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(Received 22 June 2020; accepted 27 August 2020; published 15 September 2020)

The simplest model of mirror sector dark matter maintains exact mirror symmetry, but has a baryon
abundanceΩb0 ¼ βΩb and a suppressed temperature T 0 ¼ xT in the mirror sector; hence it depends only on
two parameters, β, x. For sufficiently small x, early cosmological observables may not constrain mirror
baryons from constituting all of the dark matter despite their strong self-interactions, depending on the
unknown details of structure formation in the hidden sector. Here we close this loophole by simulating
mirror structure formation, mapping out the allowed regions of parameter space using cosmological and
astronomical data. We find that the Milky Way disk surface density and bulge mass constrain Ωb0 ≲ 0.3Ωb

at the highest T 0 allowed by BBN and CMB (T 0 ¼ 0.5T), or Ωb0 ≲ 0.8Ωb at lower values of T 0. We also
briefly discuss the realization of the necessary temperature asymmetry between the SM and the mirror
sector in our model with unbroken mirror symmetry.
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I. INTRODUCTION

The idea of a mirror copy of the standard model is the
earliest example of the now-popular paradigm of hidden
dark sectors [1–3]. The model has a number of appealing
features, the most obvious being that a CP-like trans-
formation is restored as a symmetry of nature, and dark
matter candidates (mirror baryons) are provided [4], includ-
ing a resolution of the cusp-core problem [5]. Twin Higgs
models are one specific realization of mirror matter set to
solve the little hierarchy problem [6]. More recently a
subdominant mirror sector (M S) has been suggested for
stimulating the early growth of supermassive black holes
[7,8] and neutron–mirror neutron oscillations have been
proposed as a solution to the neutron lifetime puzzle [9]. A
detailed review of the general model is available in Ref. [10].
A priori, it seems possible that mirror baryons could

constitute all of the dark matter (DM), even though dark
atoms have an interaction cross section far exceeding the
bounds from the Bullet Cluster [11,12]. If the mirror
baryons are present primarily in collapsed structures rather
than gaseous atoms or molecules, their self-interaction
cross section would be sufficiently small, just like ordinary
stars are effectively collisionless. Moreover the strong
constraints on atomic [13] or mirror [14] dark matter from
dark acoustic oscillations can be evaded if the M Stemper-
ature T 01 is sufficiently low (≲0.3T) compared to that of
visible photons.

A major goal of the present work is to determine
what fraction of the total DM density could be in mirror
particles, by studying structure formation in the M S.
Assuming that mirror symmetry is unbroken, we can do
this exhaustively, since there are only two parameters to
vary: the relative abundance of mirror versus visible
baryons β ¼ Ωb0=Ωb, and the temperature ratio x ¼
T 0=T. An additional particle that is noninteracting and
uncharged under the mirror symmetry is taken to comprise
the remainder of the DM, if necessary. We assume that the
possible portal interactions between the two sectors (Higgs
mixing h2h02 and gauge kinetic mixing FμνF0

μν) are
negligible, since these would cause x → 1 if they were
sufficiently strong.
We adopt a methodology similar to Ref. [15], which

studied structure formation in a simplified atomic dark
matter model. Namely we use the extended Press-Schechter
formalism [16–18] and the semianalytical model
GALFORM [19] to simulate the merger history of DM
halos and study the formation of dark galactic structures.
Unlike the dark atomic model, mirror DM contains nuclear
reactions which allow mirror helium formation and stellar
feedback to alter the evolution of DM structures. We
consider the effects of these extra features in the hidden
sector quantitatively.
In order to predict structure formation, one must first

understand the early-universe cosmology of the model,
leading to the primordial mirror abundances and ionization
fractions. As well, constraints on additional radiation
degrees of freedom are imposed by the cosmic microwave
background (CMB) and big-bang nucleosynthesis (BBN).
This is worked out in Sec. II. These inputs allow us
to simulate structure formation in the M Susing the

1Throughout this work, the reader should assume that every
quantity refers to the M Sunless there is a possible confusion with
ordinary matter, in which case primes will distinguish mirror
elements analogous to visible ones.
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semi-analytical galaxy formation model GALFORM,
which we describe in Sec. III. In Sec. IV, we present our
results and the constraints on the parameters x, β coming
from astronomical observations. In Sec. V we discuss early
cosmological scenarios that could produce values of x, β
consistent with our constraints without explicitly breaking
the mirror symmetry. Conclusions are given in Sec. VI.
Throughout this paper we will use the following cos-

mological parameters [20]: h ¼ 0.678, T0 ¼ 2.7255 K,
Ωm ¼ 0.308, Ωb ¼ 0.0484, ΩΛ ¼ 0.692, ns ¼ 0.968
and σ8 ¼ 0.815. Although most of these values were
derived assuming a ΛCDM cosmology, our conclusions
would not change significantly if we used slightly different
parameters.

II. COSMOLOGY OF THE MIRROR SECTOR

We assume that a fraction of dark matter resides in a
hidden sector whose gauge group G0 is a copy of the
Standard Model (SM) gauge group G ¼ SUð3Þ×
SUð2Þ × Uð1Þ. This model possesses a discrete mirror
symmetry PG↔G0 that interchanges the fields of the
ordinary, observable sector with their mirror counterparts.
If PG↔G0 is unbroken as we assume, then the microphysics
of each sector is identical. In particular, mirror matter
comprises the same chemical and nuclear species as
ordinary matter and all their processes have the same rates.
Although PG↔G0 does not forbid the two renomalizable
gauge kinetic mixing and Higgs portal interactions between
the two sectors, we assume that the portal couplings are
sufficiently small as to have negligible impact on early
cosmology and structure formation. Hence SM particles
interact with their mirror counterparts only gravitationally.
Eventually we will confirm that mirror baryons cannot

comprise all of the DM, necessitating an additional
component in the form of standard cold, collisionless dark
matter (CDM) that is assumed to interact with the other
sectors only gravitationally. The total matter density in the
universe is then Ωm ¼ Ωc þ Ωb þ Ωb0 , where Ωc is the
CDM fraction and Ωb (Ωb0 ) is the ordinary (mirror) baryon
relic density, in units of the critical density.
Because of the mirror symmetry, Ωb and Ωb0 would

likely originate from the same mechanism; neverthelessΩb0

can be different from Ωb if the two sectors have different
initial temperatures [21,22]. We accordingly take β≡
Ωb0=Ωb as a second free parameter, in addition to the
temperature ratio x≡ T 0=T. In fact T 0=T is time-dependent
during early cosmology, for example through eē and e0ē0
annihilations occurring at different redshifts, which pro-
duces a relative difference of entropy in the photon back-
grounds during some period. But it becomes constant at the
late times relevant for structure formation, hence we define
x to be the asymptotic value. This remains true even in the
presence of portal interactions between the two sectors, as
long as they are weak enough to freeze out before the onset
of structure formation.

A. Effective radiation species

BBN and the CMB constrain the expansion rate of the
universe and thereby the total radiative energy density. This
is conventionally expressed as a limit on the number of
additional effective neutrino species ΔNeff ¼ Neff − 3.046.
The contribution to ΔNeff from the mirror photons and
neutrinos follows from [22]

Δρrad ¼
7

8

�
Tν

T

�
4

ΔNeffργ ¼
π2

30
g0�ðT 0ÞT 04; ð1Þ

where ργ is the energy density of ordinary photons and
g0�ðT 0Þ is the effective number of relativistic degrees of
freedom in the M S. Note that the symmetry between
ordinary and mirror matter ensures that the two sectors
have the same number of relativistic species at a given
temperature: g0�ðT 0Þ ¼ g�ðTÞ if T 0 ¼ T.2 Using ργ ¼
ð2π2=30ÞT4 and Tν=T ¼ ð4=11Þ1=3 today we find that

ΔNeff ¼
4

7

�
11

4

�
4=3

g0�ðT 0Þx4: ð2Þ

The most recent data from the Planck Collaboration
indicates that at the epoch of recombination Neff ¼
2.99þ0.34

−0.33 with 95% confidence [23], which gives the 3σ
limit ΔNeff ½CMB� < 0.45. At this temperature only pho-
tons and neutrinos are relativistic so g0�ðT 0Þ ¼ 3.38, leading
to the bound

x≲ 0.5: ðCMBÞ ð3Þ

BBN sets a similar limit on x, even using the more
stringent bound on the effective neutrino species
ΔNeff ½BBN� ≲ 0.3 [24,25]. This is because, although
neutrinos are decoupled from photons at the BBN temper-
ature, nominally TBBN ∼ 1 MeV, eē pairs have not annihi-
lated yet, such that Tν ≃ Tγ and the factor of ð4=11Þ4=3 is
removed from Eq. (2). Moreover for x ¼ 0.5, g0�ðT 0Þ ¼
g�ð0.5TBBNÞ ≃ 10, leading to the bound x < 0.48, which is
essentially the same as the CMB constraint (3). Using lower
values of g0�ðT 0Þ would make this limit less stringent.

B. Mirror nucleosynthesis

The upper limit on x leads to an important feature of
mirror matter: it has a large helium abundance, stemming
from the early freeze-out of n0 ↔ p0 equilibrium. This

2Depending on when mirror neutrinos decoupled from mirror
photons and e0ē0 pairs annihilated, ordinary and mirror neutrinos
might have slightly different temperatures at late times. Therefore
g0� might differ from g� at low temperatures, but we expect
their relative difference to be a few percent at most. This would
have virtually no impact on the BBN constraint on x which scales
as ðg0�Þ1=4.
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implies a higher relic neutron abundance and consequently
more efficient deuterium and helium production in the M S.
Early freeze-out of mirror interactions is a general conse-
quence of the temperature hierarchy T 0 < T, which causes a
cosmological event (tied to some temperature scale),
occurring at redshift z in the visible sector, to transpire
at higher redshift z0 ≃ −1þ ð1þ zÞ=x in the M S. Since the
universe was expanding more rapidly at redshift z0 than at z,
the freeze-out of mirror processes will generally occur even
earlier than this estimated z0.
An approximate formula for the relic 4He0 mass fraction

was derived in Ref. [22],

Y 0 ≃
2 exp ½−tN=τð1þ x−4Þ1=2�

1þ exp ½Δm=TWð1þ x−4Þ1=6� ; ð4Þ

where tN ∼ 200 s is the age of the universe at the
“deuterium bottleneck,” τ ¼ 886.7 s is the neutron lifetime,
TW ≃ 0.8 MeV is the n0 ↔ p0 freeze-out temperature, and
Δm ¼ 1.29 MeV is the neutron-proton mass difference.
This relation is plotted in Fig. 1.
The approximation (4) neglects possible dependence on

β. A more accurate treatment of BBN is required to
determine how the density of mirror baryons affects the
freeze-out temperature of light nuclei and their relic
abundances. We used the code AlterBBN [26,27] to numeri-
cally compute the residual (mirror) 4He0 mass fraction for
different values of β, modifying parameters of the code to
match the conditions of the M S. Namely the current CMB
temperature, the baryon density and the baryon-to-photon
ratio were replaced by T0 → T0=x, Ωb → βΩb and
ηb → ηbβ=x3. Visible sector photons and neutrinos were
incorporated as additional effective neutrino species.
Rewriting Eqs. (1) and (2) from the perspective of the
mirror world yields ΔN0

eff ≃ 7.44=x4 today.
The results of our numerical calculations are also plotted

in Fig. 1 for three benchmark values of β. Eq. (4) agrees
with the numerical calculations within a few percent, which
is sufficient for our purposes in the following analysis. The
striking domination of 4He0 in the M S, in the limit when
x → 0 for fixed β, is contrary to statements made in
Refs. [7,8].3 One sees that for any value of β, the 4He0
fraction reaches 1 as x decreases to some critical value. The
AlterBBN code is not suited to handle the situation where the
mirror hydrogen (H0) abundance vanishes since H0 is used
as a reference to normalize other abundances. Thus we
cannot keep track of very small H0 densities. Moreover the
age of the universe at the formation of mirror deuterium
scales roughly as tN ∼ x2; hence for small values of x
nucleosynthesis occurs in a fraction of a second and the
Boltzmann equations for each species become too stiff for

AlterBBN to maintain a high accuracy. But this has no impact
on our main results since both Eq. (4) and our numerical
analysis agree that the 4He0 abundance is limited to 0.9 <
Y 0 < 1 for small values of x, with little phenomenological
variation within this range.
The 4He0 abundance determines a number of other

quantities that will be useful in the subsequent analysis.
Let Xi ≡ ni=nH be the relative abundance of a given
chemical species, conventionally normalized to the H0
density.4 The helium-hydrogen number ratio is

XHe ≡ nHe
nH

¼ mp

mHe

Y 0

1 − Y 0 ≃
1

4

Y 0

1 − Y 0 ; ð5Þ

where mp is the proton mass. Furthermore the helium
number fraction (distinct from the mass fraction Y 0 ¼
mHenHe=ðmHenHe þmHnHÞ) is

fHe ≡ nHe
nN

¼ 1

1þ 1=XHe
≃

Y 0

4 − 3Y 0 ; ð6Þ

with nN ¼ nH þ nHe denoting the number density of
nuclei. The mean mass per nucleus is

mN ¼
�
1 − Y 0

mp
þ Y 0

mHe

�
−1

≃
mp

1 − 3
4
Y 0 : ð7Þ

By virtue of the approximation made in Eq. (4), the
expressions (5)–(7) are independent of β. Lastly, the

FIG. 1. 4He0 relic abundances. The solid curves were computed
numerically using AlterBBN [26,27] and the dashed line shows the
approximate formula of Eq. (4).

3These stem from a misinterpretation of Ref. [22], which states
that Y 0 → 0 as x → 0 with ηb0 fixed. But this implies that β is
varying with x, rather than being held fixed.

4In what follows, H will refer to hydrogen in all its chemical
forms whereas H0, Hþ and H2 designate its neutral, ionized and
molecular states respectively. Thus for a gas of pure H2,
nH ¼ 2nH2

. Similarly, He refers to all forms of helium.
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background number density of nuclei at any redshift
follows from

nN ¼ 3H2
0Ωb

8πG
β

m̄N
ð1þ zÞ3; ð8Þ

implying that nH ¼ ð1 − fHeÞnN and nHe ¼ fHenN .

C. Recombination

Due to its lower temperature, recombination in the M S
occurs at the higher redshift z0rec ≃ 1100=x. With its large
fraction of mirror He, that has a higher binding energy than
H, this leads to more efficient recombination and a lower
residual free electron density. Primordial gas clouds require
free electrons to cool and collapse into compact structures.
Therefore the small relic ionization fraction has a direct
impact on the formation of the first mirror stars.
Recombination proceeds through three major steps,

which are the respective formation of Heþ, He0 and H0.
The latter is prevalent in the SM, but recombination of He is
more important in the M Sbecause of its high abundance.
We adopt the effective three-level calculation presented in
Ref. [28] which was also used in Ref. [7].
Recombination of Heþ in the SM occurred around

z ≃ 6000 (kT ∼ 1.4 eV), at a sufficiently high density for
the ionized species to closely track their thermodynamic
equilibrium abundances, in accordance with the Saha
equation. Since recombination occurs even earlier in the
M S, this is also true for mirror Heþ. Its Saha equation is

ðXe − 1 − XHeÞXe

1þ 2XHe − Xe
¼ ð2πmekT 0Þ3=2

h3nH
e−χHeþ=kT

0
; ð9Þ

where χHeþ ¼ 54.4 eV is the Heþ ionization energy, T 0 ¼
xT0ð1þ zÞ is the mirror photon temperature and the free
electron ratio is Xe ¼ XHþ þ XHeþ þ 2XHeþþ from matter
neutrality. For kT 0 ∼ 1.4 eV, the exponential in Eq. (9) is
negligible, giving Xe ¼ 1þ XHe. Eliminating Xe and using
the fact that XHþ ≃ 1 and XHe0 ≃ 0 (there is essentially no
neutral H or He until T 0 falls below ∼10% of the n ¼ 2
ionization energies of H or He, i.e., until kT0 ≲ 0.4 eV), this
implies XHeþþ ≃ 0: we can neglect any residual Heþþ
fraction, and both H and He are singly ionized.
At later times, the evolution of the ionized states follows

the network [28]

dXHþ

dz
¼ ðXeXHþnHαH − βHð1 − XHþÞe−hνH=kT 0

MÞð1þ KHΛHnHð1 − XHþÞÞ
HðzÞð1þ zÞð1þ KHðΛH þ βHÞnHð1 − XHþÞÞ ; ð10Þ

dXHeþ

dz
¼ ðXeXHeþnHαHe0 − βHe0ðXHe − XHeþÞe−hνHe=kT 0

MÞð1þ KHe0ΛHenHðXHe − XHeþÞeþhν̃He=kT 0
MÞ

HðzÞð1þ zÞð1þ KHe0ðΛHe þ βHe0ÞnHðXHe − XHeþÞeþhν̃He=kT 0
MÞ ; ð11Þ

dT 0
M

dz
¼ 8σTaRT 04

3HðzÞð1þ zÞmec

�
Xe

1þ XHe þ Xe

�
ðT 0

M − T 0Þ þ 2T 0
M

ð1þ zÞ : ð12Þ

that describes the evolution of the Heþ and Hþ fractions,
and the matter temperature T 0

M, which at low redshifts is
below the radiation temperature T 0. The various parameters
are specified in appendix A.
We used Recfast++ [28–34] to solve the system (10)–(12),

making the same modifications as for AlterBBN, with the
He mass fraction given by Eq. (4). It was assumed that
the species were initially singly ionized (XHþ ¼ 1,
XHeþ ¼ XHe) and that matter was strongly coupled to

radiation (T 0
M ¼ T 0). The initial redshift was taken to be

sufficiently high to encompass the beginning of H0 and He0

recombination, and the system was evolved until z ¼ 10,
the initial redshift of the subsequent structure formation
analysis (see below). Figure 2 shows the resulting evolution
of the free electron fraction f0e ¼ ne=ne;tot (where ne;tot
includes the electrons in the ground state of Heþ) during
recombination for several values of x (differentiated by
color) and β (differentiated by line style). The expected

