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MOTIVATION



Limitations of 𝛬CDM?

We are in the era of precision cosmology! 

H0 tension: measurements of the Hubble parameter fit to 
the CMB favor lower values than those determined from 
direct measurements. 

S8 tension: Fits to CMB favor higher values than those 
determined from direct measurements. 

Many approaches have been tried. One plausible way to 
resolve the Hubble tension is to reduce the sound 
horizon 

→ Add degrees of freedom, but they need to redshift away 
after matter-radiation equality. Dark radiation is a 
compelling possibility.



Not all DR is created equal

“Vanilla” DR suppresses power at high l due to silk 
damping. Better if DR can be created/increased at 
late times. 

Free streaming DR suppresses CMB peaks due to 
the drag effect. Self-interacting DR works better. 



Enter The Step

Recent idea: StepDR (1 massless + 1eV scale interacting 
components - emerges naturally in SUSY)  

If light component annihilates shortly before matter-raditation 
equality, energy transferred to massless component, which 
improves the fit to CMB. 

[Aloni et al., Phys. Rev. D 105 (2022), no. 12 123516] 
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We find that when fit to a dataset including CMB and
BAO (but no direct late-universe measurements of H0),
our model predicts H0 = [67.6, 70.9] km/s/Mpc at 90%
confidence (in good agreement with Ref. [3]) and reduces
the 4.5� tension between ⇤CDM and SH0ES to 2.7�. To
further quantify the ability of the model to resolve the
tension, we apply the “H0 Olympics” measures defined
in Ref. [10] and find that it is the only concrete particle
physics model (with a Lagrangian) that passes the estab-
lished rubric in all three Olympic criteria (thus qualifying
for a “gold medal”).

In Sec. II, we describe the overall setup and outline the
basic physics of a stepped dark sector, finding that it nat-
urally fits into the simplest supersymmetric model, the
Wess-Zumino model. In Sec. III, we describe the e↵ects
of a mass-threshold on the CMB. In Sec. IV, we perform
various fits to the data, both including and not including
late-time determinations of H0. In Sec. V, we generalize
this model to one with a larger set of parameters that
allows for a broader consideration of other related the-
ories. Finally, in Sec. VI we discuss how this model is
favored by the data and conclude. We also provide two
appendices that include details of our implementation of
the mass-threshold and a full set of posterior densities
and best-fit cosmological parameters as determined by
our MCMC analysis.

II. A MODEL OF STEPPED DARK RADIATION

Constructing a model of interacting radiation a priori
is not di�cult. A Weyl fermion  and complex scalar �
that interact through a Yukawa coupling, � 2

�, provide
a compact and economical model of interacting radiation.
Scalars are naturally massive with masses near the cuto↵
of the e↵ective theory, and thus integrating out � yields a
four-fermion operator, �2 4

/m
2
�. Requiring these inter-

actions to be faster than a Hubble time at recombination
bounds the mass of the scalar from above, m�/� . MeV
(assuming that the dark radiation temperature Td is com-
parable to the neutrino temperature). The presence of a
light scalar (which is not a Goldstone boson), while e�-
cient practically, is conceptually incomplete and calls for
additional physics to stabilize its mass.

Remarkably, the above picture follows from the sim-
plest possible supersymmetric model, the Wess-Zumino
model [33], which has the benefit of automatically con-
trolling the scalar mass. The fermion and scalar com-
ponents of a single superfield X with a superpotential
coupling W = (�/3)X3 yields the Lagrangian

LWZ = �� 
2 + �

2 (�⇤�)2 . (1)

We refer to this specific model as “Wess-Zumino Dark
Radiation” or WZDR.

Since supersymmetry cannot be exact in Nature, we
expect an additional scalar mass m

2
� �

⇤
�, which may

be generated from interactions with, e.g., the Standard
Model. Even without couplings to the Standard Model,
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FIG. 1: A representative example of the redshift dependence
of the e↵ective number of additional neutrinos N (dashed
black, left-axis), the equation of state w (solid red, right-
axis), and the speed of sound c

2
s (dotted red, right-axis) for

a strongly-coupled WZDR fluid that transitions at a redshift
of zt = 2⇥ 104.

gravity will naturally generate scalar masses of order
m� ⇠ (MSUSY)2/MPl, where MSUSY is the fundamen-
tal supersymmetry breaking scale and MPl is the Planck
mass. For example, in low-scale gauge mediation [34, 35]
MSUSY ⇠ 100 TeV and intriguingly the scalar mass is
comparable to the temperature of the photon-baryon
plasma at recombination, m� ⇠ 1 eV.2 Current and
future measurements of the CMB are and will be sen-
sitive to new relativistic species during the epoch when
the temperature of the baryon-photon plasma was T� ⇠
(0.5 � 50) eV. This happy coincidence, that supersym-
metric models of interacting radiation often predict a
mass-threshold that occurs within a detectable epoch,
makes them distinguishable from conventional models of
strongly-coupled radiation.
This then presents a physical picture as follows: some

process (examples of which we will discuss below) pro-
duces an amount of interacting radiation consisting of
 and � particles with an energy density equivalent to
NUV additional neutrino species after Big Bang nucle-
osynthesis (BBN). When the temperature of this sector
drops below m�, the scalars deposit their entropy into
the lighter  species as decays and annihilations between
� and  maintain chemical and kinetic equilibrium. For
temperatures not too far below m�, the fluid is a mix-
ture of both massive and massless particles such that its
energy density redshifts more slowly than that of the rel-
ativistic neutrinos. As a result, over a period of time

2
If X is sequestered from SUSY breaking, anomaly mediation [36,

37] generates a scalar mass m� ⇠ �
2
/(16⇡

2
)M

2
SUSY/MPl.



Recent idea: StepDR (1 massless + 1eV scale interacting 
components - emerges naturally in SUSY)  

If light component annihilates shortly before matter-raditation 
equality, energy transferred to massless component, which 
improves the fit to CMB. 

