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Broad parameter space for dark 
matter…which one is right??
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Figure 4-7. The landscape of dark matter candidates [from T. Tait].

Figure 4-8. The range of dark matter candidates’ masses and interaction cross sections with a nucleus of
Xe (for illustrative purposes) compiled by L. Pearce. Dark matter candidates have an enormous range of
possible masses and interaction cross sections.

Community Planning Study: Snowmass 2013

Credits: Tim Tait



6/16/21Francis-Yan Cyr-Racine, UNM 3

• The matter power spectrum tells us the typical amplitude 
of matter fluctuations at different scales.  

Focus on small-scale matter power 
spectrum
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Structure of the power spectrum
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• Competition between gravity and pressure determines the shape of 
the power spectrum

Pm(k) = T 2
m(k)P⇣(k)

Dodelson (2003)

PRELUDE 181 

Pressure 

Figure 7.1. Gravitational instability. Mass near an overdense region is attracted to the cen-
ter by gravity but repelled by pressure. If the region is dense enough, gravity wins and the 
overdensity grows with time. 

The F = ma of gravitational instability is the equation governing overdensities 
6. Schematically, it reads 

6 + [Pressure - Gravity] ^ = 0. (7.1) 

These basic forces, depicted in Figure 7.1, act in opposite directions. Gravity acts 
to increase overdensities, grabbing more matter into the region. Since there are 
more particles in an overdense region, random thermal motion causes a net loss of 
mass in an overdense region. Therefore, if pressure is strong, inhomogeneities do 
not grow. As indicated by the cartoon equation (7.1), if pressure is low, S grows 
exponentially; if it is large, 6 oscillates with time. 

We will see many manifestations of the simple form of gravitational instability 
depicted in Eq. (7.1). Different ambient cosmological conditions alter the growth 
rate. For example, in a matter-dominated universe, 6 grows only as a power of 
time, not exponentially, whereas in a radiation-dominated universe, the growth is 
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Phenomenology of dark matter-dark radiation 
(DR) interaction

Cyr-Racine et al. (2016)
Cyr-Racine et al. (2014)
Cyr-Racine & Sigurdson (2013)

Dark Radiation 
Pressure

Dark Matter

Adapted from W. Hu

Potential Well

Dark acoustic oscillation (DAO)
In the early Universe…
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recombination rate is larger than the expansion rate of
the Universe. The DR eventually decouples from the
atomic DM and begin to free-stream across the Universe.
We note that the order and the dynamics of the di↵er-
ent important transitions of the dark plasma (recombina-
tion, onset of DR free-streaming, atomic DM drag epoch,
DM thermal decoupling, etc.) can be very di↵erent than
in the standard baryonic case. We refer the reader to
Ref. [47] for more details.

To retain generality and emphasize that the PIDM sce-
nario we are considering is quite general, we shall refer
to the massless U(1)D “dark photons” simply as DR. For
simplicity, we also denote the lightest fermion as “dark
electron” (massme) while the heaviest fermion is referred
to as “dark proton” (mass mp). We assume that these
two oppositely-charged components come in equal num-
ber such that the dark sector is overall neutral under the
U(1)D interaction. This model is characterized by five
parameters which are the mass of the dark atoms mD,
the dark fine-structure constant ↵D, the binding energy
of the dark atoms BD, the present-day ratio of the DR
temperature (TD) to the cosmic microwave background
temperature ⇠ ⌘ (TD/TCMB)|z=0, and the fraction of the
overall DM density contained in interacting DM (here,
dark atoms), fint ⌘ ⇢int/⇢DM, where ⇢DM = ⇢int + ⇢CDM

and where ⇢int is the energy density of the interacting DM
component. These parameters are subject to the consis-
tency condition mD/BD � 8/↵2

D � 1, which ensures that
the relationship me + mp � BD = mD is satisfied. We
note that if the visible and dark sectors were coupled
above the electroweak scale, we naturally expect ⇠ ⇠ 0.5
[66]. A smaller value would either require new degrees of
freedom in the visible sector or that the two sectors were
never in thermal equilibrium in the first place.

The evolution of the dark plasma is largely governed
by the opacity ⌧

�1

D of the medium to DR. For the model
we considered, the main contributions1 to this opacity
are Compton scatterings of DR o↵ charged dark fermions
and Rayleigh scatterings o↵ neutral dark atoms, that is,

⌧
�1

D = ⌧
�1

Compton
+ ⌧

�1

R
, (1)

where

⌧
�1

Compton
= anADMxD�T,D

"
1 +

✓
me

mp

◆2
#
, (2)

and

⌧
�1

R
= anADM(1� xD)h�Ri

' 32⇡4
anADM(1� xD)�T,D

✓
TD

BD

◆4

. (3)

Here, �T,D ⌘ 8⇡↵2

D/(3m2
e) is the dark Thomson cross

section, a is the scale factor describing the expansion

1
In this work, we neglect the small contribution to the opacity

from photoionization processes.

of the Universe, xD is the ionized fraction of the dark
plasma, nADM is the number density of dark atoms, �R

is the Rayleigh scattering cross section, and where the an-
gular bracket denotes thermal averaging. We note that
the second line of Eq. (3) is only valid if TD < BD. It
is out of the scope of this paper to discuss in detail the
evolution of the ionized fraction and of the DM temper-
ature. We refer the reader to Ref. [47] for a thorough
investigation of dark atom recombination and thermal
history.

B. ⇠ vs �Ne↵

We note that, as far as the background cosmological ex-

pansion is concerned, varying the temperature of the DR
in PIDM models is equivalent to changing the e↵ective
number of relativistic species (commonly parametrized in
the literature by �Ne↵) in ⇤CDM models according to
the correspondence

�Ne↵ $ 8

7

✓
11

4

◆4/3

⇠
4
. (4)

However, since the DR described by our parameter ⇠ af-
fects the evolution of cosmological fluctuations in a di↵er-
ent way than the neutrino-like relativistic species usually
parametrized by �Ne↵ (because our DR couples to DM
and is not always free-streaming), we emphasize that one
cannot blindly translate the known constraints on �Ne↵

from, say, Planck [71] to a bound on ⇠. In fact, as we dis-
cuss below, the bounds on ⇠ can be much more stringent
than the naive constraints one would obtain by translat-
ing the known limits on �Ne↵ using Eq. (4). Therefore,
we emphasize that the correspondence given in Eq. (4) is
only useful when comparing the cosmological expansion
history of PIDM models with that of standard ⇤CDM
models.