FIG. 2. Evolution of the total ionization fraction during mirror
recombination. The solid, dashed and dash-dotted curves re-
present β ¼ 5, 1 and 0.1, respectively. Also shown for compari-
son is recombination in the SM.
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x-dependence of the redshift of recombination z0rec ∼
1100=x is evident, scaling inversely to the M Stemperature.
The most important feature for structure formation is the

residual ionization fraction f0e at low redshifts. As Fig. 2
demonstrates, f0e is typically much smaller in the M Sthan
in the SM (fe ∼ 2 × 10−4). Only when β ≪ 1 can f0e reach
higher values, because the low density reduces the number
of ion-electron collisions and the overall efficiency of
recombination. But in this case the total electron density
is also suppressed by a factor of β, so the free electron
density after recombination is always smaller in the M S.
This can have important consequences for early structure
formation, since without a significant ionization fraction
mirror matter clouds may not cool and collapse to form
structures like ordinary matter does.
Figure 3 shows the ðx; βÞ-dependence of the residual

ionization fractions of H and He at z ¼ 10. For comparison,
the SM values (at x ¼ 1, β ¼ 1, Y ¼ 0.24) are nHþ=nH ¼
2.2 × 10−4 and nHeþ=nHe ¼ 1.2 × 10−12. Recombination of
He is more efficient (blue regions) for high β, because a
larger mirror matter density increases the collision rate
between ions and free electrons. As x decreases, the interval
between the beginning of recombination (z0rec ≃ 1100=x)
and z ¼ 10 becomes longer, increasing the number of
occasional ion-electron collisions following freeze-out.
This and the slightly larger value of nHe explain the
somewhat higher efficiency of He recombination at low x.
We can also understand qualitative features of Fig. 3

concerning H recombination. In contrast to He, there is a
much stronger variation of nH, which changes by a factor of
60 as x goes from 10−3 to 0.5, as compared to only a factor
of 2 variation in nHe. In particular, for x ≪ 1 the low
density of H is overwhelmed by free electrons, requiring
relatively few collisions to recombine such that H may
become neutral before He does so. In this situation, for
β ∼ 1, H recombination takes place much earlier than for

He and it is more efficient than in the SM. But since He
recombines very effectively, the number of free electrons
available for hydrogen-electron collisions after the freeze-
out drops significantly, leading to a much higher ionization
fraction than for He. For β ≪ 1, He recombination is very
inefficient, leaving a larger number of free electrons to
combine with H, and leading to a small ionization fraction.
In the region where x≳ 0.1, hydrogen and helium number
densities are almost equal, and their ionization fractions
display a similar qualitative dependence on β.

D. H2 formation

H2 is an important molecular species for structure
formation since it can cool a primordial gas cloud to a
temperature as low as ∼200 K. Even in the M S, a small
fraction of H2 can act as an effective heat sink that drives
the collapse of large clouds into stellar objects. Conversely,
without H2, a virialized gas cloud of mirror helium might
not cool below a temperature of order 104 K (about 1 eV, or
roughly 10% of ionization energy of helium and hydrogen),
preventing structure formation.
Since H2 has no dipole moment, it cannot form directly

from the collision of two neutral H atoms. Instead, at early
times its formation proceeds through the reactions

H0 þ e− → H− þ γ;

H− þ H0 → H2 þ e−: ð13Þ

H2 is always energetically favored at low temperatures, but
the low matter density and ionization fractions inhibit its
production after recombination. Hence H2 can only form
during recombination, when both ne and nH0 are
significant.
Other mechanisms involving Hþ

2 and HeHþ are known
to contribute to the residual H2 abundance, but these

FIG. 3. Residual ionization fractions nHþ=nH (left) and nHeþ=nHe (right) of the mirror sector at z ¼ 10. The dot-dashed contours
indicate the SM values: nHþ=nH ¼ 2.2 × 10−4 and nHeþ=nHe ¼ 1.2 × 10−12.
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processes are subdominant [35]. At late times, after the first
generations of stars, H2 formation is catalyzed by dust
grains and proceeds more rapidly, but between these epochs
the reactions (13) are the only available route.
As was shown in Ref. [35], the production of H2 depends

on the abundance of H−, which in the steady-state approxi-
mation is

XH− ¼ k7XeXH0nH
k−7 þ k8XH0nH þ k9XenH þ k15XHþnH

: ð14Þ

The rates ki are listed in Table III.
The residual H2 abundance is determined by the

Boltzmann equation

dXH2

dt
¼ k8XH0XH−nH: ð15Þ

Since both H− and H2 attain low abundances, their presence
has little effect on the evolution of recombination. We can
integrate Eq. (15) using the numerical method from the
previous subsection. The fraction of f02 ¼ nH2

=nH pro-
duced by z ¼ 10 is illustrated in Fig. 4. For reference, the
same analysis in the SM yields f2 ≃ 6 × 10−7. We find that
f02 is always greater than f2, analogously to the higher
efficiency of mirror recombination. The degree of enhance-
ment f02=f2 depends on the timing of He recombination
versus that of H, since H2 requires both neutral H and free
e− for its formation.
When β, x ∼ 1, recombination proceeds similarly as in

the SM: He recombines efficiently and prior to H, leaving
too few e− for H2 to form. As β decreases, He recombi-
nation becomes incomplete and the extra e− density
produces more H2. For x ≪ 1 but β ∼ 1, H recombines
before He, leading to simultaneously high abundances of
neutral H and free e−. This explains the enhanced H2

production in Fig. 4. If both x ≪ 1 and β ≪ 1, the two
recombinations overlap, leaving fewer e− to produce
molecules.

III. MIRRORMATTER STRUCTURE FORMATION

We use the semianalytical galaxy formation model
GALFORM presented in Ref. [19] to predict structures
in the M S. Our analysis parallels that of Ref. [15], but is
complicated by the additional chemical elements present in
the M Srelative to the simple atomic DM model considered
there. In particular, nuclear reactions in the M Sallow for
the formation of mirror stars and supernovae whose feed-
back can impact the collapse of gas clouds.

A. Merger tree

Our current understanding of structure formation is that
galaxies formed following a bottom-up hierarchy: small
halos merged at early times and grew into larger overdense
regions. The extended Press-Schechter formalism [16–18],
which we summarize here, is an analytic description of the
statistical growth and merger history of a halo that
reproduces the results of cosmological simulations.
LetM2 be the mass of a halo at time t2. The mass fraction

f12ðM1;M2ÞdM1 of M2 that was in halos in the interval
½M1;M1 þ dM1� at a time t1 < t2 is

f12ðM1;M2ÞdM1¼
1ffiffiffiffiffiffi
2π

p ðδc1−δc2Þ
ðσ21−σ22Þ3=2

×exp

�
−
ðδc1−δc2Þ2
2ðσ21−σ22Þ

�
dσ21
dM1

dM1; ð16Þ

where σ2ðMÞ is the variance of the matter power
spectrum PðkÞ inside a sphere of comoving radius
R ¼ ð3M=4πρmÞ1=3, extrapolated linearly to z ¼ 0, and
δcðtÞ is the critical overdensity for gravitational collapse at
time t, also extrapolated to current times,

δcðtcÞ ¼
1

DðzcÞ
3

5

�
3π

2

�
2=3

½ΩmðzcÞ�0.0055: ð17Þ

The linear growth factor DðzÞ (set to unity at z ¼ 0)
evolves as

DðzÞ ∝ HðzÞ
Z

∞

z

1þ z0

Hðz0Þ3 dz
0 ð18Þ

and zc is the redshift at time tc. In a matter-dominated
universe DðzÞ is exactly equal to the scale factor
a ¼ ðzþ 1Þ−1, but here we also account for dark energy,
which becomes important as z → 0.
Taking t2 ¼ t1 þ dt with dt arbitrarily small, Eq. (16)

becomes

FIG. 4. Residual fraction f2 ¼ nH2
=nH produced during mirror

recombination at z ¼ 10. This fraction is higher than the SM
value of nH2

=nH ≃ 6 × 10−7 for any (x, β).
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df12
dt

¼ 1ffiffiffiffiffiffi
2π

p 1

ðσ21 − σ22Þ3=2
dδc1
dt

dσ21
dM1

: ð19Þ

Therefore the average number of objects in ½M1;M1 þ
dM1� that combined during dt to form the halo of larger
mass M2 is

dN ¼ df12
dt

M2

M1

dtdM1: ð20Þ

The algorithm presented in Refs. [15,19] uses Eq. (20) to
find the progenitors of a halo of mass M2 by taking small
steps dt backwards in time. The resulting “merger tree”
describes the hierarchical formation of the halos observed
at z ¼ 0.
Numerically, one must define a resolution scale Mres

below which there is no further tracking of individual halos.
The probability that a halo of mass M2 splits into halos of
masses M1 ∈ ½Mres;M2=2� and ðM2 −M1Þ in a backward
step dt is

P ¼
Z

M2=2

Mres

dN
dM1

dM1: ð21Þ

Accretion of objects smaller thanMres also contribute to the
growth of the halo during that period. The fraction of mass
that is lost to those smaller fragments in the reverse time
evolution is

F ¼
Z

Mres

0

dN
dM1

M1

M2

dM1: ð22Þ

The algorithm to generate the merger tree is as follows.
Starting at redshift zf with a single halo of massM2 ¼ Mf,
a backward time step dt is taken, with dt small enough that
P ≪ 1. A random number R is generated from a uniform
distribution between 0 and 1. If R > P, the halo does not
fragment, but still loses a fraction of mass F due to the
accretion of matter below the resolution scale. Thus the
mass of the halo at the next time step becomes ð1 − FÞM2.
If R < P, the halo splits into two halos of mass M1 and
ð1 − FÞM2 −M1 where M1 is chosen randomly from the
distribution given by Eq. (20). These steps are repeated for
every progenitor whose mass is aboveMres until the chosen
initial redshift zi is reached.
We used this algorithm to generate 10 merger trees for a

final halo mass of Mf ¼ 1012 M⊙, about the size of the
Milky Way. The time interval between zf ¼ 0 and zi ¼ 10
was divided into 104 logarithmically scaled time steps. The
resolution was set to Mres ¼ 3 × 107 M⊙, well below Mf
but large enough to avoid keeping track of too many halos
simultaneously. To minimize possibly large statistical
fluctuations, we used the ensemble of merger trees to
average over all derived quantities in the end. Inspection of

the individual trees indicated that 10 was more than
sufficient to avoid spurious effects of outliers.
Neither the distribution nor the nature of matter inside

the halos affects the evolution of the merger tree. Therefore
the algorithm described above is completely model-
independent, to the extent that matter overdensities are
Gaussian. This allows us to use the same 10 merger trees in
scanning over all values of x and β for structure formation.
However PðkÞ depends on the nature of dark matter, which
in turn affects the variance σ2ðMÞ in Eqs. (16), (19)–(22).
For simplicity, we computed σ2 with Colossus [36], but
this package assumes a ΛCDM cosmology. For self-
consistency, it is necessary to verify that PðkÞ and its
variance σ2 do not differ too much from their standard
cosmology expressions in the presence of a mirror sector.
We discuss this issue below.

B. Mirror Silk damping

In the early universe, photons and baryons are tightly
coupled, making the mean free path of photons λγ negli-
gible, but at the onset of recombination λγ becomes
significant. Photons can then diffuse out of overdense
regions, effectively damping perturbations on scales
smaller than the Silk scale λD, which we derive below.
In the SM, the mass scale corresponding to the Silk length
is MD ∼ 1012 M⊙ [37], about the mass of the Milky Way
halo. Structure formation below this scale is strongly
inhibited, unless a significant component of CDM allows
small-scale perturbations to grow.
Mirror matter can be similarly affected by collisional

damping. Since we observe structures on scales smaller
than MD, Silk damping sets a lower bound on the amount
of ordinary CDM required for the mirror model to agree
with current data. A full analysis of cosmological pertur-
bations, acoustic oscillations and the matter power spec-
trum is outside the scope of this work. However, the
equations presented in the previous section depend on
PðkÞ through its variance σ2ðMÞ. We must therefore check
that PðkÞ is not too different from its ΛCDM value. Many
effects could alter PðkÞ, like extra oscillations on scales
smaller than the sound horizon of the mirror matter plasma
[13], but Silk damping has the largest impact on our
structure formation analysis. In particular, small-scale
perturbations must be able to grow sufficiently for galaxy
formation to proceed hierarchically. Hence we estimate the
size of the M Scounterpart of the damping scale, λ0D, and its
implications for the growth of M Sdensity perturbations.

1. Mirror Silk scale

One can estimate the M SSilk scale as follows [37]. The
mean free path of M Sphotons at low temperatures is

λγ0 ¼
1

neσT
¼ 1

ξenNσT
; ð23Þ
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where ξe ≡ ne=nN is the ionization fraction during H and
Heþ → He0 recombination. During an intervalΔt, a photon
experiences N ¼ Δt=λγ0 collisions. The average comoving
distance Δr traveled in this time is that of a random walk
with a characteristic step of length λγ0=a,

ðΔrÞ2 ¼ N
λ2γ0

aðtÞ2 ¼
λγ0Δt
aðtÞ2 : ð24Þ

Taking the limit Δt → 0 and integrating until recombi-
nation gives

λ02D ¼
Z

t0rec

0

λγ0

aðtÞ2 dt

≃ −λγ0 ðz0recÞð1þ z0recÞ3
Z

∞

z0rec

1

1þ z

�
dt
dz

�
dz; ð25Þ

using the fact that λγ0 scales as n−1N ∼ a3 and approximating
ξe as constant during the period where λγ0 is large.
Recalling that the redshift of mirror recombination is

z0rec ≃ 1100=x, this occurs before matter-radiation equality
(zeq ¼ 3365)5 for x≲ 0.3, and during the early matter-
dominated era otherwise. For simplicity, consider the case
x ≪ 0.3 so that mirror recombination completes during the
radiation-dominated era when t ∼ ð1þ zÞ−2. Eq. (25) then
reduces to

λ02D ≃
2

3
t0recλγ0 ðz0recÞð1þ z0recÞ2; x ≪ 0.3: ð26Þ

In the case where recombination occurs much later than zeq
(like in the SM), we would obtain the same expression,
without the primes, up to the numerical coefficient [37].
This implies that λ0D ≪ λD, unless β is very small and the
mirror matter plasma is diluted before recombination.
To further quantify λ0D, we note that at early times when

vacuum energy is negligible so that Ωm þΩrad ¼ 1, tðzÞ is
given by

tðzÞ ¼ 2

3H0

ffiffiffiffiffiffiffiffiffi
Ωm;0

p 1

ð1þ zeqÞ3=2

×

"
2þ

�
1þ zeq
1þ z

− 2

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zeq
1þ z

þ 1

r #
: ð27Þ

which for z ≫ zeq simplifies to

tðz ≫ zeqÞ ≃
1

2H0

ffiffiffiffiffiffiffiffiffi
Ωm;0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zeq

p
ð1þ zÞ2 : ð28Þ

Then Eq. (26) can be rewritten in terms of xð≪ 1Þ and β as

λ02D ≃
8πG

9H3
0

ffiffiffiffiffiffiffi
Ωm

p
Ωb

�
mNx3

ξeσTβ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zeq

p
ð1þ zrecÞ2

: ð29Þ

(recall Eq. (7) for mN), where we used ξe ∼ 0.1 at the time
of recombination. Hence λ0D scales as ðx3=βÞ1=2. For larger
values of x, z0rec is close to zeq and we cannot assume a fully
matter- or radiation-dominated universe to compute the
integral of Eq. (25); nevertheless we verified that Eqs. (26),
(29) are accurate to within several percent even for x > 0.3.

2. Growth of MS perturbations

The previous estimate for λ0D allows us to predict the
growth of density perturbations in the M S. Consider a
mirror baryonic overdensity δb0 ðkÞ ¼ ðρb0 ðkÞ − ρb0 Þ=ρb0 on
a scale λ ¼ π=k. Assuming primordial perturbations are
adiabatic, we have δb0 ¼ δc at early times (z ≫ zeq).
δc remains nearly constant prior to matter-radiation
equality (ignoring small logarithmic growth of subhorizon
modes). However Silk damping suppresses δb0 ðkÞ by a
factor ∼ exp ð−k2=k02DÞ after recombination [38], where
k0D ¼ π=λ0D.
For very small values of β, the M Sconstitutes only a

small fraction of DM and the power spectrum is not
significantly affected by mirror Silk damping. Therefore
in what follows we only consider β ≳ 0.1, where conse-
quently λD ≫ λ0D. The analysis below focuses on scales
sufficiently small so that SM baryonic perturbations are
always negligible compared to CDM andM Soverdensities.
Starting at z ¼ zeq, both the CDM and mirror compo-

nents grow linearly according to the cosmological pertur-
bation equations [39]

δ̈c þ 2H _δc ¼
3

2
H2

0

ΩDM

a3
ðfb0δb0 þ fcδcÞ ð30Þ

δ̈b0 þ 2H _δb0 ¼
3

2
H2

0

ΩDM

a3
ðfb0δb0 þ fcδcÞ −

k2

a2
c2sδb0 ; ð31Þ

where fi ≡Ωi=ΩDM are the fractions of the total DM
density, such that fb0 þ fc ¼ 1. We omit the equation for
δb, which is highly damped on small scales.
Recall that mirror baryons recombine before zeq for

x≲ 0.3. Subsequently the M Spressure drops precipitously,
which means that its sound speed c0s ∼ 0 at matter-radiation
equality. Even before M Srecombination, c02s is suppressed
by a factor ∼x4 compared to the SM c2s , due to the low M S
temperature [22,40]. To a first approximation we can there-
fore ignore the pressure term in Eq. (31) for all values of x.
We can then combine the two differential equations into

δ̈0 þ 2H _δ0 ¼ 3

2
H2

0

ΩDM

a3
δ0 ð32Þ

where δ0 ¼ ðfb0δb0 þ fcδcÞ is the total dark matter pertur-
bation; the CDM and mirror matter perturbations evolve

5Our bound on x from CMB and BBN ensures that zeq does not
change significantly due to the presence of mirror radiation.
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together during the matter-dominated era and their ratio
remains constant. The growing mode grows as δ0 ∼ a, so that
at small redshifts

δ0ðzÞ ¼ δ0ðzeqÞ
�
1þ zeq
1þ z

�

¼ δcðzeqÞð1 − fb0 ð1 − e−k
2=k02DÞÞ

�
1þ zeq
1þ z

�
; ð33Þ

where we combined the initial abadiatic condition δb0 ¼ δc
with the exponential Silk damping. Therefore we see that
Silk damping suppresses small scale matter perturbations by
an additional factor of roughly

FD ¼
�
1 −

βΩb

ΩDM
ð1 − e−k

2=k02DÞ
�

ð34Þ

compared to standard cosmology.