On the other hand, Increasing the energy density around 
MRE generically makes the S8 tension worse. 

[Aloni et al., Phys. Rev. D 105 (2022), no. 12 123516] 

Enter The Step



Recent idea: StepDR (1 massless + 1eV scale interacting 
components - emerges naturally in SUSY)  

If light component annihilates shortly before matter-raditation 
equality, energy transferred to massless component, which 
improves the fit to CMB. 

On the other hand, Increasing the energy density around 
MRE generically makes the S8 tension worse. 

PAcDM: self-interacting DR, coupled to a fraction of DM. 

Structure formation slowed while interaction is in equilibrium. 
Goes in the right direction for H0, but not enough.

[Aloni et al., Phys. Rev. D 105 (2022), no. 12 123516] 

[Chacko et al., JHEP 12 (2016) 108] 

Enter PAcDM



Adding a step to PAcDM
DR in PAcDM has a massless vector as well as fermion. 

Massless fermion as well as subcomponent of DM (iDM) are charged under the 
vector. 

Adding a small mass to the DR fermion introduces a step in the energy density.  

As T<m, fermions annihilate, interaction with iDM decouples → transition to CDM.

CDM iDM 𝜓

DR

tightly coupled

A



THE MODEL



Moving parts

relative energy density in DR, just as in the original StepDR proposal. Secondly, it induces

a change in the dynamics of the charged DM sub-component by turning o↵ its pressure and

allowing its perturbations to grow. Consequently, the transition from partially acoustic to

collisionless DM tends to occur earlier in SPartAcous than in PAcDM, allowing a better fit

to the CMB.

In this paper, we motivate and introduce the SPartAcous framework, present the under-

lying particle physics model, and determine its impact on various cosmological observables.

The results in this paper have been obtained using a modified version of the cosmological

code CLASS [75]. In upcoming work [76], we will perform a dedicated likelihood analysis of

the SPartAcous model to the available cosmological data.

This paper is organized as follows. In Sec. 2, we introduce the model and highlight its most

important features. In Sec. 3, we study its e↵ects on cosmological evolution and determine

the evolution of cosmological perturbations in the dark sector. In Sec. 4, we present numerical

results that showcase the characteristic features of the model, and present evidence that it

can significantly improve both cosmological tensions. In the final, section we conclude. Some

details of the analysis are presented in the appendix.

2 The Model

In this section, we present the SPartAcous model, describe its field content and interactions,

and explain how these give rise to the desired cosmological history. The SPartAcous model

is characterized by an interacting dark sector which, in addition to DM, also contains DR.

As in PAcDM, here DM is composed of two distinct components: a primary component that

is cold and non-interacting, and a subdominant component that has sizable interactions with

the DR. The role of the subdominant component is played by a complex scalar field � that

carries charge under a dark U(1) gauge symmetry. Going forward, � will be referred to as

the interacting DM (iDM) component1. The massless gauge boson associated with the gauge

symmetry is a component of the DR, and is labelled by Aµ. The dark sector also contains a

light Dirac fermion  with mass m that is charged under the U(1) gauge symmetry. Then

the Lagrangian for the dark sector takes the form,

�Ldark = �1

4
Vµ⌫V

µ⌫ +  ̄(i/D �m ) + |D�|2 �m2

�|�|2 . (2.1)

Here Vµ⌫ is the field strength associated with the dark U(1) gauge field, and Dµ is the as-

sociated covariant derivative. For simplicity we have assumed that � and  have the same

charges under the U(1). The generalization to the case with arbitrary charges is straight-

forward. While a scalar quartic coupling can be included for completeness, it has no direct

impact on our results. We assume the dark sector has its own temperature Td, which is

slightly lower than the visible sector temperature T . This is quite natural, since even if the

1The role of iDM could also be played by a charged fermion without changing the main features of the
model. Our choice of a scalar is simply to match the original PAcDM model [61].
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Figure 1. Feynman diagrams for the relevant dark sector interactions. Upper Left: Pair annihila-
tion/creation of  into/from dark gauge bosons A. Upper Right: Compton scattering between  and
A, which keeps the two fluids tightly coupled. Lower Left: Long-range interactions between  and
the iDM component � through the exchange of dark gauge bosons. Lower Right: Self-interaction of
A from the Euler-Heisenberg operator, with  running in the loop. The upper diagrams play a role
in keeping the DR in equilibrium at high temperatures, and the lower right diagram does the same at
low temperatures. The lower left diagram makes DR-iDM interactions possible.

two sectors are in equilibrium at very early times, after they decouple the SM bath will get

heated up as the heavy species annihilate away.

This scenario can be embedded in a larger dark sector, as in the PAcDM proposal [61],

in which there are extra fields that can play the role of the dominant cold DM (CDM)

component, and additional interactions that can explain the cosmic abundances of iDM and

CDM. The iDM component, �, is assumed to have a cosmological abundance that amounts to

a small fraction of the total DM density, !�/!DM ⇠ 10�2. This can easily be arranged within

the context of the standard freeze-out framework, simply by allowing for di↵erent DM masses

and correspondingly di↵erent DM annihilation cross sections, see Refs. [61, 77]. However,

the associated dynamics is relevant only at very large dark sector temperatures (Td � keV),

and is therefore not directly probed by CMB or LSS experiments. For this reason, in this

work we will remain agnostic about the physics at very high temperatures that explains the

cosmic abundances of the various particles in the dark sector, and limit our attention to the

dynamics that happens after the temperature has dropped below ⇠ keV, after which it can

start impacting the relevant observables.

