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PREFACE: H0 TENSION (CA. SEP. 2021)
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Figure 10. Relative probability density functions for several current methods for measur-
ing H0. The CMB, BAO, strong lensing and TRGB methods currently yield lower values of
H0, while Cepheids yield the highest values. The uncertainties associated with H0 measure-
ments from gravitational wave sirens, strong lensing, Miras, masers, and SBF are currently
significantly larger than the errors quoted for the TRGB and Cepheids. See text for details.
(CMB: Planck Collaboration 2018; TRGB: this paper; Cepheids: R21; Lensing: Birrer et al.
(2020); DES Y3 + BAO + BBN: DES Collaboration et al. (2021); GW sirens: Hotokezaka
et al. (2019) Miras: Huang et al. (2018); SBF: Khetan et al. (2021); Masers: Reid et al.
(2019)).

points. This updated calibration includes 1) extensive measurements of the TRGB

over a wide area in the halo of the maser galaxy NGC 4258 (Jang et al. 2021); 2)

independent observations of the TRGB in 46 Milky Way globular clusters covering a

wide range of metallicities (Cerny et al. 2020); and 3) a reanalysis of the TRGB in-

corporating revised reddening corrections for the LMC and SMC (Hoyt 2021). These

calibrations all agree with that earlier determined for the LMC alone (F19, F20) to

better than 1%, providing multiple consistency checks on the LMC calibration of F19

and F20. Each of these calibrations is tied to geometrical distance anchors (H2O

megamasers in the case of NGC 4258; DEB distances and Gaia EDR3 parallaxes for

the Milky Way globular clusters; and DEB distances for the LMC and the SMC). In

addition, using a fiducial horizontal branch sequence defined by the Milky Way glob-

ular clusters, we discuss and compare the TRGB absolute magnitude for the nearby

dwarf elliptical galaxies Sculptor (Tran et al. 2021, in prep) and Fornax (Oakes et

al. 2021, in prep), and for four LMC globular clusters, finding excellent additional

agreement.

Freedman, 2106.15656

The updated Tip of the Red Giant Branch (TRGB) calibration 
applied to a distant sample of Type Ia supernovae from the 
Carnegie Supernova Project 

Ho = 69.8 ± 0.6 (stat) ± 1.6 (sys) km s−1 Mpc−1 



CDM PROBLEMSΛ
”Early vs. late”: 

I. H0 tension

III. BAO z<1 vs. Ly-α
(recently shrunk to below 2 …)σ

S8 − ΩmII.
strengthened a bit by DES results from May 2021

Secco et al, 2105.13544

but by itself only ~2.3σ

~4 to 6  
(depending on datasets combination and stat. method)

σ

Small scale:

I. Diversity

II. Too-big-to-fail

III. Core-cusp

IV.  Missing satellites

in CDM essentially one parameter specifying 
a halo, while reality much more diverse

Λ

most massive sub-haloes are expected to host 
luminous counterparts, but seem not to

simulations predict more cuspy profiles 
than typically observed

simulations predict more more sub-haloes 
and hence we’d expect more MW satellites



WHAT IS THE ROLE FOR DM?
”Early vs. late”: Small scale:

going beyond the collisionless CDM  
(e.g. having warm component or including 
self-interactions) can address  
(at least some of the) cosmological problems 

quite rich literature on the 
subject…  
…generically velocity-dependent 
self-interactions are preferred 

DM self-interactions due to 
exchange of a light mediator

see e.g. review by Tulin, Yu ’17

… but can it address both at the same time?!

in CDM the DM component is extremely simpleΛ

non-interacting, cold, with constant equation 
of state throughout whole evolution

however, if at late times a fraction of its 
energy is transferred to radiation (e.g. 
through decay or annihilation), then this 
can significantly affect the evolution
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DCDM and Hubble tension
CMB generically disfavours large 
DCDM contribution which is 
necessary to go from 

 ( CDM) to 
 for decays  

taking place before recombination.

H0 ∼ 67 km/s/Mpc Λ
H0 ∼ 72 km/s/Mpc

Poulin, Lesgourges, Serpico 1606.02073


In Loeb et al. 1903.06220 it was claimed 
that very late decays  with 

 evade those constraints 
while leading to .

τ ≳ 13Gyr
fDCDM ∼ 0.15

H0 ∼ 72 km/s/Mpc

Haridasu, Viel 2004.07709

Clark et al. 2006.03678Further works 

showed other observables constrain 
such scenario further shifting best fit to

 and .fDCDM ∼ 0.08 H0 ∼ 69 km/s/Mpc

Loeb et al. 1903.06220

DM AND THE H0

Simply modifying the amount of 
matter in CDM changes H0Λ 4

B. Applying the Ruler

The amplitudes of the Fourier modes of density pertur-
bations in the primordial plasma undergo damped and
driven harmonic oscillation. Starting from rest, the so-
lution in the radiation-dominated era well after horizon
crossing is �(k, ⌘) / cos(krs(⌘) + ��(k)). Since they
start from zero initial momentum, the phase shift, ��,
would be zero if it were not for the time-dependent driv-
ing caused by potential decay. Approximating projection
from three dimensions to two as a mapping from k to
` = kD

?
A, we find that the modes that give rise to the pth

peak, kp, project to

`p = kpD
?
A = p (⇡ � ��(kp))D

?
A/r

?
s
. (2)

Approximating ��(kp) = ��(kp+1) and defining �` =
`p+1 � `p we find

✓
?
s
= ⇡/�`. (3)

We thus see that the angular size of the sound horizon
can be directly read o↵ of the peak spacing [44]. Al-
though this is a good approximation, we note that the
actual peak spacing di↵ers somewhat due to details in-
cluding geometric projection, gravitational lensing, con-
tributions from velocity perturbations, breakdown of the
tight coupling approximation, and the breadth of the vis-
ibility function. See [45] for a complete accounting.

With r
?
s
calculated, and ✓

?
s
inferred from the peak spac-

ing, we can determine D
?
A = r

?
s
/✓

?
s
. In ⇤CDM, the co-

moving angular diameter distance to z= z⇤ is related to
energy densities via

D
?
A =

Z z⇤

0

dz

H(z)
= 2, 998 Mpc ⇥

Z z⇤

0

dzp
!⇤ + !m(1 + z)3 + !�(1 + z)4 + !⌫(z)

. (4)

We assume neutrino masses are specified [46] so the only
remaining density we can adjust is !⇤, which can be ad-
justed so that the model D?

A is equal to the one inferred
from r

?
s
and ✓

?
s
. With this adjustment made, H(z) is

completely specified for all redshifts, including z=0, and
therefore we have determined H0.

III. THE r
drag
s �H0 PLANE

To understand the di�culty of reconciling CMB, BAO,
and Cepheid-calibrated supernovae within ⇤CDM it is
helpful to examine constraints in the r

drag
s

� H0 plane.
In Fig. 1 we show the Planck TT constraints from `< 800
and from `> 800, together with color coding of the mean
value of !m.

We see that increasing !m leads to decreased r
drag
s

(and similarly decreased r
?
s
), and also decreased H0.

This e↵ect is straightforward to understand. A frac-
tional change to !m gives a fractional change in the

FIG. 1. ⇤CDM tensions in the r
drag
s �H0 plane. The orange

and green shaded regions are 68% and 95% confidence regions
from SH0ES and from BOSS galaxy BAO + Pantheon, respec-
tively. These inferences are largely independent of assumed
cosmological model, as explained in the text. Conversely, the
Planck contours assume ⇤CDM is the correct model at all
redshifts. We show three versions of the Planck constraints:
those from the full Planck TT,TE,EE+lowE likelihood, and
those from Planck TT+lowE with TT limited to either `< 800
or `> 800. The color coding indicates values of the matter
density, !m. We see a strong correlation between !m, H0,
and r

drag
s . The direction swept out in the r

drag
s �H0 plane by

variations in !m is not a direction that can reconcile all three
datasets.

sound horizon of �r?
s
/r

?
s
⇡ �1/4 �!m/!m (this would be

�r
?
s
/r

?
s
⇡ �1/2 �!m/!m in the absence of radiation, but

the radiation softens the response [47]). To then keep
✓
?
s
fixed, we need to adjust D

?
A downward by the same

fraction. The increase to the matter density does indeed
serve to decrease D

?
A, but by too much. To keep the

distance from overshooting, !⇤ must be adjusted down-
ward. The net result is an H(z) that is increased in the
matter-dominated era, and decreased in the dark energy-
dominated era, including a lower H0 today.

