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Abstract

Mirror matter is a dark matter candidate that consists of an exact copy of the
Standard Model gauge group. Assuming the Zs mirror symmetry between ordinary
and mirror matter is unbroken, the chemical and nuclear processes of each sector have
the same rates, which makes the model fully predictive given the temperature and
density of mirror matter. In this thesis, we study the cosmology of mirror matter,
focusing on structure formation, in order to constrain the parameters of this theory.
We first give a review of the evidence for dark matter and the tensions within the cold
dark matter paradigm. We then go over the main events of standard cosmology in both
the visible and mirror sectors in order to highlight their differences. Next, we present a
semi-analytical model of galaxy formation that allows us to simulate the formation of
mirror structures. After presenting the results of our analysis, we constrain the model

using astronomical observations.
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Résumé

La matiére miroir, candidate & la matiere sombre, consiste en une copie exacte
du groupe de jauge du modele standard. Si la symétrie miroir Zy entre la matiere
ordinaire et la matiere miroir est préservée, les taux de réactions chimiques et nucléaires
seront les mémes dans les deux secteurs, rendant ce modele parfaitement prédictif a une
température et une densité de matiere miroir données. Dans ce mémoire, nous étudions
la cosmologie de la matiére miroir, mettant I’accent sur la formation des structures, afin
de circonscrire les parametres de cette théorie. D’abord, nous rappelons les preuves de
Pexistence de la matiere sombre et les probléemes entourant le paradigme de la matiere
sombre froide. Puis, nous passons en revue les principaux événements de la cosmologie
standard, tant pour la matiere visible que pour la matiere miroir, afin de souligner
leurs différences. Nous présentons ensuite un modele semi-analytique de formation
des galaxies, lequel nous permet de simuler la formation des structures miroir. Apres
avoir présenté les résultats de notre étude, nous les comparons a des observations

astronomiques afin de borner les parametres de ce modele.



Chapter 1

Introduction

This decade will mark the 100th anniversary of “dark matter” [1], a term first coined by
Jacobus Kapteyn in 1922 as he studied the structure and the internal motion of the Milky
Way (MW) [2]. In his modestly called “first attempt,” he suggested that one could use
stellar dynamics to infer the abundance of non-luminous matter in the galaxy. The same
year, James Jeans found that according to Kapteyn’s galactic model of ellipsoid shells, there
should be 2 or 3 “dark stars” for every bright star in the MW [3]. Thus the idea that
most of the matter in our galaxy is dark already seemed plausible. Although Kapteyn’s
understanding of our galaxy was incorrect, his work paved the way for a century’s worth of
research in astrophysics, cosmology and particle physics that aims to understand the origin
of matter in the universe.

The first observational evidence for dark matter (DM) came about a decade later, as
Fritz Zwicky realized that the stability of the Coma galaxy cluster required more mass than
what visible stars could account for [4]. But DM did not receive much attention before
the 1970s. At the time of Zwicky’s observations, the mass-to-light ratio of galaxies and
galaxy clusters could only be extrapolated from much smaller systems, leading to significant
uncertainties in the mass estimates of objects as large as the Andromeda Galaxy (M31) or

the Coma Cluster. Furthermore, astronomers did not know how luminosity absorption in



the interstellar medium and viscous interactions between stars impacted their results, an
issue Zwicky addressed himself in 1937 [5]. Because of this, discrepancies between optical
and dynamical measurements of galactic masses were often swept under the rug.

It was only with the development of radioastronomy and spectroscopy around the mid-
century that the idea of “missing matter” became inescapable. Vera Rubin and her collab-
orators realized that rotation curves of spiral galaxies were flatter than expected, indicating
the presence of a large amount of DM that extended much further than the visible disks |6H9].
A similar observation had been made 30 years earlier by Horace Babcock [10].

From this point on, the pieces of evidence for DM began to multiply, not only because
of the ever-increasing collection of astronomical data, but also due to theoretical progress
in cosmology. In particular, Jim Peebles soon pointed out that the growth of cosmological
perturbations after matter-radiation decoupling was insufficient to form large-scale structures
like galaxy clusters [11]. Not only must there be roughly five times more matter than what we
observe inside stars, but this additional component cannot interact with light like ordinary
matter does. This picture differs drastically from the beliefs of Peebles’ predecessors: DM is
not made of “cool and cold stars, macroscopic and microscopic solid bodies, and gases,” as
Zwicky put it [5]; it is instead fundamentally different from baryonic matter.

Cold dark matter (CDM) has since then become the leading paradigm in cosmology and
astrophysics. Both fields have met with huge success by treating DM as weakly interacting
massive particles (WIMPs). But even today, it is unclear how these particles fit into the
bigger picture of the Standard Model (SM) and a possible “theory of everything.” Moreover,
CDM simulations on small scales have been discrepant with observations over the last decades
[12,/13]. This encouraged theorists to consider other DM models.

A popular alternative to CDM is the idea that DM might form a “hidden” (or “dark”)
sector, that is, a collection of particles that interact via new mediators and that are weakly
coupled to the SM. Hidden sectors are generally viewed as a possible solution to the small-

scale problems of CDM because of their self-interactions [14,/15].



Among the vast number of dark sector proposals, mirror matter stands out because its
convoluted network of chemical and nuclear reactions does not come at the cost of having too
many parameters and losing predictive power. This model assumes that DM (or a fraction of
it) is part of a gauge group identical to the SM and forms a “mirror sector” (1M2). If the two
sectors are decoupled, their evolutions can differ significantly depending on their respective
initial conditions: whereas ordinary matter condenses into galaxies and develops life forms,
it need not be the case for mirror matter.

Cosmological observations like the cosmic microwave background (CMB) or the matter
power spectrum put strong constraints on mirror matter and similar DM models [16-18].
However, these limits can generally be evaded if the Me& temperature is sufficiently low. The
goal of this thesis is to constrain the parameters of mirror matter — namely its abundance
and its temperature — by instead comparing astronomical data with the MW mirror matter
distribution predicted by our structure formation simulation. As we will show, for a sig-
nificant region of the parameter space mirror matter would lead to the formation of dark
galactic structures analogous to the MW disk and bulge. The presence of these dark struc-
tures would impact stellar dynamics on various levels, which allows us to set bounds on the
Meé parameters. Unlike most models of strongly self-interacting DM that assume a single
dark galactic component, mirror matter provides a self-consistent way of populating different
components and constraining them, which is why we chose this approach. The results of our
study have been released in ref. |19], but this thesis significantly expands upon the material
covered in that paper.

In chapter 2, we will review the evidence for DM, describe the small-scale problems of
CDM and introduce a few well-known DM candidates. We will present the mirror mat-
ter model and describe how its cosmological evolution parallels that of ordinary matter in
chapter [3| In particular, we will establish the abundance of light nuclei and the ionization
fraction of the M2 at the onset of structure formation, which will set the initial conditions

for the galaxy formation simulation. In chapter [ we will introduce the theoretical concepts



of structure formation and the methodology of our simulation, including a discussion on the
self-consistency of our assumptions regarding the matter power spectrum and the merger
history of the MW halo. We will present the results of our analysis and the constraints
derived from them in chapter [5] before concluding in chapter [6]

Throughout this thesis we will use the following cosmological parameters [20]: h = 0.678,
Ty = 2.7255 K, Q,,, = 0.308, Q, = 0.0484, Q) = 0.692, ny, = 0.968 and og = 0.815. Although
most of these values were obtained assuming a ACDM cosmology, our conclusions would not

change significantly if we used slightly different parameters.



Chapter 2

Dark matter

2.1 Evidence for dark matter

2.1.1 Astronomical observations

The discovery of dark matter is often credited to Zwicky who estimated the mass of the
Coma Cluster using the virial theorem in 1933 [4] and refined his calculations in 1937 [5].
The virial theorem relates the average kinetic energy K and potential energy U of a stable

system:

2 <K>t == <U>t J (2.1)

where (), is the average value of z over time.

The average kinetic energy in the Coma Cluster can be written as

(K), = % Z M; (v}, = %M (V) iar (2.2)

where M; and v? are the mass and velocity dispersion of each galaxy, M is the total mass of

the cluster and (x), ,, indicates a double average over time and galaxy mass. The potential



energy of a self-gravitating system is

(2.3)

where G = 6.67 x 107 m3 kg~! s72 is Newton’s gravitational constant, R is the radius of
the system and C'is a constant that depends on the matter distribution (for a homogeneous

sphere C' = 3/5). To obtain a conservative bound on M, Zwicky took the following limit:

GM? R <U2>t,M

2<K>t:_<U>t <5

He estimated the radius of the cluster at R ~ 615 kpc and the velocity dispersion at
(V)0 ~ (1225 km/s)?, yielding a lower bound M 2 4.5 x 10'* M. Observing about a
thousand galaxies in the Coma cluster, Zwicky found that their average mass therefore had
to satisfy (M) > 4.5 x 10'° M. Assuming an average luminosity of (L) = 8.7 x 107 L, per

galaxy, he obtained a surprisingly high lower bound for their mass-to-light ratioﬂ:
~—= 2500 —. (2.5)

One generally expects M/L ~ 1-30 Mg/Ls in main-sequence stars [21]. The result
therefore implies that the Coma Cluster contains much more matter than what visible stars
can account for.

The next big piece of evidence for DM came from rotation curves of spiral galaxies
obtained by Rubin and her collaborators [6-9]. Assuming stars have a circular orbit, their

tangential velocity at a given distance r from the galactic nuclei is

v(r) = : (2.6)

!To determine the velocity dispersion, Zwicky seemingly used Hubble’s estimation of Hp, which is one
order of magnitude higher than the currently accepted value. Even if we rescale the mass-to-light ratio with
the right value of Hy we find that it still points to the existence of DM [1].
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Figure 2.1: Examples of galactic rotation curves. Figure taken from [9].

Here M, is the total mass inside a sphere of radius 7.

Far beyond the edge of the galactic disk (r > Rgisk), one would expect M, = const.
and v o r~%2. However, rotation curves like the ones illustrated in fig. indicate that
v & const. at large radius. This signals the presence of an extra matter component that

2 (assuming

extends further than the visible disk and possesses a density profile p(r) oc 7~
a spherically symmetric distribution). Moreover, this extra component dominates over the
stellar mass of the galaxy, thus reinforcing Zwicky’s claim that galaxies have a mass-to-light
ratio much higher than ordinary stars.

Gravitational lensing provides another way of measuring the mass of a galaxy cluster.
General relativity predicts that massive objects curve spacetime and the path of photons in
their vicinity. This phenomenon was experimentally confirmed over a century ago by Dyson,
Eddington and Davidson who observed the deflection of starlight by the Sun during a total
solar eclipse [22]. Zwicky suggested that this effect could also apply to much larger objects,

like galaxy clusters [5]. In this case gravity is so strong that the foreground cluster acts as

a lens and distorts the image of background galaxies into an Einstein ring or arclet. The



half-angle made by this ring on the celestial sphere is given by [23]

1GM Dy
b=\ R (2.7)

where M is the mass of the lens, and D;, D, and Dy; are the distances to the lens, to the source

and between the lens and the source respectively. By virtue of eq. , one can estimate
the total mass of the lens by measuring its Einstein angle . For instance, gravitational
lensing by the galaxy clusters Abell 370 and CL 224402 indicates that their mass-to-light
ratio is roughly 10103 M /Le, yet another hint at a dominant DM abundance [24].

More recently, the discovery of the Bullet Cluster not only confirmed the existence of DM,
it also put limits on its scattering cross section [25-28]. The Bullet Cluster consists of two
colliding galaxy clusters. During the encounter, galaxies passed through each other almost
unimpeded, but the hot intergalactic gas of baryons slowed down significantly due viscous
interactions. The latter represents the largest fraction of baryonic mass in the clusters, but
gravitational lensing showed that most of the total mass followed the collisionless trajectory
of galaxies.

Figure shows the X-rays produced by the shock-heated baryons and the matter dis-
tribution inferred from gravitational lensing. The gas clearly lags behind the bulk of the

clusters. Therefore DM is dominant and its cross section is limited to

7 <1em? gt = 1.76 barn GeV~l. (2.8)
m

While fairly large, this bound is lower than the typical cross section for nucleon-nucleon scat-
tering, o/m ~ 20 barn GeV~! [29]. Thus DM cannot have arbitrarily strong self-interactions
and it must be weakly coupled to baryons (if at all), which hints at its non-baryonic na-
ture. But decades before the discovery of the Bullet Cluster, cosmological evidence already

suggested that DM could not simply be made of non-luminous ordinary matter.
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Figure 2.2: Overlay of the lensing mass contours (solid curves) on the X-ray image of the
Bullet Cluster. The offset between the X-ray source (hot baryons) and the gravitational lens
(DM and galaxies) is obvious. Figure taken from [25].

2.1.2 Cosmological evidence

Pioneers like Peebles [30], Silk and Wilson [31] realized in the 1980s that baryons alone
could not form the largest structures we observe today. We will briefly outline the issue here
and we will review the theory of structure formation in more detail in chapter [4] Galaxies
formed from primeval density fluctuations 6 = dp,,/pn, that grew with the expanding universe
until they gravitationally collapsed. Data from the CMB suggests that primordial baryonic
perturbations were of order ~ 1075 , but gravitational collapse occurs when § ~ 1 .

Prior to recombination, baryons were strongly coupled to photons and the radiative
pressure prevented baryon overdensities from growing. Therefore, in a universe without DM,
primordial fluctuations could only increase by a factor ~ (1+ 2zyec) ~ 10% which is insufficient
for structure formation. Peebles suggested that if matter was dominated by a pressureless

component (i.e., that does not couple to radiation, a dark component), matter perturbations
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Figure 2.3: Relic mass fraction Y; = p;/pios of light elements (from top to bottom, ‘He,
D, 3He and "Li) after BBN as a function of 7,. Horizontal cyan bars indicate the observed
abundance (with uncertainties) and the vertical green bar is the best-fit value of n,. Figure
taken from [40].

could grow as early as matter-radiation equality. In this scenario baryon overdensities would
grow by a factor ~ (1 4 2zeq)/% ~ 10° [36], allowing for structure formation.

The abundances of light nuclei after Big Bang nucleosynthesis (BBN) are another probe of
the DM density. Numerical analyses have shown that the outcome of BBN is highly sensitive
to the baryon-to-photon ratio, 1, = ny/n., and hence to the baryon abundance [37,38]. More
specifically, as we will show in section [3.3] 7, determines the temperature at which nuclear
species like deuterium (D) form in thermodynamic equilibrium. Deuterium is of particular
interest because of its binding energy: it is so low that it does not form efficiently in stars;
it burns immediately [36},39]. Therefore the deuterium we observe today must have formed
during BBN, its relic density is not affected by stellar nucleosynthesis like helium or lithium.

Fig. illustrates the dependence of the nuclear abundances on 7,. The relic densities
agree with a baryon-to-photon ratio of roughly 1, ~ 6.1 x 1071° [20]. Rewriting n, =
MNQPerit0, Where My ~ 1.1 GeV is the mean mass per nucleus, and using peito ~ 4.8 X

107% GeV ¢cm™® and n, = 410 cm?® as suggested by the CMB [20,41], we find €, ~ 0.05,

10
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Figure 2.4: CMB anisotropy spectrum with varying baryon abundance (fixing ,, = 0.3)
and comparison with data from WMAP. Figure taken from [40].

roughly one sixth of the total matter density €2, =~ 0.3. This observation was another strong
evidence that DM is non-baryonic, i.e., it is not made of cold gas and faint stars as it was
originally thought.

Detailed analysis of the CMB power spectrum also supports the existence of DM. On
small scales, temperature anisotropies arise from baryon acoustic oscillations (BAO) in the
photon-baryon fluid: baryons tend to condense in gravity wells, which in turn increases the
radiative pressure and makes the fluid expand. DM is not subject to these oscillations;
it attracts baryons inside the gravity wells and therefore limits the amplitude of the BAO
[34/40,[42H44]. This effect is illustrated in fig. 2.4} an increase in €, changes the amplitude
of the CMB anisotropies and shifts the position of the peaks. Data from the Wilkinson
Microwave Anisotropy Probe (WMAP) [45] and more recently from the Planck collaboration
[41] both indicate €2, ~ 0.05 and strengthen the case for non-baryonic DM.

Finally, the matter power spectrum P(k) (which we will introduce formally in chapter
4) also favors the existence of DM. P(k) is proportional to the matter distribution on a

comoving scale A\ ~ k~!. Without DM, the power spectrum would be highly suppressed

11
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Figure 2.5: Transfer function T o P(k)/? in a universe dominated by cold dark matter
(CDM), hot dark matter (HDM) and baryons. Figure adapted from [49].

by Silk damping at large k (cf. section and would oscillate due to the BAO described
above [40,46/-48|. This is illustrated in fig. where we plotted the transfer function Ty,
which is proportional to square root of the matter power spectrum.