The processes that play an important role in the cosmological history are illustrated in
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in equilibrium 
for

the Feynman diagrams of Fig. 1. At high temperatures, Td & m , the dark fermion and

gauge boson behave as DR. The upper left diagram shows the pair annihilation of  into

gauge bosons. The cross section for this process is of the order of,

h� annvi ⇠

8
<

:

↵2
d

T 2
d
, Td > m ,

↵2
d

m2
 
, Td < m ,

(2.2)

with ↵d ⌘ g2d/(4⇡). At temperatures Td � m , pair creation also happens at the same rate

as pair annihilation.

The upper right diagram shows the Compton scattering of  and A, which at high

temperatures has a cross section approximately given by

h� Avi ⇠
↵2

d

T 2

d

. (2.3)

Together, pair annihilation, pair creation and Compton scattering keep  and A in thermal

equilibrium at high temperatures, Td > m . At these temperatures, the dark fermion and

gauge boson constitute interacting DR.

Since we know the number of relativistic degrees of freedom in the dark sector at these

temperatures, we can relate Td to the energy density in DR. This is conventionally param-

eterized in units of the energy density in a single neutrino species, �Ne↵ . At early times,

when the temperature in the dark sector is well below the electron mass me but well above

the mass of  , so that me � Td � m , the ratio of the temperatures in the visible sector and

dark sectors remains constant. The contribution of DR to �Ne↵ in this regime is given by

�NUV

e↵
=
⇢A + ⇢ 
⇢1⌫

=

�
2 + 7

2

�

7

4

�
4

11

�4/3

✓
Td

T

◆
4

⇡ 12.1

✓
Td

T

◆
4

. (2.4)

Here ⇢A and ⇢ denote the energy densities in dark gauge bosons and dark fermions respec-

tively, and ⇢1⌫ represents the energy density in a single neutrino species. The last equality

assumes T ⌧ me. From this we see that in a scenario with �Ne↵ ⇠ 0.1� 1, the range which

can potentially address the H0 problem [46], the temperature of the dark sector cannot be

very di↵erent from that of the visible sector.

The lower left diagram shows the dominant interaction between iDM and DR, which at

temperatures below m� primarily arises from the t-channel exchange of dark gauge bosons

between  and �. Just as in conventional Rutherford scattering, this cross section is tech-

nically divergent. However, as we will see in the next section, the relevant interaction rates

are those of momentum exchange and heat exchange, which are finite once plasma e↵ects

are taken into account. This process keeps the iDM and DR in kinetic equilibrium at high

temperatures, Td > m . This suppresses the growth of structure for modes that enter the

horizon at these early times, thereby o↵ering a solution to the S8 problem.
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Timeline
In the UV, the DR is self-interacting, and scattering 

with 𝜓 keeps iDM coupled to the DR. 

Once the temperature drops below the mass of 𝜓, the 
light fermion annihilates away, and the DR heats 
up. 

After this, iDM effectively becomes CDM, which 
eases the S8 tension. 

The step in Neff eases the H0 tension.

In principle, Compton scattering between A and � (same as the upper right diagram of

Fig. 1 but with  replaced by �) could also be relevant and lead to an additional coupling

between iDM and DR. The cross section for this process is of the order of

h��Avi ⇠
↵2

d

m2
�
. (2.5)

However, as long as m� is large enough, this interaction will be su�ciently feeble at low

temperatures so as to not play an important role.

At temperatures below the mass of  , the dark fermions annihilate away into gauge

bosons through the diagram on the top left of Fig. 1, and their number density becomes

exponentially suppressed. The DR bath, now consisting only of gauge bosons, gets heated

up. This generates a step-like increase in �Ne↵ , with the low-temperature value being larger

by a factor that depends on the ratio of high-to-low temperature e↵ective number of degrees

of freedom in the DR. This is analogous to what happens to the photon temperature after

electrons and positrons become non-relativistic and annihilate away. The high temperature

and low temperature values of Ne↵ are related by,

�N IR

e↵
=

✓
11

4

◆
1/3

�NUV

e↵
⇡ 1.4�NUV

e↵
. (2.6)

The presence of this step feature in Ne↵ allows a solution to the H0 tension along the lines

of Ref. [46]. We present a more detailed study of the redshift evolution of the dark sector

temperature and �Ne↵ in Appendix A.3.

Once the dark fermions have exited the bath, the process shown in the bottom left dia-

gram of Fig. 1 is no longer e↵ective, and so iDM and DR are no longer in kinetic equilibrium.

Consequently, the long wavelength modes that entered the horizon after  exited the bath

exhibit no suppression in structure relative to ⇤CDM.

Even though the DR bath now consists only of gauge bosons, it can still have sizable

self-interactions through the loop diagram shown in the lower right of Fig. 1. If the energies

involved in the AA ! AA scattering are much smaller than m , the e↵ects of this diagram

can be approximated using the e↵ective Euler-Heisenberg type operator

LEH

D =
↵2

d

90m4

 


(Vµ⌫V

µ⌫)2 +
7

4
(Vµ⌫ Ṽ

µ⌫)2
�
. (2.7)

In this limit, the cross section is approximately given by

h�AAvi ⇠ ↵4

d
T 6

m8

 

. (2.8)

This scattering process allows the DR to continue to be self-interacting even at temperatures

below the mass of  .
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Input parameters

: insensitive, use benchmark value 1GeV 

: insensitive, use benchmark value 10-4 

: fraction of interacting DM  

: redshift for step (equivalently,        ) 

: equivalently, 

irrelevant. At this point, there are two important di↵erences between SPartAcous and the