In Fig. 1 we also show constraints from the SH0ES dis-
tance ladder determination of H0 [R19] and from BOSS
BAO plus Pantheon SNe distance measurements, both
made without assumption of ⇤CDM. In place of the
⇤CDM assumption for the BOSS BAO plus Pantheon
result we parameterize H(z) with a spline with param-
eters controlling H(z) at five points in redshift exactly
as in [7] and [13]. To calculate a model D(z) given a
model H(z) we assume zero mean curvature. The BAO
points are measurements of H(z)rdrag

s
and D(z)/rdrag

s
.

The Pantheon data are uncalibrated, but constrain the
shape of D(z) (and thereby the shape of H(z)). The
net result is we are able to extract a constraint on
�BAO ⌘ c/(rdrag

s
H0) of 29.54± 0.406.

Although one can reduce the sound horizon within

…but in an orthogonal direction to 
what is needed to also lower the sound 
horizon at the drag epoch by ~7%

However, if DM evolution changes 
after recombination

…the CDM fit is unaltered, while as matter 
is depleted into radiation the matter-dark 
energy equality is shifted to earlier redshifts, 
allowing for higher value of H0 at late times.

Λ

see also:  
Poulin, Lesgourges, Serpico ’16, Haridasu, Viel ’20, Clerk et al. ’20,…

E.g., fraction of DM decaying to radiation:

Knox and MIlea. ’20



JULY 2021: THE OLYMPICS

• Adopting the GT estimator, only five models can reduce the tension to the 3� level,
with the best model (varying e↵ective electron mass in a curved universe) showing a
residual 2� tension. From best to worse, they are: varying me+⌦k, PEDE, varying me

in a flat universe, NEDE, and the Majoron.

• Making use instead of the more robust QDMAP criterion (reported in Fig. 1), which
compares �

2 of models with and without the inclusion of the SH0ES determination
of Mb, we find that models with non-Gaussian tails perform significantly better. This
most strongly impacts the two models of EDE, reducing their level of tension from
roughly 3� to 1.6� 1.9�. From best to worse, models that pass criterion 2 are: EDE,
varying me+⌦k, NEDE, PEDE, and the Majoron.

• Adopting the �AIC criterion, which attempts at quantifying the role of enlarged model
complexity in the improvement of the fit to Dbaseline +SH0ES, we find that only four
models are really capable of significantly improving over ⇤CDM. They are, in de-
creasing level of success: EDE, NEDE, a primordial magnetic field, and the Majoron
model.

Model �Nparam MB
Gaussian
Tension

QDMAP

Tension
��

2 �AIC Finalist

⇤CDM 0 �19.416± 0.012 4.4� 4.5� X 0.00 0.00 X X

�Nur 1 �19.395± 0.019 3.6� 3.9� X �4.60 �2.60 X X

SIDR 1 �19.385± 0.024 3.2� 3.6� X �3.77 �1.77 X X

DR-DM 2 �19.413± 0.036 3.3� 3.4� X �7.82 �3.82 X X

mixed DR 2 �19.388± 0.026 3.2� 3.7� X �6.40 �2.40 X X

SI⌫+DR 3 �19.440± 0.038 3.7� 3.9� X �3.56 2.44 X X

Majoron 3 �19.380± 0.027 3.0� 2.9� X �13.74 �7.74 X X
primordial B 1 �19.390± 0.018 3.5� 3.5� X �10.83 �8.83 X X
varying me 1 �19.391± 0.034 2.9� 3.2� X �9.87 �7.87 X X
varying me+⌦k 2 �19.368± 0.048 2.0� 1.7� X �16.11 �12.11 X X
EDE 3 �19.390± 0.016 3.6� 1.6� X �20.80 �14.80 X X
NEDE 3 �19.380± 0.021 3.2� 2.0� X �17.70 �11.70 X X
CPL 2 �19.400± 0.016 3.9� 4.1� X �4.23 �0.23 X X

PEDE 0 �19.349± 0.013 2.7� 2.0� X 4.76 4.76 X X

MPEDE 1 �19.400± 0.022 3.6� 4.0� X �2.21 �0.21 X X

DM ! DR+WDM 2 �19.410± 0.013 4.2� 4.4� X �4.18 �0.18 X X

DM ! DR 2 �19.410± 0.011 4.3� 4.2� X 0.11 4.11 X X

Table 1: Test of the models based on dataset Dbaseline (Planck 2018 + BAO + Pantheon),
using the direct measurement of Mb by SH0ES for the quantification of the tension (3rd
column) or the computation of the AIC (5th column). Six models pass at least one of these
three tests at the 3� level.

Before declaring the o�cial finalists, let us briefly comment on models that do not make it to
the final, starting with late-universe models. The CPL parameterization, our “late-universe
defending champion” only reduces the tension to 3.9�, inducing a minor improvement to the
global fit. The PEDE model noticeably degrades the �2 of BAO and Pantheon data, leading
to an overall worse fit than ⇤CDM. Thus, according to the general rules defined at the end of
the previous subsection, we must exclude PEDE from the final. We further comment on this
choice in Section 4.2 and below. The MPEDE model, which generalises PEDE to include

– 10 –

Schoneberg et al. 2107.10291

However, the DM solution (on its own) is not among the preferred ones:

[Although, to be fair, it seems like none of the proposed ideas does the job well…]



SOME MORE ISSUES…
Energy transfer to radiation  
needs to happen very late  

(often after recombination)

if through annihilation 
enormous rates are 

needed
[but see T. Bringmann et al. ’18; 
T. Binder et al. ’18 for models 
of this type]

if through decay

one needs to ensure 
only a small fraction 

of DM decayed 
(extremely long lifetime 
or multi-component)

the rate of change  
of eq. of state not 

ideal for the fit

Late-time decaying dark matter 5

Figure 2. Left : Constraints for the log10(✏) , log10(⌧/Gyr) parameter space for the two-body ⇤DDM model reported for SN+SL (green)
and SN+SL+BAO (red). The contours depict 68% and 95% C.L. limits, respectively. Right : Same as left panel, but for the many-body
decay scenario.

Figure 3. Left : Profile likelihoods for the log10(✏) , log10(⌧/Gyr) parameter space for the two-body ⇤DDM model using the SN+SL
dataset (Top) and SN+SL+BAO (Bottom). We show contours 1� through 5�. Right : Same as left panel, but for the many-body decay
scenario. In the Bottom panels star marks the best-fit values. Please note the di↵erence in the range of the axes when comparing with
Figure 2.

MNRAS 000, 1–9 (2020)

fraction of ~8%

B. Haridasu, M. Viel ’20

Simple models with thermally produced 
DM very strongly constrained
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FIG. 2: Constraints at 95%C.L. on DM annihilating into
vector mediators that kinematically mix with hypercharge as
a function of the DM and mediator masses. The blue shaded
region shows the combinations of DM mass m� and mediator
mass m� that lead to a DM self-interaction cross section of
0.1 cm2 g�1 < h�T i30/m� < 10 cm2 g�1, which would visibly
a↵ect astrophysical observables at dwarf galaxy scale [18].

gamma rays in excess of the extragalactic gamma-ray
background [74]. Heavier mediators decay into both lep-
tons and hadrons, and we adopt BR(� ! ``) from [75].

For each combination of DM and mediator mass in this
model, we calculate the Sommerfeld enhancement factor
using the conservative upper bound on vrec from Eq. (2).
By comparing the result to Eq. (1), we can determine
the parameter region excluded by CMB constraints. To
calculate the appropriate value of fe↵ as a function of
m� and m�, we multiply the di↵erent decay modes with
the e�ciency factors from [57]. Our results are shown in
Fig. 2, where we also show the Fermi and AMS-02 bounds
discussed above. We observe that the CMB constraints,
and partially also the other indirect detection constraints,
exclude all combinations of m� and m� that lead to in-
teresting self-interaction cross sections (note that for suf-
ficiently light DM the model is already excluded by these
constraints without Sommerfeld enhancement).

We emphasize that very close to a resonance both the
preferred SIDM region and the various constraints may
be modified by the impact of a potential second period
of DM annihilation on the relic density calculation (see
above). For late kinetic decoupling the resulting modi-
fications will be small, but we expect even larger e↵ects
not to change our results qualitatively.