III. COSMOLOGICAL EVOLUTION

A. Dark Acoustic Oscillation Scale

Since a fraction of the DM forms a tightly-coupled
plasma in the early Universe, the evolution of cosmo-
logical fluctuations in the PIDM model departs signifi-
cantly from that of a standard ⇤CDM Universe. Indeed,
as Fourier modes enter the causal horizon, the DR pres-
sure provides a restoring force opposing the gravitational
growth of over densities, leading to the propagation of
dark acoustic oscillations (DAO) in the plasma. These
acoustic waves propagate until DR kinematically decou-
ples from the interacting DM component. Similar to the
baryon case, the scale corresponding to the sound hori-
zon of the dark plasma at kinetic decoupling remains im-
printed on the matter field at late times. This so-called

2

in optical astronomy. We present here the mathematical
framework necessary to extract the substructure power
spectrum directly from pixel-based images. While our
general approach follows a similar philosophy to that
of Ref. [79], our computational technique di↵ers at sev-
eral levels, especially in our use of a mode function-
based approach. Importantly, we extend our power spec-
trum mathematical framework to include compact time-
varying sources such as quasars, hence opening substruc-
ture power spectrum measurements to a broader range
of gravitational lenses. Since the goal of this paper is
to present the framework necessary to extract measure-
ments of the substructure power spectrum from lensed
images and develop some intuition about their sensitivity
to this latter quantity, we focus here on simple paramet-
ric source and lens models.

Given the unique potential of this technique in prob-
ing sub-kiloparsec scales within galaxies at cosmological
distances from the Milky Way, we aim this paper at a
non-expert audience. As such, we carefully review the
di↵erent ingredients and assumptions entering our analy-
sis. Hasty or expert readers could directly skip to Sec. IV
for details about our method to extract the substructure
convergence power spectrum from images of gravitation-
ally lensed sources.

This paper is organized as follows. In Sec. II, we
review the mass decomposition of the lens galaxy into
macrolens and substructure, and then introduce the sub-
structure convergence power spectrum. In Sec. III, we re-
view the impact of mass substructure on observed images
of galaxy-scale gravitational lenses, focusing on extended
sources. In Sec. IV, we present the derivation of our like-
lihood for the substructure convergence power spectrum
in the case of extended lensed images. The numerical
implementation of this likelihood is discussed in Sec. V.
We present in Sec. VII analyses of mock images

Throughout this paper, we assume a Planck 2015 cos-
mology [83]. We also take the redshift of the source
to zsrc = 0.6 and that of the lens to be zlens = 0.25,
which results in a critical density for lensing ⌃crit =
5.998 ⇥ 1010

M�/arcsec2 = 3.686 ⇥ 109
M�/kpc2 in the

lens plane. A useful number to keep in mind is that for
these choices of cosmology and redshifts, 1 arcsec ⇡ 4
kpc in the lens plane.

⇠ ' 0.5 (1)

II. SMALL-SCALE STRUCTURE WITHIN LENS
GALAXIES

We begin this paper by reviewing the distinction be-
tween the so-called macro lens mass model and the small-
scale mass substructures contained within the lens galax-
ies or along the line of sight. We then review the relevant
statistical properties of mass substructures that are most
interesting from a gravitational lensing point of view.

A. Mass decomposition for galaxy-scale lenses

In this work, we specialize to to the case of galaxy-scale
strong gravitational lenses, in which multiple images of a
background source are generated. In general, the exact
structure of the gravitational potential �lens responsible
for the lensing is the result of the complex assembly his-
tory of the lens galaxy as well as its subsequent dynam-
ical evolution. In addition, structures along the line of
sight can also contribute to the richness of the projected
gravitational potential. Despite this apparent complex-
ity, many observed galaxy-scale gravitational lenses can
be reasonably fitted with relatively simple mass models,
such as isothermal ellipsoids.

A typical lens galaxy contains structure on a variety of
scales, with the larger scale features responsible for the
broad morphology of the observed lensed images, while
the small-scale structures (e.g. satellite galaxies, giant
molecular clouds, globular clusters, etc.) give rise to
small corrections to the lensed observables. This suggests
that we can decompose the projected mass density into
a dominant macro component 0(y) ⌘ hlens(y)i, where
the bracket h. . .i denotes ensemble averaging over con-
vergence configurations that lead to the observed lensed
images, and a small contribution sub parametrizing the
di↵erence between the actual projected mass distribution
and the mean-field approximation 0, that is,

lens(y) = 0(y) + sub(y). (2)

Note that we have absorbed the mean convergence in
substructures (denoted ̄sub) within 0 such that the
sub field as defined above has zero expectation value,
hsubi = 0. We note that in the absence of lensing time-
delay observations, stellar kinematic measurements, or
strong priors on the brightness and size of the source, it
is di�cult to constrain ̄sub due to the mass-sheet degen-
eracy [84]. We shall refer to 0 (and �0) as the macro
lens (or component) since it is responsible for determin-
ing the broad configuration of the lens. In general, it
contains the contributions from the smooth dark mat-
ter halo, the dominant baryonic structure (disk or oth-
erwise), and possibly from single massive subhalos sig-
nificantly a↵ecting the configuration of the lens (such as
those identified in Refs [68, 71, 73]).