PAcDM scenario. Firstly, the perturbations entering the horizon after this decoupling will

behave as CDM, and so the resulting power spectrum at long wavelengths is the same as in a

scenario in which all of DM is standard CDM. In PAcDM, the transition to CDM like behav-

ior only occurs when the energy density in iDM exceeds that in DR [62]. This implies that for

large �Ne↵ , the transition tends to occur well into the regime that is significantly constrained

by CMB. Secondly, since the iDM completely decouples from the DR, its sound speed quickly

becomes negligible. This means that in SPartAcous, even those iDM perturbations that en-

tered the horizon before this decoupling grow quickly and catch up with the perturbations in

the CDM fluid. Mutatis mutandis, a similar behavior takes place in the baryon perturbations

after they decouple from the photons. Therefore, shortly after decoupling, the DM sector,

comprised of both CDM and iDM, behaves as in ⇤CDM, but with a non-trivial primordial

power spectrum at short wavelengths compared to ⇤CDM models. In addition, a “memento”

of the iDM’s tightly-coupled era is imprinted on the matter power spectrum once their per-

turbations catch up with those of the CDM. This takes the form of acoustic oscillations in the

matter power spectrum, analogous to those from the baryons in the standard ⇤CDM model

(but at smaller scales for the parameter range we will be interested in). Following established

convention, we refer to this phenomenon as “dark acoustic oscillations” (DAO).

4 Results

The results of this section have been obtained using the CLASS code [75], which we have

modified to implement the evolution of the DR and iDM background and perturbations as

described in the previous section. The input parameters to the model are the low temperature

contribution to �Ne↵ after the transition, �N IR

e↵
; the fraction of DM that is interacting f�;

and the redshift zt around which the step takes place (which, following Ref. [46], we define

in terms of the transition scale factor, (1 + zt)�1 ⌘ at ⌘ Td0/m , where Td0 is the DR

temperature today). We use the benchmark pointm� = 103 GeV and ↵d = 10�4 as previously
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the Feynman diagrams of Fig. 1. At high temperatures, Td & m , the dark fermion and

gauge boson behave as DR. The upper left diagram shows the pair annihilation of  into

gauge bosons. The cross section for this process is of the order of,

h� annvi ⇠

8
<

:

↵2
d

T 2
d
, Td > m ,

↵2
d

m2
 
, Td < m ,

(2.2)

with ↵d ⌘ g2d/(4⇡). At temperatures Td � m , pair creation also happens at the same rate

as pair annihilation.

The upper right diagram shows the Compton scattering of  and A, which at high

temperatures has a cross section approximately given by

h� Avi ⇠
↵2

d

T 2

d

. (2.3)

Together, pair annihilation, pair creation and Compton scattering keep  and A in thermal

equilibrium at high temperatures, Td > m . At these temperatures, the dark fermion and

gauge boson constitute interacting DR.

Since we know the number of relativistic degrees of freedom in the dark sector at these

temperatures, we can relate Td to the energy density in DR. This is conventionally param-

eterized in units of the energy density in a single neutrino species, �Ne↵ . At early times,

when the temperature in the dark sector is well below the electron mass me but well above

the mass of  , so that me � Td � m , the ratio of the temperatures in the visible sector and

dark sectors remains constant. The contribution of DR to �Ne↵ in this regime is given by

�NUV

e↵
=
⇢A + ⇢ 
⇢1⌫

=

�
2 + 7

2

�

7

4

�
4

11

�4/3

✓
Td

T

◆
4

⇡ 12.1

✓
Td

T

◆
4

. (2.4)

Here ⇢A and ⇢ denote the energy densities in dark gauge bosons and dark fermions respec-

tively, and ⇢1⌫ represents the energy density in a single neutrino species. The last equality

assumes T ⌧ me. From this we see that in a scenario with �Ne↵ ⇠ 0.1� 1, the range which

can potentially address the H0 problem [46], the temperature of the dark sector cannot be

very di↵erent from that of the visible sector.

The lower left diagram shows the dominant interaction between iDM and DR, which at

temperatures below m� primarily arises from the t-channel exchange of dark gauge bosons

between  and �. Just as in conventional Rutherford scattering, this cross section is tech-

nically divergent. However, as we will see in the next section, the relevant interaction rates

are those of momentum exchange and heat exchange, which are finite once plasma e↵ects

are taken into account. This process keeps the iDM and DR in kinetic equilibrium at high

temperatures, Td > m . This suppresses the growth of structure for modes that enter the

horizon at these early times, thereby o↵ering a solution to the S8 problem.
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Constraints

Figure 2. Viable parameter space satisfying all the conditions discussed in Sec. 3.1, with m set to
1 eV. The vanishing chemical potential and the  � A heating constraint are imposed at T = keV.
The annihilation constraint requires that the abundance of iDM is consistent with f� = 5%. The red
dashed line shows the annihilation constraint taking into account Sommerfeld enhancement, which is
only relevant for ↵d & 10�2. This limit assumes that Sommerfeld enhancement is su�ciently large for
s-channel annihilation at freeze-out to grow as 1/v, although is strictly only a good approximation for
↵d & 0.1 [83]. The region above the horizontal gray dashed line corresponds to those parameters for
which the A–A scattering through  loops keep the DR self-interacting until the time of recombination.
This allows the interacting radiation approximation used in Sec. 3.2 to be valid at all relevant times.
The star, at m� = 103 GeV and ↵d = 10�4, marks the benchmark point that we will use in Sec. 4.

annihilation cross-section is enhanced at low velocities by 1/v, can lead to a O(10) impact on

the abundance for ↵d & 0.1, but is negligible for ↵d . 10�2 [83].