The power spectrum is also sensitive to the nature of DM. “Hot” dark matter (HDM)
consists of particles that were relativistic when they decoupled from the thermal bath, like
neutrinos. Like baryons, HDM would lead to a suppressed power spectrum at large k due to
free-streaming, an effect similar to Silk damping. In short, the high velocities of hot particles
would allow them to escape small-scale overdensities, effectively washing them out [50]. By
contrast, “cold” dark matter (CDM) particles were nonrelativistic when they decoupled
from radiation. Other variations exist, like “warm” dark matter (WDM; see section [2.3.1)).
Fig. also illustrates the transfer function in HDM and CDM models. Comparison of
N-body simulations and galactic surveys like the Sloan Digital Sky Survey (SDSS) [51] and
the 2-degree Field Galaxy Redshift Survey [52] rule out HDM scenarios in favor of CDM.
This suggests that galaxies formed following a “bottom-up” hierarchy where small matter
halos merged into large structure. In contrast, HDM would imply a “top-down” evolution

in which massive halos fragmented into smaller objects. The distribution of galaxies in this

12



scenario would be very different from what we observe [36,53].
These are the main observations that led to the current ACDM paradigm in cosmology:
non-baryonic dark matter exist{f] and makes up about 85% of the matter budget of the

universe. It is also cold and it interacts weakly, both with itself and with ordinary matter.

2.2 Problems of cold dark matter

No particles of the SM fit the description of DM, but many models beyond it like supersym-
metry (SUSY) or string theory naturally provide a suitable candidate, usually in the form of
weakly interacting massive particles (WIMPS)EI Expectations were high after the realization
that WIMPs at the weak scale would naturally yield the right relic density and could soon

7

be detected in laboratory, a finding often referred to as the “WIMP miracle.” However, in
the last decades, collider experiments and high-resolution N-body simulations encouraged
consideration of alternatives to the WIMP hypothesis. We will review these developments

below.

2.2.1 Missing “WIMP miracle”

In SUSY models, a popular DM candidate is the lightest stable superpartner, like the
neutralino or gravitino. Models of extra dimensions also include Kaluza-Klein particles,
which are momentum excitations along the extra spatial dimensions. These are both ex-
amples of WIMPs as they are expected to interact weakly and have a mass in the range

10-1000 GeV [56/59].

2A competing theory, although much less popular than DM, is that all observations described in section
(with the exception of the Bullet Cluster) come from our erroneous assumption of Newtonian grav-
ity. Models of MOdified Newtonian Dynamics (MOND) or its relativistic equivalent of Tensor-Vector-Scalar
gravity (TeVeS) are generally successful in explaining galactic dynamics, but they don’t address the cos-
mological evidence of section They also seem inconsistent with galactic surveys [54] and the recent
detection of gravitational waves [55].

3Because ACDM analyses often consider WIMPs as the default DM candidate, we will use “WIMPs” and
“CDM?” interchangeably for the remainder of this thesis. Obviously, any consistent candidate must be cold
(or warm); “CDM” will only refer to the simplest model possible.

13



We can easily estimate the relic density of CDM particles if we assume a standard thermal
freeze-out scenario [36,/60]. Suppose that DM particle-antiparticle pairs can annihilate into
SM particles via a 2 — 2 scattering process, xx — ff. The rate of this reaction can
be expressed as I' = n, (ov), where (ov) is the thermally averaged cross section. These
annihilations will freeze out once I' ~ H ~ T?/my, where my = 1.22 x 10! GeV is the
Planck mass (related to Newton’s constant G = m;f). The number density of DM particles
at the freeze-out is therefore

2
T;

ne ~ (m.T 3/2 e_mX/Tf ~—
X ( X f) mp1<av)

(2.9)

where the first expression is the Maxwell-Boltzmann distribution and 7% is the freeze-out
temperature.
It is useful to define the dimensionless quantity z; = m, /Ty. The last equality can then

be rewritten as a transcendental equation for z:
1
zy ~ In (my my (ov)) — §lnxf. (2.10)

Solving this equation numerically for reasonable values of m, and (ov) yields z; ~ 15-30.
Note that the dependence on the DM parameters is only logarithmic, so this result is valid
for a broad region of the parameter space.

Let us define the comoving abundance Y, = n, /s, where s oc T is the entropy density
of the universe. This quantity remains constant once DM annihilations stop. In terms of x¢

this is approximately
XLy

Yy~ ——m—. 2.11
X mymy (ov) (2.11)
If x particles make up all of DM, their current relic density must satisfy
MyNy0 My Yy S0 TS0
Q, = = = ~ ~ 0.25. (2.12)
Perit,0 Perit,0 mpl < ov > Perit,0
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Quantities with a ‘0’ subscript are evaluated at the present time. Solving for the cross

section, we find

(ov) =4 x 107 GeV 2 <;—6> (2.13)

where we used sy = 2981 cm™3. We see that (ov) ~ 1077 GeV 2 is of the same order as a
typical weak scale cross section, o ~ oG, where a = €?/4m ~ 1/137 is the fine structure
constant and G = 1.166 x 107° GeV 2 is the Fermi coupling constant.

This coincidence is often referred to as the “WIMP miracle” [61,/62] and led some to
believe that the physics of DM would be revealed at the weak scale. This was good news, be-
cause the Large Hadron Collider (LHC) would precisely probe energy scales up to ~ 10 TeV,
which should have been enough to produce DM or observe its loop corrections in the decay of
SM particles. Cosmological WIMPs should also be detected, either directly by scattering off
nuclei or indirectly by annihilating into observable particles. Unfortunately, no experiment

has detected any of the expected WIMP signalsﬁ and faith in the “miracle” started to fade.

2.2.2 Small-scale discrepancies

The non-detection of WIMPs does not rule out the CDM paradigm: their mass could simply
be at a scale currently out of reach, or their cross section might be weaker than originally
thought. But a series of discrepancies between CDM N-body simulations and galactic surveys
strengthened the tensions within the model. We briefly present these issues below based on

the reviews of refs. [124|13].

Cusp/core problem. CDM-only N-body simulations of structure formation suggest that
the density profile of small DM halos scales as p o< =7 in the central region, where v ~ 0.8~
1.4. This is steeper than what is observed in most dwarf galaxies, which suggest v ~ 0-0.5

instead [70,[71]. This is illustrated in fig. 2.6} the measured circular velocity (eq. (2.6))

4Some direct-detection experiments like DAMA /Nal, DAMA /LIBRA or CoGeNT [63165] claimed to have
observed a periodic signal attributed to DM, but those detections are controversial as no other collaboration
could confirm their results [66H69].
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Figure 2.6: Rotation curves of a 10'® M DM halo with a cuspy (v ~ 1, dashed) or a cored
(7 ~ 0, solid) density profile. Data points show the rotation curves measured in two dwarf
galaxies of similar mass. Figure adapted from [13].

rises much less abruptly than predicted by simulations, which hints at a cored profile rather
than a “cuspy” one. Similarly, the central abundance of DM predicted by simulations is
higher than what we observe. While these issues are different, they are likely to be solved

simultaneously.

Missing satellites. Structure formation simulations further predicted a large number of
subhalos orbiting the MW [72,73]. Although their exact number depends on the resolution
scale of the simulation, most studies agree that there should be ~ 1000 satellite subhalos with
a mass Mgy, ~ 107 M, or larger. This is much larger than the ~ 50 satellite galaxies we have
discovered so far. But this ‘missing satellites’ puzzle is likely to be solved without changing
the paradigm. This is because our galactic surveys are incomplete: only a fraction of the
total area of the sky has been surveyed (about 1/3 in the case of the SDSS [74]) and ultra-
faint dwarf galaxies (UFDG), which form inside halos of mass M, < 10'° M, can only be
detected within ~ 100 kpc of the Earth due to their faintness [13]. More importantly, star

formation is inefficient in subhalos smaller than M., < 108-10° My: baryons can’t reach a
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Figure 2.7: Possible solution to the missing satellites problem within the CDM paradigm.
The red line shows the cumulative count of the MW classical satellites, which agrees with the
range predicted by CDM simulations in the large-mass regime (red area). The grey-shaded
region is the extrapolation of this expected range to the UFDG scale (left of the dashed
line), where current surveys are incomplete. Halos left of the dot-dashed line are likely to be
completely dark due to their inefficiency at forming stars. Figure adapted from [13].

virial temperature high enough to allow gas clouds to cool an collapse (cf. section [75]
and/or cloud collapse is impeded by background radiation after reionization [76]. Low-mass
halos could be as abundant as predicted by simulations, but completely dark, making their
detection challenging.

Fig. illustrates the situation more quantitatively. The red curve shows the cumulative
count of MW subhalos for the 11 ‘classical’ (brightest) satellite galaxies. The red-shaded
region shows the 68 % range predicted by CDM-only simulations for large halos, and the grey-
shaded area is the same range extrapolated to the regime of UFDG [77]. The range widens
because it depends on the shape of the faint-end stellar mass function dn/dM, ~ M,
which is not accurately measured (recent estimates indicate 1.32 < o < 1.62 [1378]). If
we extrapolate this range all the way down to 107 M, subhalos, we see that the cumulative
count is consistent with the ~ 1000 subhalos predicted by simulations, although most of

them would be inefficient at forming stars and thus appear completely dark. This solution
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Figure 2.8: Comparison of central rotation curves of massive subhalos in CDM simulations
(solid curves) and of dwarf galaxies (data points), for both MW satellites (left) and field
dwarfs (right). Figure adapted from [13].

is for the moment purely speculative as these low-mass halos have not been discovered yet.

It is also possible that the CDM hypothesis used in numerical studies is wrong.

Too-big-to-fail subhalos. The above solution to the missing satellites problem implicitly
assigns the brightest MW satellites to the biggest subhalos in CDM simulations (¢f. the red
area in fig. 2.7). However this creates another issue, because the central density of these
subhalos is higher than what we measured in our satellite galaxies. The left-hand side panel
of fig. shows the central rotation curves of the 24 biggest subhalos in a CDM simulation
and the circular velocity in the 9 brightest MW satellites [79]. None of the data points
are among the top ~ 50 % velocities, which suggests that the central density of galaxies is
systematically lower than predicted in simulations. Unlike the low-mass halos of the missing
satellites problem, these large subhalos should be very efficient at forming stars; they are
too big to have failed and cannot be completely dark.

A solution proposed early on was that interactions between the MW and its satellites
(mainly through stellar feedback) stripped matter from the subhalos, an effect that could

not be reproduced in CDM-only simulations [80,81]. However, a similar issue was observed
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in ‘field” dwarf galaxies, that is, isolated galaxies that are not satellites [82]. The right
panel of fig. illustrates the ‘too-big-to-fail” problem in field dwarfs. The data points are
also lower than predicted in CDM simulations, but in their case it cannot be explained by
interactions with a host galaxy. Solutions to this issue would either have to explain why the
most massive halos are counter-intuitively inefficient at forming stars or why their central

densities are lower than predicted by CDM simulations.

Modern small-scale problems. The issues presented above are the three classic prob-
lems of the CDM paradigm and have been extensively studied ever since the first structure
formation simulations, a little more than two decades ago [83,[84]. More recently, other
discrepancies have surfaced which may eventually help constrain the nature of DM.

The MW satellites appear to lie in a plane, which is not a configuration commonly
obtained in CDM simulations (although that claim is disputed) [85]. A similar planar dis-
tribution was observed in the satellites of M31, which suggests that this arrangement might
not be a simple statistical fluctuation [86].

The Baryonic Tully-Fisher Relation (BTFR) is an empirical law that relates the baryonic
mass M, of a DM halo to the circular velocity V7 on the flat end of the rotation curves (cf.
fig. : M, o< Vi [87]. A reasonable explanation for this relation would be to assume
some proportionality between the dynamical properties of galaxies and their host halos,
specifically between their masses and circular velocities. However, the BTFR is extremely
tight while the dynamics of galactic systems scatter significantly between halos with similar
characteristics [88]. How a precise correlation such as the BTFR could arise from a disparate
set such as the observed galaxies is poorly understood.

To various extents, the inclusion of baryons in numerical simulations has alleviated most
of the aforementioned issues. The main baryonic effect is stellar feedback: dying stars pro-
duce supernovae that eject matter from the halo’s center, leader to a shallower gravitational

potential, a lower central density and a cored matter distribution. The shocks that result
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from a supernova and tidal interactions can also strip matter from satellite galaxies [80,81].
However, star formation is inhibited in low-mass halos and dwarf galaxies in the field also
suffer from the ‘too-big-to-fail’ problem. Therefore stellar feedback is not a valid solution
on all mass scales. Elastic scattering of hot baryons can lead to a cored profile even in the
absence of stars, but there is no consensus as to whether this effect is sufficient. Because of
this, and since WIMPs remain undiscovered, alternatives to CDM have gained popularity in

the last decades. We present a few examples below.

2.3 Alternatives to cold dark matter

2.3.1 Warm dark matter

Although structure formation rules out hot dark matter, warm dark matter (WDM) is still
a possible scenario. In the standard picture, WDM decouples from radiation while it is
relativistic but at a much earlier time than HDM, such that it is not heated during the
QCD phase transition and is therefore colder than light neutrinos [50]. It also becomes
nonrelativistic long before matter-radiation equality and thus shares many properties with
CDM.

The leading candidate for WDM is a keV-scale sterile neutrino. Its main feature is its free-
streaming which suppresses the matter power spectrum P(k): because WDM is collisionless,
it easily escapes overdense regions, effectively washing out matter perturbations. The free-
streaming length is simply the comoving distance travelled by the sterile neutrinos before

matter-radiation equality, and is roughly given by [36,[89]

tea ) keV
M= | —dt~ 0.1 Mpe |2 9.14
o= [ a0 pc(m) (2.14)

up to a O(1) constant that depends on the production mechanism of WDM. This quantity

can be misleading since scales above \g are also significantly affected by free-streaming. The
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damping of the matter power spectrum is better described by the half-mode scale Ay, ~ 10Ag
at which the transfer function is suppressed by 50 % relative to ACDM cosmology. The
corresponding mass scale is

AT pmo { Anm )" keV'\*
My = —2Pm0 (A ) -9 1010 M, (220 (2.15)
3 2 m

One can easily see from the last expression that free-streaming by WDM only affects
small halos and leaves the success of CDM on larger scales unchanged. The suppression of
the matter power spectrum reduces the number of halos smaller than My, and delays their
formation, which leads to a lower central density{’] [90]. WDM could therefore explain why
satellite galaxies are missing and alleviate the too-big-to-fail problem, but simulations have
shown that the density profiles are still too cuspy compared to observations. Furthermore,
recent analyses of the Lyman-« forest constrain m = 5 keV [91]. This limits the impact of
free-streaming to halos smaller than ~ 10® M, which is only a fraction of the mass range

where CDM and observations are discrepant.

2.3.2 Axions

Axions are ultralight pseudoscalar particles that were initially proposed as a solution to the
strong CP problem [92H94]. QCD admits the following CP-violating gauge interaction
920

@EWWGZ‘VG%, (2.16)

LD

where g5 is the strong coupling constant, # is an angle that parametrizes the QCD vacuum
and G, is the field strength tensor. This term should give rise to a neutron electric dipole
moment, which has not been observed yet. The current bound d,, < 1072 e cm implies

0 < 1071 [95]. However, that angle could a piori take any value between 0 and 27, which

5The central density of a halo scales with the background matter density p,, o a(t)™3 at the time of its
formation.
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indicates some degree of fine-tuning. To explain the minuscule value of @, a popular solution
is to replace it with a dynamical field, § — a/f, where a is the axion and f, is its decay
constant, that naturally settles to zero (usually due to a tilt in its potential). Solving the
strong CP problem typically requires a peV-scale axion.

Since the QCD axion was first proposed, it was discovered that similar ultralight pseu-
doscalars are ubiquitous in string theory and are theoretically well motivated DM candi-
dates [96,97]. In view of the CDM problems of section axions have attracted some
attention due to their naturally large de Broglie wavelength A\;5 ~ 1/muv, a consequence of
their small mass and nonrelativistic velocity. Below this scale, axions form a Bose-Einstein
condensate that would smear out matter overdensities, preventing structure formation. This
model is often referred to as “fuzzy dark matter” [98].

We can understand the impact of axions on galaxy formation analytically using a standard
Jeans analysis. Treating the axion condensate as a classical field, it should evolve as ~ €7,
where 72 = 47Gp — (k?/2m)? [98]. On small scales (large k), v becomes imaginary and the
field oscillates with constant amplitude; whereas on large scales (small k), it grows rapidly.

The Jeans wavenumber k; separates these two regimes and corresponds to a wavelength

3/2 1/2
» 1 1 A 1(AJ)/ 1

VR mGE " mran TN m\ma) e e @10

Therefore the Jeans wavelength is associated with the de Broglie wavelength and the uncer-
tainty principle is what prevents axions from aggregating: confining the particles inside a
smaller region would require an increase in momentum, which would allow them to escape
the potential well of DM halos.

By suppressing the formation of small halos and smearing out their central cusp, ax-
ions could likely solve the three classic problems of CDM at once if A\; =~ 1 kpc, or
m =~ 1072 eV [99]. This is much lighter than the QCD axion, so that a single species

cannot simultaneously solve the strong CP problem and explain the discrepancies of CDM.

22



Moreover, recent studies of the Lyman-« forest [100] and stellar streams [101] are in tension
with m < 1072 eV. Fuzzy dark matter might therefore soon be ruled out as a solution to

the small-scale crisis.