On the other hand, the substructure convergence sub

(and its related lensing potential �sub) contains contri-
butions from the usual dark matter subhalos and satel-
lite galaxies orbiting the main lens galaxy, but also from
other astrophysical structures such as tidal streams, de-
bris, dense gas clouds, and globular clusters, as well as
from possible line-of-sight structures. The crucial point is
that the perturbations encoded in sub are subdominant1

1 By construction, if the sub perturbations were large, they would
lead to easily detectable e↵ects, implying that they should have
been absorbed in 0.

Natural value:
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Focus: Coupling dark matter to light 
relativistic species

6

where pDR is the incoming DR momentum. Assuming that the opacities are pure power laws of redshift [implying
xDR�DR(z) = x�(z) = 1], we schematically have

n
m�, {gi}, {hi}, ⇠

o
!

n
!DR, {an,↵l}, {bn,�l}, {dn,m�, ⇠}

o
! Plin., matter(k), (17)

where !DR ⌘ ⌦DRh
2, {gi} represents the set of coupling constants appearing in a given dark matter model, {hi} is

a set of other internal parameters such as mediator mass and number of internal degrees of freedom, and we remind
the reader that ⇠ = (TDR/TCMB)|z=0. With this latter definition, the physical DR energy density today is given
by !DR = (⌘DR/2)⇣⇠4⌦�h

2
' 1.235 ⇥ 10�5

⇣⌘DR⇠
4, where ⌦� is the energy density in photons today in unit of the

critical density of the Universe, and where ⇣ = 1 for bosonic DR and ⇣ = 7/8 for fermionic DR. Current temperature
and polarization measurements of the cosmic microwave background by the Planck satellite [82] constrain the energy
density in DR to be !DR < 2 ⇥ 10�6 at 95% confidence level.

From a practical perspective, the above e↵ective parametrization allows us to simplify the computation of the matter

power spectrum by directly passing the constant coe�cients
n
!DR, {an,↵l}, {bn,�l}, {dn,m�, ⇠}

o
to a Boltzmann

code, without having to hard code the functional form of the DM and DR opacities for each particle model. For
this purpose, we have modified the Boltzmann code CAMB [74] in order to pass to it the array of e↵ective ETHOS
parameters. This code is publicly available at https://bitbucket.org/franyancr/ethos_camb.

We emphasize that not all e↵ective parameters have a large impact on the matter power spectrum. For instance, the
subset {dn,m�, ⇠} is only used to determine the small DM adiabatic sound speed. Thus, these parameters have very
little impact on the actual structure of the linear matter power spectrum, except on very small scales. Similarly, the
subset {bn,�l} only directly a↵ects the evolution of the DR and will have a subleading e↵ect on the DM distribution.
We do note that parameters like the an, bn or dn can themselves implicitly depend on other physical parameters, such
as ⇠, but we use these coe�cients to characterize such dependence. We leave to future work the detailed study of the
impact of subdominant parameters on the matter power spectrum and focus here on the most relevant parametersn
!DR, {an ,↵l}

o
. We now illustrate this ETHOS mapping with some concrete examples.

1. DM-DR scattering via a massive mediator

We first consider a model where DM can interact with a massless sterile neutrino (⌫s) via a broken U(1) interaction
mediated by a massive vector boson �µ [33, 58, 83]. The interaction Lagrangian is given by

Lint = �g��µ�̄�
µ
� �

1

2
g⌫�µ⌫̄s�

µ
⌫s �

1

2
m

2
��µ�

µ
�

1

2
m��̄�, (18)

in addition to the standard kinetic terms. Here, we have ⌘� = ⌘⌫s = 2. The spin-summed matrix element for the
scattering ⌫s(p1) + �(p2) $ ⌫s(p3) + �(p4) is

1

⌘�⌘⌫s

X

spins

|M|
2 =

2g2�g
2
⌫

(m2
� � t)2

�
t
2 + 2st+ 2(m2

� � s)2
�
. (19)

We then evaluate the matrix element in the limit t = 2p21(µ̃ � 1) and s = m
2
� + 2m�p1,

0

@ 1

⌘�⌘⌫s

X

spins

|M|
2

1

A
�����t=2p2

1(µ̃�1)
s=m2

�+2p1m�

=
8g2�g

2
⌫⇣

m
2
� � 2p21(µ̃ � 1)

⌘2 p
2
1

�
m

2
�(1 + µ̃) + 2m�p1(µ̃ � 1) + p

2
1(µ̃ � 1)2

�

!
8g2�g

2
⌫

m
4
�

m
2
�p

2
1(1 + µ̃) for p1 ⌧ m� < m� (20)

where we have simplified the result for the case of nonrelativistic DM in the last line. We then obtain

A0(p1) =
8g2�g

2
⌫

m
4
�

m
2
�p

2
1, A1(p1) =

A0(p1)

3
, Al�2(p1) = 0, (21)

which immediately leads to

̇DR�DM = �a
3

2

⇡g
2
�g

2
⌫

m
4
�

✓
310

441

◆
n
(0)
� T

2
DR, ̇� =

4⇢DR

3⇢�
̇DR�DM, ↵l�2 =

3

2
. (22)
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Since TDR / (1 + z), we finally obtain

an3 = 0, a4 = (1 + zD)
4 3

2

⇡g
2
�g

2
⌫

m
4
�

⇢̃crit

m�

✓
310

441

◆
⇠
2
T

2
CMB,0 , an�5 = 0, (23)

where ⇢̃crit ⌘ ⇢crit/h
2

' 8.098 ⇥ 10�11eV4 is a constant independent of cosmological parameters. The current
temperature of the CMB is denoted by TCMB,0. We also have that x�(z) = 1. Thus, for this model the ETHOS
mapping takes the form

n
m�,m�, g�, g⌫ , ⇠, ⌘�, ⌘⌫s

o
!

n
!DR, a4,↵l�2 =

3

2

o
. (24)

2. Hidden-charged scalar DM

We now consider a complex scalar DM candidate charged under a new unbroken dark U(1) interaction mediated
by the gauge field Ãµ [42]. The interaction Lagrangian is given by

