB distortion with the PIXIE-like sensitiv-
ity � ' 10�8, (solid lines). The region above �max

0 is disfavored
due to the large spectral distortion. For the PIXIE experiment,
the constraint can be applied for the DM mass m�  1.3 GeV,
since, for a larger DM mass, the distortion is too small due to
the smaller DM abundance as N�/Ntot

b ⇠ 3( GeV/m�) [14]. The
dotted lines represent the constraints from the Planck CMB and
SDSS Ly↵ forest data obtained in Ref. [23] whose analysis are
applicable only to heavier DM m� � 10 GeV for comparison.

Figs. 3 and 4 show the bounds from the CMB distortion
on the dark photon mass (mZd ) and the kinetic mixing ("2) for
di↵erent DM masses. We show the constraints from the DM-
proton interaction with m� = 1 MeV, 300 MeV, 1 GeV in Fig. 3,
and those from the DM-electron interaction with m� = 0.1 MeV,
1 MeV, 100 MeV in Fig. 4. We here used ↵D = 0.1 and mmax

� =
1.3 GeV corresponding to the PIXIE sensitivity and the colored
regions are excluded. The parameter sets producing the dis-
tortion of the order |�| ⇡ 3 ⇥ 10�9 (corresponding to the ex-
pected magnitude in the conventional standard cosmology as

Figure 4: The bounds due to the elastic scattering between DM
and electrons, to be compared with the bounds from the DM-
proton scattering in Fig. 3.

Figure 5: The expected upper bounds from PIXIE (colored re-
gions are excluded) in terms of the DM mass (m�) and the ki-
netic mixing ("2) for mZd � keV. The bounds from the DM-
proton (DM-electron) scattering are shown with solid (dashed)
lines. Di↵erent colors are for a few representative dark photon
masses (mZd = 0.1 MeV, 1 MeV, 10 MeV) and ↵d = 0.1 is used
for concreteness.

discussed in the introduction section) are also shown to indi-
cate the ultimate precision limit for the CMB spectral distortion
measurements. The other experimental constraints are adopted
from [22].

Fig. 5 shows the exclusion plots on the plane of the DM

4

Figure 1: Elastic scattering between baryon ( ) and DM (�)
through a dark photon (Zd) exchange.

where mb, Nb = N0
b a�3 are the baryon mass and number density.

cn is a constant of the order of unity depending on the power
n of the DM-baryon elastic scattering cross section �tr(v) =
�nvn with v being the DM-baryon relative velocity. We use the
conventional cross section for the momentum-transfer

�tr ⌘

Z
d⌦(1 � cos ✓)

d�
d⌦
. (13)

where the weight factor (1 � cos ✓) represents the longitudinal
momentum transfer and regulates the spurious infrared diver-
gence for the forward scattering (corresponding to no momen-
tum transfer with cos ✓ ! 1) [25].

The DM-baryon scatterings can cause the distortion of the
photon spectra and the rate of the photon energy extraction from
these elastic scatterings becomes [5, 14]

⇢�
d
dt

 
�⇢�
⇢�

!
= �

3
2

⇣
Ntot

b + r�bN�

⌘
HT�, (14)

where r�b ⌘ ��b(Tb � T�)/(HTb) parametrises the e�ciency
of the momentum transfer from photons to DM, while the first
term on RHS represents the energy transfer from the photons to
baryons due to Compton scattering. The baryon number density
Ntot

b = ⇢b/mH(2� 5
4 YHe), with mH the mass of the hydrogen, and

YHe helium fraction by mass. Its integration can give the esti-
mation for the amplitude of the spectral distortion � ⌘ �⇢�/⇢�.
The observational bound from the FIRAS is |�| . 5⇥10�5, and
this bound is expected to be improved for the PIXIE to the level
of � ⇡ 10�8.

For a simple power law form of the DM-baryon elastic scat-
tering cross section �tr(v) = �nvn, the FIRAS gives the upper
bound on the cross section as [14]

�n  �
max
n ⌘ Cn

m�

mb

 
1 +

mb

m�

! 3�n
2

 
amax

aµ

! n+3
2

m�
mmax
�

, (15)

amax = 10�4, aµ = 0.5 ⇥ 10�7 with mmax
� = 0.18 MeV (the

same formulae are applicable for the future sensitivity of PIXIE
with the replacement mmax

� = 1.3 GeV). For the DM-proton
scattering, Cn = (1.4⇥10�30, 1.1⇥10�27, 8.2⇥10�25, 5.5⇥10�22)
cm2 for n = (�1, 0, 1, 2) respectively and mb with the proton
mass mp [23].

The analogous bounds can be obtained for the scatterings
between DM and electrons by replacing the coe�cients Cn in
Eq. (15) with Cn = (1.4 ⇥ 10�30, 2.6 ⇥ 10�29, 4.5 ⇥ 10�28, 7.0 ⇥
10�27) cm2 for n = (�1, 0, 1, 2) respectively and mb with the
electron mass me.