2.3.3 Self-interacting dark matter and hidden sectors

Self-interacting dark matter (SIDM) refers to a wide class of scenarios in which DM self-
interactions have a significant impact on their phenomenology. This idea was proposed at
the beginning of the small-scale crisis of CDM as a simple alternative to WIMPs [102]. In
the minimal model, DM particles can scatter off each other with a velocity-independent (or
‘hard sphere’) cross section that allows hot particles in the outskirts of the halo to exchange
energy with the cold matter in the central region. This heat transfer leads to the dynamical
relaxation of the cusp, which expands into a low-density core. Subhalos would also be less
concentrated and therefore more prone to disruption by tidal interactions with the host
galaxy or ram pressure inside the main halo. Thus, this simple picture could resolve the
three main problems of CDM [14}15].

Numerical simulations have shown that a cross section of order o/m =~ 0.5-5 cm? g~*
is necessary to solve the small-scale crisis |[25], which is partly in tension with the Bullet
Cluster bound . For a time, SIDM seemed almost ruled out as an alternative to CDM
because it favors isotropic matter distributions instead of the observed triaxial profiles. The
upper bounds initially derived from the ellipticity of halos were about 50 times lower than
eq. [103], but many have argued that these limits were exaggerated [15,[104}|105].

The first SIDM proposals were quickly followed by scenarios with velocity-dependent
cross sections, usually resulting from additional gauge interactions specific to DM, i.e., “dark
forces.” The idea that DM could constitute a “hidden sector” with its own set of particles
and interactions gained a lot of attention due to the wide range of possible phenomenological
implications. Indeed, species in the hidden sector are often naturally stabilized by gauge

symmetries; they can alleviate the tensions in CDM models (usually through a combination
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of the effects described above) while avoiding some of the WIMP constraints; and they might
address other mysteries in cosmology, astronomy or particle physics.

For instance, if DM is charged under a U(1) gauge group and possesses a massless media-
tor it can interact via Rutherford scattering, whose cross section is enhanced at low velocities,
like in dwarf galaxies, and suppressed in high-energy systems like the Bullet Cluster [106].
Any relativistic species in the hidden sector will damp the power spectrum on small scales,
either via free-streaming or Silk damping [107]. Some hidden sectors also favor the early
formation of supermassive black holes, whose origin is difficult to explain in standard cos-
mology [108-110]. Finally, more complex dark sectors like the Twin Higgs model have also
been suggested to alleviate the hierarchy problem and other puzzles in the SM [111}/112].

The versatility of hidden sectors is also their shortcoming: given the plethora of possible
scenarios, it very difficult to constrain the properties of dark matter in general, since any
bound can be avoided by tweaking the models. For instance, the Bullet Cluster limit
can be totally circumvented if the hidden sector, whose cross section can be arbitrarily large,
represents only a fraction of DM (< 10 %) and the rest is non-interacting. Constraints in
hidden sectors are model-dependent and therefore have a limited range of applications. The
model-building freedom also often comes at the cost of losing predictive power, since those
models require the examination of more parameters simultaneously.

Mirror matter is a hidden sector proposal that stands out because, as we will see in
chapter [3] its complex evolution is determined by two parameters only, making the model
fully predictive. In principle, self-interactions and the mirror baryonic feedback could help
explain the CDM discrepancies, but these considerations are beyond the scope of this thesis.
Instead, we aim to set bounds on the abundance and temperature of mirror baryons by
comparing various astronomical observations with the mirror matter distribution predicted
by our structure formation simulation. Future studies might then examine the impact of
mirror matter on small-scale structures by focusing on the parameter space that we haven’t

ruled out.
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Chapter 3

Mirror cosmology

3.1 Mirror matter

The mirror matter hypothesis has first been proposed in the 1960s shortly after the discovery
of C'P violation in the decays of neutral K mesons [113]. Nishijima and Saffouri suggested
that a “shadow” universe identical to our world except for weak interactions could explain
the experimental results while maintaining the C'P invariance of the theory [114]. Although
their model was ruled out by neutrino experiments, it illustrated the ties between spacetime
symmetries and a mirror sector (IM2). Since then, many authors showed that a mirror
universe could help solve puzzles in astroparticle physics [17,109,110,115-120] and that this
theory could be naturally realized in an Fg ® Eg anomaly-free superstring theory [121].
The idea behind mirror matter models is that a copy of SM particles and interactions
exist in a hidden sector. The theory possesses a discrete symmetry that interchanges ordinary
particles with their mirror counterparts. Unless that symmetry is spontaneously broken,
this implies that visible and mirror species are degenerate and that their respective gauge
interactions have equal strength. There are several variations of this model in the literature
depending on which particles and interactions are duplicated and how strictly the mirror

symmetry is maintained. For instance, the Higgs Parity model is a proposal in which only
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the SU(2) x U(1) gauge group has a mirror copy [122], whereas in the original Twin Higgs
scenario the SM is fully replicated but the mirror electroweak scale is different [111,/112].
In this thesis, we will focus on the case where the 12 is identical to the SM; it contains
the same species with the same masses and couplings as the visible world (although possibly
with different chiralities, see below) and the vacuum structures of the two sectors are the

same. More precisely, we can write the Lagrangian of the theory as

LD Lsvle,u,d,y, W, Z,...)+ Ly (e, ', d' ', W' Z' 00 ) + Loiss (3.1)

where Lg\ is the Standard Model Lagrangian, £,,;, contains portal interactions between the
M2 and the SM, and mirror species are designated by a prime [17,/123].

The Z, mirror symmetry is made explicit by eq. (B.1): e <> ¢, u <> v/, v < ¥/, etc.
But to understand the original motivation behind the mirror matter proposal, one must take
chirality into account. If one assumes that, unlike in the SM, right-handed mirror fermions
couple to the charged current of the (mirror) weak interaction, then the Z, transformation
actually maps ey, <> €/,. Flipping the chirality also requires the inversion of spatial coordi-
nates for the theory to be invariant, (¢,Z) — (¢, —Z). In other words, the mirror symmetry
can be interpreted as a non-standard parity transformation P. In this case, a non-standard
time reversal operation 7 can be defined such that PT = C'PT, ensuring that 7 is also a
symmetry and thus making the model invariant under the full Poincaré group. Therefore,
mirror matter could restore the left-right symmetry of the universe if the chirality of the 1€
is flipped with respect to the visible world [123]. However, we will not make any assump-
tions regarding the chirality of mirror fermions since it does not impact the phenomenology
of structure formation.

Beside increasing the symmetry of Nature, the main appeal of the M@ is that it contains
the same stable particles as the SM (electrons, protons and nuclei) which could a priori con-

stitute all of DM. Its self-interactions also make it a potential alternative to CDM like other
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hidden sectors, but these considerations fall beyond the scope of this thesis. Since we take
the Zy symmetry to be unbroken, mirror matter comprises the same chemical and nuclear
species as ordinary matter and their processes have the same rates. This assumption makes
the model fully predictive and allows for a detailed study of seemingly convoluted cosmo-
logical events like galaxy formation. We should also remark that, unlike most scenarios of
dark galactic structures, mirror matter provides a self-consistent way of populating different
galactic structures (e.g. a disk or a bulge) and constraining them using astronomical data.

The mirror symmetry allows two renormalizable portal interactions between the SM and
the M2, namely a gauge kinetic mixing and a Higgs portal coupling:

Loy = —%FWF;,, — N RPIR) (3.2)

These are strongly constrained by laboratory experiments [124] and cosmological observa-
tions [17,[125]. For simplicity, we will 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. We should remark that including
these two terms in the potential could have a significant impact on the phenomenology of the
model: the former would provide mirror particles with a millicharge ee and the latter would
produce two distinct mass eigenstates for the Higgs fields with a degeneracy Amy ~ Nv,
where v ~ 246 GeV |17].

Under the assumption of unbroken mirror symmetry and negligible portal couplings, the
model only has two parameters. As we will show in section [3.2] ordinary and mirror particles
cannot be in thermal equilibrium at late times in order to satisfy constraints set by Big Bang

nucleosynthesis (BBN) and the cosmic microwave background (CMB). Therefore, we take

() ()T

as a free parameter, where s (s') is the entropy density in the SM (IM2) and the number of
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effective degrees of freedom in each sector is defined as

gs(T)= > g (§>3+£ > a (;)3 (3.4)

i=Dbosons i=fermions

In this expression, g; = 25; + 1 is the number of internal degrees of freedom for a given
species with spin S; and T; is its temperature (which can differ from the photon temperature
T if it is decoupled from the thermal bath). The two sums in eq. run over relativistic
species only (m; < Tj).

Because we neglected portal interactions between the 1/[@ and the SM, the entropy of each
sector is independently conserved and x is constant. At late times (after ordinary BBN), the
only relativistic species in each sector are photons and neutrinos, so that (g, ,/g.s)"/* ~ 1.
We can therefore approximate z ~ T"/T at the epoch of interest for structure formation.

Although the relic baryon densities 2, and 2,y most likely originate from the same baryo-
genesis mechanism, their values need not be equal due to the temperature hierarchy between

the two sectors. We accordingly take
Qb/

=0

(3.5)

as a second free parameter. Since the mirror matter density is not fixed, it might represent
only a fraction of the total DM content of the universe. This model therefore requires an
additional matter component in the form of standard CDM that is assumed to be decoupled

from the baryonic sectors. The total matter density in the universe is then

Q= Qe+ Q + Qp, (3.6)

where (2. is the CDM fraction.
We should remark that our study is one of the few that let « and £ vary; most authors
fix x to its maximum value allowed by BBN and the CMB and § ~ 1 or 5, assuming

mirror baryons should be as abundant as visible ones or that they constitute all of DM.
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However, papers focusing on very early mirror cosmology have argued that these values
are not theoretically motivated and that z and § could in principle take a wide range of
values [16}|121,/126]. We also found that mirror matter distribution in the galactic halo
depends strongly on these two parameters. We can thus set meaningful constraints on the
model by examining x and § only, which will coincidentally limit its possible realizations in
the early universe.

Recall that we want to simulate structure formation in the M@ since mirror particle
self-interactions lead to non trivial halo dynamics and matter distribution. First, we must
determine the initial conditions of this simulation, 7.e., the relative abundance of each chem-
ical species at the beginning of galaxy formation. This will set the rate at which mirror
baryons cool down and collapse into galactic structures. The remainder of this chapter is
therefore dedicated to the early cosmology of the Meé, with a focus on BBN and recombina-
tion since those events determine the abundances of light nuclei, free electrons and molecular

hydrogen. These species all play a major role in galaxy formation as we will see in chapter [4]

3.2 Expansion rate of the universe

The expansion rate of the universe is determined by the Friedmann equation,

. 2
2 (@& _ 8 |
H* = (a) i Zp (3.7)

where p; represents each individual contribution to the total energy density of the universe.
This subsection will focus on the radiation-dominated era of the universe, during which the
scale factor evolves as a(t) ~ t'/2. A common parametrization of the total relativistic energy
density is

praa(T) = 5=9:(T) T, (3.8)
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where the number of effective relativistic degrees of freedom for energy density is defined

analogously to eq. (3.4)),

g (T)= > g (§>4+£ Y (%)4 (3.9)

i=Dbosons i=fermions

Mirror matter also contributes to pr.q and H. We can parametrize the mirror radiative

energy density similarly to eq. (3.8):

2

HaalT') = S50.(T) T, (3.10)

where T" = 2T is the mirror photon background temperature and ¢.(7") is the number of
effective degrees of freedom in the /2. Combining egs. (3.7 [3.8] [3.10) gives an expression

for the expansion rate of the universe in the presence of mirror particles,

gu(T") ) v T
H~166(1+ (1) —. 3.11
( R ) Ve (3.11)

Like in eq. (3.3)), ¢.(T")/g.(T) = 1 after ordinary BBN, but this ratio is often lower in the
early universe if the two sectors have unequal numbers of relativistic species.

At late times (7' < 0.5 MeV), another common parametrization for py.q is the following:

Prad =

7T(T\"
1+=-(=] N A2
5 (%) eﬂ]pv, (3.12)

where N.g is the effective number of neutrino species. Standard cosmology predicts Neg =
3.046 (3 neutrino species plus QED corrections [127]) and T, /T = (4/11)'/3 after e* anni-
hilations. The radiative energy from the Me is equivalent to additional effective neutrino
species,

4 /T\*
AN.g = - (T) g.(T") z*. (3.13)

BBN and CMB put strong limits on the expansion rate and N.g. The most recent data
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from the Planck Collaboration indicates Neg = 2.997033 with 95 % confidence at the epoch
of recombination [41], which gives the 30 limit AN[CMB] < 0.45. At that moment, only
photons and neutrinos of each sector are relativistic so ¢, (1") = g.(T") = 3.38, leading to the
bound

<05 (CMB). (3.14)

The limit on Neg set by BBN is even more stringent: ANgBBN] < 0.3 [128]|129].
However, at the onset of BBN (7" ~ 1 MeV), e* pairs have not annihilated yet, which means
T, =~ T even if neutrinos are decoupled from photons. Assuming e'* are still relativistic at

that time, then ¢, (7") ~ 10 and the bound on = would be

2 <048 (BBN) (3.15)

which is essentially the same as the CMB constraint ([3.14). Lower values of g/(1") would
make this limit less restrictive.

Because the contribution of mirror matter to H scales as ~ 2% < 1 (see eq. ), the
chronology of standard cosmological events in the SM is negligibly affected by the hidden
sector. On the other end, events tied to a specific temperature scale occurring at redshift
z in the visible sector will transpire much earlier in the MMe, approximately at a redshift
Z=—14(1+2)/x.

This temperature hierarchy has even greater implications for freeze-out events in the 1Me.
These will generally occur even earlier than the estimated 2z’ because the universe expands
more rapidly at a higher redshift. This in turn will make the mirror freeze-out temperature
higher, leading to different relic densities in the V& and in the SM. In particular, as we will
show in section the early freeze-out of p’ <> n’ interactions in the 12 leads to the most

prominent feature of mirror matter, namely its high He’ abundance.
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3.3 Primordial nucleosynthesis

3.3.1 Elements of statistical mechanics

In thermal equilibrium at a temperature 7', the number density of a nonrelativistic nuclear
species 47 with mass m4 and charge Z is [36]

maT\*? A — My
na=43ga ? exp T s (316)

where 114 is the chemical potential and g4 is the number of internal degrees of freedom. That
formula also applies to single nucleons.
If all reactions that result in the production of 4Z are in equilibrium, p4 is related to

the chemical potential of protons and neutrons by
pa = Zpy+ (A—2Z) . (3.17)

This relation allows eq. (3.16)) to be rewritten in terms of the number density of protons and

neutrons:

A3/2 9 3(A-1)/2
M4 = 94753 ( WT) nymy, 7 ePalt, (3.18)
my

where Ba = Zm,, + (A — Z)m,, — m4 is the binding energy of 4Z. Here we approximated
my >~ m, =~ mu/A in the prefactor. Given a total baryon density n, = n,+n, + > ,(Ana),

the mass fraction of a nuclear species in thermodynamic equilibrium is

1/2
_ Any P A A-1_7 A-Z Ba/T
TpaA = n—b = gAC<3) ﬁ Ep M T,T, e a/ , (319)

where we introduced the baryon-to-photon ratio,

Ny — Nz n
gy = 2l T (3.20)
nw n7
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and we replaced the photon number density with its value in thermal equilibrium,

n., = mT?’. (3.21)

Y 71_2

3.3.2 Ordinary ‘“He formation

In the SM, light nuclei and in particular helium-4 (“*He) first formed during BBN [36],37,/128].
As mentioned in section [3.2], the thermal history of visible matter is unaffected by mirror
matter. In what follows we will therefore approximate x = 0.

In the primordial universe, when 7" > 1 MeV, the following weak interactions were in

thermodynamic equilibrium:

n < pte+vg, (3.22)
Vet+n <— Dp+e, (3.23)
e+n <— p+7,. (3.24)

This implies the following relation between chemical potentials:

[in = [p = He = Hu, - (3.25)

Using eq. we can write the equilibrium ratio of n and p as

N, AMmyy e — [
no_ — 4 c 3.26
Ny P ( T T ) ’ ( )

where Am,,, = m,, —m, = 1.293 MeV.
The chemical potentials of electrons and neutrinos depend on their particle-antiparticle

asymmetry. In the relativistic limit the ratio of the asymmetric abundance of a species A
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relative to the photon density is [36]

nAn:nA _ 129&3) |:ﬂ_2 (%) 1 <“?A>3} _ (3.27)

For electrons, this implies p. /T ~ (n. — ne)/ny = (np, — np)/ny ~ O(np) <K 1 to first order,

where the equality comes from matter neutrality. Estimating pu,, would similarly require
the measurement of the neutrino asymmetry via the neutrino background radiation, which
hasn’t been observed yet. We will assume p,, /T < 1, like baryons and charged leptons, so

that the neutron-proton ratio is approximated by

Ny, Amy,,
— ~ — . 2
0 exp < 7 > (3.28)

Eq. holds until the weak interactions and freeze out. The rate of these
reactions is 'y o~ G2T°. Since H ~ T?/my, (eq. (3.11])), the freeze-out condition I'yy = H
is satisfied at a temperature Ty ~ (m,G%)"1/% = 0.8 MeV.

The neutron-proton ratio is fixed at its equilibrium value at the time of freeze-out,
(nn/np)w =~ 0.2, except for a small correction due to the neutron decay. This decay stops
when light nuclei form.