3. Effect on the merger tree evolution

To verify that our merger tree evolution is not signifi-
cantly altered by the suppression of PðkÞ ∼ δ2k on small
scales, we applied the Silk damping factor F 2

D to the
ΛCDM matter power spectrum and we computed the
variance σ2ðMÞ and the integral P of Eq. (21) for a
Milky Way-like halo (M2 ¼ 1012M⊙) with this extra
feature.
The value of P is the probability for a merger to happen

and it is roughly inversely proportional to the lifetime of
large halos thalo, which we will properly define later. The
accretion rate F given by Eq. (22) also affects thalo, but for
large halos it represents such a small fraction of the total
mass that we can ignore it. Let PD be the value of the
integral of Eq. (21) computed with the damped power
spectrum. We expect that the lifetime should scale
as thalo ∼ P=PD.
In our 10 merger trees, the average lifetime of the

Milky Way halo is 6.9 Gyr with a relative standard
deviation of 21.5%. To ensure the self-consistency of
our analysis, we demand that the Silk damping does
not change the average lifetime by more than 2σ, or
43%. In other words, our analysis is valid only if
0.57 < P=PD < 1.43; outside this region we cannot trust
our conclusions because the merger trees would be too
drastically affected by the damping effects.
We find that two regions above β ≳ 3.7must be excluded

from our analysis: for 0.02≲ x≲ 0.12, thalo would be much
longer than the estimate we obtained using the ΛCDM
power spectrum; whereas for x≳ 0.2, the halo lifetime in
the presence of mirror matter would be too small. These
regions are illustrated with our results on Fig. 7.
Note that the different behaviors in these two regions

come from two competing effects in Eq. (19): both
jdσ21=dM1j and ðσ21 − σ22Þ3=2 are suppressed by the colli-
sional damping, but the latter effect dominates for large

values of x, when the Silk scale is large. Interestingly, those
effects cancel out around x ≃ 0.15 and we can still use our
structure formation analysis to constrain the scenario where
mirror matter makes up all DM in this region. Fortunately,
the high temperature region also corresponds to the
parameter space that is more likely to be constrained by
cosmological observables like the CMB or the matter
power spectrum. Reference [14] already constrained x≲
0.3 if mirror matter were to make up all DM.

C. Virialization and cooling

Once linear matter perturbations exceed the critical
overdensity δc [Eq. (17)] they collapse gravitationally into
a virialized halo whose average overdensity is [38]:

ΔvirðzÞ ¼
18π2 þ 82y − 39y2

ΩmðzÞ
; ð35Þ

with y ¼ ΩmðzÞ − 1. Since mirror baryonic matter is not
pressureless, this collapse leads to accretion shocks that
heat the gas to a temperature of roughly6,7 [7,38]:

TM ¼ ðγ − 1ÞTvir ¼ ðγ − 1Þ 1
2

GMμ

rvir
; ð36Þ

where γ is the adiabatic index of the gas, μ is the mean
molecular mass, M is the total mass of the halo (including
the CDM component) and rvir is the virial radius. We define
rvir as the radius of a sphere inside which the average
overdensity is equal to Δvir. For simplicity, we will assume
the gas is purely monatomic, which sets γ ¼ 5=3.
The temperature of a virial halo is always much greater

than the temperature of the matter background. This means
the baryonic pressure P ¼ ρT=μ becomes nonnegligible
and prevents further collapse of mirror matter. In order for
galaxies to form, mirror baryons must radiate energy, which
is why structure formation is impossible without an
efficient cooling mechanism.
Let Ci ¼ −du=dt be the cooling rate of a given process i,

where u is the energy density of the gas (Ci is positive if the
energy is lost). If several reactions contribute to the total C,
we can define the cooling timescale as

tcoolðrÞ ¼
3

2

nðrÞTMP
iCiðr; TMÞ

: ð37Þ

where nðrÞ is the number density of all chemical species
combined. Therefore tcool is roughly the time required for

6The expression for Tvir is for a truncated isothermal halo,
which requires an effective external pressure term to be in
equilibrium. Without external pressure the numerical coefficient
would be 1=5 instead of 1=2, which might be more familiar to the
reader.

7We omit primes in this section, where the formalism applies
equally to SM or M Sbaryons.
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the gas to radiate all its kinetic energy. Since the gas is not
homogeneous, the cooling timescale increases as we move
further away from the center of the halo. We describe the
various contributions to C [38,41–43] in Appendix B.
To compute the cooling rates and timescale, one must

also specify the number density ni of each chemical
species. In general, their relative abundances are deter-
mined by rate equations of the form [42]

dni
dt

¼
X
j∈Fi

�
kj
Y
r∈Rj

nðjÞr

�
−
X
j∈Di

�
kj
Y
r∈Rj

nðjÞr

�
; ð38Þ

where Fi and Di are the sets of reactions Rj that form and
destroy the ith species and njr is the number density of each
reactant in Rj. The coefficients kj set the rate of each
reaction and usually depend on the temperature of the
system. If the right-hand-side of Eq. (38) vanishes for a
given species, the reaction is in collisional equilibrium, or
steady state. If all processes are two-body reactions, the
steady-state density is given by

ni ¼
P

j∈Fi
kjn

ðjÞ
1 nðjÞ2P

j∈Di
kjn

ðjÞ
d

: ð39Þ

The cooling mechanisms depend on the abundances of
eight chemical species: H0, Hþ, H−, H2, He0, Heþ, Heþþ
and e−.8 In the steady-state approximation, the network
Eq. (39) is usually underdetermined, but one can solve it if
(1) the total nuclear density nN ¼ nH þ nHe satisfies
Eq. (8); (2) the total He-H number ratio XHe ¼ nHe=nH
satisfies Eq. (5) (assuming nuclear reactions in stars do not
strongly affect XHe); (3) matter is neutral, which implies
ne ≃ nHþ þ nHeþ þ 2nHeþþ (since the density of H− is
negligible). The reactions considered in our simplified
chemical network and their rates are given in Table III.
However, the steady-state approximation tends to break

down at low temperature/densities; if the timescale of a
given reaction tr ∼ ðkrnÞ−1 is smaller than the dynamical
timescale of the system tdyn ∼ ðGρÞ−1=2, the chemical
species cannot reach collisional equilibrium. This is most
likely to occur at early times in small halos with low density
and temperature. At z ¼ 10 the tdyn corresponding to the
virial overdensity is ∼0.2 Gyr. Taking n ∼ 1 cm−3—
roughly the central density in a 3 × 107 M⊙ halo at this
epoch—we can check that H2, Hþ and Heþ respectively
come into collisional equilibrium at about 4,000 K, 9,000 K
and 15,000 K. Below those critical temperatures we take
the abundances of each species to be their relic densities
after recombination, as determined by Recfast++ (Sec. II C).

In reality the chemical species evolve toward their
equilibrium values during shock heating; the true densities
therefore lie between the equilibrium and the freeze-out
values, but this difference has a negligible impact on the
cooling rates at high z, as well as on the overall evolution of
the galaxy.9 Figure 5 illustrates the evolution of each
chemical species with the temperature at z ¼ 10 with
parameter x ¼ 0.1 and β ¼ 1. The abrupt transitions result
from the approximations described here, and would be
smoothed out by fully solving Eqs. (38), but with no
appreciable effect on the consequent formation of structure.

D. Cloud collapse and star formation

As the cloud of mirror matter that fills the halo loses
energy, its pressure drops and it is no longer sufficient to
counteract the self-gravity of the gas. The cloud starts
collapsing and fragments in overdense regions. If the
cooling mechanism is very efficient, the collapse will
occur on a characteristic timescale set by the free-fall time,

tffðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3π

32Gρr

s
: ð40Þ

In this expression ρr is the average matter density inside a
sphere of radius r.
As the gas gets denser, the horizon of sound waves

becomes increasingly smaller and matter cannot remains
isothermal on scale larger than the Jeans length [15,44],

FIG. 5. Example of the relative abundance of each chemical
species at z ¼ 10 as a function of the temperature of the gas. We
used the benchmark parameters x ¼ 0.1 and β ¼ 1.

8Reaction 11 in Table III produces Hþ
2 but we did not consider

any cooling mechanism associated with this ion. Since its
abundance is negligible at all times we omit it from our analysis.

9Heþþ, which comes into equilibrium at ∼37; 000 K, is a
special case since we do not solve for its relic density at
recombination. Instead we take its steady-state value at all
temperatures, which has no effect on the cooling rates since
its abundance is negligible below 50 000 K. We do likewise for
H− since its high destruction rate keeps its abundance small at all
times [35].

JEAN-SAMUEL ROUX and JAMES M. CLINE PHYS. REV. D 102, 063518 (2020)

063518-10



λJ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
15kT
4πGμρ

s
: ð41Þ

Below this scale the gas cannot fragment further. This sets
the minimal mass of fragments that result from the collapse:

MJ ¼
4πρ

3
λ3J: ð42Þ

By evaluating the Jeans mass at the final density and
temperature we can obtain a rough estimate of the mass of
the primordial stars of mirror matter. Following [7], we
used Krome [42] to study the evolution of the temperature
and the density of a collapsing cloud of mirror matter gas.
Krome assumes the cloud is in a free fall,

_n
n
∼

1

tff
ð43Þ

(recall Eq. (40) for tff ), and solves the out-of-equilibrium
rate equations (38). The temperature evolves as [42]

_T
T
¼ ðγ − 1Þ

�
_n
n
þH − C

nkT

�
; ð44Þ

where the cooling rate is C ¼Pi Ci and H is the heating
rate. The heating rate is negligible in the optically thin limit
because photons exit the cloud, but as the gas becomes
denser we must include it in our calculations. Recall
that γ ¼ 5=3.
In the absence of cooling, Eq. (44) shows that the

temperature of the cloud will increase as it collapses.
However if the cooling processes dominate, the collapse
continues unimpeded as T (and pressure) decreases.

Eventually the gas becomes optically thick and the cooling
becomes ineffective; at this point the approximation (43) of
free-fall evolution breaks down and the cloud can only
collapse adiabatically, which tends to increase the Jeans
mass. In reality, the angular momentum of the cloud
becomes nonnegligible before then and the mass of the
fragments is determined by criteria other than Eq. (42).
We focus on the cloud collapse inside the MW halo at

z ¼ 10, which according to the merger trees has an average
massM ≃ 8 × 108 M⊙ and central density n ∼ 1 cm−3. It is
assumed that the collapse can always happen, independ-
ently of x and β, and that the fragments can cool to∼10% of
TM [see Eq. (36)] before collapsing. In Sec. III E we will
verify the values of ðx; βÞ for which cooling is really
efficient enough for the cloud to collapse. In such a case T
drops to values ≪ TM before the density increases signifi-
cantly. Then our assumptions are self-consistent and allow
for estimating the mass of primordial stars independently of
β; dependence on x remains since it affects the chemical
abundances.
Figure 6 shows the evolution of the temperature from

Eq. (44) during the collapse for several values of x and for
the SM. It reveals that smaller values of x lead to more
efficient cooling, since more H2 can form. Interestingly,
even when the hydrogen fraction is small, H2 cooling
can reduce T to ∼few × 100 K very rapidly. We evaluated
the Jeans mass at the minimum T (near n ∼ 200 cm−3)
to estimate the mass M0� (M�) of the fragments in the
M S(SM). After this point, the cloud collapses quasi-
adiabatically and the rise of T slows the decrease of the
Jeans mass. This point allows us to set an upper limit on the
final fragment massM0� rather than evaluating it accurately,
which is impossible in our simplified analysis without
angular momentum.

FIG. 6. Left: temperature evolution during the cloud collapse of a gas fragment at z ¼ 10 in a Milky Way-like halo for values of x
increasing from top to bottom, including the SM (x ¼ 1, Y ¼ 0.24). Evaluating Eq. (42) at the temperature minimum of each curve gives
an estimate of the mass of primordial stars. Right: ratio ζ of the minimal fragment mass in the M Srelative to the SM (blue, solid) and
ratio of the characteristic stellar lifetimes (red, dashedþ dotted). The dotted curve illustrates the extrapolation of Eq. (46) outside the fit
interval of Ref. [45].
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Note that this oversimplification is not an issue, because
we are only interested in the ratio ζ≡M0�=M� of the
fragment mass in the M Sand in the SM, which would not
change much if we evaluated Eq. (42) at another point of
the n − T diagram. This ratio gives a rough approximation
of how the mass of the mirror stars scales compared to the
visible ones, which allows us to estimate their lifetimes and
their supernova feedback on structure formation. Figure 6
also illustrates the value of ζ for all values of x. It is
apparent that ζ > 1 for all values of x, indicative of the
lower cooling efficiency in the M S(from suppressed H
abundance) leading to less fragmentation of gas clouds.
We should emphasize that this estimate of ζ is only valid

for primordial stars as we do not include any element
heavier than He in our analysis. In reality, it is possible that
the short-lived He-dominated stars in the M Sproduce
metals at a much higher rate than in the SM. Since metals
are easier to ionize, their presence can significantly increase
the cooling rate and the fragmentation inside a gas cloud.
We leave this analysis for a future study.
Unlike ordinary matter, mirror stars are usually

He-dominated, which has important consequences for their
evolution, notably their lifetime t�. In the SM, the
H-burning phase constitutes most of the lifetime of stars,
with the post-main sequence evolution contributing only
about 10% of t�. In the M S, with much less H to burn, stars
quickly transition to the later stages of their evolution.
We note that the average mass for visible stars can be

estimated using the initial mass function (IMF):

M� ¼
Z

100 M⊙

0.08 M⊙

mϕðmÞdm ≃ 0.3 M⊙; ð45Þ

where ϕðmÞ ∝ m−2.35 is the Salpeter IMF [38,46] norma-
lized such that its integral over the mass range of stable
stars (0.08 M⊙ < m < 100 M⊙) is 1. Hence we take the
characteristic stellar mass in the M Sto be M0� ¼ ζ×
ð0.3 M⊙Þ. Ref. [45] studied the dependence of t� on the
He fraction and the mass of stars. Using their fit results, we
estimate the scaling of typical lifetimes of M Sstars by
comparison to the SM:

log10

�
t0�
t�

�
≃ 0.74 − 2.86Y 0 − 0.94Y 02 − 4.77log10ζ

þ 0.99ðlog10ζÞ2 þ 1.34Y 0log10ζ

þ 0.29Y 02log10ζ − 0.28Y 02ðlog10ζÞ2: ð46Þ

(recall that ζ ¼ M0�=M�).
The ratios ζ and t0�=t� are plotted in Fig. 6(right) as a

function of x. t0�=t� will be used to estimate the supernova
feedback of M Sstars on the formation of dark galactic
structures in Sec. III E 1. We note that Eq. (46) is only valid
up to Y 0 ¼ 0.8 (x ≃ 0.1), so our estimate of the stellar
lifetime for x≲ 0.1 is likely to be too small. However, in

this range one nevertheless expects that t0�=t� ≪ 1. In
Sec. III E 1 we will show that the main consequence of
such short lifetimes is that supernova feedback favors star
production over the formation of cold gas clouds in the
mirror galactic disk, whereas in Sec. IV we show that star
formation is already maximally efficient at x ¼ 0.1; hence
our results our not sensitive to the precise value of t0�=t� at
lower temperatures, and it is safe to use Eq. (46)
for Y 0 > 0.8.

E. Mirror galaxy formation

We now have the necessary ingredients for studying the
formation of a dark galaxy using the GALFORM model
[19]. The steps to be carried out for implementing it are
described as follows.
The M Smatter is divided into three components: the hot

gas component, the spheroidal bulge fraction and the disk
fraction. The bulge and the disk together form the M S
galaxy. The disk fraction is further subdivided into two
components: active stars and cold gas clouds. Star for-
mation is highly suppressed in the bulge so such a
subdivision is not needed there. The remaining matter
component is CDM. Visible baryons are omitted from our
analysis for simplicity and since GALFORM is not set up
to properly account for their gravitational interaction with
the M S.10 Instead, we include the visible baryons into the
CDM fraction, so that Ωm ¼ Ωc þ Ωb0 .
CDM is assumed to have an NFW density profile,

ρcðrÞ ¼
ðΩc=ΩmÞðΔvirρcrit=3Þ

½lnð1þ cÞ − c
1þc� r

rvir
ð r
rvir

þ 1
cÞ2

: ð47Þ

The virial radius rvir and overdensity Δvir were defined in
Sec. III C. c is the NFW concentration and sets the size of
the central region of the profile. The procedure to find c for
a given halo mass at a given redshift is described in the
appendix of Ref. [47]. The CDM profile remains constant
throughout the lifetime of the halo.
M Smatter is further assumed to form a hot gas cloud

with an isothermal density profile,

ρb0 ðrÞ ¼
fhotðΩb0=ΩmÞðΔvirρcrit=3Þ

½1 − r0
rvir

tan−1ðrvirr0
Þ�ðð r

rvir
Þ2 þ ð r0rvirÞ2Þ

: ð48Þ

The hot gas fraction fhot ¼ 1 for all newly formed halos,
but fhot decreases as the gas cools and collapses. The core
radius r0 is initially related to the NFW concentration as

10The only impact of SM particles in our analysis would be to
potentially shorten the free-fall timescale, Eq. (40) by collapsing
and changing the total matter distribution in the halo. First, since
visible baryons only represent about 15% of the total matter
content, their impact on tff is small. Secondly, structure formation
in the M Salso equally depends on the cooling timescale,
Eq. (37), which is independent of the SM matter.
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r0=rvir ¼ 1=ð3cÞ, but as the gas cools, r0 increases such
that the density and pressure at rvir remain unaffected. This
is impossible in the limit where a large fraction of the gas
cools, so we set an upper limit of r0 ¼ 15rvir to avoid a
numerical divergence as r0 → ∞. In this limit ðr=rvirÞ2 ≪
ðr0=rvirÞ2 and the density profile becomes essentially
homogeneous. We truncate both profiles ρb0 ðrÞ and ρcðrÞ
at rvir.