Lint = �(Dµ
�)†Dµ� � m

2
��

†
�, where Dµ = @µ � ig�Ãµ. (25)

Here, we have ⌘� = ⌘DR = 2. The spin-summed matrix element for the scattering �̃(p1) + �(p2) $ �̃(p3) + �(p4) is
[42]

1

⌘�⌘DR

X

spins

|M|
2 =

4g4�
⇥
(m2

� � s)4 + 2(m2
� � s)2st+ (m4

� + s
2)t2

⇤

(m2
� � s)2(s+ t � m2

�)
2

, (26)

which immediately leads to

0

@ 1

⌘�⌘DR

X

spins

|M|
2

1

A
�����t=2p2

1(µ̃�1)
s=m2

�+2p1m�

=
2g4�

��
µ̃
2 + 1

�
m

2
� + 2

�
µ̃
2

� 1
�
m�p1 + 2(µ̃ � 1)2p21

�

(m� + (µ̃ � 1)p1)2
�! 2g4�(1 + µ̃

2), (27)

where we have taken the limit p1 ⌧ m�. The coe�cients of the Legendre expansion for the matrix element are then

A0(p1) =
8g4�
3

, A1(p1) = 0, A2(p1) =
4g4�
15

, Al�3(p1) = 0. (28)

Using Eqs. (4) and (9), the DR and DM drag opacities and the angular coe�cients are

̇DR�DM = �a
g
4
�

6⇡m2
�

n
(0)
� , ̇� =

4⇢DR

3⇢�
̇DR�DM, ↵2 =

9

10
, ↵l�3 = 1. (29)

The astute reader will recognize the above expressions as similar ones arise in the case of CMB photons scattering o↵
free electrons if polarization is neglected. The opacity coe�cients are then

a0 = 0, a1 = 0, a2 = (1 + zD)
2 g

4
�

6⇡m2
�

⇢̃crit

m�
, an�3 = 0, (30)

Here, the ETHOS mapping takes the form

n
m�, g�, ⇠, ⌘�, ⌘DR

o
!

⇢
!DR, a2,↵2 =

9

10
,↵l�3 = 1

�
. (31)

3. DM coupled to non-Abelian DR

Here, we focus on the scenario discussed in [62, 63] where DM is a Dirac fermion in the fundamental representation of
a dark SU(N)d gauge group. The non-Abelian gauge coupling gd is always assumed to be small such that confinement

• Example 1: Dark matter interacting with a  massless 
photon.

• Example 2: Dark matter interacting with a massless 
neutrino via a massive mediator.

…and many more!
Hofmann et al. 2001; Chen et al. 2001; Bœhm et al. 2002; Green et al. 2004; Bertschinger
2006; Bringmann & Hofmann 2007; van den Aarssen et al. 2012; Cyr-Racine & Sigurdson 2013  
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Broad diversity of matter power spectrum shapes

Weak DAO Strong DAO
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Cyr-Racine et al. (2016)

Rapid suppression

Undamped 
oscillations
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What determines the shape of the matter power 
spectrum?
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DM-DR interaction: The dark matter drag visibility function 
determines the shape of the transfer function.  

̇� = �a
4

3
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✓
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H
Cyr-Racine et al. (2016)
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Important Lesson #1

Dark matter particle collisions with light 
degrees of freedom at early times 
imprint a new scale in the matter 

distribution.

Can we detect its presence?
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Introducing some notation 

• Capture key features of DAOs with two parameters:
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Julian Muñoz

Muñoz, Bohr, Cyr-Racine + (2021), 
Bohr , Zavala, Cyr-Racine+ (2020)

Jesús Zavala

Sebastian Bohr
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Look at the halo mass function

• Counting halos of different masses 

2 S. Bohr et al.

parameter space of DM ETHOS models in the (:peak, ⌘peak) can be
divided clearly in distinct structure formation regions (CDM-like,
WDM-like and DAO-like). When this division is done according to
the non-linear power spectrum at high redshift, only a small region
of the parameter space still displays distinct DAO features by I = 5.
This DAO region can be augmented if the halo mass function is used
instead as a measure to classify the models; Bohr et al. (2020) found
that the halo mass function is especially sensitive to the presence of
DAO features in the linear power spectrum.

In this work, we apply the Extended Press-Schechter (EPS)
formalism (Press & Schechter 1974; Bond et al. 1991; Sheth &
Tormen 1999) to a wide range of ETHOS models, which has not
been done before broadly (Sameie et al. 2019 applied this formalism
to the small subset of wDAO ETHOS models in Vogelsberger et al.
(2016)), and tweak it to accurately represent the simulated halo
mass function. The use of this formalism o�ers a quick way to
compute the halo mass function without the need to run dedicated
and computationally expensive #-body simulations.

The non-linear power spectrum at small scales depends both
on the halo mass function and the inner structure of DM haloes,
both of which are a�ected by the DM nature. In particular cut-o�s
and additional features in the linear power spectrum due to new DM
physics have been shown to a�ect not only the abundance of DM
haloes, but also their inner density profile. For instance, for WDM it
has been shown that DM haloes still follow a NFW density profile,
but with lower concentration for small haloes relative to CDM (see
e.g. Lovell et al. 2014; Ludlow et al. 2016). On the other hand,
for DAO models, it has been shown that haloes become overall
less centrally dense due to the suppression of power at small scales
(see e.g. Buckley et al. 2014; Vogelsberger et al. 2016). However,
the inner halo properties of DAO models have not been studied in
detail, in terms of their dependence on the scale and amplitude of
the DAOs. This is something we pursue in this work by looking at
the halo concentration in ETHOS models and attempting to predict
its behaviour using the model of Ludlow et al. (2016) coupled with
the EPS formalism.

Our work focuses on the high redshift regime (I � 5) to test the
limits of the EPS formalism and the concentration model of Ludlow
et al. (2016) for ETHOS models. The high redshift regime has been
shown to be a promising one to probe and distinguish di�erent
ETHOS models (e.g. see Muñoz et al. 2020, for predictions for the
21-cm signal) and it is therefore important to test the validity of
analytical approaches such as EPS. Our work is also motivated by a
lack of previous work studying the inner structure of haloes at high
redshift for DAO models.