Although weak interactions are out of equilibrium for 7" < 0.8 MeV, that is not the case
for strong interactions that produce light elements. In particular, the deuterium (D) and “He
abundances still satisfy eq. . Using this equation, one may estimate the temperature
Tp when D becomes significantly abundant, the so-called “deuterium bottleneck.” Assuming

rp/xnx, ~ 1 at that moment yields the following transcendental equation for Tp:

Bp
(3/2)In(m,/Tp) —Inn, —InC”’

Tp ~ (3.29)
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where Bp = 2.22 MeV is the deuterium binding energy and we have defined the constant

™

1/2
C=3¢(3) (%) ~ 16.28. (3.30)

The factor of 3 comes from the fact that deuterium is a spin 1 nucleus and possesses gp = 3
internal degrees of freedom.
Numerically solving eq. (3.29)) gives Tp ~ 0.07 MeV. The age of the universe at this

moment 1s:

1 1 My
~ Tl 260 3.31
2H(tp)  3.32vg: T2 > (3:31)

ip =

where the number of relativistic degrees of freedom is g, ~ 3.38.
Between tp and the weak interactions freeze-out (tw ~ 1s < tp), a fraction [1 —
exp(—tp/7,)| of neutrons decayed into protons, where 7, = 886.7 s is the neutron lifetime.

At tp the neutron-proton ratio has decreased to

(Z_) - (Hw I+ <nn/n:§?; (ﬁ tf/ezg (—t/a)
_ P (~tn/70) ~ 0.14. (3.32)

1+ exp (A, /Tw) — exp (—tp /™)

Given the high formation rates of light elements past the bottleneck, to a very good
approximation we can assume that every neutron will end up in D nuclei, all of which will
then combine to form *He. Since 2 neutrons are required to form *He, its primordial mass

fraction is roughly

Ny, 1
Y = g = 22, =2 — e
" <np )D {1 + (nn/np)D}

2 exp (_tD/Tn)
= ~ 0.24. 3.33
T+ oxp (At Tir) (333)

The simple analysis that resulted in eq. (3.33)) is consistent with the observed ‘He abun-

dance in the universe [20]. The next stable element in the nuclear chain is carbon-12 (1?C)
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which may only form via the triple-alpha process, 3 (‘He) — 2C + 7. Because this reaction
requires the collision of three particles and because matter is cooling rapidly, ?C formation

is negligible in the early universe and BBN stops at *He formation.

3.3.3 Mirror *He formation

BBN in the Meé proceeds exactly like in the SM, except that all critical temperatures are
reached at an earlier time. Therefore, a simple rescaling of eq. (3.33)) allows for an estimation
of the *He’ mass fraction.

The weak interaction rate in the Me is given by '}, ~ G%T" and the expansion rate can
be approximated by H ~ (1 + 27%)Y27"2/m. Therefore the mirror freeze-out temperature
is roughly T}, = (1 + 2~4)¢ Ty,. The mirror deuterium bottleneck temperature can be
obtained by changing n, — ny = (8/2®)n, in eq. , but the dependence of Ty, on the Me
parameters x, § is only logarithmic. So to a good approximation 7}, ~ Tp. According to eq.
the age of the universe at the D’ bottleneck would then be given by ¢}, = tp /(1+2~4)'/2,
Substituting 77, and t}, into eq. yields the *He’ mass fraction,

, . 2exp [—tp /T (1 4+ 27*)1/?]
1+ exp [Am,/Tw (1 + x=4)1/6]

(3.34)

This formula is plotted in fig.

Because we neglected the logarithmic dependence of T}, on 7y, eq. is f-independent.
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 [130,131] to numerically compute the residual He’ mass fraction for different
values of 8, modifying parameters of the code to match the conditions of the IM2. Namely
the current CMB temperature, the baryon density and the baryon-to-photon ratio were
replaced by Ty — To/x, QO — S and 1, — np3/x3. Visible sector photons and neutrinos

were incorporated as additional effective neutrino species. Rewriting eq. (3.13)) from the
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Figure 3.1: Mirror “He relic abundances. The solid curves were computed numerically using
AlterBBN and the dashed line shows the approximate formula of eq. (3.34)).

perspective of the mirror world yields AN/ ~ 7.44/z* today. The results of our numerical
calculations are also plotted in fig. for three benchmark values of 5. Eq. agrees
with the numerical calculations within a few percent, which is sufficient for the purposes of
our analysis.

One sees that for any value of 3, the *He’ fraction computed numerically reaches 1 more
rapidly than eq. as x decreases below some critical value. This is admittedly the
result of Al1terBBN’s limitations: the code is not suited to handle the situation where the H’
abundance vanishes since that species is used as a reference to normalize other abundances.
Thus it cannot accurately keep track of very small H densities. Moreover the age of the

universe at D formation scales roughly as tf, ~ .

Hence for small values of x mirror
nucleosynthesis occurs in a fraction of a second and the Boltzmann equations for each species
become too stiff for A1terBBN to maintain a high accuracy. But this has no impact on

our main results since both eq. (3.34) and the numerical calculations agree that the *He'

abundance is limited to 0.9 < Y’ < 1 for small values of x. The results presented in chapter
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show little phenomenological variation within this range, so we can self-consistently claim
that eq. is accurate enough for our purposes.

The “He' abundance determines a number of other quantities that will be useful in the
subsequent analysis. Let X; = n;/ny be the relative abundance of a given chemical species,

conventionally normalized to the H’ densityﬁ The helium-hydrogen number ratio is

N = e _ My Y’ 1 Y’
He = g mmel—Y'  41-Y"

(3.35)

where m,, is the proton mass. Furthermore the helium number fraction (distinct from the

mass fraction Y/ = myenyge/(Mmuenue + muny)) is

NHe 1 Y’
fHeEi

iy 1+ 1/Xpe  4-3Y7 (3:36)

with ny = ng 4+ nge denoting the number density of nuclei. The mean mass per nucleus is

| S my
my = ~ 3.37
N ( mp + mHe) 1-— %Y’ ( )

By virtue of the approximation made in eq. (3.34]), the expressions (3.3543.37)) are in-

dependent of . Lastly, the background number density of nuclei at any redshift follows
from
_ 3H{YW B

- 1 3 )
=g m_N( +2)%, (3.38)

where we have used py(z) o< (1 + 2)® and paio = 3HZ/87G. Eq. (3.38) implies that

ng = (1 - fHe)nN and NHe = fHenN-

6In what follows, we will drop the prime from H’ and H will refer to mirror hydrogen in all its chemical
forms whereas H°, H* and H, designate its neutral, ionized and molecular states respectively. Thus for a
gas of pure Ho, ng = 2ny,. Similarly, He refers to all forms of mirror helium.
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3.4 Recombination

Recombination is the cosmological formation of neutral atoms around the time of matter-
radiation decoupling. In the SM, although most electrons end up in bound states after
recombination, a small ionization fraction remains. That fraction was essential for struc-
ture formation, because primordial gas clouds required free electrons to cool and collapse
into compact structures [35]. Therefore, understanding the evolution of the free electron
abundance in the M@ is a crucial step to study the formation of mirror galaxies.

As for BBN, recombination follows the same principles in the M2 as in the SM and the
outcome depends solely on the initial conditions. It proceeds through three major steps,
which are the respective formations of Het, He® and H?. The latter is prevalent in the SM,
but recombination of He is more important in the e because of its high abundance.

For all three steps of recombination, electrons cannot directly transition from a free state
to the ground state when they are captured by ions. This is because photons emitted in
those transitions would immediately ionize other atoms, leading to no net change in the
ionization fraction. Instead, electrons must cascade down a series of excited states before
reaching their ground state, emitting multiple low-energy photons along the way [132,|133].

An effective description of recombination is a “3-level atom” model [134]. In this approx-
imation one may only be concerned with three energy levels: the ground state (n = 1), the
first excited state (n = 2) and a continuum of unbound states (n — oo). In this picture,
electrons must fall into the n = 2 level when they are captured by nuclei. Electrons with
orbital angular momentum [ = 1 (2p state) can then transition directly to the n = 1 level,
emitting a single Ka photon (also referred to as a Lyman-a (Lya) photon for H). On the
other hand, [ = 0 electrons (2s orbital) must decay via a two-photon quantum process since

the 2s-1s dipole transition is forbidden.
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3.4.1 He"™ recombination

In the two sectors, He' recombination occurs very rapidly and at an early time. This is
in part due to the high ionization energy of He™ (ygo+ = 54.4 €V), but mostly because its
two-photon 2s-1s transition rate dominates over the Ka rate [133]. Instead, recombination
dominated by the 2p-1s transition is slower in general, because the Ka photons would excite
electrons out of their ground state, leaving them vulnerable to photo-ionization from the
background radiation. The two photons of the 2s-1s transition don’t have enough energy
to excite atoms so they don’t impede recombination. Because it is fast, He™ recombination

follows the Saha equation to a good approximation:

3/2
(Xe =1 = Xuo) X _ emekD)™ . r (3.39)
1+ 2Xpe — X, h3nu

Matter neutrality requires X, = Xpy+ + X+ + 2Xpe++ at all times. In the visible sector,
He™ recombination occurred around z ~ 6000, when kT ~ 1.4 eV. At this temperature, the
exponential in eq. is negligible, giving X, = 1 + Xp,. Eliminating X, and using the
fact that Xy+ ~ 1 and Xyeo ~ 0 until 7" falls below ~ 0.4 eV (about 10 % of the n = 2
ionization energies of H or He), this implies Xye++ ~ 0. Thus, we can neglect any residual
He™* fraction and both H and He are singly ionized from that point on. The same argument

applies to the e, but at a redshift 2’ ~ 6000/ instead.

3.4.2 He' and H° recombinations

He® and HY recombinations are much slower. The former is dominated by the optically
thick Ka emission, and although the latter is controlled by the two-photon 2s-1s transition,
its rate is much lower than for He' [133]. Therefore, the Saha equation cannot be used
to accurately describe the later stages of recombination. Below, we will go over Peebles’
derivation of the Boltzmann equation for H recombination [132], which can be adapted to

give a similar formula for He [133].
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Let n(vy) be the photon number per unit volume and frequency range. Then

+

n%a:/ n(v”) dv (3.40)

is the photon number density in the frequency range [v,, V1], where v, is the Ly« frequency
and v is a frequency slightly above the Ly« resonance band.

The time evolution of n.,,/ny depends only on the photon production rate per unit
volume R, in this frequency range and on the redshift of higher-frequency photons. The
bounds of the integral are fixed physical frequencies v = v./a. As the universe

expands, higher comoving frequencies v, fall into the range of the integral, which leads to

the following rate equation:

d (Nya Ny cx R,
i () = () o
_ [Hya (nm) _ ngm) n Ra} _ (3.41)

5
N

0
ot
1
n
The evolution of n., , is very slow since the 2p-1s transition quickly replaces the redshifted

photons, leaving the Lya resonance band in a steady state. It is therefore justified to set the

left-hand side of eq. (3.41)) to zero [132], which gives

(3.42)

Because v is above the Ly« line, the only contribution to the radiation spectrum at this
frequency is the thermal background,

wi) _ _ST(wd)?

@12 —hva [KT
V= A 8nvie (3.43)

n

where we have approximated v} ~ v, and T" < v, at the time of recombination. Egs.

(3.4253.43) may be rewritten in terms of N' = ngy)/87w2, the number of photons per mode
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at frequency v:

R \2
_tafa 44
8rH(z)’ (3:44)

Na(z) = e/ 4
where \, is the Lya wavelength.

The lifetime of Lya photons is very short during recombination, which implies it is in

equilibrium with matter. The principle of detailed balance indicates that

N, = 12 (3.45)

)
N1

where ny ; is the number density of H atoms in the ith energy level. One should note that
nuo = ng 1, that is, we define fully recombined H? atoms to be those that are in the ground
state only.

The H ionization fraction evolves following the Boltzmann equation:

dXu+ NeNu+on  NH2fu
dt ny ny

= — (XBXHJrnHOéH - NQXH05H> . (346)

In this expression, ay and Sy are the recombination and photoionization rates of the n = 2
energy level, since H cannot recombine from the ionized state. We also assume that thermal
background cannot ionize the ground state.

Every net recombination results in the production of either a Lya photon or two photons

of lower energy, which gives the relation
R,
X Xyrnuon — NoXuofu = o + AnXno (Na - €_hya/kTM) , (3.47)
H

where the second term on the right-hand side parametrizes the 2s-1s transition. We have
ignored the small energy difference between the 2s and 2p states so that they are both

roughly ~ hv, above the ground state. Here, T); is the matter temperature, which can be
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different from the radiation temperature 7', but only long after recombination. Therefore,
in what follows we will assume T); ~ T except when explicitly computing the late-time
evolution of T)y;.

Combining egs. yields an expression for N, which can then be plugged in
eq. to obtain the Peebles equation:

X (XeXuennan — (1= Xio) e =/40) (14 KigAumn(1 - X))

- , (3.48)
z H(z) (1+2) (1 + Ku(Ag + Ba)nm (1 — XH+)>
where we have defined
)\3
Ky = e 3.49
7 8rH(2) (349)

We also used dt = —dz/[H(z)(1 + z)] and we approximated Xpo + Xg+ ~ 1, neglecting the
small contributions from the short-lived excited states of HC.

He® recombination follows a very similar pattern. However, the separation of the 2s and
2p states is sufficiently large that it cannot be ignored [133]. Since N is defined as the ratio
of atoms in the 2s and the 1s states, it must be replaced with N — N exp(—hu,s/kT) in
eq. — which only concerns photons of the 2p-1s transition — where v, = v, — v; is
the frequency difference between the 2p-1s and the 2s-1s transitions of He’. In the same
equation, the Ly« frequency v, must also be replaced with v,, while we must instead use
Vs in the last term on the right-hand side of eq. . Following the same steps as above

leads to the He® recombination equation:

AXHe+
dz

== <XeXHe+nHOéHe — 6H6<XHQ — XHe"’)eihVS/kTM)

H(Z) (1 + Z) <1 + KHe(AHe + /BHe)nH(XHe - XHe+)6hVPS/kTM> ‘

x (3.50)

One also needs an equation for the matter temperature Ty, to fully solve for the recom-

bination evolution. At early times, matter remains in thermal equilibrium with radiation
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due to the high Thomson scattering rate of free electrons. After recombination, the electron
abundance drops and radiation decouples from matter. At this point the temperature of
nonrelativistic particles redshifts as Ty ~ a2, faster than 7. The cosmological evolution of

Ty is then given by

2T

ita (3.51)

dTM 80'T(IRT4 < Xe

a 1+XHe+Xe

dz  3H(2) (1+ 2) mec ) (T =1+

Eqgs. fully determine the evolution of the ionization fraction for both the SM and
the /2. The values of all parameters used in this system are given in Appendix [A]

We used Recfast++ [134H140] to solve the system (3.48[3.51). For mirror recombina-
tion, we made the the same modifications to the code as for A1terBBN, with the He' mass
fraction given by eq. . It was assumed that the species were initially singly ionized
(Xp+ = 1, Xyge+ = Xne) and that matter was strongly coupled to radiation (Thy = T'). The
initial redshift was taken to be sufficiently high to encompass the beginning of H° and He®
recombination, and the system was evolved until z = 10, the moment when we started our
subsequent structure formation analysis. Fig. shows the resulting evolution of the free
electron fraction f. = ne/Netor (Where netor includes the electrons in the ground state of
He™) during recombination for several values of z (differentiated by color) and (3 (differenti-
ated by linestyle) as well as in the visible sector. The expected z-dependence of the redshift
of recombination z/ . ~ 1100/x is evident, scaling inversely to the IMe& temperature.

The most important feature for mirror structure formation is the residual ionization
fraction f! at low redshifts. As fig. demonstrates, f, is typically much smaller in the
& than in the SM (f. ~ 2 x 107*). Only when 8 < 1 can f! 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

B, so the free electron density after recombination is always smaller in the Me.

Fig. shows the (z,)-dependence of the residual ionization fractions of H and He

44



10°

10-1 4

107

10! 102 103 104 10°

Figure 3.2: Evolution of the total ionization fraction during mirror recombination. The
solid, dashed and dash-dotted curves represent § = 5, 1 and 0.1, respectively. Also shown
for comparison is recombination in the SM.

at z = 10. For comparison, the SM values (at z = 1, = 1, Y = 0.24) are nyg+/nyg =
2.2 x 107* and nge+ /nue = 1.2 X 10712, Recombination of He is more efficient (blue regions)
for high (3, 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
(2l = 1100/z) and z = 10 becomes longer, increasing the number of occasional ion-electron
collisions following freeze-out. This and the slightly larger value of ny, explain the somewhat
higher efficiency of He recombination at low x.

We can also understand qualitative features of fig. [3.3] concerning H recombination. In
contrast to He, there is a much stronger variation of nyg, which changes by a factor of 60 as
x goes from 1073 to 0.5, as compared to only a factor of 2 variation in ny.. 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 § ~ 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
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Figure 3.3: Residual ionization fractions ny+/ny (left) and npe+ /npe (right) of the Me
at z = 10. The dot-dashed contours indicate the SM values: ng+/ny = 2.2 x 107* and
nHe+/nHe =1.2 x 10712

hydrogen-electron collisions after the freeze-out drops significantly, leading to a much higher
ionization fraction than for He. For § < 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 2 0.1, hydrogen and helium number densities are almost equal, and

their ionization fractions display a similar qualitative dependence on (3.