In Fig. 2, we illustrate the allowed (↵d, m�) parameter space in which all the requirements

listed above are satisfied. We have fixed m = 1 eV, which corresponds to the step in Ne↵

taking place around the time of matter–radiation equality (as seems to be preferred by the

data [46]). In the constraint for annihilation, arising from Eq. (3.8), we required that the

annihilations are consistent with f� = 5%, since we will be interested in f� . 5%. We see that

all of the assumptions in this section are satisfied for a wide range of dark sector parameters,

showing that the scenario we are interested in is fairly generic in interacting dark sector

models with a mass threshold. For future reference, we introduce a benchmark parameter

point at m� = 103 GeV and ↵d = 10�4.

3.2 Evolution of Perturbations

In this subsection, we study the evolution of perturbations in the dark sector, following closely

the notation in Ref. [80]. As discussed in the previous section, we will be interested in a gauge

coupling su�ciently large that the DR behaves as a self-interacting perfect fluid until at least
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Evolution of perturbations
Perturbation equations in conformal Newtonian gauge for a 
perfect fluid. Derivatives are with respect to conformal time.

recombination. After that point the impact of the DR on the relevant observables is very

small, and so whether the DR is self-interacting or not becomes immaterial.

Under this assumption, we can treat  and A as a single perfect fluid for the entire time

period relevant to our analysis. For perfect fluids the perturbations of the DR are described in

terms of their local density and velocity divergence perturbations, �dr and ✓dr respectively. We

can write the equations for the perturbations in the DR and iDM in the conformal Newtonian

gauge,

�̇idm = �✓idm + 3�̇ , (3.9)

✓̇idm = �H✓idm + k2 + a� (✓dr � ✓idm) , (3.10)

�̇dr = �(1 + w)(✓dr � 3�̇)� 3H
�
c2s � w

�
�dr , (3.11)

✓̇dr = �

(1� 3w)H+

ẇ

1 + w

�
✓dr + k2

✓
c2s

1 + w
�dr +  

◆

+
⇢idm

⇢dr(1 + w)
a�(✓idm � ✓dr) . (3.12)

Here the dot denotes derivatives with respect to conformal time, a is the scale factor of the

Universe, H ⌘ aH = ȧ/a is the conformal Hubble expansion rate, w and cs are the equation

of state and the sound speed for the DR respectively (which we study in Appendix A.3), and

� is the momentum-exchange rate between iDM and DR [57, 62, 79]. For a derivation of

these equations, see Appendix A.4. In the limit of interest, when Td ⌧ m�, the interaction

rate is given by (see Appendix A.5),

� =
4

3⇡
↵2

d ln(4/h✓mini2)
T 2

d

m�
e�m /Td


2 +

m 

Td

✓
2 +

m 

Td

◆�
. (3.13)

In obtaining this expression we have regularized the divergence in forward scattering by

imposing a minimum scattering angle ✓min. This angle is set by the Debye screening length

of the DR. For more details, see Appendix A.5. For our benchmark choices of ↵d and m�,

the ratio of � and the Hubble rate H in the ultraviolet (Td ⇠ T � m ) is roughly given by:

�

H
⇠ 109

⇣ ↵d

10�4

⌘
2
✓
103 GeV

m�

◆
, (3.14)

showing that we are well within the iDM–DR tightly coupled regime.

The very large interaction rate between iDM and DR prevents the growth of perturbations

in the iDM fluid, analogous to the situation in the PAcDM model [61]. This slows the growth

of DM perturbations since the iDM component contributes to the expansion rate like a matter

field but does not gravitationally cluster. This changes the evolution of the gravitational

potential perturbations and slows the growth of the dominant CDM fluid.

Once Td < m , the interaction rate between the DR and iDM becomes exponentially

suppressed due to exponential suppression of the  number density, and quickly becomes
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Comparing to WZDR

Use same dataset (Planck, BAO, PANTHEON, SH0ES) 

Fix everything except scan parameters to WZDR best fit 
values (match               at       ).

Eq. (3.13), we see that the rate drops exponentially with m /T , while it only depends linearly

on ↵2

d/m�. Therefore, the dependence on this combination of parameters is only logarithmic.

For our benchmark values �/H ⇠ 109, which leads to this decoupling taking place roughly

when m /Td ⇠ 20.

We now proceed to explore the impact of SPartAcous on cosmological observables, in

particular, H0, S8, the CMB, and the matter power spectrum. To better compare SPartAcous

to WZDR, we fix our model’s cosmological parameters to match the WZDR model’s best fit

values to the D+ dataset, as found in Ref. [46]. We do this with the exception of ⌦DMh2

and the SPartAcous parameters �N IR

e↵
, zt, f�. We relate ⌦DMh2 to �N IR

e↵
by requiring that

the redshift zeq at matter–radiation equality be the same as at the best fit point of WZDR.

Since zeq is accurately measured by the Planck CMB observations, this is a well-motivated

choice. We then compute the cosmological observables of interest for a grid of the SPartAcous

parameters within the intervals 0.1  �N IR

e↵
 1, 0.5%  f�  5%, and 3  log10 zt  5.

In Fig. 3 we show the ranges of H0 and S8 that can be obtained by scanning over this

parameter region. In grey we show the 1� and 2� bands from the SH0ES (H0 = 73.04± 1.04

km/s/Mpc [15]) and DES (S8 = 0.775+0.026
�0.024 [33]) collaborations. The point markers have

been color-coded according to the values of the corresponding parameters across their ranges:

the top-left panel colored based on �N IR

e↵
, the top-right panel based on f�, and the bottom-

left based on zt. From the top two panels in this figure, it is clear that by adjusting �N IR

e↵

and f� one can achieve larger values of H0 while at the same time lowering S8. In this

regard the model behaves similarly to PAcDM. The impact of zt is more subtle, and can be

better appreciated by studying the bottom-right panel. In it, we show the values of H0 and

S8 for fixed �N IR

e↵
= 0.6 and only three values for f� (1%, 3%, and 5%) as zt varies over

its range. As zt increases, the DR step takes place at earlier times such that SPartAcous

becomes increasingly similar to just DR with �Ne↵ = �N IR

e↵
and without a step, except
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. Since �Ne↵ is positively correlated with H0, one ends up with a larger H0.