1. Disk formation

The GALFORM algorithm simulates structure formation
beginning at redshift z ¼ 10, taking as input the merger
trees described above, and evolving forward in time using
logarithmically spaced time steps Δt. Halo evolution is
simulated semianalytically until the present, z ¼ 0. The
lifetime of the halo thalo is defined to be the time it takes to
double in mass, whether by matter accretion or by mergers.
The halo is modeled using spherical shells plus a disk

component. At the beginning (or end) of each time step,
two characteristic radii must be computed: the cooling
radius rcool and the free-fall radius rff . These are respec-
tively the maximal distances such that the cooling timescale
tcool [Eq. (37)] and the free-fall timescale [Eq. (40)] are
smaller than the elapsed time since the beginning of the
halo’s lifetime, t − thalo. Hence the radius racc ¼
minðrcool; rffÞ is the maximum distance to which the gas
has had time to cool down and accrete into compact objects.
The values of racc before and after the time step Δt

delimit a spherical shell of width Δracc that contains mass
ΔMacc of hot mirror matter gas. As shown in Appendix B of
Ref. [19], this accreted matter determines how the masses
of the hot gas Mhot and the disk Mdisk change during that
time step:

ΔMdisk ¼ ΔMcold þ ΔM� ð49Þ

ΔM⋆ ¼ M0
cold

1 − R
1 − Rþ B

½1 − e−Δt=τeff �

−ΔMacc
τeff
Δt

1 − R
1 − Rþ B

�
1 −

Δt
τeff

− e−Δt=τeff
�

ð50Þ

ΔMcold ¼ ΔMacc −
1 − Rþ B
1 − R

ΔM⋆ ð51Þ

ΔMhot ¼ −ΔMacc þ
B

1 − R
ΔM⋆: ð52Þ

HereMcold andM� are the masses of the cold gas and stellar
components of the disk, and M0

cold is the cold gas mass at
the beginning of the time step. R is the fraction of mass
recycled by stars (e.g., stellar winds that contribute to the
cold gas component of the disk) and B parametrizes the
efficiency of the supernova feedback that heats the cold gas
fraction.

The effective mirror star formation timescale is
τeff ¼ τ0�=ð1 − Rþ BÞ. To determine τ0�, one can assume
that the star formation rate is in equilibrium with the stellar
death rate (the inverse of the average stellar lifetime). Then
the ratio of star formation timescales τ0�=τ� in the M Sand in
the SM is equal to the ratio of the characteristic stellar
lifetimes t0�=t�, Eq. (46),

τ0� ≃
�
t0�
t�

�
τ� ¼ 200

rD
VD

�
t0�
t�

��
VD

200 km=s

�
−1.5

: ð53Þ

Following Ref. [19], we take R ¼ 0.31 and
B ¼ ðVD=ð200 km=sÞÞ−2, where VD ¼ ðGMrD=rDÞ1=2 is
the circular velocity at the half-mass radius rD of the
galactic disk. Assuming the disk has an exponential surface
density, its half-mass radius can be estimated as rD ¼
1.19λHracc where λH is a spin parameter that follows a log-
normal distribution with average value λH ¼ 0.039, that we
adopt for simplicity.
The evolution of the disk and the hot gas mass fractions

is found by iterating Eqs. (49)–(52). During the character-
istic time thalo, the temperature TM of the hot mirror matter
gas is assumed to remain at its initial value, Eq. (36), and
likewise for the relative abundances of each chemical
species and the core radius r0 of the hot gas density
profile. All of these quantities are updated at the beginning
of each stage of evolution spanning time thalo, for all the
active halos of the merger tree.

2. Galaxy mergers

Eventually, every halo in the merger tree combines with
another halo, the smaller of the two becoming a satellite of
the larger one. We assume that all the hot gas of the satellite
halo is stripped by hydrodynamic drag, so that its disk and
bulge fractions no longer evolve. After this the satellite
orbits the main halo until they merge, over the characteristic
timescale

τmrg ¼ Θorbit
πrvir
VH

0.3722
lnðMH=MsatÞ

MH

Msat
: ð54Þ

Here VH ¼ ðGMH=rvirÞ1=2 is the circular velocity at the
virial radius, Msat is the total mass of the satellite halo
(mirror baryons and CDM) andMH is the total mass of the
main halo, including all the satellite halos. Θorbit is a
parameter that depends on the orbit of the satellite. It is
characterized by a random log-normal distribution
with an average hΘorbiti ¼ 10−0.14 and a standard deviation
σ ¼ 0.26.
The outcome of a galaxy merger depends on the mass

ratio of the two galaxies (disk and bulge components only),
M sat

gal=M
cen
gal . If this ratio is smaller than a critical value fcrit,

the merger is “minor:” the satellite galaxy is disrupted, its
bulge and stellar components are added to the bulge
fraction of the central galaxy, and the cold gas falls into
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the central disk. If the mass ratio is greater than fcrit, the
merger is “major,” in which case both galaxies are disrupted
by dynamical friction and all the mirror matter ends up in a
spheroidal bulge. We take fcrit ¼ 0.3, the lowest possible
value in agreement with numerical studies [19], but it has
been argued in Ref. [15] that larger values do not change
the results significantly.
In a minor merger, the cold gas of the satellite galaxy is

added to the main galactic disk, which changes its half-
mass radius rD. The new radius is determined by the
conservation of angular momentum jD ¼ 2rDVH=1.68.
Averaging over the relative orientation of the two galaxies
yields

rDf ¼
rD1MD1 þ rD2MD2

MD1 þMD2

; ð55Þ

that is, the new radius is the weighted average of the two
initial radii. The bulge component is expected to have a de
Vaucouleurs density profile, log ρbulge ∼ −r1=4, but we find
that it can be more simply modeled as a sphere of uniform
density and radius rD=2, without significantly changing the
final results.
By iterating over all halos and evolving until z ¼ 0, the

procedure described in this section allows us to predict the
fraction of mirror matter that forms galactic structures
(either a disk or a bulge) and the fraction that remains in a
hot gas cloud. We simulated galaxy evolution in 10
different merger trees for 182 combinations of ðx; βÞ in
the range 10−3 < x < 0.5 and 10−3 < β < 5 and averaged
over the final fractions. Smaller values of β cannot be
constrained with present data given the current experimen-
tal sensitivity to a very subdominant component of M Sdark
matter. Similarly, for x < 10−3 the helium mass fraction is
saturated (Y 0 ∼ 0.99) and the chemical evolution of the M S
gas cannot be distinguished from that at x ¼ 10−3. In
Sec. IV, we will use these predictions in conjunction with
astronomical data, to constrain the parameters of the model.

IV. CONSTRAINTS ON MIRROR DARK
MATTER STRUCTURES

The results of our M Sstructure formation analysis are
shown in Fig. 7, where the fractions of the different
components fgas, fdisk, fbulge, fsat and f� (the fraction in
stars in the disk) are plotted as functions of ðx; βÞ. One of
the most striking features is that for much of the parameter
space (x≲ 0.1, β ≲ 1), over 90% of mirror matter is in a hot
gas cloud and does not condense to form structures in the
halo. This is readily understood, since the low density and
low hydrogen abundance lead to inefficient cooling, main-
taining high pressure in the gas cloud and preventing it
from collapsing. Our results show that at low x and in the
range 0.5≲ β ≲ 1 about 5%–10% of the M Sforms a dark
galaxy. In this case, even if the dark galaxy is subdominant
in the halo, the mirror stars and supernovae within it would

amplify the baryonic effects of SM particles, which have
been argued to significantly alleviate the small-scale
tension of CDM [48].
For M Sdensities β ≲ 0.5, mirror matter behaves simi-

larly to generic models of dissipative DM, such as atomic
DM, that have no nuclear or chemical reactions and do not
collapse into compact objects. Although the M Swould
constitute only a small fraction of DM and would not lead
to dark structures (stars, planets, life forms), its dissipative
effects could still have interesting cosmological effects, like
the suppression of the matter power spectrum on small
scales. Like other models of self-interacting DM, hot mirror
particles in the outskirts of the halo could exchange energy
with the cold mirror matter in the central region. This heat
transfer would lead to the dynamical relaxation of the cusp,
which would expand into a low-density core, resulting in a
shallower gravitational potential in the center of the halo
than in a pure CDM scenario, possibly ameliorating the
cusp-core problem [49,50].
The disk fraction fdisk depends much more strongly on β

than on x. This comes about because the long lifetime of the
main halo allows for the formation of a mirror galaxy at
sufficiently high density, even though cooling is less efficient
at small x (due to the low hydrogen fraction). The fraction
fsat of mirror matter in satellite galaxies behaves differently:
even at large mirror particles densities, for x < 0.1 the
cooling timescale becomes longer than the lifetime of
subhalos merging with the MW, leaving too little time for
structures to form. Hence dwarf galaxies orbiting the MW
will host few mirror particles if x < 0.1. It is likely however
that we underestimate fsat due to our assumption that galaxy
formation ended once the subhalos merged with the main
halo. In reality the satellite galaxies can accrete cooling gas
from the main halo and continue to grow after a merger.
There is a clear correlation between fbulge and the sum of

fdisk and fsat, which arises because bulge formation
requires both the main halo and the satellite subhalos to
form, before the latter is disrupted by dynamical friction.
The absence of a disk for x≳ 0.1, where fbulge is at its
maximum, indicates that a major merger destroyed the disk
of the central halo. That major merger is probably recent,
otherwise the disk would have had time to form again.
Similarly, we can understand the small bulge fraction in the
region β ≳ 0.2, x≲ 0.1 as resulting from a series of minor
mergers or an early-time major merger, since there is a
significant disk fraction at z ¼ 0 for these parameters.
The bottom panel of Fig. 7 shows the effect of the

shortened stellar lifetime in the M S[see Eqs. (46) and (53)].
The high He abundance and the larger mass of primordial
stars increase the stellar feedback from supernovae to a
point where most of the cold molecular clouds are rapidly
heated and return to the hot fraction of the halo, leaving
mirror stars as the only inhabitants of the mirror galaxy.
Next we consider various astronomical constraints on

M Sgalactic structures. The excluded regions lie above the
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FIG. 7. Results of the mirror structure formation analysis. The top four panels show the average fraction of mirror particles in each
component of galactic structure (hot gas, disk, bulge and satellite galaxies) in a 1012 M⊙ halo such that fgas þ fdisk þ fbulge þ fsat ¼ 1.
The bottom panel shows the fraction of stars f� in the mirror galactic disk. The fraction of cold gas in the disk is given by fcold ¼ 1 − f�.
The regions above the dashed curves are excluded from our analysis due to the self-consistency check discussed in Sec. III B.
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curves shown in Fig. 8. The limits on disk surface density,
bulge and total stellar mass, and from gravitational lensing
surveys, are described in the following.

A. Thin disk surface density

Data from Gaia DR2 allowed Ref. [51] to constrain the
surface density ΣD of a thin dark disk in the vicinity of the
Sun. A gravitational potential in the presence of a DM disk
would be deeper, leading to greater acceleration toward the
galactic plane than what ordinary stars can account for. This
affects the transverse velocities and density distribution of
nearby stars. Assuming that the dark disk possesses an
exponential profile and a scale height hD ≃ 10 pc (which
could explain phenomena like the periodicity of comet
impacts [52,53]), the 95% C.L. bound on its local surface
density is

ΣDðR⊙Þ ¼
MD

2πL2
D
e−R⊙=LD ≲ 4.15

M⊙

pc2
; ð56Þ

where R⊙ ¼ 8.1 kpc is the distance of the Sun from the
center of the galaxy and LD is the scale length of the disk.
The scale length is related to the half-mass radius rD, which
we included in our analysis, as rD=LD ≃ 1.68.
The constraint (56) led Ref. [51] to conclude that a

dissipative dark sector can constitute less than 1% of the
total DM. However a more conservative interpretation is
that less than 1% of the DM has accreted into a thin dark
disk; in that case the dissipative dark sector could be more
abundant since we expect only a fraction of it to form a
galactic disk, ≲20% for mirror matter, as shown in Fig. 7.

Assuming a thin disk with scale height hD ¼ 10 pc, this
bound rules out the region β ≳ 1, except for x≳ 0.25
where it is relaxed to β ≳ 1.8. For a thicker disk with
hD ¼ 100 pc, closer to the height of the visible disk, the
constraint is relaxed to ΣDðR⊙Þ≲ 12.9 M⊙=pc2, loosening
the bound on β by a factor of ∼2.
An underlying assumption is that the dark disk lies

within the MW plane. Although the two disks need not be
initially aligned, one expects their gravitational attraction to
do so on the dynamical timescale of the inner region of the
halo, tdyn ∼ 1=

ffiffiffiffiffiffi
Gρ

p
∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L3
D=GMD

p
. Even if the dark disk

has a negligible density such that only the visible disk
contributes to tdyn (MD ∼ 1010 M⊙, LD ∼ 2.5 kpc), one
finds tdyn ∼ 20 Myr, much shorter than the lifetime of the
halo. Hence in all cases the two disks should be coincident.

B. Bulge and total stellar mass

Data from Gaia DR2 further enabled Ref. [54] to
determine the total mass of each component of the MW
halo by fitting the rotation curves of nearby stars and using
other kinematical data. They determined the mass of the
galaxy (disk and bulge components combined) to be
4.99þ0.34

−0.50 × 1010 M⊙ in a 1.12 × 1012 M⊙ halo. Scaling
down their result to coincide with our 1012 M⊙ halo, the
total mass of the galactic components in our simulation
should be Mgal ¼ 4.46þ0.30

−0.45 × 1010 M⊙.
Since this measurement was obtained from stellar

dynamics only, it is sensitive to the presence of a mirror
galactic component. However it is difficult to accurately
estimate the contribution of ordinary baryons to the diskþ
bulge mass from the mass-luminosity relation. It is believed
that about 20% of the baryons in the halo should condense
into compact structures in the galaxy (see [55] and
references therein), which represents a visible matter
contribution of 3.1 × 1010 M⊙. This leaves room for the
remainder to come from a mirror galaxy component.11

Under this assumption, we derive a 2σ upper bound on
the mass of the mirror galaxy (diskþ bulge),

M0
gal ≲ 2 × 1010 M⊙: ð57Þ

It is also possible to constrain the bulge mass of the MW
separately. Reference [54] determined Mbulge ¼ 0.93þ0.9

−0.8 ×
1010 M⊙ using Gaia DR2, in agreement with the value
of Ref. [56] obtained from rotation curves. A larger
value was derived using photometric data from the VVV
survey, estimating the contribution from visible stars to
the bulge mass as MSM

bulge ¼ 2.0� 0.3 × 1010 M⊙ [57,58].
Combining errors in quadrature, these imply the 2σ upper
bound on the M Scontribution

FIG. 8. Upper limits for M Smodel from constraints on: the
total mass of the galaxy (defined as bulge plus disk, solid curve);
the bulge mass (dashed); the thin disk surface density (dot-
dashed), assuming hD ¼ 10 (green) or 100 pc (red) for the dark
disk; gravitational lensing events (double-dot-dashed) formmac ¼
0.4 (violet), 1 (brown) or 10 (cyan) M⊙; and the Bullet Cluster
(long-dashed). The red shaded area is excluded, while the grey
regions lie outside the validity of our analysis (see Sec. III B).

11The fraction of condensed baryons fluctuates by a factor of
∼1.5 from galaxy to galaxy, which is consistent with the diskþ
bulge components of our halo containing only ordinary baryons.
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M0
bulge ¼ Mbulge −MSM

bulge ≲ 0.83 × 1010 M⊙: ð58Þ

Both (57) and (58) imply limits comparable to that from
the dark disk surface density, excluding β ≳ 1 for any x.
Due to the increased bulge fraction at large x, the bound on
M0

bulge becomes tighter at large x, ruling out β ≳ 0.3
at x ≃ 0.5.