3.5 H, formation

H; is an important molecular species for structure formation since it can cool a primordial
gas cloud to a temperature as low as ~ 200 K [109,[141]. As we will show in section in
the M@ even a small fraction of Hy can act as an effective heat sink that drives the collapse
of large clouds into stellar objects. Conversely, without Hy, a virialized gas cloud of mirror
helium might not cool below a temperature of order 10* K (roughly 10 % of the ionization
energy of helium and hydrogen), preventing structure formation.

Since Hy has no dipole moment, it cannot form directly from the collision of two neutral
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H atoms. Instead, at early times its formation proceeds through the reactions

H+e” - H 47,
(3.52)

H +H’ > Hy+e .
H, is always energetically favored at low temperatures, but the low matter density and
ionization fractions inhibit its production after recombination. Hence Hy can only form
during recombination, when both n. and nyo are significant. Other mechanisms involving
Hj and HeH™ are known to contribute to the residual Hy abundance, but these processes

are subdominant [142].

As was shown in ref. [142], the production of Hy depends on the abundance of H™, which

in the steady-state approximation is:

kr X X
Xy = e AHONH . (3.53)
k’_7 + kJSXHO’I’LH + l{/’gXeTLH + k?15XH+TLH
The rates k; are listed in table of Appendix [B]
The residual Hy abundance is determined by integrating the Boltzmann equation
dX
dtH2 = kg X0 X5 N (3.54)

Since both H™ and H, attain low abundances, their presence has little effect on recombi-
nation. We can integrate eq. using the time evolution of Xyo and X, numerically
computed in the previous subsection. The fraction of f; = np,/nuy produced by z = 10
is illustrated in fig. For reference, the same analysis in the SM yields f, ~ 6 x 1077,
We find that f] is always greater than f, analogously to the higher efficiency of mirror
recombination.

The degree of enhancement f}/f, depends on the timing of He recombination versus

that of H, since Hy requires both neutral H and free e~ for its formation. When g,z ~ 1,
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Figure 3.4: Residual fraction f} = ny,/nn produced during mirror recombination at z = 10.
This fraction is higher than the SM value of ny, /ny ~ 6 x 107 for any (z, /3).

recombination proceeds similarly as in the SM: He recombines efficiently and prior to H,
leaving too few e~ for Hy to form. As [ decreases, He recombination becomes incomplete
and the extra e~ density produces more Hy. For x < 1 but 8 ~ 1, H recombines before
He, leading to simultaneously high abundances of neutral H and free e~. This explains the
enhanced Hy production in fig. [3.4] If both © < 1 and 8 < 1, the two recombinations

overlap, leaving fewer e~ to produce molecules.
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Chapter 4

Mirror structure formation

Our current understanding of structure formation is that galaxies formed following a bottom-
up hierarchy: small-scale adiabatic matter perturbations grew linearly with the expansion
of the universe until they became large enough to collapse into small halos, which expanded
further by accreting matter and merging with other halos. The shock-heated baryons then
radiated their energy away, allowing them to cool and condense into stars and galactic
structures [35].

In this chapter we will review the main steps of structure formation in our mirror dark
matter model in order to constrain x and [ using astronomical observations. We will review
the theory of perturbation growth and explain how we estimated the merger history of
the MW halo. We will also review the concepts of radiative cooling in a gas cloud and
gravitational collapse. With all these ingredients in hand, we will describe the methodology
of our galaxy formation simulation. This chapter closely follows section III of ref. [19], the

paper written by the author of this thesis.

4.1 Perturbation growth and halo merger tree

The extended Press-Schechter formalism [143H145], which we summarize in this section, is

an analytic description of the statistical growth and merger history of a halo. The evolution
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of the MW halo will serve as a starting point to study the formation of a mirror matter
galaxy within it.
If small-scale linear density perturbations d; = (p; — p;)/p; are adiabatic, their Fourier

modes k evolve following the equation

. 2.2

Oik + 2H0; . + ?&,k - §H2 Q1) Z 8, ks (4.1)
J

where ¢; is the adiabatic sound speed and the indices 7, j refer to the matter components
(CDM, ordinary matter or mirror particles). The adiabatic speed of sound of baryonic

components is given by [146]

op 1 3pp(2)\ 11 A5 peieo (1 ]
2 =X _2-(1 = — |1 : 4.2
W) =5,73 ( 1) s Taerm \112)]| (42)
op 1 3oy (2)\ ' 1[ . 45paio B 1 \]7
2/ = — = — = — — 4
v(2) ap 3 (1 * 4p(2) 3 bt 4T 2t \1+ 2 ’ (4:3)

where we used p = p,/3 in each sector. Since CDM does not interact with radiation, its
speed of sound is null (¢? = 0).

During the radiation-dominated era (H = 1/2t, ,,(t) < 1), matter overdensities don’t
grow significantly on small scales: visible and mirror baryons are strongly coupled to radia-
tion and oscillate with it while the CDM component can only grow logarithmically: 6. ~ Int.
Starting from matter-radiation equality, CDM density perturbations grow as d. ~ D(z),

where we defined the linear growth coefficient as

o0 1+Z/
H<Z/)3

D(z) = CH(2)

z

dz', (4.4)

and C' is a normalization constant such that D(0) = 1. Note that in a matter-dominated
universe D(z) = a = (1 + z)~!, but the growth slows down when dark energy becomes
significant.

Ordinary baryon perturbations also scale as D(z), but only once they decouple from
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radiation and become pressureless (¢ ~ 0), which occurs roughly at the same time as
recombination, around 2z, = 1100. On the other hand, mirror baryons can grow as early
as matter-radiation equality, like CDM. That is because recombination takes place at 2|, ~
1100/z, which is earlier than z., = 3365ﬂ for z < 0.3. But even for higher values of z, ¢
is roughly suppressed by a factor of x* < 1 (eq. ), which means that mirror matter is
effectively pressureless and follows the evolution of CDM.

Once a matter overdensity reaches d,, = (3/5)(37/4)%/ ~ 1.0624 on a given comoving
scale (regardless of the relative abundance of each matter component), it becomes nonlinear

and collapses under its self-gravity [35]. The collapse stops at a redshift z., at which point

the linear overdensity is

3T

3 2/3
Ocol = 5 (7) [Q7rz<zcol)]0.0055 ~ 1.686 [Qm(zcol)]0.0055 . (4.5)

One must be careful when interpreting d.o: it is the comoving overdensity that the initial
perturbation would have had at z., had it continued to scale linearly as D(z). That quantity
is mainly used to relate an initial overdensity §; with the redshift z.. at which its gravitational
collapse took place (see Appendixfor an example). At z., the matter perturbation reaches

a quasi-static state and forms a virialized halo with an actual average overdensity

1872 4 82y — 39>

AVir(zcol) - 0 (Z 1) 5

(4.6)

where we have defined y = Q,,(zco1) — 1.
Once halos form, their growth “breaks away” from the expansion of the universe. Their
mass continues to increase, but only via matter accretion and mergers. Let M be the mass

of a given halo at time t5. The mass fraction fio(M;, Ms)dM; of M, that was in halos in the

"Our bound on x from CMB and BBN ensures that z., does not change significantly due to the presence
of mirror radiation.
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interval [My, My + dM;] at a time ¢, < to is [143H145//147]

Jia(My, My) dM, =

01 — 03

50 _ g0 2 60 50 )2
1 ( col,1 C(;lé) dal eXp _1 ( C01712 63172) dMl (47)
Var (of —op)"? dM T2 (of - o)

In that expression, we have defined 62, = dco1(t;)/D(t;), which is the linear overdensity of

col,i

eq. (4.5)) extrapolated to z = 0. We have also introduced o? = 0?(R;), the variance of the
linear matter power spectrum P (k) inside a sphere of comoving radius R; = (3M; /47 ppm0)'/?,
also extrapolated to z = 0.

Formally, the power spectrum P(k) is defined as the Fourier transform of the matter

correlation function £(r) = (§(x + r)d(x)), that is,

Plk) =V / £(r)eT iy, (4.8)

where V' is a fiducial volume. Its variance is given by:

0*(R) = i/m K2 P(k) [W(ER)|* dk, (4.9)

- 2
27 Jo

where for the present analysis we used the top-hat window function,

W(kR) = (sin(kR) — kR cos(kR)). (4.10)

(kR)?
Taking to = t; + dt with dt — 0, eq. (4.7)) becomes

dfr2 _ 1 1 d5gol,1 do? (4.11)
dt \2m (03 — 03)°? dt dMy '

Eq. (4.11)) gives the relative contribution of objects in [M;, My + dM;] to the total growth

rate of the main halo. The average number of halos in this mass range that combined during
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Figure 4.1: Diagram of a merger tree. To generate it, one must start from the bottom (z = 0)
and take small steps backwards in time. At each time step the halo loses some mass due to
matter accretion and there is a small probability of splitting into two subhalos, producing
two branches in the tree. We followed the evolution of every branch above the resolution
scale until z = 10. Figure taken from [35,149].

dt to form the halo of mass M, is therefore

df12 M2
AN = 22222 gt am,. 4.12
dt M, ! (4.12)

The algorithm presented in refs. [147]/148] uses eq. to find the progenitors of a halo of
mass My by taking small steps dt backwards in time. We will outline this procedure below.
The resulting “merger tree” describes the hierarchical formation of the halos observed at
z = 0 regardless of the distribution or the nature of matter inside of them. Fig. shows
the diagram of a merger tree.

Numerically, one must define a resolution scale M., below which there is no further

tracking of individual halos. The probability that a halo of mass M splits into halos of
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masses My € [Mes, M2/2] and (My — M) in a backward step dt is
M2 N
pP= / O M. (4.13)

Accretion of objects smaller than M, also contributes 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

M,
res N M
F :/ AN My g, (4.14)
0

The algorithm to generate the merger tree is as follows. Starting at redshift z; with a
single halo of mass M, = My, 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
(1— F)M,. If R < P, the halo splits into two halos of mass M; and (1 — F') My — M; where
M, is chosen randomly from the distribution given by eq. [£.12] These steps are repeated for
every progenitor whose mass is above M, until the chosen initial redshift z; is reached.

We used this algorithm to generate 10 merger trees for a final halo mass of M; = 10'* M,
about the size of the MW. The time interval between zy = 0 and z; = 10 was divided into 10*
logarithmically scaled time steps. The resolution was set to M, = 3 x 107 M, well below
My 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. By averaging over all outcomes, we are also applying the
cosmological principle: the MW halo is not special and its evolution is similar to that of
other halos of the same size. Inspection of the individual trees indicated that 10 was more
than sufficient to avoid spurious effects of outliers.

Eq. and the algorithm described above are completely model-independent, to the

extent that matter overdensities are Gaussian. This allows us to use the same 10 merger
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trees in scanning over all values of  and § for structure formation. However P(k) depends
on the nature of dark matter, which in turn affects the variance o?(R) in eqs. (4.7J4.11}4.14).
For simplicity, we computed o2 with Colossus [150], even though this package assumes
a ACDM cosmology. For self-consistency, it is necessary to verify that the matter power
spectrum and its variance do not differ too much from their standard cosmology expressions

in the presence of a mirror sector. We discuss this issue below.

4.2 Silk damping

In the early universe, photons and baryons are tightly coupled, making the mean free path
of photons A\, negligible. But at the onset of recombination A, becomes significant. Photons
can then diffuse out of overdense regions, effectively damping perturbations on scales smaller
than the Silk scale Ap, which we derive below. In the SM, the mass scale corresponding to
the Silk length is Mp ~ 102 M [36], 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 struc-
tures on scales smaller than Mp, Silk damping sets a lower bound on the amount of ordinary
CDM required for the mirror model to agree with current data. A detailed analysis of cos-
mological perturbations, acoustic oscillations and the matter power spectrum for any value
of x and [ is outside the scope of this thesis. However, we can roughly estimate the impact
of Silk damping on P(k) and the merger tree to check that the evolution of the MW halo
is not too different from the ACDM scenario. Many other effects could alter P(k), like ex-
tra oscillations on scales smaller than the sound horizon of the mirror matter plasma |151],
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@ counterpart of the damping scale, A,
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and its implications for the growth of Me density perturbations.

4.2.1 Mirror Silk scale

One can estimate the M2 Silk scale as follows [36]. The mean free path of Me photons at

low temperatures is

1 1

- )
NeOT EenNOT

Ay = (4.15)

where op is the Thomson scattering cross section and &, = n./ny is the ionization fraction
during H and He® recombination (that is, neglecting the electrons in the ground state of
He"). During an interval At, a photon experiences N = At/\, collisions. The average
comoving distance Ar traveled in this time is that of a random walk with a characteristic

step of length A\ /a,

A AL
Aryi=N_"1_ —7r—" 4.1
(Br)" = NT0E = a2 (4.16)
Taking the limit At — 0 and integrating until recombination gives
trec )\ ,
Xp = / I dt

o o alt)?

(4.17)

< 1 dt
~ M\ (2) (142.)° — )d
Y (Zrec> ( + Zrec) /Z;ec 1 + ~ (d2> 2,

using the fact that A, scales as ny ~ a® and approximating £, as constant for the period
of interest when A\, is large.

For simplicity, consider the case z < 0.3 so that mirror recombination completes during

the radiation-dominated era (recall section . Then t ~ (142)72 and eq. (4.17)) reduces to

2
VB 2 St M(etee) (14 2 (1.18)

In the case where recombination occurs much later than z., (like in the SM), we would obtain

the same expression but the numerical coefficient would be 3/5 instead of 2/3. Therefore
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the expression is accurate within ~ 10% for any value of z and even for the SM.
Since N3 ~ A\y(zle.) ~ 2*/B, in general N}, < Ap, unless § is very small and the mirror
matter plasma is diluted before recombination. Therefore mirror Silk damping only affects
very small scales and its impact on P(k) is usually less significant than the analogous effect
in the SM.

To further quantify A}, we note that at early times when vacuum energy is negligible so

that Q,, + Qaqa = 1, the age of the universe at a given redshift is [21]

2 1 142 14z
t(z) = 2+ “_2 — =1, 4.19

which for z > 2, simplifies to

Hes )~ b V1T Fe (4.20)
YT 2Ho/Q (14 2)?

Using eqgs. (3.38) and (4.20)) we can rewrite eq. (4.18]) in terms of § and z < 1:

)\,2 -~ 81G (m_N.T3> vV 1+ Zeq <4 21)
P OHI 0 \&orB) (1+ 2rec)? '

where we used &, ~ 0.1 at the time of recombination. For larger values of z, 2/, is close to
Zeq and we cannot assume a fully matter- or radiation-dominated universe to compute the
integral of eq. (4.17)); nevertheless we verified that eq. (4.21)) is accurate to within several

percent even for x > 0.3.

4.2.2 Effect on the merger tree evolution

Section allows us to quantify the impact of collisional damping on density perturbations
in the M@ and on the merger tree. Consider a mirror baryonic overdensity dy,) on a subhorizon
scale A = m/k. Assuming primordial perturbations are adiabatic, we have dy = J. at early

times (2 >> 2eq). 0.k remains nearly constant prior to matter-radiation equality (ignoring a
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small logarithmic growth). However Silk damping suppresses dyx, by a factor ~ exp (—k?/k73)
after recombination [35], where k}, = m/\);.

For very small values of 3, the IM& constitutes 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 the scenario 5 2 0.1, where consequently A\p > A,. The analysis below
focuses on scales sufficiently small so that SM baryonic perturbations are always negligible
compared to CDM and Me overdensities (px ~ 0).

As discussed below eq. , both CDM and mirror components grow as D(z) during the
matter-dominated era, which means their ratio is fixed to its value at z.,. Let f; = ;/Qpu
be the fractions of the total DM density, such that f.+ f, = 1. Therefore the total DM

density perturbation at z., is:
oMk = felek + for Op = Oci (1 — fw(1— €_k2/kg)> ; (4.22)

where we combined the initial abadiatic condition dy, = 0. with the exponential Silk
damping. Since P(k) ~ 62, then we see that mirror matter damps the power spectrum by a

factor ~ F,# compared to standard ACDM cosmology, where

Fp = (1 BEY, (1— ekz/kg)) _ (4.23)

~ Qpu

To verify that our merger tree evolution is not significantly altered by the suppression
of P(k) on small scales, we applied the damping factor to the ACDM matter power
spectrum, and we computed the variance o?(R) and the integral P of eq. for a MW-
like halo (M = 10'? M) with this extra feature. Fig. 4.2 illustrates the damping of P (k)
and 02(R) due to mirror particles for § =5 and a few benchmark values of z.

P is the probability for a merger to happen and it is roughly inversely proportional to
the lifetime of large halos tpa1, which we will properly define in section .5l The accretion

rate I’ given by eq. (4.14]) also affects tya, but for large halos it represents such a small
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Figure 4.2: Effect of mirror Silk damping on the matter power spectrum P (k) (left) and
variance o%(R) (right) for 3 = 5 and comparison with standard ACDM cosmology. Note
that every curve for 0?(R) is normalized so that og = o(8 Mpc/h) = 0.815, following the
Planck results [41].

fraction of the total mass that we can ignore it. Let Pp be the value of the integral
computed with the damped power spectrum. We therefore expect that the lifetime should
scale as tpao ~ P/Pp.