Discussion.— The bounds shown in Fig. 2 have been
obtained under very conservative assumptions and are
expected to apply in a similar way to other DM mod-
els with a light mediator, e.g. scalar and vector DM, for
which annihilation into mediator pairs generically pro-

ceeds via s-wave. The CMB constraints, in particular,
are very robust because we probe DM annihilation in
a kinematical situation where the Sommerfeld enhance-
ment is typically already saturated, so that the redshift
dependence of the energy injection rate is the same as for
standard s-wave annihilation. Even for parameter com-
binations where this is not the case, our constraints are
extremely conservative because we evaluate �v no later
than at recombination, and for larger values of vrec than
expected in a realistic treatment of kinetic decoupling.
Nevertheless, our analysis does rely on a number of as-
sumptions, which we will now review in detail.
For our calculations so far, there was no need to specify

the kinetic mixing parameter ✏, as long as mixing is suf-
ficiently large that the mediator decays in time to a↵ect
the reionisation history. Nevertheless, we have assumed
implicitly that ✏ is large enough to thermalise the visible
sector and the dark sector before freeze-out. Depending
on the DMmass, the required value of ✏ for this to happen
is of order 10�7–10�5 [76]. However, DM direct detec-
tion experiments (as well as astrophysical constraints for
m� . 1 MeV [77]) typically require much smaller values
of ✏ [22]. The conclusion is that a di↵erent mechanism
must be responsible for bringing the visible and the dark
sector into thermal contact.
The simplest possibility would be a thermal contact at

higher temperatures, via a di↵erent portal. After this in-
teraction ceases to be e↵ective, the temperatures of both
sectors would then evolve independently, depending on
the number of degrees of freedom in each sector. For size-
able ↵� the DM relic abundance will still be determined
by dark sector freeze out, but at a di↵erent temperature.
For reasonable temperature ratios, as we discuss in detail
in appendix A, such a situation does not lead to quali-
tatively di↵erent results compared to the case where the
two sectors have the same temperature. For the case
where the two sectors never reach thermal equilibrium
and the DM relic abundance is for example set via the
freeze-in mechanism, we refer to [25].
A second important assumption is that the DM anni-

hilation to mediator pairs proceeds via an s-wave pro-
cess. While the Sommerfeld enhancement can be signif-
icant also in the p-wave case (see Fig. 1), the resulting
cross sections are significantly smaller and indirect de-
tection gives no relevant constraints. CMB constraints
are also evaded for most of the parameter space, because
for v . vsat the cross section again decreases like v2 and
therefore becomes unobservably small at recombination.
Only if the ratio m�/m� is very large and close to a res-
onance, e↵ects may be observable – in particular with
stage 4 CMB experiments. Detailed predictions depend
however on vrec and hence on Tkd. We note that p-wave
annihilation requires scalar rather than vector mediators,
which is strongly constrained from independent model
building considerations, in particular the combination of
constraints from direct detection experiments and pri-
mordial nucleosynthesis [22].
Finally, our conclusions can be modified if the media-

T. Bringmann et al. ’16

with many of the constraints quite 
severe even in more general models

light mediator (if coupled to SM) affects 
CMB, indirect detection, colliders…



THE IDEA

to avoid limits from CMB 
and indirect detection make the mediator stable…

typically overcloses the Universe

…but never in equilibrium
(with negligible initial population)

freeze-in like 

superWIMP like 

Dark matter self-interacting 
through light mediator

χ

χ
Aμ

both give viable, though not that unexpected mechanisms for  
self-interacting DM production, but superWIMP has an intriguing feature…



THE IDEA

χ

χ

S
χ

S

Aμ

Aμ

χ

χ

S Aμ

WIMP-like 
connector state

LO 

ΓS→χχ ∝ ϵ2

NLO 

ϵ

ΓS→AA ∝ ϵ2g4 ΓS→χχA ∝ ϵ2g2

g
g

if

BR(S → AA) ∝ g4
therefore, parametrically:

BR(S → χχA) ∝ g2
(with different phase space factors 

and energy of the mediator)

∼ (1 − 10) %

δ = 1 −
2mχ

mS
≪ 1 ⇒ S decays mostly to matter

with small fraction to radiation

χ

A

Property needed to modify expansion rate here present in an automatic way!



that is broken* (explicitly or spontaneously) 
with breaking parametrized by 

EXAMPLE MODEL 3

SM DS

A�
S

SU(3)
SU(2)L

U(1)Y

�
�

U(1)X

� �

�(Higgs portal)
h

,
� 1

FIG. 1: The schematic picture of the setup. The visible
SM sector is connected through a Higgs portal connector
S to the dark sector, where the latter is built up of a
Dirac fermion � charged under gauged U(1)X with massive

gauge field A
µ.

i.e., that only SM sector is populated during reheat-
ing, while the dark sector has negligible initial number
and energy densities.

The connector S undergoes usual WIMP-like evo-
lution where it thermalizes with the SM plasma at the
early times due to mixing and, typically more impor-
tantly, the quartic �HS coupling. When its annihila-
tion rate drops below the Hubble rate it goes through
the freeze-out process. At later times, possibly even
after recombination, it decays via S ! �̄� and also, by
construction, subdominantly to SM through the Higgs
mixing. In Fig. 2 an illustration of example evolution
of mass densities of S, � and A

µ is shown for decay
regimes A (solid lines), B (dashed) and C (dotted).
In all the cases the � and A

µ undergo a freeze-in type
production, which is very ine�cient due to smallness
of the coupling to S. It follows that their number den-
sities are extremely small until the onset of S decay.

The transitions between the regimes are only in-
dicative and not sharply defined. In particular, the
chosen redshift z ⇠ 7 line separating cases B and C
corresponds to times of oldest observed quasars with
supermassive black holes (SMBHs) [28–30]. Decays
of S around that time can impact the formation rate
of the SMBHs, see Sec. IVC. The onset of S decays
can also happen later until and beyond the present
day, meaning that regime C extends to cover all the
possible lifetimes of S.

As can be seen in Fig. 2 in case A the connector
S typically needs to chemically decouple with larger
number density than would give the correct thermal
abundance, since during the decay some of its energy
is transferred to the kinetic energy of the �, which gets
redshifted. Note also that annihilation of ��̄ ! AA

can have some e↵ect, even if the number densities do
not reach equilibrium values, as seen in the small drop
of � density at early times. For later decays in case
B and C the � particles need to be produced with
very small kinetic energy, as discussed in Sec. III D 2
below, otherwise will negatively a↵ect the structure
formation. It follows that S needs to have the number
density just a bit over the observed one which is then
nearly completely transferred to the DM.

B. Dark matter self-interactions

In calculating the strength of the elastic scattering
between two DM particles at present day velocities
v ⇠ 10�3 we follow standard numerical procedure of
solving Schrödinger equation described in [14, 31]. We
use natural units c = ~ = 1.

The relevant quantity with respect to self-
interactions is transfer cross section which is defined
as a weighted average of the di↵erential cross section
with respect to the fractional longitudinal momentum
transfer (1 � cos ✓):

�tr ⌘ � :=

Z
d⌦(1 � cos ✓)

d�

d⌦

=
4⇡

k2

`maxX

`=0

⇥
(2` + 1) sin2

�` � 2(` + 1) sin �`⇥

⇥ sin �`+1 cos (�`+1 � �`)
⇤
.

(3)

The di↵erential cross section is given by series ex-
pansion into Legendre polynomials corresponding to
orthogonal partial waves:

d�

d⌦
=

1

k2

�����

`maxX

`=0

(2` + 1)ei�`P`(cos ✓) sin �`

�����

2

. (4)

The phase shift �` for a partial wave ` is obtained
by solving Schrödinger equation for the radial wave
function R`(r), which describes reduced �-� system,
given by

1

r2

d

dr

✓
r
2 dR`

dr

◆
+

✓
k
2
�

`(` + 1)

r2
� 2µV (r)

◆
R` = 0,

(5)
where v is relative velocity of �’s, µ = m�/2 is re-
duced mass of the system and k = µv. Potential term
comes from the gauge interactions in Eq. (1). Multiple
exchanges of A

µ coupled to � with coupling strength
↵ = g

2
/(4⇡), result in a Yukawa-type potential:

V (r) = ±
↵

r
e
�mAr

.

Since we took A
µ to be a vector, the interactions

are attractive (�) for ��̄ scattering and repulsive (+)
for �� or �̄�̄ scattering. The interaction cross section
is then taken as the average of repulsive and attractive
interactions.