4. CMB spectral distortion in dark photon model

We now consider new constraints on the dark photon model
from the CMB spectral distortions due to the elastic scatterings
between DM and baryons. CMB distortions can probe the DM
mass smaller than GeV and complement the existing bounds
from other experiments as we shall discuss in the following.

In the dark photon model with a kinetic mixing outlined
in §2, the momentum transfer between DM and the baryon is
mediated by the dark photon as in Fig. 1. The corresponding
matrix element is

|M|

2 =
64⇡2c2

W"
2↵↵D

(q2
� m2

Zd
)2

h
4(k ·p)(k0 ·p)+m2

bq2+k ·k0q2+q4
i
, (16)

where ↵ ⌘ e2/4⇡ ' 1/137 and ↵D ⌘ g2
d/4⇡. Here DM momen-

tum and the relative velocity of baryon-DM in the CM frame are
related as |~k| = vm�mb/(m�+mb) assuming both the baryon and
DM are non-relativistic. The corresponding momentum trans-

Figure 2: The expected upper bound on the cross section from
the PIXIE-like CMB spectral distortion experiment is shown
with the solid lines: �max

0 (��p) for DM-proton scattering (blue)
and �max

0 (� � e) for DM-electron scattering (purple) respec-
tively [14]. We also show the constraints from Planck CMB
data, and CMB+ SDSS Lyman ↵ data [23] with dashed lines
for comparison. The cross sections in the dark photon model
are shown with dotted lines: �0(� � p) for the interaction of
DM with protons while �0(� � e) with electrons. Here we used
↵D = 0.1, mZd = 1 MeV and " = 10�5 (for DM-proton) and
10�3 (for DM-electron).
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Fig. 9. – Sketch of the setup of an electron beam dump experiment.

particular model allows the dark photon to couple to neutrino (as in the case of U(1)B-L
gauge group [49]) its paramaters can be studied from the neutrino-electron scattering
data, as described in subsect. 2.1.2.

Electrom beam dump. Several electron beam dump experiments, the properties of which
are collected in table I, were operated in the last decades to search for light metastable
pseudoscalar or scalar particles. Most of them share a common schematic design, shown
in fig. 9, where the thickness of the dump is Lsh followed by a decay region with length
Ldec.

KEK
An experiment looking for neutral penetrating particles was conducted in 1986 at the
National Laboratory for High Energy Physics (KEK) in Japan [50]. A 2.5 GeV electron
linear accelerator injected a total of 27 mC (1.69 · 1017 electrons) into a tungsten target.
In front of a 220 cm long decay volume, an iron dump, lead and plastic was used as
shield against the background. The detector system consisted of multi-wire proportional
chambers, scintillation counters and a lead glass Cherenkov counter. The experiment did
not observe any signal.

Table I. – Summary of electron beam dump experiments reported in [20].

Experiment Target E0 (GeV) Nel Lsh (m) Ldec (m)

KEK [50] W 2.5 1.69 · 1017 2.4 2.2

E141 [51] W 9 2 · 1015 0.12 35

E137 [52] Al 20 1.87 · 1020 179 204

E774 [53] W 275 5.2 · 109 0.3 2

Orsay [54] W 1.6 2. · 1016 1 2

PIXIE:		|μ|~10-8

PIXIE Status 

Proposed to 2011 Explorer AO 
•  $200M Cost Cap + launch 
vehicle 
•  22 full missions 

PIXIE not selected; urged to re-propose  
•  Category I science rating 
•  Broad recognition of science appeal 
•  Absolute spectra “guaranteed 
science” 

Re-propose to next full Explorer AO  
•  2015 proposal for 2021 launch? 

Primordial Inflation Explorer 

Name Role Institution 

A. Kogut PI GSFC 

D. Fixsen IS UMD 

D. Chuss Co-I GSFC 

J. Dotson Co-I ARC 

E. Dwek Co-I  GSFC 

M. Halpern Co-I UBC 

G. Hinshaw Co-I UBC 

S. Meyer Co-I U. Chicago 

H. Moseley Co-I GSFC 

M. Seiffert Co-I JPL 

D. Spergel Co-I Princeton 

E. Wollack Co-I GSFC 

Spectral Distortions Provide New Window to Early Universe 
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Sub-GeV	Dark	Matter

Brief introduction of IBS

A Korean-government-funded research institute established in 2011 

under the Special Act on Establishment of and Support for International 

Science and Business Belts

http://www.ibs.re.kr/

Mass:		Light	mass

Interactions:	beyond	ΛCDM
DM-baryon	interactions	with	a	light	mediator

Ø Concrete	example	for	light	mediator

Ø Concrete	example	for	light	DM:		

ü Dark	photon

Kenji	Kadota	(IBS) COSPA	Kyoto	Dec	2017

ü Sterile	neutrino	DM	

Conclusion:	
Let	us	be	open	minded.	
Complimentarity between	particle	physics	and	cosmology.	