Note that the worsening of S8 as zt increases in order to improve H0 can be compensated by

having a larger f�. In summary, SPartAcous can produce values of S8 and H0 well within
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is of vital importance to investigate whether the model will also recover the good fit of the
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Figure 3. Scatter plots of the SPartAcous model’s predictions for H0 and S8, compared to the 1�
and 2� bands from the SH0ES (H0 = 73.04 ± 1.04 km/s/Mpc) [15] and DES (S8 = 0.775+0.026

�0.024) [33]
collaborations, shaded in gray. The plotted points are obtained by varying the model parameters in
the intervals 0.1  �N IR

e↵  1, 0.5%  f�  5%, and 3  log10 zt  5, while fixing all the other
cosmological parameters to the best fit of the WZDR model to the D+ dataset from Ref. [46]. The
panels are color-coded according to varying �N IR

e↵ (top-left), f� (top-right), and log10 zt (bottom-
left. In the bottom-right panel panel, we zoom further into the bottom-left panel, taking�N IR

e↵ = 0.6
and f� = 1%, 3%, and 5%).

to WZDR are within 2%, while the residuals with respect to the best fit of ⇤CDM to Planck

data (Fig. 5) are also within 2% over almost the entire l-range, except for small l’s which

are much less constrained due to cosmic variance. Given the typical error bars for the CMB

(see Fig. 5), this is an encouraging sign that the model should still provide a very good fit to

CMB data for transition redshifts in the neighborhood of zt ⇡ 103.8.

In addition to providing a promising solution to both cosmological tensions, the SPartA-

cous model gives a qualitatively new template for the matter power spectrum, which can po-

tentially be distinguished from those of other interacting dark sector scenarios [57, 58, 61, 62]

with future large scale structure measurements. Indeed, in Fig. 6 we show the e↵ect of varying
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and 2� bands from the SH0ES (H0 = 73.04 ± 1.04 km/s/Mpc) [15] and DES (S8 = 0.775+0.026

�0.024) [33]
collaborations, shaded in gray. The plotted points are obtained by varying the model parameters in
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data (Fig. 5) are also within 2% over almost the entire l-range, except for small l’s which
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(see Fig. 5), this is an encouraging sign that the model should still provide a very good fit to

CMB data for transition redshifts in the neighborhood of zt ⇡ 103.8.
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Comparison of SPartAcous to the best 𝛬CDM point.

Figure 4. Residuals for the TT (left) and EE (right) CMB power spectra of the SPartAcous model
compared to the best fit point of WZDR to the D+ dataset in Ref. [46]. The chosen values of the
SPartAcous parameters {�N IR

e↵ , f�, zt} are such that both H0 and S8 tensions are significantly reduced
(more concretely H0 > 71 km/s/Mpc and S8 within 1� of DES). Note that for log10(zt) ⇠ 3.8 the
residuals are within less than 2% of the best fit point of the WZDR model. For comparison, we also
show in grey the residuals for the PAcDM-like limit of SPartAcous.

Figure 5. Residuals for the TT (left) and EE (right) CMB power spectra of the SPartAcous model
compared to the best fit point of ⇤CDM to the D+ dataset in Ref. [46]. The chosen values of the
SPartAcous parameters {�N IR

e↵ , f�, zt} are such that both H0 and S8 tensions are significantly reduced
(more concretely H0 > 71 km/s/Mpc and S8 within 1� of DES). Note that for log10(zt) ⇠ 3.8 the
residuals are within 2% of the best fit point of the WZDR model. For comparison, we also show in
grey the residuals for the PAcDM-like limit of SPartAcous (obtained by taking a very late DR step,
zt = 0.1 in this figure).

f� and zt on the linear matter power spectrum expressed as the ratio of the power spectrum

in SPartAcous to that of ⇤CDM. In order to isolate the impact of these parameters on the

matter power spectrum, we have chosen a small amount of DR for illustrative purposes,

�N IR

e↵
= 0.05. One can then easily see that the e↵ect of increasing f� is to decrease power
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Matter power spectrum
Larger f𝜒 results in reduced power at small scales. 

zt controls transition to CDM-like behavior. 

Unlike PAcDM, iDM decouples quickly after the step, leaving large 
scales unsuppressed (better fit to CMB).

Figure 6. Ratio of the matter power spectrum of the SPartAcous model to that of ⇤CDM, for varying
iDM fraction f� and fixed zt (left), and varying zt with fixed f� (right). We have fixed �N IR

e↵ = 0.05,
as well as the redshift zeq of matter–radiation equality and the size of the CMB angular scales ✓s to
their ⇤CDM best fit values to Planck 2018 data [4], in order to better isolate the impact of f� and zt.
All other parameters have been fixed to their ⇤CDM best fit values as well. For comparison we also
show the matter power spectrum suppression found in PAcDM [61, 62] for the same values of �Ne↵

and f� (dashed curve(s) in both panels; recall that PAcDM has no zt parameter).

at small scales, while zt controls where the transition to ⇤CDM-like behavior occurs. As zt
increases and the DR step takes place at earlier times, the DAO also end earlier, a short time

after zt. As a result the stunted growth of matter overdensities is relegated to smaller scales.

This transition from interacting to collisionless DM in SPartAcous, dialed by zt, is crucial

in order to maintain a good fit to the CMB while attempting to address theH0 and S8 tensions.