Far away from the Yukawa potential range Eq. (5)
has well known solution in terms of spherical Bessel
functions j`(r) and n`(r) (for definitions and proper-
ties of spherical Bessel functions see, e.g., Sec. 10.47
in [32]):

lim
r!1

R`(r) / cos �`j`(kr) � sin �`n`(kr) (6)

Therefore, one needs to numerically solve Eq. (5)
for a  r  b and match numerical solution at b to
the analytic one. We use Numerov method [33, 34]
which is fourth-order linear method in the step size
h = (b�a)/n, where n is number of points in the grid.
Limiting points a and b are determined by demanding
that at a Eq. (5) is dominated by the centrifugal term,

SM and dark sector connected 
through a very weak Higgs portal:

ϵ

ℒDS ⊃ λHS S2 H†H + ϵ Sχ̄χ + ϵ μHSS H†H + ig Aμχ̄γμχ

Z2 : S → − S
Assume  WIMP-like symmetry 

leads to 
freeze-out 

of S

subdominant
self-

interactions
decay

Relevant interaction terms:

* at some high scale, e.g GUT or even Planck scale

g

can be large

ϵ ⋘ 1

very long 
life-time of S

not tied  
to DM production
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FIG. 2: The illustration of the thermal history of S (blue), � (black) and A
µ (orange) with example parameter choices

leading to early (regime A, solid lines), late (regime B, dashed) and very late (regime C, dotted) decays of S. The borders
of the regimes are indicative and not sharply defined. In particular, the redshift z ⇠ 7 line corresponds to times of oldest

observed quasars with SMBHs - see text and Sec. IVC for details.

which means a ⌧
1

mA
,
`+1
µv

. The upper bound, b, is
determined by demanding that the potential term is

much smaller than the kinetic term: ↵

b
e
�mAb

⌧
µv

2

2 .
The resulting phase shift is determined by match-

ing the numerical solution with asymptotic one at the
endpoint of the grid [35]:

tan (�`) =
j`(k(b � h))R`(b) � j`(kb)R`(b � h)

n`(k(b � h))R`(b) � n`(kb)R`(b � h)
, (7)

where R` is a wave function obtained numerically and
j`, n` are spherical Bessel functions.

We calculate phase shifts until convergence of
Eq. (3) where we consider � to be converged if suc-
cessive values obtained for `max and `max ! `max +1
di↵er by less than 0.1%.

The numerical solution is strictly needed only in
the resonant regime, which occurs when ↵m�

mA
& 1.

In other regions of parameter space one can use ana-
lytic formulas to speed up the numerical scan. These
can be obtained either from perturbative expansion
in ↵ (Born regime [36]; applicable when ↵m�

mA
⌧ 1) or

from classical calculations of charged particles moving
in plasma (classical regime [36–39]; applicable when
vm�

mA
� 1). We find agreement between numerical

results and analytic formulae whenever they are ap-
plicable.

Both the coupling g and light mediator mass mA

governing the scattering cross section are free, essen-
tially unconstrained parameters of the model. It fol-
lows that a very wide range of possible self-interaction
strengths can be obtained. Two regions are of particu-
lar phenomenological interest, on which we will focus:

• The first is when �/m� 2 (10�1
, 101) g/cm2

leading to momentum transfer rates in the cor-
rect ballpark to address the small-scale struc-
ture problems of ⇤CDM. Theories giving rise to
cross sections in this range are often referred to
as the strongly interacting dark matter (SIDM)
models.

• The second is the so-called ultra SIDM (or
uSIDM) regime with �/m� & 103g/cm2 which

could resolve the puzzle of supermassive black
holes formation. One possible solution is
that a small uSIDM component can, through
a gravothermal collapse, form an initial seed
which is what is needed for accelerating growth
rate of SMBHs at their early stages of evolu-
tion [27, 40].

C. Late time S decay

Due to the breaking of the stabilizing Z2 symmetry,
the S decays both to DS and SM states. We will
assume that the latter are negligible compared to the
former, which is the case if only the trilinear coupling
µHS is small enough leading to small mixing with the
Higgs. At tree-level the only decay is then S ! �̄�

with width taking the form:

�S!�̄� =
✏
2

8⇡

(m2
S
� 4m

2
�
)3/2

m
2
S

(8)

⇡ 5.3 ⇥ 104
⇣

mS

1GeV

⌘⇣
✏

10�16

⌘2
✓

�

10�4

◆3/2

km/s/Mpc

where

� ⌘ 1 �
2m�

mS

(9)

is the parameter governing the mass splitting and we
introduced exemplary parameter values that lead to
late decays.

However, at higher order the three-body S ! �̄�A

and loop decay S ! AA are present and parametri-
cally �S!�̄�A/�S!�̄� ⇠ g

2 and �S!AA/�S!�̄� ⇠ g
4

where the former is also potentially significantly af-
fected by the available phase space, especially if � ⌧ 1.
One can see that S decay naturally results in few % of
energy being transferred to radiation and therefore one
obtains a complete one-component DM model with
the property desired for alleviating the H0 tension.

In more detail, final decay products will be either
nonrelativistic (in tree decay S ! �̄�, act as dark

weak ≲ ϵ0)

A)

B)

C)very weak ≲ ϵ ≲ weak

ultra weak ≲ ϵ ≲ very weak

ϵ ≲ ultra weak

DS thermalizes, usual thermal 
self-interacting DM model

superWIMP production, viable 
model but no impact on H0 tension

life-time on cosmological scales 
changing the expansion rate - 

chance to impact the H0 tension

two-component DM (S and     ), 
where only one is self-interacting 
(in this case perhaps even ultra-

strongly)

χ
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FIG. 5: Regime A results for �/m� in the range 0.1–10 cm2/g preferred by the SIDM solution of the small scale
problems in the mA–m� plane for two representative values of coupling constant ↵ = 0.0001 (left) and ↵ = 0.1 (right).
The gray area on the bottom left is excluded as it leads to too strong DM self-interactions, while the pale green region

above is allowed, but does not a↵ect structures at small scales.

FIG. 6: The results for the SIDM regime B originating
from late S decays. Color coding denotes the value of the
coupling g for the points that satisfy the condition �/m� ⇠
(1 ± 10%) cm2/g. On top of that the dark green shade
denotes the region at the 1� (68%) level around the mean
values of DCDM parameters, which relax Hubble tension
in the short lifetime scenario. Gray pluses overlay points
that have � > 0.01 which are in this model in tension with

the structure formation.

priors set to short S lifetime projected onto fixed5

�/m� ⇠ (1±10%) cm2/g in the mA�m� plane, with
colour bar indicating coupling strength g. The dark
semitransparent green region shows 1� range around
the best fit values relaxing the Hubble tension, i.e.
the DR fraction of F = 10�2.41

⇡ 0.004. The light
green line denotes the best fit parameters, which de-
pend on mS , hence it is a continuum and not a point,
with small width due to numerical resolution.

The numerical scan was performed in a grid over
four parameters uniquely specifying this fraction: mS ,
mA, m� and g, with the condition that the mass split-
ting, Eq. (9), is small, � 2 [10�6

, 10�1]. The only
remaining relevant cosmological parameter, the decay

5 The �/m� was fixed to a representative value in order to en-
hance readability of this particular figure, while we emphasize
that allowing larger range for the cross section enlarges the
allowed parameter space.

width �, can always be brought to correct value by
rescaling the ✏ coupling constant.

The lower right region starting roughly at the right
tip of best fit and going along right diagonal, repre-
sents the resonant regime. One sees smaller density of
points here, compared to Born and classical regimes,
and higher values of g are allowed. For largest mA,
points are very sparse which comes from the irregu-
lar pattern of consecutive resonances which have very
small width for large value of ↵. Roughly half of res-
onant parameter space is also marked by gray pluses,
which denote that those points require large �, which
is in tension with structure formation limits.

The 1� region is bounded from above by the con-
dition on F . The points above this bound are giving
too e�cient conversion to DR and manifest in two
regimes. The resonant and ↵ ⇠ 1 regimes are domi-
nated by loop decay into two As. This region is, par-
tially, also constrained by the limit on �. For the rest
of the parameter space, three body decay of S is dom-
inant.

It is worth stressing that a large parameter space
of the model allows for both the self-interactions to
be at the right range to potentially solve small scale
problems and to decay to correct amount of radiation
to help relieving the H0 tension.