This paper is organized as follows. In Section 2, we shortly
summarize the setup of the simulations used in this work. Section 3
covers the EPS formalism for the halo mass function and its ap-
plication to our set of ETHOS simulations. In Section 4, the inner
halo structure is studied by looking at the concentration parameter
of DM haloes. Finally, our conclusions are given in Section 5.

2 SIMULATIONS

In this work, we use the cosmological DM-only #-body simula-
tions that were described in detail in Bohr et al. (2020); they were
performed with the code A���� Springel 2010 from initial condi-
tions generated with MUSIC Hahn & Abel 2011. All simulations
use the cosmological parameters ⌦m = 0.31069, ⌦⇤ = 0.68931,
�0 = 67.5 km/s/Mpc, =s = 0.9653 and f8 = 0.815, where ⌦m
and ⌦⇤ are the matter and cosmological constant contributions to

the matter-energy density of the Universe today, respectively, �0
is today’s Hubble constant, =s is the spectral index, and f8 is the
mass variance on 8 Mpc ⌘�1scales. The high resolution region of
the simulations has a comoving smoothing length of n = 0.2 ckpc/h
and a particle mass of 8 ⇥ 104 M�/⌘ . The suite of simulations
covers CDM (:peak ! 1) and WDM-like models (⌘peak = 0) in
a wide range of cut-o� scales (:peak = 35 � 300 ⌘Mpc�1; equiv-
alent to WDM masses <j ⇡ 1.6 � 11 keV). For DAO models, the
suite covers from weak DAO with ⌘peak = 0.2 � 0.6 to strong
DAO models with ⌘peak = 0.8 � 1 (for the e�ect of sDAO fea-
tures on the Lyman-U forest, see Bose et al. 2019) and DAO scales
of :peak = 35 � 300 ⌘Mpc�1. From the simulations, the haloes
were constructed using FOF and SUBFIND algorithms included in
A���� with a particle number limit of 32. For more details on the
simulations, see Bohr et al. (2020).

3 HALO MASS FUNCTION IN ETHOS HALOES AT
HIGH REDSHIFT

For the e�ect of di�erent ETHOS models on haloes, we first look
at their abundance as measured by the halo mass function.

3.1 Extended Press-Schechter formalism

The halo mass function can be modelled from the linear power
spectrum using variants of the Press-Schechter formalism (Press &
Schechter 1974; Bond et al. 1991; Sheth & Tormen 1999; Sheth
et al. 2001) The following is a brief summary of the key equations
in the variant we will use.

Regions with a characteristic size ' corresponding to a mean
mass scale:

" =
4c
3
d̄<'3, (1)

where d̄< = ⌦<d2 is the mean matter density (d2 is the critical
density of the Universe), have a smoothed density field X" :
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where ,' is a window or filter function properly normalised, and
X(ÆG) is the matter density contrast. The (linear) mass variance is the
most relevant statistical quantity of the smoothed density field in
the Press-Schechter formalism, and it is given by:
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where %(:) is the linear power spectrum and e,' (:) is the Fourier
transform of the window function in Eq. (2).

In the Extended Press-Schechter (EPS) formalism, it is then
argued that the comoving number density =(") of collapsed haloes
of mass " (Eq. 1) is given by:
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where 5 (a) is the so-called first crossing distribution (or multiplicity
function) within the ellipsoidal collapse model (see Sheth et al.
2001):
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where ? = 0.3, @ = 1, and we fit � with our simulations, while a is
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defined in terms of the (linear) density threshold for collapse in the
spherical collapse model:

a =
X2

c

⇡2 (I)f2
(6)

where Xc = 1.686 and ⇡ (I) is the growth factor in cosmological
linear perturbation theory:
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(7)

where � is the Hubble parameter.
We note that we need to introduce a correction to the formalism

described above since our simulation suite uses a zoom-in technique
with a high-resolution volume that is in fact over-dense relative to the
mean cosmic volume. Notice that this bias in the mean overdensity
over the simulated volume is present even after using the technique
described in Bohr et al. (2020) in which the high-resolution region
within the larger parent cosmological box is chosen to match as
closely as possible the power spectrum of the (lower resolution)
parent box in the overlaping scales (see Fig. 2 of Bohr et al. 2020).

Due to this bias, the mass function given by Eq. (4) is not
directly comparable to the halo mass function extracted from our
simulations. It needs to be adjusted for finite volume e�ects in two
ways (see also Sheth & Tormen 2002): (i) the mass variance has to
be corrected for the mass variance of the high-resolution subregion
of mass "sub

f2 (") ! f2 (") � f2 ("sub), (8)

and (ii) the threshold for collapse needs to be shifted by the over-
density of the subregion Xsub:

X2 ! X2 � Xsub. (9)

For the window function e,' (:) in Eq. (3), the top-hat filter
is the common and successful choice when studying CDM, while a
sharp-k filter gives better results for WDM (Schneider et al. 2013),
but neither seems to accurately account for DAO features in the
linear power spectrum (Schewtschenko et al. 2015). Leo et al. (2018)
proposed a smooth-k space filter, which does not abruptly cut o�
like the sharp-k filter, but transitions more smoothly according to:

e,smooth
' (:) = 1

1 +
⇣
:'
2W

⌘V , (10)

where the two free parameters V and 2W control how sharp the
cut o� transition is and re-scale the size of the collapsing region
(e' = '/2, ), respectively. Sameie et al. (2019) used this filter to
study the halo mass function of weak DAO models from previous
ETHOS simulations (⌘peak = 0.2; based on Vogelsberger et al.
2016) and found a relatively good agreement. In this work, we use
this smooth filter to study the suite of ETHOS simulations from
Bohr et al. (2020) within the (⌘peak,:peak) parameter space.