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 20, or
43 %. In other words, our analysis is valid only if 0.57 < P/Pp < 1.43; outside this region
we cannot trust our conclusions because the merger trees would be too drastically affected
by the damping effects. Our results are illustrated in fig. We find that two regions above
B 2 3.7 must be excluded from our analysis: for 0.02 < z < 0.12, ¢, would be much longer
than the estimate we obtained using the ACDM power spectrum; whereas for x 2 0.2, the
halo lifetime in the presence of mirror matter would be too small.

Note that the different behaviors in these two regions come from two competing effects in
eq. (4.11): both |do?/dM,| and (07 — 03)*? are suppressed by the collisional 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
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Figure 4.3: Ratio P/Pp (~ tpao) of the halo splitting probability (eq. (4.13)) without
and with mirror Silk damping. The regions above the dashed curves are outside the self-
consistency range 0.57 < P/Pp < 1.43 and are excluded from our 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. In
particular, these constraints allowed ref. to rule out mirror matter from making up all

DM (8 ~ 5) if z > 0.3.

4.3 Cooling of primordial gas clouds

After the gravitational collapse and virialization of density perturbations, CDM and mirror
particles adopt different density profiles in the halos [147] (we ignore visible baryons in our

structure formation analysis, see section . CDM has a cuspy NFW density profile,

60



(Qc/Qm) (Avirpcrit/g)

pc(T) = 2" (4'24)
In(1+¢) i + !
" ¢ 1 + ¢ Tvir \ Tvir c
Mirror matter instead forms a cored isothermal profile,
o Qy Qm Avir cri 3
pu(r) = Sior (/S0 )( Boin i/ 3) (4.25)

2 2
T T'vir T T

e Gl ) < ()
Tvir To Tvir Tvir

The virial radius ;. is the radius of a sphere inside which the average overdensity is equal
to Ay (eq. ) Both profiles are truncated at r;,. The NFW concentration ¢ sets the
size of the central region of the CDM profile. The procedure to find ¢ for a given halo mass
at a given redshift is described in Appendix |C| [152]. Note that the CDM profile remains
constant throughout the lifetime of the halo.

The hot gas fraction f,,c = 1 for all newly formed halos, but fy.; decreases as the gas
cools and collapses. The core radius rq is initially related to the NF'W concentration as
ro/Tvir = 1/(3c¢), but as the gas cools, 1 increases such that the density and pressure at 7,
remain unaffected. This is impossible in the limit where a large fraction of the gas cools, so
we set an upper limit of rg = 157, to avoid a numerical divergence as ro — co. In this limit
(r/reie)? < (10/7vir)? and the density profile becomes essentially homogeneous.

Since mirror matter is not pressureless, its collapse leads to accretion shocks that heat

the gas to a temperature of roughly [35]

1GMup
Tu=0=1)Tw=0-1) 5=

: (4.26)

where 7 is the adiabatic index of the gas, i is the mean molecular mass, M is the total mass
of the halo including CDM. For simplicity, we will assume the gas is purely monatomic,

which sets v = 5/3.
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The temperature of a virial halo is always much greater than the temperature of the
matter background. This means the baryonic pressure p = pT'/u 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 C; be the cooling rate of a given process 7, in units of energy per unit time per unit

volume. If several reactions contribute to the total C, we can define the cooling timescale as

3 n(r) Ty

=T e T (4.27)

tcool (T)

where n(r) is the number density of all chemical species combined. Therefore t., is roughly
the time required for the gas to radiate all its kinetic energy. For two-body cooling processes,
C; ~ n?. Since n decreases monotonically with r, the cooling timescale increases as we move
further away from the center of the halo. We now briefly describe the various contributions

to C [35},/153-155].

4.3.1 Radiative processes

Inverse Compton scattering. At early times, electrons can scatter off background pho-

tons and transfer their kinetic energy to the radiation field. The cooling rate for this process is

ATy

Ccomp = ornearT?. (4.28)

e

where T}, is the matter temperature (given by eq. ), T is the radiation temperature, or
is the Thomson scattering cross section and ap is the radiation constant. Because the expan-
sion of the universe redshifts 7', inverse Compton cooling becomes negligible at late times.
Also, since T}y is usually much greater than T inside virialized halos, standard Compton

scattering (in which the photons transfer energy to particles) can safely be neglected.
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Bremsstrahlung. At very high temperatures the gas will be fully ionized and will pri-
marily cool via free-free emissions (bremsstrahlung). As free electrons scatter off ions, they

emit radiation and cool at a rate

1603gq (27T "/ )
Cr = — (W) ne Y miZ;. (4.29)

The sum runs over the ionized species (HT, Het™ and He™) and Z; is their electric charge.

For our analysis we took the Gaunt factor to be gg ~ 1.

Atomic transitions. When the ionization fraction of the gas is too small, bremsstrahlung
becomes inefficient. 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, losing energy by emitting photons. The atomic cooling rates Caiom
for all processes we considered are given in table of Appendix [B] Note that the collision
rate between atoms is much smaller than electron-atom scattering since free electrons have a
much higher velocity at a given temperature. We can therefore neglect atom-atom collisions

in our analysis.

Molecular transitions. Atomic cooling can only bring the gas to a temperature of ~ 5000 K
(about 0.5 eV), since below this point electrons don’t carry enough energy to excite or ionize
the atoms. But unlike atoms, molecular hydrogen possesses rotational 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 Hy is sufficiently
abundant.

The cooling function for molecular hydrogen can be parametrized as follows [154-156]:

NH, Lire

L 4.30
1+ Lirg/ Liow ( )

Cmol =

63



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. The LTE coefficient can be split into the contributions from rotational and

vibrational excitations: Lyrg = L% + LyiRg [155], where:

ro 9.5 x 1072TF 0N _ 513/m3 —24\ _—0.51/T: —1
Lizg :[( 401272 > e~ O3/ 1 (3 % 10724)e =05V 3} erg s, (4.31)
Lits = [(6.7 x 10719)e 5%/Ts 4 1.6 x 10_186_11'7/T3:| ergs ' (4.32)

In these expressions T3 = T'/(10° K).
In the low density limits, each species excite Hy with a different rate. One way to

parametrize this is to write

Liow = Z Lyny, (4.33)
P

where k represents either H°, H*, Hy, He or e and the L;’s are determined from a fit of the

following form:

N
logyp L = Y _ af logy T. (4.34)
=0

All fit coefficients a; are given in table of Appendix [B]

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 background
photons. Moreover, all cooling rates given above are valid as long as the gas is optically thin,
which is a good approximation in the primordial halos. If the density is too high, the emitted
photons can’t escape the gas and the energy loss is slowed down. In this approximation we

can also ignore any heating process that would counter the cooling.

4.3.2 Chemical abundances

To compute the cooling rates and timescale, one must also specify the number density n; of

each chemical species. In general, their relative abundances are determined by rate equations
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of the form [154]

I 1 KA S 19 e (459

JEF; reR; JED; reR;
where F; and D; are the sets of reactions R; that form and destroy the ith species and ni is
the number density of each reactant in R;. The coefficients k; set the rate of each reaction
and usually depend on the temperature of the system. If the right-hand-side of eq.
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

=
_ JEF;

> kyng)

JjeD;

(4.36)

The cooling mechanisms depend on the abundances of eight chemical species: H?, HT,
H-, Hy, He®, He™, He™™ and e_.|§| In the steady-state approximation, the network eq.
is usually underdetermined, but one can solve it if 1) the total nuclear density ny = nyg+nye
satisfies eq. (3.38)); 2) the total He-H number ratio Xy. = nye/ny satisfies eq. (assum-
ing nuclear reactions in stars do not strongly affect Xp.); 3) matter is neutral, which implies
Ne ™~ N+ + Nyt + 2npe++ (since the density of H™ is negligible). The reactions considered
in our simplified chemical network and their rates are given in table of appendix [B]

However, the steady-state approximation tends to break down at low temperature/densities:
if the timescale of a given reaction ¢, ~ (k,n)~! is smaller than the dynamical timescale of

—1/2

the system, tqyn ~ (Gp) , 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 = 10 the tqy, corresponding to the virial overdensity is ~ 0.2 Gyr. Taking n ~ 1 cm™3

— roughly the central density in halos at this epoch — we can check that Hy, H" and He™

respectively come into collisional equilibrium at about 4,000 K, 9,000 K and 15,000 K. Below

8Reaction 11 in table produces Hj 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.
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Figure 4.4: Example of the relative abundance of each chemical species n;/ny at z = 10 as
a function of the temperature of the gas. We used the benchmark parameters x = 0.1 and

g=1.

those critical temperatures we take the abundances of each species to be their relic densities
after recombination, as determined by Recfast++ (section [3.4)).

In reality the chemical species evolve toward their equilibrium values during shock heat-
ing; 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 galaxyﬂ Figure illustrates the evolution of each chemical species with
the temperature at z = 10 with parameter x = 0.1 and = 1. The abrupt transitions result
from the approximations described here, and would be smoothed out by fully solving eqs.

(4.35)), but with no appreciable effect on the consequent formation of structure.

9He™™, 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 effct
on the cooling rates since its abundance is negligible below 50000 K. We do likewise for H™ since its high
destruction rate keeps its abundance small at all times .
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4.4 Cloud collapse and star formation

As the hot gas cloud of mirror matter that fills the halo cools, its kinetic energy decreases
and the virial condition 2K = —U is no longer satisfied. This will result in the collapse of
the cloud |21]. The gas will also fragment since overdense regions have a higher potential
energy and cool more efficiently, making them collapse at an earlier time.

If the cloud has a mass M, its kinetic energy is K = 3MkT'/2p, where as in eq. 418
the mean mass per molecule. Approximating the cloud as a homogeneous sphere of radius R
and density p, its potential energy is U = —3G'M?/5R. On can easily check that the collapse
will take place (2K < —U) if R > \;, where the Jeans length is defined ad'¥] [21}[148]

| 15kT
Ay = : 4.
/ ArGup (437)

Below this scale the gas cannot collapse and fragment further. This sets the minimal mass

of fragments that result from the collapse,

_Amp

M, 5

A (4.38)

This expression yields a rough estimate of the mass of primordial mirror matter stars if one
knows the temperature and density at the end of the cloud collapse. Initially, if the cooling

mechanism is very efficient, the collapse will occur on a characteristic timescale set by the

ta(r) = 4 /3235pr. (4.39)

In this expression p, is the average matter density inside a sphere of radius r. Near the end

free-fall time,

of the free-fall phase, the density of the cloud increases by many orders of magnitude very

10 Another common definition for the Jeans length is A; = ¢ tg, where ¢, ~ (5lcT/3u)1/2 is the sound speed
in a nonrelativistic monoatomic gas and tg is given by eq. (4.39). With this definition, A; is the maximum
distance where waves can travel in the cloud and maintain an isothermal distribution before collapsing. This
definition agrees with eq. up to a constant of order unity.
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rapidly while T' remains approximately constant [21]. Therefore, if the collapse is isothermal,

the Jeans mass scales as

M; o p~'/?  (isothermal collapse), (4.40)

and decreases in time.

Once the cloud reaches a critical density, radiative processes become inefficient as the
gas reabsorbs the emitted photons. In the optically thick limit where gas does not radiate
its energy away, the temperature evolves adiabatically, 7' oc p?~!, which in turn implies that
M increases:

Mj o p@®7=9/2 = /2 (adiabatic collapse), (4.41)

where we used v = 5/3.

Therefore, M; reaches a minimum somewhere between these two regimes, which cor-
responds roughly to the minimal mass of cloud fragments. To estimate at which point the
collapse transitions between these two phases, we will follow ref. [109] which used Krome [154]
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,

3|3

1
~—, (4.42)
e

and solves the out-of-equilibrium rate equations (4.35)). The temperature evolves as [154]

(4.43)

n H-C
n nkT )’

where the cooling rate is C = ), C; and # 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.

We focus on the cloud collapse inside the MW halo at z = 10, which according to the
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merger trees has an average mass M ~ 8 x 108 My and central density n ~ 1 cm™3. It
is assumed that the collapse can always happen, independently of z and [, and that the
fragments can cool to ~ 10% of Ty (see eq. (4.26) before collapsing. In section we
will verify the values of (z,3) for which cooling is really efficient enough for the cloud to
collapse. In such a case T drops to values < Ty, before the density increases significantly.
Then our assumptions are self-consistent and allow for estimating the mass of primordial
stars independently of 3; dependence on x remains since it affects the chemical abundances.

Figure (left) shows the evolution of the temperature from eq. during the collapse
for several values of  and for the SM. It reveals that smaller values of x lead to more efficient
cooling, since more Hy can form. Interestingly, even when the hydrogen fraction is small, Hy
cooling can reduce T to ~ few x 100 K very rapidly. We evaluated the Jeans mass at the
minimum 7' (near n ~ 200 cm™3) to estimate the mass M. (M,) of the fragments in the /e
(SM). After this point, the cloud collapses quasi-adiabatically and the rise of 7" slows the
decrease of the Jeans mass. This point allows us to set an upper limit on the final fragment
mass M/ rather than evaluating it accurately, which is impossible in our simplified analysis.
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. [21},135].

Note that this oversimplification is not an issue, because we are only interested in the
ratio ( = M. /M, of the fragment mass in the 1M& and in the SM, which wouldn’t change
much if we evaluated eq. at another point of the (n,T') diagram. This ratio gives a rough
approximation of how the mass of mirror stars scales compared to the visible ones, which
allows us to estimate their lifetimes and their supernova feedback on structure formation.
Figure (right, blue curve) also illustrates the value of ¢ for all values of x. It is apparent
that ¢ > 1 for all values of x, indicative of the lower cooling efficiency in the Me (from
suppressed H abundance) leading to less fragmentation of gas clouds.

We should emphasize that this estimate of ( 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
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Figure 4.5: Left: Temperature evolution during the cloud collapse of a gas fragment at
z = 10 in a Milky Way-like halo for values of z increasing from top to bottom, including
the SM (z = 1,Y = 0.24). Evaluating eq. at the temperature minimum of each curve
gives an estimate of the mass of primordial stars. Right: Ratio ¢ of the minimal fragment
mass in the 12 relative to the SM (blue, solid) and ratio of the characteristic stellar lifetimes
(red, dashed+dotted). The dotted curve illustrates the extrapolation of eq. outside
the fit interval of ref. [157].

short-lived He-dominated stars in the IMe produce 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 [155,[158].

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 ¢, [21]. In the M2, 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):

100 M,
M, = m¢(m)dm ~ 0.3 Mg, (4.44)
0.08 Mg

where ¢(m) oc m=%3 is the Salpeter IMF [35,/159] normalized such that its integral over the

mass range of stable stars (0.08 Mg < m < 100 M) is 1. Hence we take the characteristic

70



stellar mass in the Me to be M, = ¢ x (0.3 My). Ref. [157] 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 Me stars by comparison to the SM:

*

t/
log,, (t—) ~ 0.74 — 2.86Y" — 0.94Y"* — 4.77log,, ¢ + 0.99(log,, ¢)? s
4.45

+1.34Y" log,, ¢ + 0.29Y " log,, ¢ — 0.28Y"*(log,, ¢)*.

The ratios ¢ and t,/t, are plotted in figure (right) as a function of x. ¢t /t, will
be used to estimate the supernova feedback of IM& stars on the formation of dark galactic
structures in section . We note that eq. is only valid up to Y' = 0.8 (z ~ 0.1),
so our estimate of the stellar lifetime for z < 0.1 is likely to be too small. However, in
this range one nevertheless expects that ¢, /t, < 1. In section 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 section [5.1| we
show that star formation is already maximally efficient at = 0.1; hence our results are not
sensitive to the precise value of ¢, /t, at lower temperatures, and it is safe to use eq.
for Y’ > 0.8.

4.5 Galaxy formation

We now have the necessary ingredients to study the formation of a dark galaxy. We will use
the semi-analytical model GALFORM introduced in [147]. The steps to be carried out for
implementing it are described as follows.

The M matter 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 M2 galaxy.
The disk fraction is further subdivided into two components: active stars and cold gas clouds.
Star formation 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
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for simplicity and since GALFORM is not set up to properly account for their gravitational
interaction with the MBE Instead, we include the visible baryons into the CDM fraction,

so that €, = Q. + Q.

4.5.1 Disk formation

The GALFORM algorithm simulates structure formation beginning at redshift z = 10, taking
as input the merger trees described above, and evolving forward in time using logarithmically
spaced time steps At. Halo evolution is simulated semi-analytically until the present, z = 0.
The lifetime of the halo ., 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 end of each
time step, two characteristic radii must be computed: the cooling radius 7., and the free-fall
radius rg. These are respectively the maximal distances such that the cooling timescale t.,
(eq. (4:27)) and the free-fall timescale (eq. (4.39)) are smaller than the elapsed time since
the beginning of the halo’s lifetime. Hence the radius r,cc = min(reeol, ) i the maximum
distance to which the gas has had time to cool down and accrete into compact objects.