C. The uSIDM regime

Finally, for even longer S lifetimes we enter the
two-component DM regime where the � can be much
more strongly interacting. As was noticed in [27] and
followed by, e.g., [40], such uSIDM could provide a
mechanism of formation of supermassive black holes
with masses of order 109MSun which formed by z ⇠ 7.
Such SMBHs were observed recently [28–30] and pro-
vide a challenge for standard formation mechanisms
because of their large masses forming at such an early
time. The proposed mechanism of [27] is similar to
ordinary gravothermal collapse which is believed to
be responsible for formation of globular clusters [65]
and takes place by ejection of most energetic stars, al-
lowing the rest of the system to contract. Concerning
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FIG. 2: Constraints at 95%C.L. on DM annihilating into
vector mediators that kinematically mix with hypercharge as
a function of the DM and mediator masses. The blue shaded
region shows the combinations of DM mass m� and mediator
mass m� that lead to a DM self-interaction cross section of
0.1 cm2 g�1 < h�T i30/m� < 10 cm2 g�1, which would visibly
a↵ect astrophysical observables at dwarf galaxy scale [18].

gamma rays in excess of the extragalactic gamma-ray
background [74]. Heavier mediators decay into both lep-
tons and hadrons, and we adopt BR(� ! ``) from [75].

For each combination of DM and mediator mass in this
model, we calculate the Sommerfeld enhancement factor
using the conservative upper bound on vrec from Eq. (2).
By comparing the result to Eq. (1), we can determine
the parameter region excluded by CMB constraints. To
calculate the appropriate value of fe↵ as a function of
m� and m�, we multiply the di↵erent decay modes with
the e�ciency factors from [57]. Our results are shown in
Fig. 2, where we also show the Fermi and AMS-02 bounds
discussed above. We observe that the CMB constraints,
and partially also the other indirect detection constraints,
exclude all combinations of m� and m� that lead to in-
teresting self-interaction cross sections (note that for suf-
ficiently light DM the model is already excluded by these
constraints without Sommerfeld enhancement).

We emphasize that very close to a resonance both the
preferred SIDM region and the various constraints may
be modified by the impact of a potential second period
of DM annihilation on the relic density calculation (see
above). For late kinetic decoupling the resulting modi-
fications will be small, but we expect even larger e↵ects
not to change our results qualitatively.

Discussion.— The bounds shown in Fig. 2 have been
obtained under very conservative assumptions and are
expected to apply in a similar way to other DM mod-
els with a light mediator, e.g. scalar and vector DM, for
which annihilation into mediator pairs generically pro-

ceeds via s-wave. The CMB constraints, in particular,
are very robust because we probe DM annihilation in
a kinematical situation where the Sommerfeld enhance-
ment is typically already saturated, so that the redshift
dependence of the energy injection rate is the same as for
standard s-wave annihilation. Even for parameter com-
binations where this is not the case, our constraints are
extremely conservative because we evaluate �v no later
than at recombination, and for larger values of vrec than
expected in a realistic treatment of kinetic decoupling.
Nevertheless, our analysis does rely on a number of as-
sumptions, which we will now review in detail.
For our calculations so far, there was no need to specify

the kinetic mixing parameter ✏, as long as mixing is suf-
ficiently large that the mediator decays in time to a↵ect
the reionisation history. Nevertheless, we have assumed
implicitly that ✏ is large enough to thermalise the visible
sector and the dark sector before freeze-out. Depending
on the DMmass, the required value of ✏ for this to happen
is of order 10�7–10�5 [76]. However, DM direct detec-
tion experiments (as well as astrophysical constraints for
m� . 1 MeV [77]) typically require much smaller values
of ✏ [22]. The conclusion is that a di↵erent mechanism
must be responsible for bringing the visible and the dark
sector into thermal contact.
The simplest possibility would be a thermal contact at

higher temperatures, via a di↵erent portal. After this in-
teraction ceases to be e↵ective, the temperatures of both
sectors would then evolve independently, depending on
the number of degrees of freedom in each sector. For size-
able ↵� the DM relic abundance will still be determined
by dark sector freeze out, but at a di↵erent temperature.
For reasonable temperature ratios, as we discuss in detail
in appendix A, such a situation does not lead to quali-
tatively di↵erent results compared to the case where the
two sectors have the same temperature. For the case
where the two sectors never reach thermal equilibrium
and the DM relic abundance is for example set via the
freeze-in mechanism, we refer to [25].
A second important assumption is that the DM anni-

hilation to mediator pairs proceeds via an s-wave pro-
cess. While the Sommerfeld enhancement can be signif-
icant also in the p-wave case (see Fig. 1), the resulting
cross sections are significantly smaller and indirect de-
tection gives no relevant constraints. CMB constraints
are also evaded for most of the parameter space, because
for v . vsat the cross section again decreases like v2 and
therefore becomes unobservably small at recombination.
Only if the ratio m�/m� is very large and close to a res-
onance, e↵ects may be observable – in particular with
stage 4 CMB experiments. Detailed predictions depend
however on vrec and hence on Tkd. We note that p-wave
annihilation requires scalar rather than vector mediators,
which is strongly constrained from independent model
building considerations, in particular the combination of
constraints from direct detection experiments and pri-
mordial nucleosynthesis [22].
Finally, our conclusions can be modified if the media-
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FIG. 4: Comparison of the two regimes of DCDM life-
time: long (red) and short (blue). Contours are given at

the 1� (68%) level.

particle, which at time of decay is vkick ⇠ �.
We can estimate the free-streaming length of daugh-

ter particle using formula from [60]:

�fs =
R
⌧0

⌧d
d⌧v(⌧) ⇠ 3vkick�

�1

ad
, (16)

where here ⌧ is the conformal time, integration limits
are conformal times corresponding to the time of de-
cay and to the present, � is the decay width and ad is
the scale factor at the time of decay.

Lifetimes considered herein, correspond to ��1 .
10 Gyr for which mass splitting is constrained [58–60]
to be: � . 10�2 for short lifetime regime and � .
10�3.5 for long lifetime regime (note Fig. 11 of [60]).
It is worth noting that in short lifetime regime, virtu-
ally all of S will decay into self-interacting DM, and
the elastic scatterings between the DM particles addi-
tionally should suppress free-streaming and somewhat
relax the bound on mass splitting. For longer lifetime
regime, the limits are stronger because the daughter
particle had less time to redshift.

IV. RESULTS

In this section we present and discuss the results
of numerical scans for the three regimes A, B and C.
In all the cases we implicitly assume that the correct
observed relic abundance of DM is set by adjusting
the details of the freeze-out and decay process of S.

A. The SIDM regime

For the ✏ values small enough that the dark sec-
tor does not thermalize with the SM, but at the same
time large enough that S decays happen before re-
combination the scenario e↵ectively boils down to a

self-interacting ⇤CDM model. Phenomenologically it
has the same properties as many well studied SIDM
models (again we refer to, e.g., [14] for a review), with
two important distinctions. First, the self-interaction
strength is governed by a di↵erent coupling that the
one giving rise to the relic abundance, opening much
wider parameter space. And second, the light media-
tor can be completely stable rendering the most con-
straining limits ine↵ective. In this regime the whole
phenomenology is governed by m�, mA and ↵.

In Fig. 5 we present the cross sections of the
strength needed for solving small-scale structure prob-
lems of ⇤CDM with rainbowlike palette. The left
panel shows the case of small (↵ = 10�4) while the
right panel large (↵ = 10�1) values of the coupling.
One can notice well-known resonant behavior in lower
right part of the plot, which gets more pronounced as
↵ increases. For fixed mA, correct �/m� is inversely
proportional to m� and directly proportional to ↵,
as expected. In gray region, parameter space is ex-
cluded due to too strong self-interactions [61–63]. The
light-green region predicts too weak self-interactions
to a↵ect cosmology at the small scales in any visible
way. The existence of color bands in between, span-
ning more than an order of magnitude in both masses
when taking into account varying ↵ is a demonstration
that the proposed mechanism can successfully give rise
to the viable SIDM candidate.