3.2 EPS formalism applied to ETHOS models

With all the previous considerations, we fit the free parameters in
the EPS mass function to our ETHOS simulations in the range
⌘peak = 0 � 1 and :peak = 35 � 300 ⌘Mpc�1(plus CDM), and
across the redshift range I = 5 � 12. For the mass of our simulated
haloes, we use "200 = 4c/3A3

200200dc, where the virial radius
A200 is defined as the radius at which the enclosed density is 200
times the critical density of the Universe dc. We find the best-fitting

Figure 1. Halo mass function for the CDM model at di�erent redshifts
(I � 5) according to the colours in the legend. The light coloured lines
with error bars are measurements from the CDM simulation in Bohr et al.
(2020); the error bars are Poissonian. The dark coloured lines without error
bars are computed from the EPS halo mass function (Eq. 4) corrected for
finite volume e�ects (Eqs. 8�9) and with smooth-k space window function
(Eq. 10). The best-fit parameters of the EPS halo mass function are � =
0.3658, V = 3.46, 2W = 3.79. The bottom panel shows the ratio between
the simulation and the EPS results at each redshift.

parameters to be: � = 0.3658, V = 3.46, 2W = 3.79. The agreement
between the best-fit parameters of the EPS mass function and the
simulation results can be seen in Figs. 1�4, where the faded lines
with error bars are the result from the simulations and the solid lines
are the analytic predictions using the same best-fit parameters as in
the CDM case (given in the caption of Fig. 1).

Fig. 1 shows the CDM halo mass function and it is clear that our
EPS implementation results is in an overall good fit to the simulation
data across a wide range of redshifts (5  I  19). The scatter at
the largest halo masses at a given redshift in the simulation results is
expected and comes from low-number statistics, given the relatively
small volume of our zoom-in simulations. In the mass range where
the sampling error is small, the typical mismatch between the EPS
modelling and the simulations is . 10%.

Fig. 2 shows the models with the smallest value of :peak =
35 ⌘Mpc�1in our simulations for the full range of ⌘peak = 0 � 1.
These models correspond to linear power spectra with the largest
cuto�-scale. By looking at the upper panel, it is clear that for sDAO
models (⌘peak & 0.6) the analytic prediction can accurately recon-
struct the halo mass function across all masses. The small-scale
suppression in the linear power spectrum relative to CDM results
in a deficit in the abundance of low-mass haloes, which is captured
quite well by the EPS formalism, both in the cuto� mass-scale,
and even in the subsequent oscillations observed at smaller masses.
For the wDAO (⌘peak . 0.6) and WDM (⌘peak = 0) models on
the other hand, only the general cut-o� is captured by the ana-
lytic prediction, while the amplitude and details at small masses
are slightly over-predicted and not captured as well. The bottom
panel of Fig. 2 shows the ratio between the halo mass function of
the ETHOS model (simulation in faded lines, and EPS predictions
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et al. (2016) for ETHOS models. The high redshift regime has been
shown to be a promising one to probe and distinguish di�erent
ETHOS models (e.g. see Muñoz et al. 2020, for predictions for the
21-cm signal) and it is therefore important to test the validity of
analytical approaches such as EPS. Our work is also motivated by a
lack of previous work studying the inner structure of haloes at high
redshift for DAO models.

This paper is organized as follows. In Section 2, we shortly
summarize the setup of the simulations used in this work. Section 3
covers the EPS formalism for the halo mass function and its ap-
plication to our set of ETHOS simulations. In Section 4, the inner
halo structure is studied by looking at the concentration parameter
of DM haloes. Finally, our conclusions are given in Section 5.
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tions that were described in detail in Bohr et al. (2020); they were
performed with the code A���� Springel 2010 from initial condi-
tions generated with MUSIC Hahn & Abel 2011. All simulations
use the cosmological parameters ⌦m = 0.31069, ⌦⇤ = 0.68931,
�0 = 67.5 km/s/Mpc, =s = 0.9653 and f8 = 0.815, where ⌦m
and ⌦⇤ are the matter and cosmological constant contributions to

the matter-energy density of the Universe today, respectively, �0
is today’s Hubble constant, =s is the spectral index, and f8 is the
mass variance on 8 Mpc ⌘�1scales. The high resolution region of
the simulations has a comoving smoothing length of n = 0.2 ckpc/h
and a particle mass of 8 ⇥ 104 M�/⌘ . The suite of simulations
covers CDM (:peak ! 1) and WDM-like models (⌘peak = 0) in
a wide range of cut-o� scales (:peak = 35 � 300 ⌘Mpc�1; equiv-
alent to WDM masses <j ⇡ 1.6 � 11 keV). For DAO models, the
suite covers from weak DAO with ⌘peak = 0.2 � 0.6 to strong
DAO models with ⌘peak = 0.8 � 1 (for the e�ect of sDAO fea-
tures on the Lyman-U forest, see Bose et al. 2019) and DAO scales
of :peak = 35 � 300 ⌘Mpc�1. From the simulations, the haloes
were constructed using FOF and SUBFIND algorithms included in
A���� with a particle number limit of 32. For more details on the
simulations, see Bohr et al. (2020).

3 HALO MASS FUNCTION IN ETHOS HALOES AT
HIGH REDSHIFT

For the e�ect of di�erent ETHOS models on haloes, we first look
at their abundance as measured by the halo mass function.

3.1 Extended Press-Schechter formalism

The halo mass function can be modelled from the linear power
spectrum using variants of the Press-Schechter formalism (Press &
Schechter 1974; Bond et al. 1991; Sheth & Tormen 1999; Sheth
et al. 2001) The following is a brief summary of the key equations
in the variant we will use.