C. Gravitational lensing

Compact objects made of mirror matter could be
detected through their gravitational lensing of distant stars,
similar to more general “MACHO” models of DM.
However, it is difficult to predict the microlensing rate
from M Sstructures since it depends strongly on their
masses. Like in the SM, these compact objects could
include asteroids and comets, planets, molecular clouds,
or stars and dense globular clusters, spanning over 15
orders of magnitude in mass. We will focus on compact
objects of mass 10−1 M⊙ ≲M ≲ 10 M⊙, corresponding to
a main-sequence star or a small molecular cloud. As in the
SM, smaller objects should represent a negligible fraction
of the collapsed matter in the M S.
Constraints on the MACHO fraction fmac of DM in this

mass range have been discrepant. The MACHO collabo-
ration studied microlensing events toward the Large
Magellanic Cloud (LMC) and initially reported evidence
that MACHOs of mass ð0.15–0.9Þ M⊙ comprise (8–50) %
of the total halo DM [59], but it was later found that their
dataset was contaminated by variable stars [60]. The same
survey showed no evidence for MACHOs in the mass range
ð0.3–30Þ M⊙ [61]. The EROS and OGLE surveys found
no evidence for MACHOs toward the LMC [62–65]
leading them to place an upper limit fmac ≲ ð7–30Þ%:
The MEGA and POINT-AGAPE experiments came to
different conclusions, the former finding no evidence for
MACHOs toward M31 [66] while the latter reported 0.2≲
fmac ≲ 0.9 [67].
To interpret these results we review some of the theory

underlying MACHO searches. Gravitational lensing is
characterized by an optical depth

τ ¼ 4πGD2
s

c2

Z
1

0

ρðxÞxð1 − xÞdx; ð59Þ

where Ds is the distance to the amplified star and the
integral is taken along the line of sight, with x in units of
Ds. The optical depth is the instantaneous probability that a
star’s brightness is amplified by a factor of at least 1.34, and
is proportional to the mass density ρ of the lens.
If Ns stars are monitored during a period Tobs, then the

expected number of detected microlensing events is

Nex ¼
2

π

Tobs

htEi
τNshϵi; ð60Þ

where htEi is the average Einstein radius crossing time and
hϵi is an efficiency coefficient that depends on the experi-
mental selection criteria.
All the constraints cited above assumed that the

MACHOs have an isothermal density profile ρ∼
ðr2 þ r20Þ−1, which is often referred to as the “S model.”
This assumption is not valid for mirror matter compact
objects since they are preferentially distributed in the
disk and the bulge of galaxies, like visible stars.
Reference [59] estimated the total optical depth due to
visible stars in the MW and the LMC galaxies as τ ≃ 2.4 ×
10−8 with an average Einstein radius crossing time htEi ≃
60 days.
The optical depth τ0 due to a mirror galaxy is roughly

proportional to its mass; we can therefore estimate it as
τ0 ≃ τβ × ðfmac=0.2Þ, where fmac ¼ fdisk þ fbulge þ fsat is
the fraction of mirror particles that form compact objects in
both the MW and its satellite galaxies. The factor of 0.2
comes from the estimate that ∼20% of the SM baryons in
the halo end up in stars. In reality the contribution from
each component weighs differently in the value of τ:
MACHOs in the LMC are about twice as likely to produce
a lensing event as one located in the MW bulge or disk. To
be more precise we should sum the optical depth τ0i ≃
τiðM0

i=MiÞ of each component, where Mi (M0
i) is the mass

of ordinary (mirror) stars in the LMC or in the MW bulge or
disk. But the stellar masses of the LMC and of the
individual MW components have large uncertainties and
our simple treatment of satellite galaxies does not allow for
an accurate identification of an LMC-like subhalo and the
mass of its mirror galaxy. We can nevertheless make an
order-of-magnitude estimate of τ0 by putting all contribu-
tions on an equal footing and using the global fraction fmac
of condensed objects in the halo.
Since the Einstein radius is proportional to the square

root of the mass of the lens [64], the value of htEi can
also be different in the M S. Assuming a fiducial mass of
0.4 M⊙ for SM stars, then we can approximate
ht0Ei ¼ htEi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mmac=0.4 M⊙

p
, where mmac is the mirror

MACHO mass.
Since we want to find the most restrictive bounds on

mirror structures, we will focus on the results of the EROS-
2 survey, which sets one of the most stringent limit on
MACHOs. Using other data like the microlensing events
detected by the POINT-AGAPE collaboration would prob-
ably lift the lensing constraints on mirror matter, but as
Fig. 8 shows these limits are not as stringent as the disk
surface density or the bulge mass. Therefore the allowed
parameter space for x and β would be unaffected. During
Tobs ¼ 2500 days, EROS-2 monitored Ns ¼ 5.5 × 106

stars and detected no microlensing event. This sets the
95% confidence limit Nex < 3. From visible stars alone we
expect Nex ≃ 1.23 events for an efficiency coefficient
hϵi ≈ 0.35. Then the limit on events from mirror stars is
N0

ex ≲ 1.77, giving

CONSTRAINING GALACTIC STRUCTURES OF MIRROR DARK … PHYS. REV. D 102, 063518 (2020)

063518-17



βfmac ≲ 0.29

�
0.35
hϵ0i

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mmac

0.4 M⊙

r
; ð61Þ

where hϵ0i is the efficiency coefficient of the M S, which
could differ from the SM value if the MACHO mass is
different. We will consider three benchmark values of mmac
to constrain our model: 0.4 M⊙, 1 M⊙ and 10 M⊙. For
simplicity we will also assume hϵ0i ≈ 0.35 for all masses.
The constraint (61) is not very restrictive, despite mirror

matter being capable of forming roughly as many compact
objects as visible matter. If mirror stars had a mass
distribution similar to visible stars, then mmac ≃ 0.4 M⊙
would only rule out β ≳ 2, which is already excluded by
other observations. It is possible that the typical M S
MACHO mass exceeds that of SM stars since cooling
and cloud fragmentation are less efficient in the M S, as we
argued in Sec. III D. In that case the bound would be
relaxed even more. A full analysis of the stellar evolution in
the M S, including heavier elements that we have not
included, would be required to estimate mmac and the
microlensing rate more accurately. But based on the present
analysis, it seems unlikely that MACHO detection toward
the LMC could be more constraining than the disk surface
density or the stellar mass in the MW.

D. Bullet Cluster

Interestingly, the Bullet Cluster allows us to set an upper
limit on the hot gas fraction of mirror baryons, i.e., the
absence of structure formation in the M S. The visible
galaxies and stars on the scale of this cluster are essentially
collisionless, but the hot gaseous baryons that surround the
galaxies were impeded by dynamical friction and stripped
from their hosts. Similarly, mirror galaxies and stars pass
through each other unimpeded, just like CDM, while the
hot clouds of mirror baryons will self-interact.
The most stringent constraint on DM comes from the

survival of the smaller subcluster in the merger, as less than
30% of its mass inside a radius of 150 kpc was stripped in
the collision [11]. This normally yields a bound on the
integrated cross section σ=m. Here we instead follow the
approach of Ref. [10], constraining the distribution of
mirror matter, in particular the mass of the hot gas fraction.
We recapitulate the argument as follows.
Consider the elastic collision of two equal-mass mirror

particles in the subcluster’s reference frame. The incoming
particles from the main cluster have an initial velocity
v0 ≈ 4800 km=s. After the collision, they scatter with
velocities

v1 ¼ v0 cosΘ; v2 ¼ v0 sinΘ; ð62Þ

where Θ is the scattering angle of the incoming particle in
the subcluster’s frame.
For the subcluster to lose mass, both particles

must be ejected from the halo: v1; v2 > vesc where

vesc ≈ 1200 km=s is the escape velocity. This happens
for a scattering angle θ (in the CM frame)

vesc
v0

< sin
θ

2
<

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
vesc
v0

�
2

s
: ð63Þ

The scattering angles in the two frames are related by Θ ¼
θ=2 for equal-mass particles. The evaporation rate is R ¼
N−1dN=dt where N is the total number of hot mirror
particles in the subcluster. It can be expressed as [68]

R ¼ n2v0

Z
esc

dσ
dΩCM

dΩCM; ð64Þ

where n2 is the number density of mirror particles in the
main cluster and the bounds of the integral are given by
Eq. (63). Integrating (64) over the crossing time t ¼ w=v0,
where w is the width of the main cluster, leads to the
fraction of evaporated hot mirror particles,

ΔN
N

¼ 1 − exp

�
−

Σ2

m̄N

Z
esc

dσ
dΩCM

dΩCM

�
; ð65Þ

where Σ2 is the surface density of the hot mirror matter
gas in the main cluster. Taking the total DM surface
density to be ΣDM ≃ 0.3 g=cm2, we can estimate
Σ2 ≃ fBCgasðΩb0=ΩDMÞΣDM, where fBCgas is the hot mirror
matter gas fraction in the main cluster.
Because of the large mass of the cluster and the

subcluster (M ≳ 2 × 1014 M⊙), the virial temperature of
the mirror matter gas is high enough to fully ionize the H
and He atoms. Mass evaporation therefore proceeds via
Rutherford scattering between ions. Assuming that all
mirror nuclei have a mass m̄N and a charge Z ¼ 1þ fHe
[see Eqs. (6), (7)], their differential cross section in the CM
frame is

dσ
dΩCM

¼
�

Z2α

4Esin2ðθ=2Þ
�

2

: ð66Þ

where E ¼ m̄Nðv0=2Þ2 is the total kinetic energy in the CM
frame. Plugging this in Eq. (65) and evaluating the integral
within the bounds of Eq. (63) yields

ΔN
N

¼ 1 − exp

�
−4πZ4α2Σ2

m̄N
3v40

×
1 − 2ðvesc=v0Þ2

ðvesc=v0Þ2ð1 − ðvesc=v0Þ2Þ
�
: ð67Þ

Assuming that only hot mirror particles are stripped in
the collision, the constraint on the evaporated mass fraction
of the subcluster is
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fevap ¼
fBCgasβΩb

ΩDM

ΔN
N

< 0.3: ð68Þ

This does not apply directly to our study, since we
specifically studied structure formation in a 1012 M⊙ halo,
while the Bullet subcluster has mass ∼2 × 1014 M⊙.
However Ref. [55] indicates that the stellar mass fraction
in a Bullet subcluster-sized halo is ∼10% of the same
fraction in a MW-like halo. We can therefore estimate the
hot gas fraction of M Smatter in the Bullet Cluster as fBCgas ≃
1–0.1fmac (recall that fmac is the fraction of mirror matter
compact objects in the central galaxy and its satellites, that
we derived above). However this is weaker than the
kinematic data limits, and the resulting bound from the
Bullet Cluster is similar in strength to that from micro-
lensing, excluding only the region β ≳ 2.

E. Future constraints and signals

In this section we describe other astronomical observa-
tions that could lead to new constraints on the M Sin the
next few years, as more data is collected and experimental
sensitivity increases.
Gravitational wave (GW) astronomy is a promising new

window to study our universe and the properties of DM.
LIGO and other interferometer experiments are forecasted
to put strong constraints on the fraction of primordial
black holes (PBHs) in the universe, down to a mass scale
of ∼10−13 M⊙ [69–72]. However, the binary black hole
(BBH) merger rate Rexp

BBH ∼ 9.7–101 Gpc−3 y−1 detected
by LIGO [73] seems to exceed the predictions of
Rth

BBH ∼ 5.4 Gpc−3 y−1 in some theoretical models of star
formation [74].
In has been suggested in [75,76] that this discrepancy

could be explained by the early formation of BHs in mirror
matter-dominated systems. This idea is supported by the
fact that none of the GW signals from BBH mergers
detected by LIGO were accompanied by an electromag-
netic counterpart, indicating that those systems had
accreted very little visible matter. A similar idea can be
applied to binary neutron star (NS) mergers and BH-NS
coalescence [77], which only led to the detection of one
electromagnetic signal [78] out of the many candidate
events.
According to [75,76], since the cosmic star formation

rate (SFR) peaked at z ∼ 1.9 for visible matter, then it
should have peaked at a redshift z0 ≃ −1þ ð1þ 1.9Þ=x in
the M S, leaving more time for mirror matter to form BHs
and binary systems. According to our present findings, this
argument is incorrect, since we have shown that star
formation depends primarily on chemical abundances,
matter temperature and the gravitational potential, not on
the background radiation temperature. At late times
(z ≪ zdec), visible and mirror particles collapse inside
the same local gravitational potential well and they are
shock-heated to the same temperature ∼Tvir [recall

Eq. (36)]. Hence the mirror SFR differs from that of the
SM only because of its high He abundance and how it
impacts the cooling rate. These effects are not encoded by a
simple x-dependent rescaling of z.
Nevertheless, the authors of [7,8] suggested that the

inefficient cooling and fragmentation of mirror gas clouds
could lead to the early formation of direct collapse black
holes (DCBHs). Although they would more likely act as
supermassive black hole (SMBH) seeds, they could also
increase the binary merger rate in the mass range probed by
LIGO and the other GW interferometers. Ref. [79] also
argued that dissipative dark sectors like mirror matter could
accelerate the growth of SMBHs by accreting onto the
active galactic nuclei. In the next decade, as the measure-
ments and predictions for RBBH are refined, as well as the
understanding of BH formation from mirror matter, this
could be a useful observable to further constrain such
models.
21-cm line surveys are another promising technique for

studying late-time cosmology and structure formation. The
EDGES experiment reported a surprisingly deep absorption
feature in the signal emitted at the epoch of reionization
[80]. Although it still awaits confirmation, many have tried
to relate this anomaly to DM properties [81–86]. Mirror
matter could be compatible with the EDGES result if the
model is augmented by a large photon-mirror photon
kinetic mixing term, ϵ ∼ 10−3, and if the CDM is light,
∼10 MeV. To explain the EDGES anomaly would also
require breaking the mirror symmetry by allowing for a
new long-range force between the DM and the CDM, as
shown in Ref. [85]. (The large kinetic mixing would evade
constraints from underground direct detection since milli-
charged mirror DM would not be able to penetrate the
earth.) Reference [87] proposed an alternative mechanism
in which mirror neutrinos decay to visible photons,
ν0i → γνj, to explain the EDGES anomaly, using a smaller
kinetic mixing ϵ≲ 10−6. This scenario too would require
mirror symmetry breaking, in the form of a small M S
photon mass. These two models might require even further
breaking of the mirror symmetry in order to avoid stringent
limits ϵ≲ 10−9–10−7 set by Neff [10,88] and orthoposi-
tronium decay [89] in the unbroken symmetry scenario.
Independently of whether the EDGES anomaly is con-

firmed, future 21-cm line surveys can be used to constrain
compact DM objects like mirror stars. Should mirror matter
compact objects form before visible stars (as in the early
formation of DCBHs proposed by [7,8]), those objects
would accrete visible matter and accelerate the reonization
of the universe, leaving a characteristic imprint on the 21-cm
signal [90] and distorting the CMB spectrum [91]. The
suppression of the power spectrum by a dark sector, as we
discussed in Sec. III B, is also expected to delay structure
formation and the absorption feature of the 21-cm line [92].
It was recently suggested that gravitational lensing of fast

radio bursts would present a characteristic interference
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pattern and could probe MACHOs in the mass range
10−4–0.1 M⊙ [93]. Although this is smaller than the typical
mass scale for mirror stars, it could lead to new constraints
on the abundance of smaller objects, like mirror brown
dwarfs and mirror planets.
The idea that mirror planets could orbit visible stars (or

the opposite) was proposed two decades ago [94,95], but
not explored in detail. A smoking gun signal for small
mirror matter structures would be the detection of an
exoplanetlike object via Doppler spectroscopy or micro-
lensing without the expected transit, in the case where the
inclination angle is 90°. With improved understanding of
how mirror planets form and how often they could be
captured by a visible stars, the nondiscovery of such events
could eventually rule out some of the parameter space of
the model.
Finally, mirror stars would heat and potentially dissolve

visible wide binary star systems, star clusters and ultra-faint
dwarf galaxies via dynamical relaxation. This effect was
used to rule out heavy MACHOs (m≳ 5–10 M⊙) from
making up a significant fraction of DM [96,97]. Future
studies of similar systems could tighten the constraints on
MACHOs and, pending a more refined model for mirror
star formation, on mirror matter.

V. EARLY UNIVERSE

One may wonder how likely it is to find an embedding of
perfect mirror symmetry in a complete model including
inflation and baryogenesis, such that the relative temper-
atures and baryon asymmetries in the two sectors differ as
we have presumed. These questions have been considered
in earlier literature. Here we revisit them in light of more
recent inflationary constraints.

A. Temperature asymmetry

A simple way of maintaining mirror symmetry while
incorporating cosmological inflation is to assume that each
sector has its own inflaton, and to seek differences in their
reheating temperatures from initial conditions or other
environmental effects, while maintaining identical micro-
physics in each sector. An early proposal for getting
asymmetric reheating was given in Ref. [21], which
proposed a “double-bubble inflation” model where the
ordinary and mirror inflatons finish inflation by bubble
nucleation at different (random) times. In this case the first
sector to undergo reheating gets exponentially redshifted
until the second field nucleates a bubble of true vacuum.
However this is in the context of “old inflation” driven by
false vacua, which is untenable because the phase tran-
sitions never complete.
A more promising mechanism was demonstrated in

Ref. [98], which considered two-field chaotic inflation
with decoupled quadratic potentials, with total potential of
the form

V tot ¼ VðϕÞ þ Vðϕ0Þ ð69Þ

plus respective couplings of each field to its own sector’s
matter particles, to accomplish reheating. It was shown that
the solutions are such that the ratio of the two inflatons
ϕ0=ϕ remains constant during inflation. Then the ratio of
the reheating temperatures goes as ðϕ0=ϕÞ1=2, and is
thereby determined by the random initial conditions.
This idea is now ruled out by Planck data [99], strongly
disfavoring chaotic inflation models, that have concave
potentials.
We suggest a possible way of saving this scenario; one

can flatten the potentials at large field values using non-
minimal kinetic terms [100], for example

Lkin ¼
�
1þ f

ϕ4

m4
P

�
ð∂ϕÞ2 þ

�
1þ f

ϕ04

m4
P

�
ð∂ϕ0Þ2: ð70Þ

For ϕ;ϕ0 ≫ mP, the canonically normalized fields are
χ ∼ ϕ3, χ0 ∼ ϕ03, so that a potential of the form m2ðϕ2 þ
ϕ02Þ becomes proportional to ðχ2=3 þ χ02=3Þ, marginally
consistent with Planck constraints on the tensor-to-scalar
ratio and spectral index, while maintaining the separability
of the potential. In common with the simpler model, the
trajectory in field space is a straight line toward the vacuum
at ϕ ¼ ϕ0 ¼ 0 and the initial conditions determine the ratio
of reheat temperatures, x ¼ T 0

R=TR. We leave this for future
investigation.
Alternatively, one could imagine there is just a single

inflaton, that is charged under the mirror symmetry such
that ϕ → −ϕ, and couples to the Higgs fields of the two
sectors with opposite signs,

V ⊃ V infðϕÞ þ
μ

2
ϕðh02 − h2Þ þ VðhÞ þ Vðh0Þ ð71Þ

so as to preserve the mirror symmetry. At the end of
inflation, ϕ oscillates about its minimum at ϕ ¼ 0, resulting
in a time-dependent frequency ωk for the Fourier modes of
the Higgs fields [101],

ω2
k ¼ m2

h þ
k2

a2
� μΦ
a3=2

sinðmϕtÞ; ð72Þ

where Φ is the amplitude of the inflaton at the beginning of
preheating. Both fields are periodically tachyonic whenever
ω2
k < 0, resulting in an exponential growth of the occupa-

tion number: nk ∼
Q

j expðXj
kÞ, where Xj

k is the particle
production rate during the jth inflaton oscillation.12

With the expansion of the universe, the particle produc-
tion efficiency decreases: Xj

k ∼ aðtjÞ−3=4 [102], where aðtjÞ
is the average scale factor during the jth tachyonic phase.