Before ending this section let us mention that even
in the regime where the S decays happen well before
recombination the resulting DM component can help
alleviate the cosmological tensions. This was observed
and studied in detail in [21] where it was found that
if annihilation happens very close to the peak of one
of the Sommerfeld e↵ect resonances, the DM can un-
dergo a second period of annihilations at late times
[64], leading to conversion of some fraction of matter
to radiation. The same e↵ect can appear in our setup,
with the modification due to di↵erent thermal histo-
ries of the DM component. In particular, in [21] the
time of kinetic decoupling from the SM thermal bath
plays a significant role. However, if �s came from de-
cays of S and were never in equilibrium, then the evo-
lution of their velocity distribution, and consequently
the impact of possible late time Sommerfeld enhanced
annihilations, would require a separate study.

B. The SIDM from late decays regime

Lowering the ✏ values, the lifetime of S extends
beyond the recombination and the following decays
modify the cosmological model. In this regime the re-
sulting dark matter phenomenology is still governed
by m�, mA and ↵, but mS (or equivalently �) and ✏

start to have important consequences as well by af-
fecting the kinematics of the decay and the lifetime,
respectively.

The main results for this regime are given in Fig. 6.
It shows the results of the cosmological scan with

( It has been noted that the Decaying DM model (DCDM) with two parameters:

can improve the fit to the Hubble parameter over the CDM
Γ F — decay width  — fraction of the decaying component 

We have performed our fit with 
MontePython using combined datasets: 

• Planck 2018 

• BAO data from the BOSS survey

• the galaxy cluster counts from Planck 
catalogue

• local measurement of the Hubble 
constant. 

with two different life-time priors: short 
and long (motivated by previous results)

K. Vattis, S. Koushiappas, A. Loeb ’19

…; S. Aoyama et al. ’14;  V. Poulin, P. Serpico, J. Lesgourgues 
’16;  K. Enqvist et al. ’15; G. Blackadder, S. Koushiappas ’18;    
Y. Gu et al. ’20;  … 
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(TTTEEE high-`, TT, EE low-` and lensing like-
lihoods),

• BAO data from the BOSS survey [50–52].

• The galaxy cluster counts from Planck catalogue
(PC) [53],

• The local measurement of the Hubble constant
(HST), H0 = 74.03 ± 1.42 km/s/Mpc [12].

In addition to 6 standard cosmological parame-
ters {!b, !cdm, ln 1010As, ns, 100✓s, ⌧reio} [10], we scan
over two additional ones: � and F. They denote decay
width and fraction of DCDM that decays into dark ra-
diation, respectively. Note that in the context of our
model, the latter parameter was already introduced in
Eq. (12), while � is the total decay width of S. We
use thus obtained cosmological limits on � and F to
find the parameter space regions of our model that is
preferred from the perspective of cosmological data.

1. Cosmological scan

We performed three separate scans using in each
case the same likelihoods. They correspond to ⇤CDM,
DCDM with broad prior on decay lifetime (later called
short) and DCDM with prior on decay lifetime con-
strained to be comparable to current age of the Uni-
verse (later called long). The last scan is motivated
by [16] which found late DCDM model with lifetime
⇠ 20 Gyr can relieve the Hubble tension. In this last
case we fixed the reionization time, initial perturba-
tion amplitude As and its spectral index ns to ⇤CDM
best fit value, similar to what was done in [16].

We used flat priors for 6 ⇤CDM parameters with
ranges set as follows: !b = ⌦bh

2
2 (0.01, 0.1),

!cdm 2 (0.05, 0.3), 100✓s 2 (0.8, 1.2), ⌧ 2 (0.01, 0.2),
ln(1010As) 2 (2, 4), ns 2 (0.9, 1.1). For two addi-
tional parameters, we used the same prior for amount
of dark radiation coming from decay: log10 F 2

(�4,�0.4), while using two di↵erent priors on the
lifetime of DCDM, corresponding to short and long
regimes: log10 � 2 (2, 7) [km/s/Mpc] and log10 � 2

(0, 3) [km/s/Mpc], respectively.
We generated chains until the Gelman-Rubin crite-

rion R � 1 < 0.2 is satisfied. The results of the scans
are presented in Fig. 3 and 4.

We find two disconnected regions that improve the
fit by mildly increasing H0, relatively to ⇤CDM. They
correspond to early decay lifetime (⇠ 4 Myr) with
small (⇠ 1%) fraction going into dark radiation and to
late decay lifetime (⇠ 5 Gyr) with significant fraction
(⇠ 10%) going into dark radiation. Such anticorre-
lation between F and � is expected and was previ-
ously noted in e.g. [54, 55]. In the first case, all of S

decayed into �s by the onset of structure formation,
therefore �’s self-interactions can improve the struc-
ture formation at small scales relative to the ⇤CDM.
In the second case, a potentially large fraction of final
DM component is still in the noninteracting form of S

particles that did not yet managed to decay until the
present day. In this case the scattering cross section
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TABLE I: Constraints on cosmological parameters. The
uncertainties on the mean values are given at the 1� (68%)
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FIG. 3: Comparison of the fit for H0 and �8 in long and
short decay lifetime DCDM models with the ⇤CDM.

can be even larger and therefore even tiny fraction of
ultra-SIDM can serve as seeds of SMBHs.

Comparison with ⇤CDM in H0–�8 plane is shown
in Fig. 3. Mean values of the parameters are presented
in Table I. We see mild reduction in tension between
CMB and low-redshift observations of H0 and �8 in
DCDM model.

2. Structure formation

Late time decays can a↵ect not only the Hubble
parameter, but also structure formation as the prod-
uct of the decay can obtain su�cient energy to free-
stream.

We impose the bounds coming from halo mass-
concentration, galaxy-cluster mass function and
Lyman-↵ power spectrum [56–60] as an upper bound
on mass splitting between decaying (mother) parti-
cle and the resulting massive (daughter) particle. It
provides the so-called kick velocity to the daughter

(

The H0 parameter best fit: Two preferred lifetime regimes: 

– short (regime B): τ ∼ 4 Myr while fraction of 
dark radiation is strongly constrained to be 
below ∼ 1% 

– long (regime C): τ ∼ 5 Gyr while fraction of 
dark radiation is allowed to be as big as ∼ 10%. 
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(TTTEEE high-`, TT, EE low-` and lensing like-
lihoods),

• BAO data from the BOSS survey [50–52].

• The galaxy cluster counts from Planck catalogue
(PC) [53],

• The local measurement of the Hubble constant
(HST), H0 = 74.03 ± 1.42 km/s/Mpc [12].

In addition to 6 standard cosmological parame-
ters {!b, !cdm, ln 1010As, ns, 100✓s, ⌧reio} [10], we scan
over two additional ones: � and F. They denote decay
width and fraction of DCDM that decays into dark ra-
diation, respectively. Note that in the context of our
model, the latter parameter was already introduced in
Eq. (12), while � is the total decay width of S. We
use thus obtained cosmological limits on � and F to
find the parameter space regions of our model that is
preferred from the perspective of cosmological data.

1. Cosmological scan

We performed three separate scans using in each
case the same likelihoods. They correspond to ⇤CDM,
DCDM with broad prior on decay lifetime (later called
short) and DCDM with prior on decay lifetime con-
strained to be comparable to current age of the Uni-
verse (later called long). The last scan is motivated
by [16] which found late DCDM model with lifetime
⇠ 20 Gyr can relieve the Hubble tension. In this last
case we fixed the reionization time, initial perturba-
tion amplitude As and its spectral index ns to ⇤CDM
best fit value, similar to what was done in [16].

We used flat priors for 6 ⇤CDM parameters with
ranges set as follows: !b = ⌦bh

2
2 (0.01, 0.1),

!cdm 2 (0.05, 0.3), 100✓s 2 (0.8, 1.2), ⌧ 2 (0.01, 0.2),
ln(1010As) 2 (2, 4), ns 2 (0.9, 1.1). For two addi-
tional parameters, we used the same prior for amount
of dark radiation coming from decay: log10 F 2

(�4,�0.4), while using two di↵erent priors on the
lifetime of DCDM, corresponding to short and long
regimes: log10 � 2 (2, 7) [km/s/Mpc] and log10 � 2

(0, 3) [km/s/Mpc], respectively.
We generated chains until the Gelman-Rubin crite-

rion R � 1 < 0.2 is satisfied. The results of the scans
are presented in Fig. 3 and 4.