Regions with a characteristic size ' corresponding to a mean
mass scale:

" =
4c
3
d̄<'3, (1)

where d̄< = ⌦<d2 is the mean matter density (d2 is the critical
density of the Universe), have a smoothed density field X" :

X" ⌘ X(ÆG; ') =
π

X(ÆG0),' (ÆG � ÆG0; ')33ÆG (2)

where ,' is a window or filter function properly normalised, and
X(ÆG) is the matter density contrast. The (linear) mass variance is the
most relevant statistical quantity of the smoothed density field in
the Press-Schechter formalism, and it is given by:

f2 (') = 1

2c2

π 1

0
3::2%(:)e,2

' (:) (3)

where %(:) is the linear power spectrum and e,' (:) is the Fourier
transform of the window function in Eq. (2).

In the Extended Press-Schechter (EPS) formalism, it is then
argued that the comoving number density =(") of collapsed haloes
of mass " (Eq. 1) is given by:

3=

3 ln "
= �1

2
d̄<

5

f2

3f2

3"
(4)

where 5 (a) is the so-called first crossing distribution (or multiplicity
function) within the ellipsoidal collapse model (see Sheth et al.
2001):

5 (a) = �

r
2@a
c

(1 + (@a)�?) exp
⇣
�@a

2

⌘
(5)

where ? = 0.3, @ = 1, and we fit � with our simulations, while a is
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Halo mass function in the presence of DAOs
• Prominence of DAO feature increases with time!

Bohr , Zavala, Cyr-Racine+ (2021)
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A new feature in the mass function

Early-universe 
scattering between 
dark matter and a 
relativistic species 
introduces a new 
DAO “feature” in 
the halo mass 
function.
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Halo mass function: Better sensitivity to DAOs
• There is a broad range of models that are distinguishable from 

WDM.

Bohr , Zavala, Cyr-Racine+ (2020)
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Important Lesson #2

The halo mass function retains memory 
of dark matter interactions taking place 

in the early universe.



• 21-cm cosmology

• UV Luminosity function

• Substructure Lensing
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halo mass reaches our resolution limit for the halo mass function
(∼108 M"), the abundance of haloes, and hence of galaxies of the
associated magnitude, starts being artificially suppressed. For z ≤ 8,
this is not an issue down to MU = −12, since the median halo mass
at that magnitude is !6 × 108 M". The flattening of the U-band
luminosity function towards lower magnitudes at lower redshift is
thus a resolved feature in our simulations and is due to the lower
star formation efficiency at lower redshift driven by feedback (stel-
lar and ionizing background). For z ≤ 8, we are thus confident
that the U-band luminosity function is sufficiently resolved down to
MU = −12.4 For z > 8, the U-band is progressively more affected by
resolution and by z = 14, it is properly resolved down to MU ∼ −15
only (see arrows in the horizontal axis in Fig. 5). It is possible that
this cut-off may be partly physical if there is a minimum luminosity
associated with the initial starburst; we will examine this possibility
in a future paper.

3.1.3 Predictions for JWST

We have demonstrated so far that the galaxy populations in CDM
and ETHOS behave differently at high redshifts near the primordial
power spectrum cut-off. A key question is then whether such a dif-
ference can be detected to distinguish these models observationally.
To this end, we compute the luminosity function in our simulations
at wavelengths that will be observed by JWST. We do this using the
Flexible Stellar Population Synthesis (FSPS) code5 (Conroy, Gunn &
White 2009; Conroy & Gunn 2010). For each star particle in a
given simulated galaxy, we construct a simple stellar population
(SSP) using as input the metallicity and age of the star particle,
and using the initial mass function (IMF) used in our simulation
setting (Chabrier IMF; Chabrier 2003); the code then outputs the
spectra of the SSP for the particle. A mass-weighted sum is then
performed across all particles in the galaxy to compute its spectral
energy distribution and total luminosity in the desired band. We
compute the FUV and near-infrared (NIR) luminosity functions, at
150 nm and 1.15 µm rest-frame wavelengths, top and middle panels
of Fig. 6, respectively. We choose these two wavelengths since they
are representative of the FUV, which is a good tracer of recent star
formation (young stars), and the NIR, which is a better tracer of the
older stellar population (more sensitive to the prior star formation
history). In the bottom panel of Fig. 5, we also present the evolution
of the luminosity function (in the observer frame) as it would be
observed by the Near InfraRed Camera (NIRCam) on JWST (fil-
ter F150W), taking into account the transmittance of the NIRCam
Filter in JWST.6

The luminosity functions in Fig. 6 are shown in monochromatic
AB magnitudes, rest frame in the upper and middle panels, and
observer frame in the bottom panel. The FUV (150 nm) luminosity
function is shown in the upper panel of Fig. 6. The grey vertical
band is roughly the current limit from Hubble Space Telescope ob-
servations (HUDF and CANDELS, see e.g. Bouwens et al. 2015a7),
while the blue band is the estimated limit for JWST, which is based

4 We note that we have verified, with a lower resolution set of simulations
(by a factor of 8 in mass resolution), that the U-band luminosity function is
converged, in the low-resolution case, down to the magnitude corresponding
to the typical halo mass where the halo mass function is converged.
5 https://github.com/cconroy20/fsps
6 https://jwst-docs.stsci.edu/display/JTI/NIRCam+Filters
7 The Bouwens et al. (2015a) results were measured at 160 nm rather than
150 nm; we expect that this difference does not affect our conclusions.

Figure 6. FUV (150 nm) and NIR (1.15 µm) rest-frame luminosity func-
tions, on the top and middle panels, respectively, plus the luminosity function
in the observer frame (using apparent magnitudes) in the JWST F150W band
in the bottom panel. The different colours are for different redshifts accord-
ing to the legend, and the solid and dashed lines are for the CDM and ETHOS
cases, respectively. The horizontal dotted line marks the galaxy abundance
below which low number statistics in the simulation affect the results in a
relevant way (<16 galaxies per bin). For the upper panel, a collection of
observations is also shown (Bouwens et al. 2015a; Livermore, Finkelstein &
Lotz 2017). The grey (top panel) and blue (top and middle panels) bands
are estimated observational limits from HUDF and for an optimistic deep
survey with JWST. Interestingly, the differences between ETHOS and CDM
start just to be observable at the limit of JWST. In the bottom panel, we show
the expected JWST magnitude limit in the observer frame for the F150W
NIRCam filter.
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Conclusions
• DM-DR collisions at early times leave distinct imprints on the 

linear matter power spectrum. 