12When ω2
k > 0, the modes also grow via parametric reso-

nance, but tachyonic resonance is known to be a much more
efficient preheating mechanism [101,102].
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Because of their opposite coupling to the inflaton, the
tachyonic resonances of hk and h0k are out of phase with
each other, resulting in different growth rates. In particular,
the first field to experience tachyonic instability gives rise
to dominant reheating into its own sector, creating a
temperature difference between the two. Details will be
given in a future publication.

B. Baryogenesis

A further challenge is to explain how the M Sbaryon
asymmetry could attain values compatible with the allowed
regions from our analysis. The baryon densities in the two
sectors are related by

ηb0 ¼
β

x3
ηb: ð73Þ

where ηb0 ¼ nb0=s0, with s0 being the entropy density of the
M S, while ηb ¼ nb=s, where s is the SM entropy density.
Hence for β ∼ 0.3 and x ∼ 0.5, for example, we require
would baryogenesis in the M Sto be more efficient than in
the SM∶ ηb0=ηb ¼ 2.4. Lowering the value of xwith β fixed
requires an even greater efficiency for mirror baryogenesis.
Leptogenesis may offer a viable explanation for this mild

hierarchy. Naively one could expect that β ≃ x3 since this is
the ratio of the densities of the decaying heavy neutrinos in
the two sectors, which would lead to a very small mirror
baryon abundance. In particular, if x≲ 0.1 mirror particles
would be too sparse to produce any observable signal.
However this assumes that the washout factor is the same in
both sectors, which need not be the case. At any given time,
mirror heavy neutrino decays occur farther out of equilib-
rium than those of their SM counterparts, due to their lower
temperature (while the Hubble rate is the same for both
sectors). This can make the washout factor smaller in the
M S[103] leading to more efficient leptogenesis in that
sector. This conclusion is compatible with Refs. [21,22],
which considered the analogous mechanism of GUT
baryogenesis, that also relies upon an asymmetry produced
by out-of-equilibrium decays. They also found that β ∼ x3

for particles decaying well out of equilibrium, while β ∼ x
in the strong washout regime. Hence for some intermediate
choice it should be possible to have x3 < β < x as in our
example of β ∼ 0.3 and x ∼ 0.5. In general these scenarios
predict that baryogenesis in the M Sis at least as efficient as
in the SM, ηb0=ηb ≥ 1.
Reference [22] in addition considered electroweak bar-

yogenesis in the M S, and finds that β ¼ x3 is predicted for
the typical case in which the phase transition is strong
enough so that sphalerons are highly suppressed inside the
bubbles of true electroweak vacuum. For finely tuned
scenarios in which sphalerons washout is important for
attaining the final baryon asymmetry, larger values of β
could achieved, since the phase transitions happens earlier
in the SM sector, and thus gives longer time for sphalerons
to washout the initial asymmetry.

C. Nonminimal mirror matter model

Although it goes beyond the scope of the present
investigation, it is interesting to contemplate less minimal
scenarios in which mirror symmetry is not exactly con-
served at the microscopic level. This of course makes it
easier to achieve the asymmetry between temperatures of
the two sectors.
A simple example is to allow for the mirror Higgs field to

have a different VEV, v0 ≠ v, which changes the mirror
fermions masses by the factor v0=v. If v0=v > 1 and we
introduce portal interactions between the two sectors in the
early universe, there would be a net transfer of entropy to
the less massive SM fermions until the two sectors
decouple from each other and their temperature ratio
freezes out. If mirror symmetry is already broken during
reheating, it could affect the decay rate of the inflaton into
each sector, leading to different reheating temperatures
without portal interactions [104]. Other mechanisms for the
broken mirror parity scenario can be adapted from similar
theories like twin Higgs models (see [105] and references
therein). By generalizing the chemical and cooling rates
described in Appendices A and B for the nonsymmetric
M S, our present analysis could be repeated to study
structure formation in this altered scenario.
Another variation of the model, already alluded to in

Sec. IV E is the inclusion of the Higgs portal interaction
h2h02 or kinetic mixing FμνF0

μν between the M Sand the
SM. Although they are significantly constrained by labo-
ratory and astrophysical considerations, they could still
have important implications for cosmology and structure
formation. In particular, Ref. [10] argued that mirror
photons produced in ordinary supernovae would heat the
dark M Sdisk, leading to its expansion. Conversely, visible
photons could be produced in early mirror supernovae and
accelerate the reionization of ordinary baryons [106]. These
portal interactions would also open the possibility for direct
detection experiments and give characteristic astronomical
signals [107].

VI. CONCLUSIONS

Working within the context of unbroken mirror sym-
metry, we have investigated the formation of dark galactic
structures of mirror matter in a MW-like halo and con-
strained the parameters x ¼ T 0=T, β ¼ Ωb0=Ωb of the
theory using astrophysical data. By our assumption, all
chemical and nuclear processes have the same rates in each
sector, but mirror baryons turn out to be He-dominated
because of their lower temperature.
The lower temperature and large He abundance of the

M Shave many consequences for its cosmology and
structure formation. H and He recombination are generally
more efficient, leaving a lower density of free electrons
at late times. While H2 formation is also more efficient
in the M S, its residual density is suppressed by the
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low H abundance. H2 and free electrons are the two main
cooling channels of hot gas clouds in the SM; their low
abundances in the M Simply that cooling and fragmenta-
tion of mirror gas clouds are less efficient, which alters
structure formation. We find that primordial mirror stars are
much more massive than their visible counterparts. Because
of the He fraction, the lifetime of mirror stars is drastically
shortened, which in turns increases the SN feedback on
collapsing gas clouds in the M S.
Overall, the formation of mirror galaxies is strongly

inhibited for β ≲ 0.5 and x≲ 0.1. For such parameters,
mirror baryons tend to stay in an isothermal hot gas cloud,
avoiding constraints from astronomical and cosmological
data, making such a scenario difficult to distinguish from
more generic models containing a subdominant component
of dissipative dark matter. The most stringent such con-
straints come from observations of the MW disk surface
density and bulge mass, which rule out β ≳ 0.3 at x ¼ 0.5
and β ≳ 0.8 for x≲ 0.1. Both of these are derived by
comparing stellar kinematics (measured e.g., by Gaia) with
spectroscopy data. One can therefore hope that the release
of Gaia EDR3 in 2020 and improved understanding of
luminosity data will shed more light on the existence of
dark galactic structures. 21-cm line surveys and gravita-
tional wave astronomy are also promising leads to explore
the properties of DM.
It is theoretically challenging to generate a temperature

asymmetry between the mirror and visible particles
while maintaining unbroken mirror symmetry at the micro-
scopic level. We proposed several ideas that could give
rise to asymmetric reheating, which intuitively are
expected to produce only a small hierarchy with x≳ 0.1.
Coincidentally this is the most constrained region of the
model, hence the most interesting from the perspective of
discovery.
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APPENDIX A: RECOMBINATION
EVOLUTION EQUATIONS

Here we define quantities appearing in the evolution
equations (10)-(12) that are needed for recombination in the
mirror sector.
The Thomson scattering cross section is σT is and

aR ¼ 4σ=c is the radiation constant, related to the
Stefan-Boltzmann constant σ. The other parameters come
from the atomic configuration of both elements. The H0

2s-1s frequency is νH ¼ 2466.0 THz, the He0 21s-11s

frequency is νHe ¼ 4984.9 THz and ν̃He ¼ 145.62 THz
is the frequency difference between the 21p-11s and the
21s-11s transitions of He0. The two-photon rates are ΛH ¼
8.22458 s−1 and ΛHe ¼ 51.3 s−1.
The two recombination parameters αi are given by (in

m3 s−1):

αH ¼ F
1019

atb

1þ ctd
; ðA1Þ

αHe¼q

2
64

ffiffiffiffiffiffiffi
T 0
M

T2

s  
1þ

ffiffiffiffiffiffiffi
T 0
M

T2

s !1−p 
1þ

ffiffiffiffiffiffiffi
T 0
M

T1

s !1þp
3
75
−1

; ðA2Þ

where the fit coefficients are a ¼ 4.309, b ¼ −0.6166,
c ¼ 0.6703, d ¼ 0.5300 and t ¼ T 0

M=10
4 K. F is a fudge

factor set to 1.125 [108]. Furthermore, q ¼ 10−16.744,
p ¼ 0.711, T1 ¼ 105.114 K and T2 was fixed at 3 K.
The principle of detailed balance gives the photoionization
coefficients βi:

βi ¼ giαi

�
mekT 0

M

2πℏ2

�
3=2

e−χi=kT
0
M : ðA3Þ

The statistical weight factor gi is 1 for H and 4 for He
and the ionization energies from the 2s level are χH ¼
3.3996 eV and χHe ¼ 3.9716 eV.
Finally, the coefficients Ki take into account the

cosmological redshift of the H Lyα and He0 21p-11s
photons that reionize the atoms. They are given by
Ki ¼ λ3i =ð8πHðzÞÞ with λH ¼ 121.5682 nm and λHe ¼
58.4334 nm.

APPENDIX B: COOLING RATES AND
CHEMICAL ABUNDANCES

Here we describe the various processes that contribute to
the cooling of dark baryons, and their rates.

(i) Inverse Compton scattering. At early times, elec-
trons can exchange energy with the background
photons, with cooling rate

CComp ¼
4TM

me
σTneaRT4: ðB1Þ

where TM is the matter temperature [given by
Eq. (36)] and T is the radiation temperature. Because
the expansion of the universe redshifts T, inverse
Compton cooling becomes negligible at late times.

(ii) Brehmsstrahlung. At very high temperatures the gas
will be fully ionized and will primarily cool via free-
free emissions (bremsstrahlung), whose cooling rate is

Cff ¼
16α3gff

3

�
2πT
3m3

e

�
1=2

ne
X
ions

niZ2
i : ðB2Þ
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The sum runs over the ionized species (Hþ, Heþ and
Heþþ) and Zi is their electric charge. For our analysis
we took the Gaunt factor to be gff ≃ 1.

(iii) Atomic transitions. When the ionization fraction of
the gas is too small, bremsstrahlung becomes in-
efficient. At this point atomic processes take the lead
in the cooling of the gas. As ions and free electrons
recombine to form neutral atoms, they radiate
energy. Atoms can also collide with free electrons
which will temporarily excite or ionize the atom
until they return to their ground state. The atomic
cooling rates Catom are given in Table I.

(iv) Molecular transitions. Atomic cooling can only
bring the gas to a temperature of ∼10000 K (about
1 eV), since below this point electrons do not carry
enough energy to excite or ionize the atoms. But
unlike atoms, molecular hydrogen possesses rota-
tional and vibrational modes which are easily
excited by collisions. As the molecules return to
their ground state, they emit low-energy photons
which allow the temperature to drop to ∼200 K if H2

is sufficiently abundant.
The cooling function for molecular hydrogen can be

parametrized as follows [42,43,109]:

Cmol ¼
nH2

LLTE

1þ LLTE=Llow
ðB3Þ

The L’s are cooling coefficients associated with rotational
and vibrational modes excited by collisions with other
species, either in local thermodynamic equilibrium (LTE)
or in the low density regime. We can split the LTE
coefficient into the contributions from rotational and vibra-
tional excitations: LLTE ¼ Lrot

LTE þ Lvib
LTE [43], where:

Lrot
LTE ¼

��
9.5 × 10−22T3.76

3

1þ 0.12T2.1
3

�
e−ð0.13=T3Þ3

þ ð3 × 10−24Þe−0.51=T3

�
erg s−1 ðB4Þ

Lvib
LTE ¼ ½ð6.7 × 10−19Þe−5.86=T3

þ 1.6 × 10−18e−11.7=T3 � erg s−1: ðB5Þ
In these expressions T3 ¼ T=ð103 KÞ.
In the low density limits, each species excite H2 with a

different rate. Therefore we can write

Llow ¼
X
k

Lknk; ðB6Þ

where k represents either H0, Hþ, H2, He or e and the Lk are
determined from a fit of the following form:

log10Lk ¼
XN
i¼0

aðkÞi log10T3: ðB7Þ

All fit coefficients ai are given in Table II.
At late times the intensity of the photon background is

negligible, which is why we only considered ionization and
excitation from collisions with matter and not with back-
ground photons. Also note that all cooling rates given
above are valid as long as the gas is optically thin. If the
density is too high, the emitted photons cannot escape the
gas and the energy loss is slowed down. In this approxi-
mation we can also ignore any heating process that would
counter the cooling.
To compute those cooling rates, one must also specify

the density of each chemical species. In the steady-state
approximation the densities are given by Eq. (39) where are
the necessary rates ki are listed in Table III.

TABLE I. Cooling rates for atomic processes. TK is the gas temperature in kelvin and Tn ¼ T=ð10n KÞ. The densities ni are in cm−3.
Adapted from [38,41].

Process Species Catom (erg s−1 cm−3)

Collisional excitation H0 7.5 × 10−19ð1þ T1=2
5 Þ−1e−118348=TKnenH0

Heþ 5.54 × 10−17T−0.397
K ð1þ T1=2

5 Þ−1e−473638=TKnenHeþ

He0 (triplets) 9.10 × 10−27T−0.1687
K ð1þ T1=2

5 Þ−1e−13179=TKn2enHeþ

Collisional ionization H0 1.27 × 10−21T1=2
K ð1þ T1=2

5 Þ−1e−157809.1=TKnenH0

He0 9.38 × 10−22T1=2
K ð1þ T1=2

5 Þ−1e−285335.41=TKnenHe0

Heþ 4.95 × 10−22T1=2
K ð1þ T1=2

5 Þ−1e−631515=TKnenHeþ

He0(23S) 5.01 × 10−27T−0.1687
K ð1þ T1=2

5 Þ−1e−55338=TKn2enHeþ

Recombination Hþ 8.7 × 10−27T1=2
K T−0.2

3 ð1þ T0.7
6 Þ−1nenHþ

Heþ 1.55 × 10−26T0.3647
K nenHeþ

Heþþ 3.48 × 10−26T1=2
K T−0.2

3 ð1þ T0.7
6 Þ−1nenHeþþ

Dielectronic recombination Heþ 1.24 × 10−13T−1.5
K e−470000=TK ð1þ 0.3e−94000=TK ÞnenHeþ
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TABLE III. Chemical reaction rates considered in our analysis. TK and Te represent the gas temperature in K and eV, respectively,
while Tγ;e is the photon temperature in eV. Table adapted from [35,42,110]. Some minor reactions were ignored for simplicity.

Reaction Rate coefficient (cm3 s−1 or s−1) Temperature range

1) H0 þ e → Hþ þ 2e k1 ¼ exp½−32.71396786þ 13.5365560 ln Te
−5.73932875 ðln TeÞ2 þ 1.56315498 ðln TeÞ3
−0.28770560 ðln TeÞ4 þ 3.48255977 × 10−2ðln TeÞ5
−2.63197617 × 10−3ðln TeÞ6 þ 1.11954395 × 10−4ðln TeÞ7
−2.03914985 × 10−6ðln TeÞ8�

2) Hþ þ e → H0 þ γ k2 ¼ 3.92 × 10−13 Te
−0.6353 T ≤ 5500 K

k2 ¼ exp½−28.61303380689232 T > 5500 K
− 7.241 125 657 826 851 × 10−1 ln Te
−2.026 044 731 984 691 × 10−2 ðln TeÞ2
−2.380 861 877 349 834 × 10−3 ðln TeÞ3
−3.212 605 213 188 796 × 10−4 ðln TeÞ4
−1.421 502 914 054 107 × 10−5 ðln TeÞ5
þ4.989 108 920 299 510 × 10−6 ðln TeÞ6
þ5.755 614 137 575 750 × 10−7 ðln TeÞ7
−1.856 767 039 775 260 × 10−8 ðln TeÞ8
−3.071 135 243 196 590 × 10−9 ðln TeÞ9�

(Table continued)

TABLE II. Fitting coefficients for H2 cooling rates in the low density limit assuming a 3∶1 ortho-para ratio. Adapted from [42].