The values of r,.. before and after the time step At delimit a spherical shell of width
Ar,e. that contains mass AM,.. of hot mirror matter gas. As shown in appendix B of

ref. [147], this accreted matter determines how the masses of the hot gas M and the disk

1 The only impact of SM particles in our analysis would be to potentially shorten the free-fall timescale,
eq. 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 g is small. Secondly, structure
formation in the M2 also equally depends on the cooling timescale, eq. , which is independent of the
SM matter.
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Mg change during that time step:

AMgisk = AMeola + AM,, (4.46)
1-R
o - - _ — At/ Tesr
AM, MColdl “RiB 1—e |
1— A
— AM,e 2 R AL ayne : (4.47)

Atl— R+ B Toif

AJw’cold = A]\43,(:(: - #AMM (448)
B
A]\4hot = _AMacc + ﬁAM* (449)

Here M.,q and M, are the masses of the cold gas and stellar components of the disk, and
M2, 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 7.¢ = 7./(1 — R + B). To determine 7,
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 7. /7, in

the M2 and in the SM is equal to the ratio of the characteristic stellar lifetimes ¢’ /t, given

by eq. (4.45)), .
t rp (t Vp e
i (B) =000l () (2 ) 4,
T (t) =203 (t) (200 km/s) (4.50)

Following ref. [147], we take R = 0.31 and B = (V5/(200 km/s)) %, where Vp =
(GM,,, /rp)'/? is the circular velocity at the half-mass radius rp of the galactic disk. As-
suming the disk has an exponential surface density, its half-mass radius can be estimated as
rp = 1.19Agr.c where Ay is a spin parameter that follows a log-normal distribution with
average value Ay = 0.039, that we adopt for simplicity.

The evolution of the disk and the hot gas mass fractions is found by iterating eqgs. (|4.46}

73



. During the characteristic time ty,,),, the temperature Ty, of the hot mirror matter gas
is assumed to remain at its initial value, eq. , and likewise for the relative abundances
of each chemical species and the core radius ry of the hot gas density profile. All of these
quantities are updated at the beginning of each stage of evolution spanning time t,,, for

all the active halos of the merger tree.

4.5.2 Galaxy mergers and bulge formation

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

T vir 0.3722 My
VH ln(MH/Msat> Msat .

Tmrg = @orbit (451)

Here Vi = (GMp /ryi:)'/? is the circular velocity at the virial radius, M, is the total mass
of the satellite halo (mirror baryons and CDM) and My is the total mass of the main halo,
including all the satellite halos. O is a parameter that depends on the orbit of the satellite.
It is characterized by a random log-normal distribution with an average (logyq Oorbit) = —0.14
and a standard deviation oj,ge = 0.26.

The outcome of a galaxy merger depends on the mass ratio of the two galaxies (disk and
bulge components only), ng?t /Mggfn. If this ratio is smaller than a critical value f.;, 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 the central disk.

" in which case both galaxies are

If the mass ratio is greater than f..;, the merger is “major,’
disrupted by dynamical friction and all the mirror matter ends up in a spheroidal bulge. We
take foiy = 0.3, the lowest possible value in agreement with numerical studies [147], but it

has been argued in ref. [148] that larger values do not change the results significantly.
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In a minor merger, the cold gas of the satellite galaxy is added to the main galactic disk,
which changes its half-mass radius rp. The new radius is determined by the conservation
of angular momentum, jpr = jp1 + jpz2, where |jp| = 2rpVy/1.68. Squaring and averaging

over the relative orientation of the two galaxies ({(jpi - jp2) = 0) yields

S rp1Mp1 + rpaMpo (4.52)
P Mpi+ Mpy '

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 ppyge ~ —r/4 but we find that
it can be more simply modeled as a sphere of uniform density and radius rp/2, without
significantly changing the final results.

By iterating over all halos and evolving until z = 0, the procedure described in the previ-
ous sections 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 present our

results in the following chapter.
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Chapter 5

Results and experimental constraints

We simulated galaxy evolution in 10 different merger trees for 18% combinations of (z, 3) in
the range 1073 < 2 < 0.5 and 1072 < 8 < 5 and averaged over the final fractions. Smaller
values of # cannot be constrained with present data given the current experimental sensitivity
to a very subdominant component of Me dark matter. Similarly, for x < 1073 the helium
mass fraction is saturated (Y’ ~ 0.99) and the chemical evolution of the M2 gas cannot
be distinguished from that at z = 1073. In this chapter, we will use these predictions in
conjunction with astronomical data to constrain the parameters of the model. This chapter

covers the material in section IV of ref. [19], the paper written by the author of this thesis.

5.1 Galactic distribution of mirror matter

The results of our e structure formation analysis are shown in figure[5.1] where the fractions
of the different components feas, faisks fouiges fsat and fi (the fraction in stars in the disk)
are plotted as functions of (z, ). One of the most striking features is that for much of the
parameter space (z < 0.1, 8 < 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, maintaining high pressure in the gas

cloud and preventing it from collapsing. Our results show that at low x and in the range
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Figure 5.1: Results of the mirror structure formation analysis. The top four panels show
the average fraction of mirror particles in each galactic structure (hot gas, disk, bulge and
satellite galaxies) in a 10'? M, halo such that fgas + faisk + foulge + fsat = 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 feoia = 1 — fi. The regions above the dashed curves are excluded from
our analysis due to the self-consistency check discussed in section @
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0.5 < B < 1 about 5-10% of the M2 forms 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 [80,81].

For Me densities 5 < 0.5, mirror matter behaves similarly 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 M2 would constitute only a small fraction of DM and
would not lead to dark stuctures (stars, planets, life forms), it could still have interesting
cosmological effects, like the suppression of the matter power spectrum on small scales. The
mirror gas cloud would also have a cored density profile, resulting in a shallower gravitational
potential in the center of the halo than in a pure CDM scenario, possibly ameliorating the
cusp-core problem.

The disk fraction fgic depends much more strongly on S than on z. 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 fs,; 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 fy,; 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 fyuge and the sum of faig and fee, which arises
because bulge formation requires both the main halo and the satellite subhalos to form,
before the latter are disrupted by dynamical friction. The absence of a disk for x = 0.1,
where fpuge 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
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to form again. Similarly, we can understand the small bulge fraction in the region g 2 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 = 0 for these parameters.

The bottom panel of figure|5.1{shows the effect of the shortened stellar lifetime in the V&
(see egs. and (4.50))). 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:.

5.2 Astronomical constraints

We now consider various astronomical constraints on Me galactic structures. The excluded
regions lie above the curves shown in figure [5.2] The limits on disk surface density, bulge
and total stellar mass, and from gravitational lensing surveys, are described in the following

subsections.

5.2.1 Thin disk surface density

Data from Gaia DR2 allowed ref. |[160] to constrain the surface density X p of a thin dark disk
in the vicinity of the Sun. The gravitational potential in the presence of a DM disk would be
deeper, leading to greater acceleration towards 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 hp ~ 10 pc
(which could explain phenomena like the periodicity of comet impacts [161,|162]), the 95 %

C.L. bound on its local surface density is

Mp_—ro/Lp < 4.15 Mo

Yp(Re) =

(5.1)
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Figure 5.2: Upper limits for M2 model 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 hp = 10 (green) or 100 pc (red) for the dark disk; gravitational
lensing events (double-dot-dashed) for m,,. = 0.4 (violet), 1 (brown) or 10 (cyan) My; and
the Bullet Cluster (long-dashed). The red shaded area is excluded, while the grey regions
lie outside the validity of our analysis (see section .

where R, = 8.1 kpc is the distance of the Sun from the center of the galaxy and Lp is the
scale length of the disk. The scale length is related to the half-mass radius rp, which we
included in our analysis, as rp/Lp ~ 1.68.

The constraint led ref. [160] 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 figure [5.1]

Assuming a thin disk with scale height hp = 10 pc, this bound rules out the region 5 2 1,
except for x 2 0.25 where it is relaxed to § 2 1.8. For a thicker disk with hp = 100 pc,

closer to the height of the visible disk, the constraint is relaxed to Xp(Ry) < 12.9 M, /pc?,
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loosening the bound on 3 by a factor of ~ 2.

An underlying assumption is that the dark disk lies withing 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, tay, ~ 1/v/Gp ~ \/L%/TMD :
Even if the dark disk has a negligible density such that only the visible disk contributes to
tayn (Mp ~ 10" Mg, Lp ~ 2.5 kpc), one finds gy, ~ 20 Myr, much shorter than the lifetime

of the halo. Hence in all cases the two disks should be coincident.

5.2.2 Bulge and total stellar mass

Data from Gaia DR2 further enabled ref. |[163] to determine the total mass of each component
of the MW halo by fitting the rotation curves of nearby stars and using other kinematic
data. They determined the mass of the galaxy (disk and bulge components combined) to
be 4.99753% x 101 My, in a 1.12 x 10'? M, halo. Scaling down their result to coincide with
our 10'2 M, halo, the total mass of the galactic components in our simulation should be
Mgy = 4461032 x 1010 My,

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 MW 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 |164] and references therein), which represents a visible matter
contribution of 3.1 x 10 M. This leaves room for the remainder to come from a mirror
galaxy component [

Under this assumption, we derive a 20 upper bound on the mass of the mirror galaxy
(disk plus bulge),

L1 <2 %100 M. (5.2)

gal

12The fraction of condensed baryons fluctuates by a factor of ~ 1.5 from galaxy to galaxy, which is
consistent with the disk 4+ bulge components of our halo containing only ordinary baryons.
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It is also possible to constrain the bulge mass of the MW separately. Ref. [163] determined
Myuge = 0.9370% x 10'° M, using Gaia DR2, in agreement with the value of ref. [165]
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 Mslll\fge =
2.0 + 0.3 x 10 M, [166}/167). Combining errors in quadrature, these imply the 20 upper
bound on the M@ contribution

M{)ulge = Mbulge — MM <0.83 x 10'° Mg . (53)

bulge ~o

Both (5.2)) and (5.3]) imply limits comparable to that from the dark disk surface density,
excluding $ 2 1 for any z. Due to the increased bulge fraction at large x, the bound on

M/

bulge D€COMES tighter at large x, ruling out 2 0.3 at © >~ 0.5.

We note that this method cannot be used to constrain the mass of the dark disk alone
since luminosity data don’t allow for an accurate measurement of the total mass of the MW
disk Mg due to the optical thickness of the galactic plane. The only constraint we can

obtain from the disk is an upper bound on the surface density in the vicinity of the Sun, cf.

section (211

5.2.3 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 Me structures 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.

S Mmac S

Y ~Y

We will focus on compact objects of mass 107! M, 10 Mg, 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 1Ve.
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Constraints on the MACHO fraction f,,. of DM in this mass range have been discrepant.
The MACHO collaboration studied microlensing events towards the Large Magellanic Cloud
(LMC) and initially reported evidence that MACHOs of mass 0.15-0.9 M, comprise 8-50 %
of the total halo DM [168], but it was later found that their dataset was contaminated by
variable stars [169]. The same survey showed no evidence for MACHOs in the mass range
0.3-30 M, |170]. The EROS and OGLE surveys found no evidence for MACHOs towards
< 7-30%. The MEGA and

Y

the LMC |171H174] leading them to place an upper limit fyac
POINT-AGAPE experiments came to different conclusions, the former finding no evidence
for MACHOs towards M31 [175] while the latter reported 0.2 < fiae < 0.9 [176].

To interpret these results we review some of the theory underlying MACHO searches
[23,[173|. Gravitational lensing is characterized by an optical depth

471G D?

T

/0 p(x)x(1 — z)de, (5.4)

where Dy is the distance to the amplified star and the integral is taken along the line of
sight, with z in units of D. 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 p
of the lens.

If Ny stars are monitored during a period Tg,s, then the expected number of detected

microlensing events is
Nex _ z Tobs
T <tE>

TNs(€), (5.5)

where (tg) is the average Einstein radius crossing time and (e) is an efficiency coefficient
that depends on the experimental selection criteria.

All the constraints cited above assumed that the MACHOs have an isothermal density
profile p ~ (r? +r2)~!, 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. Ref. |168] estimated the total optical depth due
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to visible stars in the MW and the LMC galaxies as 7 ~ 2.4 x 10™® with an average Einstein
radius crossing time (tg) ~ 60 days.

The optical depth 7" due to a mirror galaxy is roughly proportional to its mass; we can
therefore estimate it as 7/ =~ 73 X (fmac/0.2), where fiac = faisk + foulge + feat 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 [164]. In reality the contribution from each component weighs differently in the
value of 7: 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
7/ ~ 1;,(M]/M;) of each component, where M; (M]) 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 7/ by putting
all contributions on an equal footing and using the global fraction f,.. of condensed objects
in the halo.

Since the Einstein radius is proportional to the square root of the mass of the lens |173],
the value of (tg) can also be different in the Me. Assuming a fiducial mass of 0.4 M, for
SM stars, then we can approximate (t);) = (t£)\/Mmac/0.4 Mg, where mp,. is the mirror
MACHO mass.

The EROS-2 survey sets one of the most stringent limit on MACHOs in the direction of
the LMC [173]. During Ti,ps = 2500 days, it monitored Ny = 5.5 x 10° stars and detected no
microlensing event. This sets the 95 % confidence limit N, < 3. From visible stars alone we
expect Ny =~ 1.23 events for an efficiency coefficient (€) ~ 0.35. Then the limit on events

from mirror stars is N/, < 1.77, giving

0.35 m
mac < '2 = ) N
B fmac 5 029 ( G ) \/ 0.4M (56)
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where (€¢') is the efficiency coefficient of the 1Me, which could differ from the SM value if the
MACHO mass is different. We will consider three benchmark values of my.. to constrain
our model: 0.4 My, 1 Mg and 10 M. For simplicity we will also assume (¢') ~ 0.35 for all
masses.

The constraint is not very restrictive, despite mirror matter being in principle
capable of forming roughly as many compact objects as visible matter. If mirror stars had
a mass distribution similar to visible stars, then my,. ~ 0.4 My would only rule out g 2 2,
which is already excluded by other observations. It is possible that the typical M2 MACHO
mass exceeds that of SM stars since cooling and cloud fragmentation are less efficient in the
M2, as we argued in section [£.4 In that case the bound would be relaxed even more. A
full analysis of the stellar evolution in the M, including heavier elements that we have not
included, would be required to estimate my,. and the microlensing rate more accurately.
But based on the present analysis, it seems unlikely that MACHO detection towards the
LMC could be more constraining than the disk surface density or the stellar mass in the

MW.

5.2.4 Bullet Cluster

Interestingly, the Bullet Cluster allows us to set an upper limit on the hot gas fraction of
mirror baryons, that is, the absence of structure formation in the Mé. The visible galaxies
and stars on the scale of this cluster are essentially collisionless, but the hot gaseous baryons
that surround the galaxies were slowed down 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 [25]. As mentioned in chapter , this normally yields a bound on the integrated cross

section o/m. Here we instead follow the approach of ref. [17], constraining the distribution of
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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 refer-
ence frame. The incoming particles from the main cluster have an initial velocity vy ~ 4800

km/s. After the collision, they scatter with velocities

V] = v9Ccos O, vy = vgsin O, (5.7)

where O 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: vy, Vs > Ve

where veg. & 1200 km/s is the escape velocity. This happens for a scattering angle 6 (in the

CM frame)

V) 0 ) 2
 <sin= < 4/1— = . 5.8
” sin 5 ( " > (5.8)

The scattering angles in the two frames are related by © = /2 for equal-mass particles. The
evaporation rate is R = N71dN/dt where N is the total number of hot mirror particles in

the subcluster. It can be expressed as [27]

do
R = n2v0/ dQcM dQCM, (59)

where n, is the number density of mirror particles in the main cluster and the bounds of the
integral are given by eq. (5.8). Integrating (5.9) over the crossing time t = w /vy, where w is
the width of the main cluster, leads to the fraction of evaporated hot mirror particles,

AN ZQ do
—=1- — dQ2 1
N exp< — /esc O CM) ; (5.10)

where Y5 is the surface density of the hot mirror matter gas in the main cluster. Taking the

total DM surface density to be Ypy ~ 0.3 g/cm?, we can estimate 3y ~ ;S(Qb//QDM)ZDM,

BC

zas 18 the hot mirror matter gas fraction in the main cluster.

where
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Because of the large mass of the cluster and the subcluster (M 2> 2 x 10* 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 my and a charge Z = 1+ fue (see egs. (3.363.37)), their

differential cross section in the CM frame is

do AL 2
= . 11

where E = mx(vp/2)? is the total kinetic energy in the CM frame. Plugging this in eq.
(5.10) and evaluating the integral within the bounds of eq. (5.8)) yields

AN —AnZ4a2% 1-2 2
R exp{ i 2 (eac/t0)” } (5.12)
N my UO (Uesc/U(J) (1 - (/UGSC//UO) )

Assuming that only hot mirror particles are stripped in the collision, the constraint on

the evaporated mass fraction of the subcluster is:

fgaS/B bAN

f evap — QDM N

<0.3. (5.13)

This does not apply directly to our study, since we specifically studied structure formation
in a 10'? My, halo, while the Bullet subcluster has mass ~ 2 x 10'* M. However ref. [164]
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€ matter in
the Bullet Cluster as f ~ (1 — 0.1 fmac) (recall that fuac 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 microlensing, excluding only the region g 2 2.
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5.3 Outlook

In this section we describe other astronomical observations that could lead to new constraints
on the Me in 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 ~ 107! M [177-180]. However, the binary black hole (BBH) merger
rate R55, ~ 9.7-101 Gpe™® y~! detected by LIGO [181] seems to exceed the predictions of
R oy ~ 5.4 Gpe™ y~! in some theoretical models of star formation [182].

In has been suggested in refs. [183),/184] 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 electromagnetic 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 [185], which only led to the detection of one electromagnetic signal [186] out
of the many candidate events.