In PAcDM, increasing the amount of DR to values large enough to address the H0 tension

causes the decrease in the power spectrum to extend to larger wavelengths, well into the scales

probed by the CMB and therefore highly constrained by data [62]. In SPartAcous, however,

the shutting-o↵ of the DR–DM interactions, associated with the step in the DR, decreases

the impact that these interactions have on CMB observables. E↵ectively, the suppression in

the matter power spectrum is limited to smaller scales, corresponding to those that entered

the horizon before the step, leaving una↵ected those scales most precisely measured by the

CMB.

We can understand two noticeable features of this new template to the power spec-

trum, namely the origin of the DAO, and the smaller suppression of the power spectrum

in SPartAcous compared to PAcDM for the same values of f� and �N IR

e↵
, by studying the

time-dependent behavior of the DM perturbations. In the left panel of Fig. 7, we show the

evolution of the �cdm and �idm perturbations for a single wavenumber, k = 0.5 h/Mpc, for

⇤CDM, PAcDM, and SPartAcous. As can be seen for both PAcDM and SPartAcous, �idm
undergoes acoustic oscillations as soon as it enters the horizon, due to its tight coupling to

the DR. This means that the iDM does not clump, and the gravitational potentials are shal-

lower than in ⇤CDM, making �cdm in SPartAcous and PAcDM grow at a slower rate than in
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A closer look at DAO
iDM starts oscillating once it enters the horizon. It stops oscillating after decoupling, 
and catches up to CDM (and 𝛬CDM). 

In contrast, PAcDM doesn’t have the same decoupling. iDM perturbations grow once 
DR redshifts away and the sound speed decreases, but they never catch up to CDM  

→ DAO not visible in matter power spectrum. Also, only the CDM part of DM clumps.

Figure 7. The evolution of a perturbation with k = 0.5 h/Mpc is plotted as a function of a, comparing
the PAcDM and SPartAcous models. We take f� = 10%, �N IR

e↵ = 0.05 (for PAcDM, which has no
DR step, this translates to �Ne↵ = �NUV

e↵ ⇡ 0.036), and log10 zt = 3.8 for SPartAcous. We have
taken a large f� value to enhance its e↵ect for illustrative purposes. Left: The evolution of � for
collisionless CDM, and for iDM in the two models is plotted. The acoustic oscillations of the �idm
perturbations, due to their coupling to the DR, are visible, starting as soon as k enters the horizon.
At a scale factor at,  starts annihilating in SPartAcous, and at a scale factor adec (when � = H)
iDM–DR decoupling occurs. Note that the amount of DR in the SPartAcous model changes around
at, resulting in a relative phase shift between the iDM oscillations in SPartAcous and PAcDM. Right:
The S2

dm suppression of the sum total of the DM perturbations (see Eq. (4.1)) in SPartAcous and
PAcDM is plotted relative to ⇤CDM.

⇤CDM. At a redshift adec, not far after the step at at = (1 + zt)�1, the exponential factor

in Eq. (3.13) reduces �/H below 1, and the � particles decouple from the DR. After this,

there is no DR pressure to sustain the iDM acoustic oscillations. Therefore, �idm in SPartA-

cous starts growing due to the gravitational potential sourced by CDM, and catches up with

�cdm. Once �idm ⇡ �cdm, both perturbations start growing as in a standard CDM scenario

(and therefore faster than when iDM was undergoing acoustic oscillations) - this is analogous

to when baryons decouple from photons shortly after recombination. While the decoupling

takes places at the same time adec for all scales, perturbations with di↵erent k scales will

find themselves at di↵erent stages of their oscillations at this point in time (troughs, peaks

or anything in between). As a result, the di↵erent k modes will reach the �idm ⇡ �cdm regime

at di↵erent phases of their oscillation, and accordingly spend more or less time in the regime

of faster growth. This imprints the DAO feature into the power spectrum as can be seen in

Fig. 6.

In contrast, for PAcDM, there is no mass threshold in the DR, and so no decoupling

between the iDM and the DR takes place. Therefore, the pressure support from DR remains

active and the �idm continues oscillating. Although the perturbations in iDM eventually start

to grow once the sound speed c2s starts decreasing, which happens when the energy density

in iDM exceeds that in DR, they only grow at the same rate as �cdm and never catch up [62].

Consequently, they do not imprint their acoustic oscillations into the matter power spectrum.
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Note also that since the �idm perturbations eventually catch up to �cdm, both kinds of DM

contribute to the gravitational potential and consequently there is less power suppression in

SPartAcous compared to PAcDM. From this point onward, the amount of clumping DM in

SPartAcous is the same as that in ⇤CDM (f� of clumping iDM and 1 � f� of CDM), and

both perturbations grow with the same rate as �cdm in ⇤CDM. However, since there was a

time prior to the step when this rate was not the same, there remains an overall suppression

in the DM perturbations in SPartAcous with respect to ⇤CDM for short wavelengths, even

if it is not as severe as in PAcDM. This can be understood in terms of the suppression in the

DM perturbations, which can be parameterized in terms of [62]

S2

dm
⌘ (f��idm + (1� f�)�cdm)

2 |model

�2
cdm

|⇤CDM

. (4.1)

This has been plotted in the right panel of Fig. 7, for both SPartAcous and PAcDM models.

Shortly after adec, S2

dm
for SPartAcous flattens out, which reflects the fact that �cdm and

�idm now grow at the same rate as their ⇤CDM counterparts. The fact that S2

dm
is larger in

SPartAcous than in PAcDM is also responsible for the more moderate matter power spectrum

suppression in the SPartAcous template compared to PAcDM.