Species Temperature range (K) Coefficients Species Temperature range (K) Coefficients

H0 10 < T ≤ 100 a0 ¼ −16.818342 H0 100 < T ≤ 1000 a0 ¼ −24.311209
a1 ¼ 37.383713 a1 ¼ 3.5692468
a2 ¼ 58.145166 a2 ¼ −11.332860
a3 ¼ 48.656103 a3 ¼ −27.850082
a4 ¼ 20.159831 a4 ¼ −21.328264
a5 ¼ 3.8479610 a5 ¼ −4.2519023

H0 1000 < T ≤ 6000 a0 ¼ −24.311209 H2 100 < T ≤ 6000 a0 ¼ −23.962112
a1 ¼ 4.6450521 a1 ¼ 2.09433740
a2 ¼ −3.7209846 a2 ¼ −0.77151436
a3 ¼ 5.9369081 a3 ¼ 0.43693353
a4 ¼ −5.5108047 a4 ¼ −0.14913216
a5 ¼ 1.5538288 a5 ¼ −0.033638326

He0 10 < T ≤ 6000 a0 ¼ −23.689237 Hþ 10 < T ≤ 10000 a0 ¼ −21.716699
a1 ¼ 2.1892372 a1 ¼ 1.3865783
a2 ¼ −0.81520438 a2 ¼ −0.37915285
a3 ¼ 0.29036281 a3 ¼ 0.11453688
a4 ¼ −0.16596184 a4 ¼ −0.23214154
a5 ¼ 0.19191375 a5 ¼ 0.058538864

e 10 < T ≤ 200 a0 ¼ −34.286155 e 200 < T ≤ 10000 a0 ¼ −22.190316
a1 ¼ −48.537163 a1 ¼ 1.5728955
a2 ¼ −77.121176 a2 ¼ −0.21335100
a3 ¼ −51.352459 a3 ¼ 0.96149759
a4 ¼ −15.169160 a4 ¼ −0.91023195
a5 ¼ −0.98120322 a5 ¼ 0.13749749
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TABLE III. (Continued)

Reaction Rate coefficient (cm3 s−1 or s−1) Temperature range

3) He0 þ e → Heþ þ 2e k3 ¼ exp½−44.09864886
þ23.915 965 63 lnTe
−10.753 230 2 ðln TeÞ2
þ3.058 038 75 ðln TeÞ3
−5.685 118 9 × 10−1 ðln TeÞ4
þ6.795 391 23 × 10−2 ðln TeÞ5
−5.009 056 10 × 10−3 ðln TeÞ6
þ2.067 236 16 × 10−4 ðlnTeÞ7
−3.649 161 41 × 10−6 ðln TeÞ8�

4) Heþ þ e → He0 þ γ k4 ¼ 3.92 × 10−13 T−0.6353
e Te ≤ 0.8

k4 ¼ 3.92 × 10−13 T−0.6353
e Te > 0.8

þ1.54 × 10−9 T−1.5
e ½1.0þ 0.3= expð8.099 328 789 667=TeÞ�

=½expð40.496 643 948 336 62=TeÞ�
5) Heþ þ e → Heþþ þ 2e k5 ¼ exp½−68.710 409 902 120 01

þ43.933 476 326 35 ln Te
−18.480 669 935 68 ðln TeÞ2
þ4.701 626 486 759 002 ðln TeÞ3
−7.692 466 334 492 × 10−1 ðln TeÞ4
þ8.113 042 097 303 × 10−2 ðln TeÞ5
−5.324 020 628 287 001 × 10−3 ðln TeÞ6
þ1.975 705 312 221 × 10−4 ðln TeÞ7
−3.165581065665 × 10−6 ðln TeÞ8�

6) Heþþ þ e → Heþ þ γ k6 ¼ 3.36 × 10−10 T−1=2
K ðTK=1000Þ−0.2ð1þ ðT=106Þ0.7Þ−1

7) H0 þ e → H− þ γ k7 ¼ 3 × 10−16 ðTK=300Þ0.95 expð−TK=9320Þ
−7ÞH− þ γ → H0 þ e k−7 ¼ 4k7ðmeTγ;e=2πℏ2Þ3=2 expð−0.754=Tγ;eÞ
8) H− þ H0 → H2 þ e k8 ¼ 1.5 × 10−9ðTK=300Þ−0.1
11) H2 þ Hþ → Hþ

2 þ H0 k11 ¼ exp½−24.249 146 877 315 36
þ3.400 824 447 095 291 ln Te
−3.898 003 964 650 152 ðlnTeÞ2
þ2.045 587 822 403 071 ðln TeÞ3
−5.416 182 856 220 388 × 10−1 ðln TeÞ4
þ8.410 775 037 634 12 × 10−2 ðln TeÞ5
−7.879 026 154 483 455 × 10−3 ðln TeÞ6
þ4.138 398 421 504 563 × 10−4 ðln TeÞ7
−9.363 458 889 286 11 × 10−6 ðln TeÞ8�

12) H2 þ e → 2H0 þ e k12 ¼ 5.6 × 10−11T0.5
K expð−102124.0=TKÞ

13) H− þ e → H0 þ 2e k13 ¼ expð−18.018 493 342 73
þ 2.360 852 208 681 ln Te
−2.827 443 061 704 × 10−1 ðln TeÞ2
þ1.623 316 639 567 × 10−2 ðln TeÞ3
−3.365 012 031 362 999 × 10−2 ðln TeÞ4
þ1.178 329 782 711 × 10−2 ðln TeÞ5
−1.656 194 699 504 × 10−3 ðln TeÞ6
þ1.068 275 202 678 × 10−4 ðln TeÞ7
−2.631 285 809 207 × 10−6 ðln TeÞ8

15) H− þ Hþ → 2H0 þ γ k15 ¼ 4 × 10−8ðTK=300Þ−0.5

CONSTRAINING GALACTIC STRUCTURES OF MIRROR DARK … PHYS. REV. D 102, 063518 (2020)

063518-25



[1] I. Y. Kobzarev, L. B. Okun, and I. Y. Pomeranchuk, On the
possibility of experimental observation of mirror particles,
Yad. Fiz. 3, 1154 (1966) [Sov. J. Nucl. Phys. 3, 837 (1966)].

[2] L. B. Okun, Mirror particles and mirror matter: 50 years of
speculations and search, Phys. Usp. 50, 380 (2007).

[3] M. Y. Khlopov, G. M. Beskin, N. G. Bochkarev, L. A.
Pustilnik, and S. A. Pustilnik, Observational physics of
the mirror World, Sov. Astron. 35, 21 (1991).

[4] H. M. Hodges, Mirror baryons as the dark matter, Phys.
Rev. D 47, 456 (1993).

[5] R. N. Mohapatra and V. L. Teplitz, Mirror dark matter and
galaxy core densities of galaxies, Phys. Rev. D 62, 063506
(2000).

[6] Z. Chacko, H.-S. Goh, and R. Harnik, The Twin Higgs:
Natural Electroweak Breaking from Mirror Symmetry,
Phys. Rev. Lett. 96, 231802 (2006).

[7] G. D’Amico, P. Panci, A. Lupi, S. Bovino, and J. Silk,
Massive black holes from dissipative dark matter, Mon.
Not. R. Astron. Soc. 473, 328 (2018).

[8] M. A. Latif, A. Lupi, D. R. G. Schleicher, G. D’Amico, P.
Panci, and S. Bovino, Black hole formation in the context
of dissipative dark matter, Mon. Not. R. Astron. Soc. 485,
3352 (2019).

[9] Z. Berezhiani, Neutron lifetime puzzle and neutron–mirror
neutron oscillation, Eur. Phys. J. C 79, 484 (2019).

[10] R. Foot, Mirror dark matter: Cosmology, galaxy structure
and direct detection, Int. J. Mod. Phys. A 29, 1430013
(2014).

[11] M. Markevitch, A. H. Gonzalez, D. Clowe, A. Vikhlinin,
L. David, W. Forman, C. Jones, S. Murray, and W. Tucker,
Direct constraints on the dark matter self-interaction cross-
section from the merging galaxy cluster 1E0657-56,
Astrophys. J. 606, 819 (2004).

[12] S. W. Randall, M. Markevitch, D. Clowe, A. H. Gonzalez,
and M. Bradac, Constraints on the self-interaction cross-
section of dark matter from numerical simulations of the
merging galaxy cluster 1E 0657-56, Astrophys. J. 679,
1173 (2008).

[13] F.-Y. Cyr-Racine, R. de Putter, A. Raccanelli, and K.
Sigurdson, Constraints on large-scale dark acoustic oscil-
lations from cosmology, Phys. Rev. D 89, 063517 (2014).

[14] P. Ciarcelluti, Cosmology with mirror dark matter, Int. J.
Mod. Phys. D 19, 2151 (2010).

[15] A. Ghalsasi and M. McQuinn, Exploring the astrophysics
of dark atoms, Phys. Rev. D 97, 123018 (2018).

[16] W. H. Press and P. Schechter, Formation of galaxies and
clusters of galaxies by self-similar gravitational condensa-
tion, Astrophys. J. 187, 425 (1974).

[17] J. R. Bond, S. Cole, G. Efstathiou, and N. Kaiser, Ex-
cursion set mass functions for hierarchical Gaussian
fluctuations, Astrophys. J. 379, 440 (1991).

[18] C. G. Lacey and S. Cole, Merger rates in hierarchical
models of galaxy formation, Mon. Not. R. Astron. Soc.
262, 627 (1993).

[19] S. Cole, C. G. Lacey, C. M. Baugh, and C. S. Frenk,
Hierarchical galaxy formation, Mon. Not. R. Astron.
Soc. 319, 168 (2000).

[20] M. Tanabashi et al. (Particle Data Group Collaboration),
Review of particle physics, Phys. Rev. D 98, 030001
(2018).

[21] E. W. Kolb, D. Seckel, andM. S. Turner, The shadowworld
of superstring theories, Nature (London) 314, 415 (1985).

[22] Z. Berezhiani, D. Comelli, and F. L. Villante, The early
mirror universe: Inflation, baryogenesis, nucleosynthesis
and dark matter, Phys. Lett. B 503, 362 (2001).

[23] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, arXiv:1807.06209.

[24] R. H. Cyburt, B. D. Fields, K. A. Olive, and T.-H. Yeh, Big
bang nucleosynthesis: 2015, Rev. Mod. Phys. 88, 015004
(2016).

[25] M. Hufnagel, K. Schmidt-Hoberg, and S. Wild, BBN
constraints on MeV-scale dark sectors. Part I. Sterile
decays, J. Cosmol. Astropart. Phys. 02 (2018) 044.

[26] A. Arbey, AlterBBN: A program for calculating the BBN
abundances of the elements in alternative cosmologies,
Comput. Phys. Commun. 183, 1822 (2012).

[27] A. Arbey, J. Auffinger, K. P. Hickerson, and E. S. Jenssen,
AlterBBN v2: A public code for calculating Big-Bang
nucleosynthesis constraints in alternative cosmologies,
Comput. Phys. Commun. 248, 106982 (2020).

[28] S. Seager, D. D. Sasselov, and D. Scott, A new calculation
of the recombination epoch, Astrophys. J. 523, L1 (1999).

[29] J. Chluba and R. M. Thomas, Towards a complete treat-
ment of the cosmological recombination problem, Mon.
Not. R. Astron. Soc. 412, 748 (2011).

[30] J. A. Rubino-Martin, J. Chluba, W. A. Fendt, and B. D.
Wandelt, Estimating the impact of recombination uncer-
tainties on the cosmological parameter constraints from
cosmic microwave background experiments, Mon. Not. R.
Astron. Soc. 403, 439 (2010).

[31] J. Chluba, G. M. Vasil, and L. J. Dursi, Recombinations to
the Rydberg states of hydrogen and their effect during the
cosmological recombination epoch, Mon. Not. R. Astron.
Soc. 407, 599 (2010).

[32] E. R. Switzer and C. M. Hirata, Primordial helium recom-
bination. 1. Feedback, line transfer, and continuum opac-
ity, Phys. Rev. D 77, 083006 (2008).

[33] D. Grin and C. M. Hirata, Cosmological hydrogen recom-
bination: The effect of extremely high-n states, Phys. Rev.
D 81, 083005 (2010).

[34] Y. Ali-Haïmoud and C. M. Hirata, Ultrafast effective
multilevel atom method for primordial hydrogen recombi-
nation, Phys. Rev. D 82, 063521 (2010).

[35] C. M. Hirata and N. Padmanabhan, Cosmological produc-
tion of H(2) before the formation of the first galaxies, Mon.
Not. R. Astron. Soc. 372, 1175 (2006).

[36] B. Diemer, COLOSSUS: A python toolkit for cosmology,
large-scale structure, and dark matter halos, Astrophys. J.
Suppl. Ser. 239, 35 (2018).

[37] E. W. Kolb and M. S. Turner, The early universe, Front.
Phys. 69, 1 (1990).

[38] H. Mo, F. C. van den Bosch, and S. White, Galaxy
Formation and Evolution (Cambridge University Press,
Cambridge, England, 2010).

[39] S. Naoz and R. Barkana, Growth of linear perturbations
before the era of the first galaxies, Mon. Not. R. Astron.
Soc. 362, 1047 (2005).

[40] A. Y. Ignatiev and R. R. Volkas, Mirror dark matter
and large scale structure, Phys. Rev. D 68, 023518
(2003).

JEAN-SAMUEL ROUX and JAMES M. CLINE PHYS. REV. D 102, 063518 (2020)

063518-26

https://doi.org/10.1070/PU2007v050n04ABEH006227
https://doi.org/10.1103/PhysRevD.47.456
https://doi.org/10.1103/PhysRevD.47.456
https://doi.org/10.1103/PhysRevD.62.063506
https://doi.org/10.1103/PhysRevD.62.063506
https://doi.org/10.1103/PhysRevLett.96.231802
https://doi.org/10.1093/mnras/stx2419
https://doi.org/10.1093/mnras/stx2419
https://doi.org/10.1093/mnras/stz608
https://doi.org/10.1093/mnras/stz608
https://doi.org/10.1140/epjc/s10052-019-6995-x
https://doi.org/10.1142/S0217751X14300130
https://doi.org/10.1142/S0217751X14300130
https://doi.org/10.1086/383178
https://doi.org/10.1086/587859
https://doi.org/10.1086/587859
https://doi.org/10.1103/PhysRevD.89.063517
https://doi.org/10.1142/S0218271810018438
https://doi.org/10.1142/S0218271810018438
https://doi.org/10.1103/PhysRevD.97.123018
https://doi.org/10.1086/152650
https://doi.org/10.1086/170520
https://doi.org/10.1093/mnras/262.3.627
https://doi.org/10.1093/mnras/262.3.627
https://doi.org/10.1046/j.1365-8711.2000.03879.x
https://doi.org/10.1046/j.1365-8711.2000.03879.x
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1038/314415a0
https://doi.org/10.1016/S0370-2693(01)00217-9
https://arXiv.org/abs/1807.06209
https://doi.org/10.1103/RevModPhys.88.015004
https://doi.org/10.1103/RevModPhys.88.015004
https://doi.org/10.1088/1475-7516/2018/02/044
https://doi.org/10.1016/j.cpc.2012.03.018
https://doi.org/10.1016/j.cpc.2019.106982
https://doi.org/10.1086/312250
https://doi.org/10.1111/j.1365-2966.2010.17940.x
https://doi.org/10.1111/j.1365-2966.2010.17940.x
https://doi.org/10.1111/j.1365-2966.2009.16136.x
https://doi.org/10.1111/j.1365-2966.2009.16136.x
https://doi.org/10.1111/j.1365-2966.2010.16940.x
https://doi.org/10.1111/j.1365-2966.2010.16940.x
https://doi.org/10.1103/PhysRevD.77.083006
https://doi.org/10.1103/PhysRevD.81.083005
https://doi.org/10.1103/PhysRevD.81.083005
https://doi.org/10.1103/PhysRevD.82.063521
https://doi.org/10.1111/j.1365-2966.2006.10924.x
https://doi.org/10.1111/j.1365-2966.2006.10924.x
https://doi.org/10.3847/1538-4365/aaee8c
https://doi.org/10.3847/1538-4365/aaee8c
https://doi.org/10.1111/j.1365-2966.2005.09385.x
https://doi.org/10.1111/j.1365-2966.2005.09385.x
https://doi.org/10.1103/PhysRevD.68.023518
https://doi.org/10.1103/PhysRevD.68.023518


[41] R. Cen, A hydrodynamic approach to cosmology—
Methodology, Astrophys. J. Suppl. Ser. 78, 341 (1992).

[42] T. Grassi, S. Bovino, D. R. G. Schleicher, J. Prieto, D.
Seifried, E. Simoncini, and F. A. Gianturco, KROME—A
package to embed chemistry in astrophysical simulations,
Mon. Not. R. Astron. Soc. 439, 2386 (2014).

[43] D. Hollenback and C. F. McKee, Molecule formation
and infrared emission in fast interstellar shocks. I.
Physical processes, Astrophys. J. Suppl. Ser. 41, 555
(1979).

[44] B. W. Carroll and D. A. Ostlie, An Introduction to Modern
Astrophysics (Cambridge University Press, Cambridge,
England, 2017).

[45] Z. Berezhiani, S. Cassisi, P. Ciarcelluti, and A. Pietrinferni,
Evolutionary and structural properties of mirror star
MACHOs, Astropart. Phys. 24, 495 (2006).

[46] E. E. Salpeter, The luminosity function and stellar evolu-
tion, Astrophys. J. 121, 161 (1955).

[47] J. F. Navarro, C. S. Frenk, and S. D. M. White, AUniversal
density profile from hierarchical clustering, Astrophys. J.
490, 493 (1997).

[48] A. M. Brooks and A. Zolotov, Why baryons matter: The
kinematics of dwarf spheroidal satellites, Astrophys. J.
786, 87 (2014).

[49] S. Tulin, H.-B. Yu, and K.M. Zurek, Beyond collisionless
dark matter: Particle physics dynamics for dark matter halo
structure, Phys. Rev. D 87, 115007 (2013).

[50] S. Tulin and H.-B. Yu, Dark matter self-interactions and
small scale structure, Phys. Rep. 730, 1 (2018).

[51] J. Buch, S. C. J. Leung, and J. Fan, Using Gaia DR2 to
constrain local dark matter density and thin dark disk,
J. Cosmol. Astropart. Phys. 04 (2019) 026.

[52] L. Randall and M. Reece, Dark Matter as a Trigger for
Periodic Comet Impacts, Phys. Rev. Lett. 112, 161301
(2014).

[53] K. Schutz, T. Lin, B. R. Safdi, and C.-L. Wu, Constraining
a Thin Dark Matter Disk with Gaia, Phys. Rev. Lett. 121,
081101 (2018).