• While nonlinear evolution tends to erase these imprints, the halo 
mass function has a much better memory of these effects. A new 
feature appears in the HMF.

• In the strong DAO case, these predictions can be quite distinct as 
compared to either WDM or CDM.

• The prominence of the DAO feature in the halo mass function 
increases with time. 

Thank you!
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Connection to particle physics
• Clear connection to the particle physics: for an opacity scaling as

• Define the time of dark matter decoupling via 

Bohr , Zavala, Cyr-Racine+ (2020)

ETHOS – e↵ective parametrization at high-z 7

3.1 Connection with the ETHOS framework and
physical interpretation of the parameters:
hpeak, kpeak and h2

Having accomplished the goal of providing a parametriza-
tion for DAO models that is simpler than a fully general
parametrization of the linear power spectrum (as provided
in Cyr-Racine et al. 2016) but still precise enough to de-
scribe their non-linear evolution, we proceed now to estab-
lish the connection between these phenomenological param-
eters and the physical parameters of the ETHOS framework
(Cyr-Racine et al. 2016) in regards to the e↵ects of the DM-
DR interactions in generating the power spectrum cuto↵
and the DAOs. We recall that with such a connection, it
is then possible to have a complete mapping between the
particle physics parameters of the models explored in Cyr-
Racine et al. (2016) and the parameters relevant for non-
linear structure formation.

The physics of the DAOs in the linear power spectrum is
captured within the modelling presented in Cyr-Racine et al.
(2016)3 by the parameters n and coe�cient an that control
the redshift scaling of the DM drag opacity €� / an(1+z)n+1,
plus a set of coe�cients ↵l that parametrize the angular de-
pendence of the DM-DR scattering cross section4. For this
work, we will refer only to models that have single values
for n and an, and a set of constant ↵l�2 values. A specific
particle physics scenario contained within these constraints
is that of a massive fermionic DM particle interacting with a
massless fermion via a massive vector mediator as in van den
Aarssen et al. (2012), which corresponds to the case n = 4,
↵l�2 = 3/2 with di↵erent values of a4 providing cuto↵ scales
for the power spectrum. This specific model has been stud-
ied with simulations in the past (Vogelsberger et al. 2016),
particularly the benchmark model referred to as ETHOS-4
in table 1 of Vogelsberger et al. (2016).

Although the parameters n, an and the set {↵l} are
su�cient to characterize the linear power spectrum within
the ETHOS framework, they obscure somewhat the phys-
ical mechanism behind the DAOs, and they also lack the
simple phenomenological interpretation of the parameters
described above {kpeak, hpeak, h2}. Because of this, we first
attempt to approximate the results of the full calculation
of the linear power spectrum based on a Boltzmann code
(modified version of CLASS; Archidiacono et al. 2017, 2019)
with a simple physical model based on the tight coupling
limit approximation (between DM and DR) in analogy with
the photon-baryon plasma (see e.g Hu & Sugiyama 1996).
This attempt is described in Appendix B. Although we find
that this approximation is not accurate enough, particularly
in describing the damping envelope of the DAOs, it does
provide relevant insights into the relevance of the sound
horizon scale and the DM decoupling epoch as the physi-
cal quantities behind the DAO features. Therefore, we de-
cided to try a phenomenological approach based on these
quantities. To test this approach we explore a set of 84
ETHOS models as described above with the set of val-

3 We refer specifically to the case where DR-DR interactions are
irrelevant.
4 More specifically, ↵l is the ratio between the opacity of the
lth-moment to that of the dipole moment of the DR multipole
hierarchy given by the angular dependence of DM-DR scattering.

Figure 6. The position of the first DAO peak kpeak corre-
lates strongly with the time of DM decoupling ⌘� defined byØ ⌘0

⌘�
�€�d⌘ = 1. Each symbol correspond to a di↵erent ETHOS

model within a grid of {n, an } values and fixing ↵l�2 = 3/2. Mod-
els with a fixed n but di↵erent an are represented with the same
colour as given in the legend. The blue line is a power law fit to
the correlation, kpeak = 9.37

�
⌘�/Mpc

��0.97
hMpc�1.

ues: {n = (3 � 15, 20), log10(an) = (0, 1, 2, 3, 5, 7)}, and fixing
↵l�2 = 3/2.

The sound horizon scale rDAO ⇡ cs⌘�, where cs is the DM
sound speed and ⌘� is the conformal time of DM decoupling
defined byπ ⌘0

⌘�

� €�d⌘ = 1 (5)

with €� being the DM drag opacity due to the DM-DR in-
teractions, should give the largest scale a↵ected by acoustic
oscillations and thus should be connected to kpeak. We found
this to be almost accurate, with only a slight deviation from
a linear relation (see Fig. 6):

kpeak = 9.37

✓
⌘�

Mpc

◆�0.97

h Mpc
�1, (6)

i.e., kpeak is given by the sound horizon scale at the time
of kinetic decoupling, with just a minor modification. No-
tice that since an is connected to the decoupling time (see
Eq. B3 and B4), then this relation implies a direct connec-
tion between kpeak and an.

On the other hand, we find that the damping of the first
DAO, and therefore the parameter hpeak, is mostly controlled
by the DM mean free path (due to the DM-DR interactions)
at DM decoupling, which is given by the inverse of €�(⌘�)
(see Fig. 7):

hpeak = 0.21

✓ €�(⌘�)
H(⌘�)

◆0.66

� 0.31, (7)

where the relevant quantity is actually the ratio
€�(⌘�)/H(⌘�), with H being the Hubble rate (relative to the
conformal time). This ratio is actually equal to the ETHOS
parameter n (see Appendix B). Thus, for n � 1, the DM drag
visibility function €e�� is narrower, which implies a faster
decoupling time scale; indeed, the DM-DR plasma is clearly
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