According to [183,/184], since the cosmic star formation rate (SFR) peaked at z ~ 1.9
for visible matter, then it should have peaked at a redshift 2’ ~ —1 + (1 4+ 1.9)/z in the
Me, 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 < zge), visible and mirror
particles collapse inside the same local gravitational potential well and they are shock-heated
to the same temperature ~ T (recall eq. (4.26)). 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 z-dependent rescaling of z.
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Nevertheless, the authors of [109,[110] suggested that the inefficient cooling and fragmen-
tation of mirror gas clouds could lead to the early formation of direct collapse black holes
(DCBHSs). Although they would more likely act as supermassive BH seeds, they could also
increase the binary merger rate in the mass range probed by LIGO and the other GW inter-
ferometers. In the next decade, as the measurements and predictions for Rppy 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 21-cm line is a consequence of the hyperfine structure of hydrogen
and is emitted when the spin of its electron flips. The intensity of this signal depends on the
abundance of neutral hydrogen as well as the temperature at the moment of its emission.
The EDGES experiment reported a surprisingly deep absorption feature in the signal emitted
at the epoch of reionization [187]. Although it still awaits confirmation, many have tried
to relate this anomaly to DM properties [188-193]. Mirror matter could be compatible
with the EDGES result if the model is augmented by a large photon-mirror photon kinetic
mixing term, € ~ 1073, 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. [192]. (The large kinetic mixing would
evade constraints from underground direct detection since millicharged mirror DM would
not be able to penetrate the earth.) Ref. [194] proposed an alternative mechanism in which
mirror neutrinos decay to visible photons, v, — yv;, to explain the EDGES anomaly, using a
smaller kinetic mixing ¢ < 107%. This scenario too would require mirror symmetry breaking,
in the form of a small M2 photon mass. These two models might require even further
breaking of the mirror symmetry in order to avoid stringent limits ¢ < 107-1077 set by
Neg [17,]125] and orthopositronium decay [124] in the unbroken symmetry scenario.

Independently of whether the EDGES anomaly is confirmed, furture 21-cm line surveys

can be used to constrain compact DM objects like mirror stars. Should mirror matter
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compact objects form before visible stars (as in the early formation of DCBHs proposed
by [109/110]), those objects would accrete visible matter and accelerate the reonization of
the universe, leaving a characteristic imprint on the 21-cm signal |195] and distorting the
CMB spectrum [196]. The suppression of the power spectrum by a dark sector, as we
discussed in section is also expected to delay structure formation and the absorption
feature of the 21-cm line |197].

It was recently suggested that gravitational lensing of fast radio bursts would present
a characteristic interference pattern and could probe MACHOs in the mass range 1074
101 M, [198]. 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 [199,200], but not explored in detail. A smoking gun signal for small
mirror matter structures would be the detection of an exoplanet-like object via Doppler
spectroscopy or microlensing 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 MACHOSs (muyac 2

~

5-10 M) from making up a significant fraction of
DM [201}202]. Future studies of similar systems could tighten the constraints on MACHOs

and, pending a more refined model for mirror star formation, on mirror matter.
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Chapter 6

Conclusions

Working within the context of unbroken mirror symmetry, this thesis investigated the for-
mation of galactic structures of mirror dark matter in a MW-like halo and constrained the
parameters © = T"/T, § = Q /Q of the theory using astrophysical data. We have shown
that the temperature hierarchy x < 1 required by cosmological observations leads to a
He-dominated mirror sector. We also presented a numerical calculation of the mirror recom-
bination evolution and the relic ionization fraction. Our results show that recombination is
generally more efficient in the 1Me, leaving fewer free electrons at late times. Consequently,
and because of the low Hy' abundance, primordial gas clouds of mirror matter cool more
slowly and are less prone to structure formation than ordinary baryons.

Our structure formation simulation showed that over 90 % of mirror baryons remain in an
isothermal hot gas cloud if < 0.1 and 5 < 1. Nevertheless, astronomical observations al-
lowed us to ruleout § 2 1 forx < 0.1 and § 2 0.3 at x = 0.5. The most stringent constraints
come from observations of the MW disk surface density and bulge mass. Both of these are
derived by comparing stellar dynamics (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.

One may wonder how likely it is to find an embedding of perfect mirror symmetry in a
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complete model including inflation, such that the relative temperatures in the two sectors
differ as we have presumed. Surprisingly, little effort has been devoted to this issue in the
past decades. In ref. [19], we proposed an ‘out-of-phase’ tachyonic reheating mechanism in
which the two sectors couple to the inflaton with opposite signs. In principle, this could
naturally lead to a temperature difference between visible and mirror matter, but further
investigation is required to check if this model is consistent with the constraint = < 0.5.

It is also interesting to contemplate non-minimal scenarios in which mirror symmetry is
not exactly conserved 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, v/ £ v, which changes the mirror fermions masses
by a factor v/ /v. In that case, if v'/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. Mirror symmetry could also
already be broken during reheating, which would affect the decay rate of the inflaton into
each sector and lead to different reheating temperatures without portal interactions |126].
By generalizing the chemical and cooling rates described in Appendices [A] and [B] for the
nonsymmetric 1Me, our present analysis could be repeated to study structure formation in
theses altered scenarios.

Another variation of the model is the inclusion of the Higgs portal interaction h2h'
or kinetic mixing F*”F),, between the /2 and the SM. Although significantly constrained
by laboratory and astrophysical considerations, they could have important implications for
cosmology and structure formation. For instance, mirror photons produced in ordinary su-
pernovae would heat the dark M2 disk, leading to its expansion (larger scale height hp) [17]
and possibly lifting our current constraint from the MW disk surface density. More im-
portantly, these portal interactions would also open the possibility for direct and indirect

detection experiments, providing us with new ways to probe the mirror sector.
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Appendix A

Recombination parameters

Here we define quantities appearing in the evolution equations that are needed
for recombination in the mirror sector [132-140].

The Thomson scattering cross section is op = 6.6524 x 107%° cm™? and ag = m2k*/15h3¢3
is the radiation constant. The other parameters come from the atomic configuration of
both elements. The Lya frequency is v, = 2466.0 THz. The He" 2s-1s frequency is v, =
4984.9 THz and v,, = 145.62 THz is the frequency difference between the 2p-1s and the
2s-1s transitions of He?. The two-photon rates are Ag = 8.22458 s™! and Ay, = 51.3 s~ L.

The two recombination parameters a; are given by (in m3 s7!):

F at?
v Al
M= 70197 1 qd’ (A1)
/ / p 1 i
e = T Ry 14 ) 2M , A2

where the fit coefficients are a = 4.309, b = —0.6166, ¢ = 0.6703, d = 0.5300 and t =
T, /10 K. F is a fudge factor set to 1.125 [203]. Furthermore, ¢ = 1071674 p = 0.711, T} =
10514 K and T5 was fixed at 3 K. The principle of detailed balance gives the photoionization

coefficients f;:

KT\ ,
Bi = gicy (mQ h2M> e i/ T, (A.3)
s
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The statistical weight factor g; is 1 for H and 4 for He and the ionization energies from the
2s level are xyg = 3.3996 eV and xpg. = 3.9716 eV.

Finally, the coefficients K; take into account the cosmological redshift of the H Ly« and
He® 2p-11s photons that reionize the atoms. They are given by K; = \}/(87H(z)) with

Ao = 121.5682 nm and Ay, = 58.4334 nm.
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Appendix B

Cooling and chemical rates

The tables below list the cooling rates of all atomic processes as well as the fitting coefficients
for eq. (4.34). We also list every chemical rate that enters the Boltzmann equations (4.36])

and that allowed us to find the steady-state abundances of every species.

Table B.1: Cooling rates for atomic processes. Tk is the gas temperature in kelvin and
T, = T/(10™ K). The densities n; are in cm 3. Adapted from [35,[153].

Process Species Catom (erg s™' cm™3)
HO 7.5 x 10719(1 + T3/?)~1e~ 118348/ Ty g
Collisional
egci}cszigir(l)?l He* 5.54 x 1071 "7(1 + T51/2)7167473638/TKnenHe+

He? (triplets) — 9.10 x 107277 01087(1 4 70/%) =1~ 18179/ The 2y

HO 1.27 x 1072 T/ % (1 + Tp/?)~1e 1578091 Ticpy o
Coisional He® 0.38 x 107 2T/ (1 + T3/%) 1853541 Ticy o
He* 4.95 x 10272 (1 + T2/?) =1~ 631515/ Ty iy
He"(239) 5.01 x 10~27T 01087 (1 o T/2)=1=55338/ T2y
H* 8.7 x 10~/ > T 02(1 + TOT) ngnygs
Recombination Het 1.55 x 1072572347 nyy+
Het+ 3.48 x 107267/ T; 02 (1 4 TO7)  nenges+
Dielectronic
recombination He™ 1.24 x 1071815 =470000/Tk (1 4 (0.3 94000/ Tk )y oy v
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Table B.2: Fitting coefficients for Hy cooling rates in the low density limit assuming a 3:1
ortho-para ratio. Adapted from [154].

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

HO 10 < T <100 ap = —16.818342 HO 100 < T < 1000 ap = —24.311209
a; = 37.383713 a; = 3.5692468
as = 58.145166 ay = —11.332860
az = 48.656103 a3 = —27.850082
ay = 20.159831 ay = —21.328264
as = 3.8479610 as = —4.2519023

HO 1000 < T" < 6000 ap = —24.311209 H, 100 < T" < 6000 ap = —23.962112
a; = 4.6450521 a; = 2.09433740
as = —3.7209846 ay = —0.77151436
asz = 5.9369081 az = 0.43693353
as = —5.5108047 ay = —0.14913216
as = 1.5538288 as = —0.033638326

He? 10 < T < 6000 ap = —23.689237 H* 10 < T < 10000 ap = —21.716699
a; = 2.1892372 a; = 1.3865783
ay = —0.81520438 ay = —0.37915285
az = 0.29036281 as = 0.11453688
as = —0.16596184 ay = —0.23214154
as = 0.19191375 as = 0.058538864

e 10 < T <200 ap = —34.286155 e 200 < T < 10000 ap = —22.190316

a, = —48.537163
ay = —77.121176
as = —51.352459
ay = —15.169160

as = —0.98120322

ap = 1.5728955

az = —0.21335100
as = 0.96149759
ay = —0.91023195
as = 0.13749749
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Table B.3: Chemical reaction rates considered in our analysis. Tk and T, represent the gas
temperature in K and eV, respectively, while T’, . is the photon temperature in eV. Table
adapted from [142,|{154,204]. Some minor reactions were ignored for simplicity.

Reaction

Rate coefficient (cm?® s™ or s71) Temperature range

1)H® + e — HY + 2¢

2) HY + e — H + v

3) He® + e — He™ + 2¢

4) Het + e — He + v

5) He™ + ¢ — He'™™ + 2¢

6) He™ + e — He™ + ~

ky = exp[-32.71396786+13.5365560 In 7,

- 5.73932875 (In 7,)*+1.56315498 (In T,)3

- 0.28770560 (In 7,)*+3.48255977 x 10~2(In T,)

- 2.63197617 x 1073(In T,)0+1.11954395 x 10~*(In 7.)7

- 2.03914985 x 1075(In T,)*]

ky = 3.92 x 10718 T, —0-6353 T < 5500 K
ky = exp[-28.61303380689232 T > 5500 K
- 7.241 125 657 826 851 x 10~ In 7,

- 2.026 044 731 984 691 x 102 (In T})>2

- 2.380 861 877 349 834 x 1073 (In 7,)?
- 3.212 605 213 188 796 x 10~* (In T,)*
- 1.421 502 914 054 107 x 1075 (In T,)

+ 4.989 108 920 299 510 x 1076 (In 7,)®

+ 5.755 614 137 575 750 x 10~7 (In T,)"

- 1.856 767 039 775 260 x 1078 (In 7,)®

-3.071 135 243 196 590 x 1079 (In 7,)°]

ks = exp|-44.09864886

+ 23.915 965 63 InT,

- 10.753 230 2 (In T,)?

+3.058 038 75 (In T,)3

- 5.685 118 9 x 107! (In 7,)*

+6.795 391 23 x 1072 (In T,)°

-5.009 056 10 x 1073 (In T},)°

+ 2.067 236 16 x 10~* (InT})”

- 3.649 161 41 x 1075 (In T,)?]

ky = 3.92 x 10718 T, —0-6353 T, <08
Jey = 3.92 x 10713 7-0.6353 T,.>08
+ 154 x 1070 T3 [1.0 + 0.3 / exp(8.099 328 789 667/T.)]

/[exp(40.496 643 948 336 62/T,)]

ks = exp[-68.710 409 902 120 01

+ 43.933 476 326 35 InT,

- 18.480 669 935 68 (In 7,)?

+ 4.701 626 486 759 002 (In T,)3

- 7.692 466 334 492 x 107! (In T,)*

+ 8.113 042 097 303 x 1072 (In 7,)°

- 5.324 020 628 287 001 x 1073 (In T,)°

+1.975 705 312 221 x 10~* (In T,)7

- 3.165581065665 x 1076 (In T,)*]

ke = 3.36 x 10710 T"/%(Ty /1000)~02(1 + (T/105)0-7)~1

97



Table B.3: (Continued) Chemical reaction rates considered in our analysis. Tk and T,
represent the gas temperature in K and eV, respectively, while T, . is the photon temperature
in eV. Table adapted from [142}/154,204]. Some minor reactions were ignored for simplicity.

Reaction Rate coefficient (cm?® s71 or s71) Temperature range
VH +e—H + 1~ ky = 3 x 10716 (T /300)%%° exp(—Tx /9320)
)H 4+ —H +e k_7 =4 ky (mcT,0/27h2)*? exp(—0.754/T,)

) H  + H* - Hy + e ks = 1.5 x 1079 (T /300) %!
11) Hy + HT — Hf + H® Ky = exp[-24.249 146 877 315 36
+ 3.400 824 447 095 291 In T,
- 3.898 003 964 650 152 (InT.)?
+ 2.045 587 822 403 071 (In T,)?
- 5.416 182 856 220 388 x 107! (In T,)*
+ 8.410 775 037 634 12 x 1072 (In T,,)°
- 7.879 026 154 483 455 x 1072 (In 7,)°
+ 4.138 398 421 504 563 x 10~* (In T,)"
- 9.363 458 889 286 11 x 10~ (In 7.)%]
12) Hy + e — 2HY + ¢ kip = 5.6 x 107HT%5 exp(—102124.0 /T )
13)H 4 e — H° + 2¢ kys = exp(-18.018 493 342 73
+ 2.360 852 208 681 In 7.,
- 2.827 443 061 704 x 107! (In 7,)?
+ 1.623 316 639 567 x 1072 (In T,)*
- 3.365 012 031 362 999 x 1072 (In T,)*
+1.178 329 782 711 x 1072 (In T,)°
- 1.656 194 699 504 x 1073 (In T,)S
+ 1.068 275 202 678 x 10~ (In 7.)7
- 2.631 285 809 207 x 1076 (In 7,)3
15) H 4+ HY = 2HO 4+ 4 ky5 = 4 x 1078 (T /300)*°
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Appendix C

Finding the NFW concentration

In this appendix we outline the procedure presented in the appendix of ref. [152] to determine
the concentration ¢ that parametrizes the NFW density profile (eq. ) of CDM in a given
halo.

Let M be the mass of a given halo at a redshift zy. The authors of ref. [152] defined the
collapse redshift z., as the moment at which half the mass of the halo was inside progenitors
more massive than fM, where f ~ 0.01 is a fraction determined by numerical simulations (so
that this definition of 2. agrees with egs. ) Integrating eq. between My = fM
at t1 =t and My = M at ty = tg gives the fraction of M that was in halos more massive

than fM at z. [149], which according to the definition above should be one half:

M

(C.1)

N | —

2(of — 03

50— 40
fr2(My, M)dM; = erfe (Coll_col?))

M

2

Here erfc(z) is the complementary error function. Recall that 62, and o2 are the values

extrapolated to z = 0 (which may be different from zp). Expanding this expression in series

and using 0%, ; = deol(2:)/D(2i), Where deo1(2:) and D(2;) are given by eqs. (4.5) and (4.4),
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gives the following relation:

Ocor _ Geort D(20) NG
= =1+ 2 (0? — 02). C.2
6201,2 5001,2 D(Zcol) 4 5201,2 ( 1 2) ( )

Eq. (C.2) can be solved to obtain z.,. In an Einstein-de Sitter universe (2, = 1, A = 0),

which is a good approximation at high redshift, the solution is

B . 125 \? S
1+ Zcol = (1 + ZO) + 3888ﬁ 2 (01 - 02)' (CS)

If A # 0 the solution must be found numerically.
Let rg = ryi;/c be the characteristic scale of the NFW profile. Eq. (4.24)) can be rewritten

as:

O Q.
,Oc(T> - (T‘/TS)(T/TS T 1)2 (m) Perit (04)

where we have introduced the (dimensionless) characteristic overdensity of the halo:

Ay 3
J, = —= ) C.5
3 In(1+¢)—c/(1+¢) (C-5)
N-body simulations suggested the following relation between z., and §. [149):
14 2ol 1/3
~ () .

where C' = 3 x 103 is a fit parameter. Combining egs. (C.5) and (C.6) after obtaining z

yields a transcendental equation for ¢ that must be solved numerically.
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