[54] M. Cautun, A. Benitez-Llambay, A. J. Deason, C. S.
Frenk, A. Fattahi, F. A. Gómez, R. J. J. Grand, K. A.
Oman, J. F. Navarro, and C. M. Simpson, The milky way
total mass profile as inferred from Gaia DR2, Mon. Not. R.
Astron. Soc. 494, 4291 (2020).

[55] P. S. Behroozi, C. Conroy, and R. H. Wechsler, A com-
prehensive analysis of uncertainties affecting the stellar
mass-halo mass relation for 0 < z < 4, Astrophys. J. 717,
379 (2010).

[56] Y. Sofue, Rotation curve and mass distribution in the
galactic center—from black hole to entire galaxy—, Publ.
Astron. Soc. Jpn. 65, 118 (2013).

[57] M. Portail, C. Wegg, O. Gerhard, and I. Martinez-
Valpuesta, Made-to-measure models of the galactic box/
peanut bulge: Stellar and total mass in the bulge region,
arXiv:1502.00633.

[58] M. Zoccali, E. Valenti, and O. A. Gonzalez, Weighing the
two stellar components of the galactic bulge, Astron.
Astrophys. 618, A147 (2018).

[59] C. Alcock et al. (MACHO Collaboration), The MACHO
project: Microlensing results from 5.7 years of LMC
observations, Astrophys. J. 542, 281 (2000).

[60] D. P. Bennett, Large magellanic cloud microlensing optical
depth with imperfect event selection, Astrophys. J. 633,
906 (2005).

[61] R. A. Allsman et al. (MACHO Collaboration), MACHO
project limits on black hole dark matter in the 1-30 solar
mass range, Astrophys. J. 550, L169 (2001).

[62] L. Wyrzykowski, S. Kozlowski, J. Skowron, A. Udalski,
M. K. Szymanski, M. Kubiak, G. Pietrzynski, I. Soszynski,
O. Szewczyk, K. Ulaczyk, and R. Poleski, The OGLE view
of microlensing towards the Magellanic Clouds - III.
Ruling out subsolar MACHOs with the OGLE-III LMC
data, Mon Not. R. Astron. Soc. 413, 493 (2011).

[63] L. Wyrzykowski, S. Kozlowski, J. Skowron, V. Belokurov,
M. C. Smith, A. Udalski, M. K. Szymanski, M. Kubiak, G.
Pietrzynski, I. Soszynski, O. Szewczyk, and K. Zebrun,
The OGLE view of microlensing towards the Magellanic
Clouds – I. A trickle of events in the OGLE-II LMC data,
Mon. Not. R. Astron. Soc. 397, 1228 (2009).

[64] P. Tisserand et al. (EROS-2 Collaboration), Limits on the
Macho content of the galactic halo from the EROS-2 survey
of themagellanic clouds,Astron.Astrophys.469, 387 (2007).

[65] C. Renault et al., Observational limits on MACHOS in the
galactic halo, Astron. Astrophys. 324, L69 (1997).

[66] J. T. A. de Jong et al. (MEGA Collaboration), Machos in
M31? Absence of evidence but not evidence of absence,
Astron. Astrophys. 446, 855 (2006).

[67] S. C. Novati et al. (POINT-AGAPE Collaboration),
POINT-AGAPE pixel lensing survey of M31: Evidence
for a MACHO contribution to galactic halos, Astron.
Astrophys. 443, 911 (2005).

[68] F. Kahlhoefer, K. Schmidt-Hoberg, M. T. Frandsen, and S.
Sarkar, Colliding clusters and dark matter self-interactions,
Mon. Not. R. Astron. Soc. 437, 2865 (2014).

[69] R. Saito and J. Yokoyama, Gravitational Wave Back-
ground as a Probe of the Primordial Black Hole Abun-
dance, Phys. Rev. Lett. 102, 161101 (2009); Erratum,
Phys. Rev. Lett. 107, 069901 (2011).

[70] R. Saito and J. Yokoyama, Gravitational-wave constraints
on the abundance of primordial black holes, Prog. Theor.
Phys. 123, 867 (2010).

[71] B. J. Carr, K. Kohri, Y. Sendouda, and J. Yokoyama, New
cosmological constraints on primordial black holes, Phys.
Rev. D 81, 104019 (2010).

[72] B. Carr, F. Kuhnel, and M. Sandstad, Primordial black
holes as dark matter, Phys. Rev. D 94, 083504 (2016).

[73] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), GWTC-1: A Gravitational-Wave Transient Catalog
of Compact Binary Mergers Observed by LIGO and Virgo
during the First and Second Observing Runs, Phys. Rev. X
9, 031040 (2019).

[74] A. Askar, M. Szkudlarek, D. Gondek-Rosińska, M. Giersz,
and T. Bulik, MOCCA-SURVEYDatabase—I. Coalescing
binary black holes originating from globular clusters, Mon.
Not. R. Astron. Soc. 464, L36 (2017).

[75] R. Beradze and M. Gogberashvili, LIGO signals from the
mirror World, Mon. Not. R. Astron. Soc. 487, 650 (2019).

[76] R. Beradze and M. Gogberashvili, Gravitational waves
from mirror World, MDPI Phys. 1, 67 (2019).

[77] R. Beradze, M. Gogberashvili, and A. S. Sakharov,
Binary neutron star mergers with missing electromagnetic

CONSTRAINING GALACTIC STRUCTURES OF MIRROR DARK … PHYS. REV. D 102, 063518 (2020)

063518-27

https://doi.org/10.1086/191630
https://doi.org/10.1093/mnras/stu114
https://doi.org/10.1086/190631
https://doi.org/10.1086/190631
https://doi.org/10.1016/j.astropartphys.2005.10.002
https://doi.org/10.1086/145971
https://doi.org/10.1086/304888
https://doi.org/10.1086/304888
https://doi.org/10.1088/0004-637X/786/2/87
https://doi.org/10.1088/0004-637X/786/2/87
https://doi.org/10.1103/PhysRevD.87.115007
https://doi.org/10.1016/j.physrep.2017.11.004
https://doi.org/10.1088/1475-7516/2019/04/026
https://doi.org/10.1103/PhysRevLett.112.161301
https://doi.org/10.1103/PhysRevLett.112.161301
https://doi.org/10.1103/PhysRevLett.121.081101
https://doi.org/10.1103/PhysRevLett.121.081101
https://doi.org/10.1093/mnras/staa1017
https://doi.org/10.1093/mnras/staa1017
https://doi.org/10.1088/0004-637X/717/1/379
https://doi.org/10.1088/0004-637X/717/1/379
https://doi.org/10.1093/pasj/65.6.118
https://doi.org/10.1093/pasj/65.6.118
https://arXiv.org/abs/1502.00633
https://doi.org/10.1051/0004-6361/201833147
https://doi.org/10.1051/0004-6361/201833147
https://doi.org/10.1086/309512
https://doi.org/10.1086/432830
https://doi.org/10.1086/432830
https://doi.org/10.1086/319636
https://doi.org/10.1111/j.1365-2966.2010.18150.x
https://doi.org/10.1111/j.1365-2966.2009.15029.x
https://doi.org/10.1051/0004-6361:20066017
https://doi.org/10.1051/0004-6361:20053812
https://doi.org/10.1051/0004-6361:20053135
https://doi.org/10.1051/0004-6361:20053135
https://doi.org/10.1093/mnras/stt2097
https://doi.org/10.1103/PhysRevLett.102.161101
https://doi.org/10.1103/PhysRevLett.107.069901
https://doi.org/10.1143/PTP.123.867
https://doi.org/10.1143/PTP.123.867
https://doi.org/10.1103/PhysRevD.81.104019
https://doi.org/10.1103/PhysRevD.81.104019
https://doi.org/10.1103/PhysRevD.94.083504
https://doi.org/10.1103/PhysRevX.9.031040
https://doi.org/10.1103/PhysRevX.9.031040
https://doi.org/10.1093/mnrasl/slw177
https://doi.org/10.1093/mnrasl/slw177
https://doi.org/10.1093/mnras/stz1295
https://doi.org/10.3390/physics1010007


counterparts as manifestations of mirror World, Phys. Lett.
B 804, 135402 (2020).

[78] P. S. Cowperthwaite et al., The electromagnetic counter-
part of the binary neutron star merger LIGO/Virgo
GW170817. II. UV, optical, and near-infrared light curves
and comparison to Kilonova models, Astrophys. J. 848,
L17 (2017).

[79] N. J. Outmezguine, O. Slone, W. Tangarife, L. Ubaldi, and
T. Volansky, Accretion of dissipative dark matter onto
active galactic nuclei, J. High Energy Phys. 11 (2018) 005.

[80] J. D. Bowman, A. E. E. Rogers, R. A. Monsalve, T. J.
Mozdzen, and N. Mahesh, An absorption profile centred
at 78 megahertz in the sky-averaged spectrum, Nature
(London) 555, 67 (2018).

[81] J. B. Muñoz and A. Loeb, A small amount of mini-charged
dark matter could cool the baryons in the early universe,
Nature (London) 557, 684 (2018).

[82] A. Fialkov, R. Barkana, and A. Cohen, Constraining
Baryon–Dark Matter Scattering with the Cosmic Dawn
21-cm Signal, Phys. Rev. Lett. 121, 011101 (2018).

[83] A. Berlin, D. Hooper, G. Krnjaic, and S. D. McDermott,
Severely Constraining Dark Matter Interpretations of the
21-cm Anomaly, Phys. Rev. Lett. 121, 011102 (2018).

[84] R. Barkana, N. J. Outmezguine, D. Redigolo, and T.
Volansky, Strong constraints on light dark matter inter-
pretation of the EDGES signal, Phys. Rev. D 98, 103005
(2018).

[85] H. Liu, N. J. Outmezguine, D. Redigolo, and T. Volansky,
Reviving millicharged dark matter for 21-cm cosmology,
Phys. Rev. D 100, 123011 (2019).

[86] P. Panci, 21-cm line anomaly: A brief status, Nuovo
Cimento Soc. Ital. Fis. 42C, 243 (2020).

[87] D. Aristizabal Sierra and C. S. Fong, The EDGES signal:
An imprint from the mirror world?, Phys. Lett. B 784, 130
(2018).

[88] Z. Berezhiani and A. Lepidi, Cosmological bounds on the
“millicharges” of mirror particles, Phys. Lett. B 681, 276
(2009).

[89] C. Vigo, L. Gerchow, L. Liszkay, A. Rubbia, and P.
Crivelli, First search for invisible decays of orthopositro-
nium confined in a vacuum cavity, Phys. Rev. D 97,
092008 (2018).

[90] O. Mena, S. Palomares-Ruiz, P. Villanueva-Domingo, and
S. J. Witte, Constraining the primordial black hole abun-
dance with 21-cm cosmology, Phys. Rev. D 100, 043540
(2019).

[91] M. Ricotti, J. P. Ostriker, and K. J. Mack, Effect of
primordial black holes on the cosmic microwave back-
ground and cosmological parameter estimates, Astrophys.
J. 680, 829 (2008).

[92] L. Lopez-Honorez, O. Mena, and P. Villanueva-Domingo,
Dark matter microphysics and 21 cm observations, Phys.
Rev. D 99, 023522 (2019).

[93] A. Katz, J. Kopp, S. Sibiryakov, and W. Xue, Looking for
MACHOs in the spectra of fast radio bursts, Mon. Not. R.
Astron. Soc. 496, 564 (2020).

[94] R. Foot, Have mirror planets been observed?, Phys. Lett. B
471, 191 (1999).

[95] R. Foot, A. Y. Ignatiev, and R. R. Volkas, Do “isolated”
planetary mass objects orbit invisible stellar mass com-
panions?, Astropart. Phys. 17, 195 (2002).

[96] T. D. Brandt, Constraints on MACHO dark matter from
compact stellar systems in ultra-faint dwarf galaxies,
Astrophys. J. 824, L31 (2016).

[97] D. P. Quinn, M. I. Wilkinson, M. J. Irwin, J. Marshall, A.
Koch, and V. Belokurov, in Dark Matter Constraints from
Wide Halo Binary Stars, Astronomical Society of the
Pacific Conference Series Vol. 435 (2010), p. 453, http://
aspbooks.org/custom/publications/paper/435-0453.html.

[98] V. S. Berezinsky and A. Vilenkin, Ultrahigh-energy neu-
trinos from hidden sector topological defects, Phys. Rev. D
62, 083512 (2000).

[99] Y. Akrami et al. (Planck Collaboration), Planck 2018
results. X. Constraints on inflation, Astrophys. Space
Sci. 364, 69 (2019).

[100] H. M. Lee, Chaotic inflation and unitarity problem, Eur.
Phys. J. C 74, 3022 (2014).

[101] J. F. Dufaux, G. N. Felder, L. Kofman, M. Peloso, and D.
Podolsky, Preheating with trilinear interactions: Tachyonic
resonance, J. Cosmol. Astropart. Phys. 07 (2006) 006.

[102] A. A. Abolhasani, H. Firouzjahi, and M.M. Sheikh-
Jabbari, Tachyonic resonance preheating in expanding
universe, Phys. Rev. D 81, 043524 (2010).

[103] W. Buchmuller, P. Di Bari, and M. Plumacher, Lepto-
genesis for pedestrians, Ann. Phys. (Amsterdam) 315, 305
(2005).

[104] Z. G. Berezhiani, A. D. Dolgov, and R. N. Mohapatra,
Asymmetric inflationary reheating and the nature of mirror
universe, Phys. Lett. B 375, 26 (1996).

[105] Z. Chacko, D. Curtin, M. Geller, and Y. Tsai, Cosmologi-
cal signatures of a mirror twin Higgs, J. High Energy Phys.
09 (2018) 163.

[106] R. Foot and Z. K. Silagadze, Supernova explosions,
511-keV photons, gamma ray bursts and mirror matter,
Int. J. Mod. Phys. D 14, 143 (2005).

[107] D. Curtin and J. Setford, Signatures of mirror stars, J. High
Energy Phys. 03 (2020) 041.

[108] G. Giesen, J. Lesgourgues, B. Audren, and Y. Ali-
Haimoud, CMB photons shedding light on dark matter,
J. Cosmol. Astropart. Phys. 12 (2012) 008.

[109] S. C. O. Glover and T. Abel, Uncertainties in H2 and HD
chemistry and cooling and their role in early structure
formation, Mon. Not. R. Astron. Soc. 388, 1627 (2008).

[110] T. Abel, P. Anninos, Y. Zhang, and M. L. Norman,
Modeling primordial gas in numerical cosmology, New
Astron. 2, 181 (1997).

JEAN-SAMUEL ROUX and JAMES M. CLINE PHYS. REV. D 102, 063518 (2020)

063518-28

https://doi.org/10.1016/j.physletb.2020.135402
https://doi.org/10.1016/j.physletb.2020.135402
https://doi.org/10.3847/2041-8213/aa8fc7
https://doi.org/10.3847/2041-8213/aa8fc7
https://doi.org/10.1007/JHEP11(2018)005
https://doi.org/10.1038/nature25792
https://doi.org/10.1038/nature25792
https://doi.org/10.1038/s41586-018-0151-x
https://doi.org/10.1103/PhysRevLett.121.011101
https://doi.org/10.1103/PhysRevLett.121.011102
https://doi.org/10.1103/PhysRevD.98.103005
https://doi.org/10.1103/PhysRevD.98.103005
https://doi.org/10.1103/PhysRevD.100.123011
https://doi.org/10.1393/ncc/i2019-19243-2
https://doi.org/10.1393/ncc/i2019-19243-2
https://doi.org/10.1016/j.physletb.2018.07.047
https://doi.org/10.1016/j.physletb.2018.07.047
https://doi.org/10.1016/j.physletb.2009.10.023
https://doi.org/10.1016/j.physletb.2009.10.023
https://doi.org/10.1103/PhysRevD.97.092008
https://doi.org/10.1103/PhysRevD.97.092008
https://doi.org/10.1103/PhysRevD.100.043540
https://doi.org/10.1103/PhysRevD.100.043540
https://doi.org/10.1086/587831
https://doi.org/10.1086/587831
https://doi.org/10.1103/PhysRevD.99.023522
https://doi.org/10.1103/PhysRevD.99.023522
https://doi.org/10.1093/mnras/staa1497
https://doi.org/10.1093/mnras/staa1497
https://doi.org/10.1016/S0370-2693(99)01382-9
https://doi.org/10.1016/S0370-2693(99)01382-9
https://doi.org/10.1016/S0927-6505(01)00149-9
https://doi.org/10.3847/2041-8205/824/2/L31
http://aspbooks.org/custom/publications/paper/435-0453.html
http://aspbooks.org/custom/publications/paper/435-0453.html
http://aspbooks.org/custom/publications/paper/435-0453.html
http://aspbooks.org/custom/publications/paper/435-0453.html
https://doi.org/10.1103/PhysRevD.62.083512
https://doi.org/10.1103/PhysRevD.62.083512
https://doi.org/10.1007/s10509-019-3558-4
https://doi.org/10.1007/s10509-019-3558-4
https://doi.org/10.1140/epjc/s10052-014-3022-0
https://doi.org/10.1140/epjc/s10052-014-3022-0
https://doi.org/10.1088/1475-7516/2006/07/006
https://doi.org/10.1103/PhysRevD.81.043524
https://doi.org/10.1016/j.aop.2004.02.003
https://doi.org/10.1016/j.aop.2004.02.003
https://doi.org/10.1016/0370-2693(96)00219-5
https://doi.org/10.1007/JHEP09(2018)163
https://doi.org/10.1007/JHEP09(2018)163
https://doi.org/10.1142/S0218271805006523
https://doi.org/10.1007/JHEP03(2020)041
https://doi.org/10.1007/JHEP03(2020)041
https://doi.org/10.1088/1475-7516/2012/12/008
https://doi.org/10.1111/j.1365-2966.2008.13224.x
https://doi.org/10.1016/S1384-1076(97)00010-9
https://doi.org/10.1016/S1384-1076(97)00010-9