5 Conclusions

In this work we studied a new interacting dark sector model, SPartAcous (for “Stepped Par-

tially Acoustic Dark Matter”), which generalizes the Partially Acoustic Dark Matter (PAcDM)

paradigm [61] in a simple and fruitful way, via the introduction of a mass-threshold for a sub-

component of the DR. This threshold produces a step-like increase in Ne↵ , which was recently

shown [46] to substantially improve the H0 tension. In addition, since the subcomponent of

DR that interacts with DM is the one that becomes massive, this e↵ectively turns o↵ the

interactions between DR and DM. This ensures that the main e↵ect of the interactions is to

create a partial suppression of the matter power spectrum at small scales, without a↵ecting

it at the larger scales for which there is greater CMB sensitivity. This suppression is precisely

what the direct measurements of large-scale structure appear to prefer, allowing our model

to address the S8 tension.

We presented a simple realization of this scenario, identified a parameter point for which

the evolution occurs as expected, and derived the relevant equations for the cosmological

evolution of the new components. Using those results, we provided solid numerical evidence

that this scenario captures the best features of both the PAcDM model and the original

stepped DR model of [46], improving the H0 tension while simultaneously addressing the

S8 tension. We also showed that this scenario provides a qualitatively new template for

the matter power spectrum, with potentially observable new features compared to earlier

interacting dark sector models that may serve as a smoking gun signature. This template

exhibits a suppressed spectrum at small scales due to the large interactions between iDM

and DR at early times, but a ⇤CDM-like spectrum at larger scales. In addition, evidence
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The H0 and S8 tensions could be providing the first hints of BSM physics. 
More data coming that will be able to discriminate between models. 

The SPartAcous model combines the strengths of two previous attempts 
at addressing these tensions, by adding a ‘step’ to PAcDM. 

The model contains DR that is tightly coupled to a component of DM. As 
the temperature drops below the mass of a light fermion that keeps the 
iDM coupled to the DR: 1) a step is produced in the DR energy density, 
reducing the sound horizon 2) the DM becomes collisionless, and the 
power spectrum of modes that enter the horizon at later times are CDM-
like. 

Both tensions are thus addressed, and the specific DAO pattern provides 
a smoking gun signature that distinguishes this model from other similar 
setups, such as [Joseph et al, arXiv:2207.03500]. 

In progress: Full MCMC, quantifying the improvement in the fit.

Summary



ADDITIONAL INFORMATION



Comparing to WZDR

Figure 3. Scatter plots of the SPartAcous model’s predictions for H0 and S8, compared to the 1�
and 2� bands from the SH0ES (H0 = 73.04 ± 1.04 km/s/Mpc) [15] and DES (S8 = 0.775+0.026

�0.024) [33]
collaborations, shaded in gray. The plotted points are obtained by varying the model parameters in
the intervals 0.1  �N IR

e↵  1, 0.5%  f�  5%, and 3  log10 zt  5, while fixing all the other
cosmological parameters to the best fit of the WZDR model to the D+ dataset from Ref. [46]. The
panels are color-coded according to varying �N IR

e↵ (top-left), f� (top-right), and log10 zt (bottom-
left. In the bottom-right panel panel, we zoom further into the bottom-left panel, taking�N IR

e↵ = 0.6
and f� = 1%, 3%, and 5%).

to WZDR are within 2%, while the residuals with respect to the best fit of ⇤CDM to Planck

data (Fig. 5) are also within 2% over almost the entire l-range, except for small l’s which

are much less constrained due to cosmic variance. Given the typical error bars for the CMB

(see Fig. 5), this is an encouraging sign that the model should still provide a very good fit to

CMB data for transition redshifts in the neighborhood of zt ⇡ 103.8.

In addition to providing a promising solution to both cosmological tensions, the SPartA-

cous model gives a qualitatively new template for the matter power spectrum, which can po-

tentially be distinguished from those of other interacting dark sector scenarios [57, 58, 61, 62]

with future large scale structure measurements. Indeed, in Fig. 6 we show the e↵ect of varying

– 14 –

The kink-like feature happens around zt~zeq



CMB Predictions

Comparison of SPartAcous to the best WZDR point.

Figure 4. Residuals for the TT (left) and EE (right) CMB power spectra of the SPartAcous model
compared to the best fit point of WZDR to the D+ dataset in Ref. [46]. The chosen values of the
SPartAcous parameters {�N IR

e↵ , f�, zt} are such that both H0 and S8 tensions are significantly reduced
(more concretely H0 > 71 km/s/Mpc and S8 within 1� of DES). Note that for log10(zt) ⇠ 3.8 the
residuals are within less than 2% of the best fit point of the WZDR model. For comparison, we also
show in grey the residuals for the PAcDM-like limit of SPartAcous.

Figure 5. Residuals for the TT (left) and EE (right) CMB power spectra of the SPartAcous model
compared to the best fit point of ⇤CDM to the D+ dataset in Ref. [46]. The chosen values of the
SPartAcous parameters {�N IR

e↵ , f�, zt} are such that both H0 and S8 tensions are significantly reduced
(more concretely H0 > 71 km/s/Mpc and S8 within 1� of DES). Note that for log10(zt) ⇠ 3.8 the
residuals are within 2% of the best fit point of the WZDR model. For comparison, we also show in
grey the residuals for the PAcDM-like limit of SPartAcous (obtained by taking a very late DR step,
zt = 0.1 in this figure).

f� and zt on the linear matter power spectrum expressed as the ratio of the power spectrum

in SPartAcous to that of ⇤CDM. In order to isolate the impact of these parameters on the

matter power spectrum, we have chosen a small amount of DR for illustrative purposes,

�N IR

e↵
= 0.05. One can then easily see that the e↵ect of increasing f� is to decrease power
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