We find two disconnected regions that improve the
fit by mildly increasing H0, relatively to ⇤CDM. They
correspond to early decay lifetime (⇠ 4 Myr) with
small (⇠ 1%) fraction going into dark radiation and to
late decay lifetime (⇠ 5 Gyr) with significant fraction
(⇠ 10%) going into dark radiation. Such anticorre-
lation between F and � is expected and was previ-
ously noted in e.g. [54, 55]. In the first case, all of S

decayed into �s by the onset of structure formation,
therefore �’s self-interactions can improve the struc-
ture formation at small scales relative to the ⇤CDM.
In the second case, a potentially large fraction of final
DM component is still in the noninteracting form of S

particles that did not yet managed to decay until the
present day. In this case the scattering cross section
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FIG. 3: Comparison of the fit for H0 and �8 in long and
short decay lifetime DCDM models with the ⇤CDM.

can be even larger and therefore even tiny fraction of
ultra-SIDM can serve as seeds of SMBHs.

Comparison with ⇤CDM in H0–�8 plane is shown
in Fig. 3. Mean values of the parameters are presented
in Table I. We see mild reduction in tension between
CMB and low-redshift observations of H0 and �8 in
DCDM model.

2. Structure formation

Late time decays can a↵ect not only the Hubble
parameter, but also structure formation as the prod-
uct of the decay can obtain su�cient energy to free-
stream.

We impose the bounds coming from halo mass-
concentration, galaxy-cluster mass function and
Lyman-↵ power spectrum [56–60] as an upper bound
on mass splitting between decaying (mother) parti-
cle and the resulting massive (daughter) particle. It
provides the so-called kick velocity to the daughter

see also S. Clark et al. ’20

The shift of the H0 compared to CDM 
is however rather mild in models of the 
type as our example 

Λ

… although this could perhaps be modified 
with model building, complete solution of the 
H0 tension is unlikely

but DCDM can play its part in the 
full solution



REGIME B: SIDM FROM LATE DECAYS

best fit region to 
cosmological data

now only points with

In this regime life-time on 
cosmological scales changing the 

expansion rate - chance to 
impact the H0 tension

best fit spans over wide region 
of mediator mass

 but pretty specific 

though the change of the H0 
parameter is not large enough to 

completely solve the tension
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FIG. 5: Regime A results for �/m� in the range 0.1–10 cm2/g preferred by the SIDM solution of the small scale
problems in the mA–m� plane for two representative values of coupling constant ↵ = 0.0001 (left) and ↵ = 0.1 (right).
The gray area on the bottom left is excluded as it leads to too strong DM self-interactions, while the pale green region

above is allowed, but does not a↵ect structures at small scales.

FIG. 6: The results for the SIDM regime B originating
from late S decays. Color coding denotes the value of the
coupling g for the points that satisfy the condition �/m� ⇠
(1 ± 10%) cm2/g. On top of that the dark green shade
denotes the region at the 1� (68%) level around the mean
values of DCDM parameters, which relax Hubble tension
in the short lifetime scenario. Gray pluses overlay points
that have � > 0.01 which are in this model in tension with

the structure formation.

priors set to short S lifetime projected onto fixed5

�/m� ⇠ (1±10%) cm2/g in the mA�m� plane, with
colour bar indicating coupling strength g. The dark
semitransparent green region shows 1� range around
the best fit values relaxing the Hubble tension, i.e.
the DR fraction of F = 10�2.41

⇡ 0.004. The light
green line denotes the best fit parameters, which de-
pend on mS , hence it is a continuum and not a point,
with small width due to numerical resolution.

The numerical scan was performed in a grid over
four parameters uniquely specifying this fraction: mS ,
mA, m� and g, with the condition that the mass split-
ting, Eq. (9), is small, � 2 [10�6

, 10�1]. The only
remaining relevant cosmological parameter, the decay

5 The �/m� was fixed to a representative value in order to en-
hance readability of this particular figure, while we emphasize
that allowing larger range for the cross section enlarges the
allowed parameter space.

width �, can always be brought to correct value by
rescaling the ✏ coupling constant.

The lower right region starting roughly at the right
tip of best fit and going along right diagonal, repre-
sents the resonant regime. One sees smaller density of
points here, compared to Born and classical regimes,
and higher values of g are allowed. For largest mA,
points are very sparse which comes from the irregu-
lar pattern of consecutive resonances which have very
small width for large value of ↵. Roughly half of res-
onant parameter space is also marked by gray pluses,
which denote that those points require large �, which
is in tension with structure formation limits.

The 1� region is bounded from above by the con-
dition on F . The points above this bound are giving
too e�cient conversion to DR and manifest in two
regimes. The resonant and ↵ ⇠ 1 regimes are domi-
nated by loop decay into two As. This region is, par-
tially, also constrained by the limit on �. For the rest
of the parameter space, three body decay of S is dom-
inant.

It is worth stressing that a large parameter space
of the model allows for both the self-interactions to
be at the right range to potentially solve small scale
problems and to decay to correct amount of radiation
to help relieving the H0 tension.

C. The uSIDM regime

Finally, for even longer S lifetimes we enter the
two-component DM regime where the � can be much
more strongly interacting. As was noticed in [27] and
followed by, e.g., [40], such uSIDM could provide a
mechanism of formation of supermassive black holes
with masses of order 109MSun which formed by z ⇠ 7.
Such SMBHs were observed recently [28–30] and pro-
vide a challenge for standard formation mechanisms
because of their large masses forming at such an early
time. The proposed mechanism of [27] is similar to
ordinary gravothermal collapse which is believed to
be responsible for formation of globular clusters [65]
and takes place by ejection of most energetic stars, al-
lowing the rest of the system to contract. Concerning

σ /mχ = (1 ± 10%) cm2/g

gray points are in tension 
with structure formation 
(when DM has too large 
velocity at production)

mχ

≲ 1MeV



DOES THIS MODEL SOLVE THE H0 TENSION?

There is a growing consensus that a 
mix of pre- and post-recombination 

effects are needed to completely 
solve the tension

(unless systematics is to blame…)

NO…
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Figure 10. Relative probability density functions for several current methods for measur-
ing H0. The CMB, BAO, strong lensing and TRGB methods currently yield lower values of
H0, while Cepheids yield the highest values. The uncertainties associated with H0 measure-
ments from gravitational wave sirens, strong lensing, Miras, masers, and SBF are currently
significantly larger than the errors quoted for the TRGB and Cepheids. See text for details.
(CMB: Planck Collaboration 2018; TRGB: this paper; Cepheids: R21; Lensing: Birrer et al.
(2020); DES Y3 + BAO + BBN: DES Collaboration et al. (2021); GW sirens: Hotokezaka
et al. (2019) Miras: Huang et al. (2018); SBF: Khetan et al. (2021); Masers: Reid et al.
(2019)).

points. This updated calibration includes 1) extensive measurements of the TRGB

over a wide area in the halo of the maser galaxy NGC 4258 (Jang et al. 2021); 2)

independent observations of the TRGB in 46 Milky Way globular clusters covering a

wide range of metallicities (Cerny et al. 2020); and 3) a reanalysis of the TRGB in-

corporating revised reddening corrections for the LMC and SMC (Hoyt 2021). These

calibrations all agree with that earlier determined for the LMC alone (F19, F20) to

better than 1%, providing multiple consistency checks on the LMC calibration of F19

and F20. Each of these calibrations is tied to geometrical distance anchors (H2O

megamasers in the case of NGC 4258; DEB distances and Gaia EDR3 parallaxes for

the Milky Way globular clusters; and DEB distances for the LMC and the SMC). In

addition, using a fiducial horizontal branch sequence defined by the Milky Way glob-

ular clusters, we discuss and compare the TRGB absolute magnitude for the nearby

dwarf elliptical galaxies Sculptor (Tran et al. 2021, in prep) and Fornax (Oakes et

al. 2021, in prep), and for four LMC globular clusters, finding excellent additional

agreement.

Freedm
an, 2106.15656

…but:

I. II.

decaying D
M

Ho = 69.8 ± 0.6 (stat) ± 1.6 (sys) km s−1 Mpc−1 

our best fit: Ho = 69.4 + 0.43 - 0.60 km s−1 Mpc−1 

TRGB:

might be a part 
of the solution!
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black holes formation, uSIDM causes similar process
in DM halo and as there is no inhibitor to the pro-
cess, SMBH forms. Unfortunately, if uSIDM consti-
tutes the whole of DM, self-interaction rate necessary
for gravothermal collapse exceeds the bound set by,
e.g., the Bullet cluster. However, a small fraction of
even ultra strongly interacting DM is allowed by ob-
servations and as showed by detailed simulations in a
framework of multi-component DM models in [27, 40],
can be responsible for boosting the formation rate of
SMBHs.

In Fig. 7 we show the results of the long lifetime scan
in the F

0–�/m� plane, where F
0 denotes the fraction

of uSIDM that existed by z = 7. In light blue we show
a region at the 2� (95%) level around the mean values
of DCDM parameters which relax Hubble tension in
the long lifetime scenario. Vertical dashed lines de-
note resulting fractions of uSIDM component at the
present day. These are significantly larger than the
values of F

0 on the x-axis, because of the decays that
take place between z = 7 and z = 0. It follows that
the whole light blue region leads to a scenario where
ultra strongly interacting component constitutes un-
acceptably large fraction (& 0.4) of DM at late times.
Therefore, we find that if the uSIDM arises from de-
cays of an intermediate unstable state the requirement
of significant fraction of uSIDM to be already present
at z ⇠ 7 implies very long lifetimes & 40 Gyr giving
small fraction F

0 and large scattering cross sections.
This is not the parameter region that is preferred for
the requirement of relaxing the Hubble tension.

The light green region denotes the parameter space
where decay of S happens too late to significantly in-
fluence the H0 tension, but with large enough �/m�

and F
0 to be relevant for accelerating SMBHs for-

mation. Therefore, significant part of the parame-
ter space corresponds to a scenario of two-component
DM which provides a viable mechanism of produc-
tion of subdominant uSIDM. Note that although some
parts of this region lead to a substantial present day
uSIDM component as well, the exact limits on F

0(t0)
are rather uncertain and do not exclude the whole pa-
rameter space of the model.

The red lines are the results of numerical simula-
tions performed in [40] (Fig. 5, Model A for elas-
tic scatterings) and denote redshifts z = 7 (solid)
and z = 15 (dashed). In that work, two component
DM scenario was assumed, with constant fraction of
uSIDM, F

0. In our case, F
0 depends both on time of

the decay 1/� and the fraction 1 � F going into DM
component. Hence, the limits presented here should
be taken as exemplary and further study conducting
numerical simulation would be needed.

To summarize, we find that production of uSIDM
via late decay is strongly constrained if one restricts
the decay lifetime to be . 40 Gyr, which would at
the same time relax the Hubble tension. The di�-
culty lies at the very early time of SMBH formation
as z ⇠ 7 corresponds to ⇠ 0.77 Gyr, while we find that
the decay times relevant to Hubble tension correspond
to either earlier (⇠ 4 Myr) or longer (⇠ 5 Gyr) times.
However, if the decay is assumed to happen even later
than 40 Gyr, it could be a viable mechanism of accel-

FIG. 7: The results for the regime C. The blue and green
regions feature self-interactions strong enough to acceler-
ate SMBHs formation rates, while on top of that the blue
region is in the 2� region around the best fit for the H0 pa-
rameter. The dotted vertical lines show contours of uSIDM
fraction at the present day. See the text for more details.

erating the formation of early SMBHs.

V. DISCUSSION AND CONCLUSIONS

Motivated by the question of how far in solving
or alleviating the tensions of ⇤CDM one can go by
modification of only the dark matter component in a
complete particle physics model, we study in this pa-
per the implications of the self-interacting dark mat-
ter production mechanism based on (late time) de-
cays of an intermediate thermally produced WIMP-
like state. The decay is at the tree-level only into pair
of DM particles, while at higher order three-body and
loop processes introduce small branching ratio to final
states containing the light mediator. This leads to a
very natural explanation of why only several percent
of the dark matter energy was transferred into radia-
tion, which is a necessary condition for improving the
fit to the H0 parameter. At the same time, if only
the lifetime of the intermediate state is smaller than
the age of the Universe, the whole noninteracting dark
matter is converted into strongly interacting compo-
nent capable of addressing as well the ⇤CDM tensions
at small scales. Moreover, this mechanism allows the
mediator to be stable and therefore avoid strong lim-
its from the observations of cosmic microwave back-
ground and indirect detection.

From a particle physics perspective such scenario is
a natural extension of the very well studied models
connecting the dark sector with the visible sector by
a weak portal. We provide and study a simple ex-
ample model of this kind, where for concreteness we
focus on the Higgs portal. Within this model we per-
form numerical analysis with the emphasis on the dark
matter self-interaction properties and fits to local and
global cosmological measurements. We find that the
proposed mechanism allows for a perfectly viable self-
interacting dark matter with large parameter space re-
sulting in the elastic cross section of the correct range
to address the small scale cosmological problems. Ad-

REGIME C: ULTRA-SIDM
For longer S life-times it won’t 
decay completely even till today

two-component DM (S and )  
combination of CDM and SIDM

χ
when only fraction of DM 

is self-interacting it can 
actually have much larger 
scattering cross section 

uSIDM

provides a candidate 
mechanism for seeding 

the formation of 
supermassive black holes 

(SMBHs)

to fit the H0 one needs 
larger fraction going to 
radiation (i.e. larger BR 

to mediator A)

[standard formation 
theory is challenged by 

observation of very 
old, z ~7 SMBHs]

helps in SMBHs formation + improves fit to H0

problem: between z~7 
and z~0 large fraction 

of S will manage to 
decay leading to too 

large present day 
population of uSIDM

the model can either improve the fit to 
H0 or help with SMBHs formation rate, 

but not both

J. Pollack, D. Spergel, 
P. Steinhardt ’14

J. Choquette, J. Cline, 
J. Cornell ’19



BONUS: XENON 1T
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Figure 2: Region in the hidden photon parameter space hinted at by the XENON1T result [16]
(blue regions showing 68% and 95% C.L. contours) compared to the regions suggested from
stellar cooling [19, 20] (purple regions). The corresponding lines indicate 95% C.L. exclusion
limits, while the green line represents the exclusion limit from RGB stars. The red lines show the
preferred parameter regions from a combined fit of the XENON1T excess and the HB anomaly
at 68% and 95% C.L. The best-fit point is indicated by a red dot.

in terms of hidden photon emission [20] have an intriguing overlap. This allows for a combined
explanation of both of these e↵ects with a single hidden photon with a kinetic mixing to the
Standard Model photon.

Having a simple explanation of these hints allows us also to speculate on potential comple-
mentary tests of this hypothesis. One possibility may be the time-dependence of the event rate
in XENON1T (this was already investigated in [16] but the results were not conclusive). As
the signal is due to the absorption of dark matter particles, the kinetic energy of them does not
play a crucial role. Therefore, for a locally homogeneous dark matter distribution one expects
a constant rate of events9. This is similar to the case expected for the interpretation of axion-
like particles being produced in the Sun considered by the XENON1T collaboration which is
also constant up to a small annual modulation from the varying distance between Earth and
Sun along the Earth’s orbit [16]. However, if hidden photons are produced from inflationary
fluctuations, strong inhomogeneities are expected [58, 62]. On small scales, this could lead to
objects (similar to axion mini-clusters [88,89]) with densities about 104�105 times higher than
the average local density and a size of ⇠ few ⇥ 100 km. Such substructures would cross the
detector with crossing times of the order of seconds and an encounter rate of several tens per
year. This could perhaps be seen as a clustering of events on short time-scales, although this

9This is in contrast to the case of a scattering of WIMPs for which a signal strongly depends on the velocity
of the DM particle, leading to potential annual modulations [87].
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Throughout the whole discussion we assumed the mediator is completely stable… 
…but it does not need to be

Allowing e.g. some small kinetic mixing with 
the SM photon does not spoil any of the 

results above, while can have 
phenomenological consequences 

e.g.

[mass range perfectly consistent with 
best fit to self-interaction strength + 

H0 in our model]

Worth investigating also other 
potential signals, e.g.

the detection of the decay products 
(especially in regimes B and C) 

⇒

G. Alonso-Alvarez et al. ’20



1. Mechanism of self-interacting DM production from decays 
of an intermediate state offers a new way of constructing 
models satisfying the known constraints

2. It provides a natural way of transferring few % of energy 
density to radiation at late times allowing for slightly alleviating 
the H0 tension

3. Extensions of the simple model discussed here can offer 
interesting phenomenology and are worth investigating

CONCLUSIONS

[or from a different angle: can be a part of the solution as it’s 
quite likely that true explanation is a combination of few effects]

4. More data coming: a 5yr observing run by the upgraded LIGO, Virgo, 
KAGRA and LIGO India detectors should be enough to measure H0  
to 1% by 2030


