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Dissipative dark matter, such as mirror dark matter and related hidden-sector dark matter candidates,
require an energy source to stabilize dark matter halos in spiral galaxies. It has been proposed previously
that supernovae could be the source of this energy. Recently, it has been argued that this mechanism might
explain two galactic scaling relations inferred from observations of spiral galaxies. One of these is that

PoTo 1s roughly constant, and the other relates the galactic luminosity to ry. (pg is the dark matter central
density and r, is the core radius.) Here we derive equations for the heating of the halo via supernova
energy, and the cooling of the halo via thermal bremsstrahlung. These equations are numerically solved to
obtain constraints on the p,, ro parameters appropriate for spiral galaxies. These constraints are in
remarkable agreement with the aforementioned scaling relations.
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I. INTRODUCTION

The standard ACDM scenario [1], which invokes
weakly interacting dark matter particles, has proven to be
extremely successful in explaining the observed large-
scale structure and cosmic microwave background
anisotropies [2]. However, this scenario is challenged by
observations on smaller scales. For example, measure-
ments of rotation curves of spiral galaxies indicate the
existence of a dark matter cored profile (e.g. Ref. [3]) in
disagreement with the cuspy profile predicted by simula-
tions of noninteracting dark matter [4].

Another challenge to the standard ACDM scenario is the
lack of any evidence for new stable particles in LHC
collider searches [5]. From a particle physics perspective,
though, there is no compelling reason to favor weakly
interacting particles over richer dark matter scenarios. In
fact, the success of the standard model in explaining all
collider data to date is a definite hint that dark matter
resides in a hidden sector. That is, the fundamental
Lagrangian decomposes into two sectors: one describing
the standard particles and forces, and another which will
contain the dark matter,

L = Loy + Lygn: (1)

The sector describing the ordinary particles has G =
SU@3) ® SU(2); ® U(1)y gauge symmetry, while the dark
sector has independent gauge symmetries, G'. In this case
one expects dark matter to be multicomponent, self-
interacting and perhaps dissipative if the hidden sector
has an unbroken U(1)’ gauge symmetry. Such scenarios
can also successfully explain the large-scale structure and
cosmic microwave background (CMB), but can yield very
different physics on small scales. Such hidden-sector dark
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matter has been discussed in the literature in a variety of
contexts; see e.g. Refs. [6-20].

If the hidden sector does indeed contain an unbroken
U(1) gauge symmetry, then the associated ““dark’ photon
can kinetically mix with the ordinary photon,

L iy =5 FF'F, 2

v

N m

where F,, (F),,) is the field-strength tensor for the photon
(dark photon). Such kinetic mixing is gauge invariant and
renormalizable [21] with € viewed as a fundamental pa-
rameter of the theory. The physical effect of the kinetic
mixing interaction [22] is to induce a tiny ordinary electric
charge (o €) for the hidden sector U(1)’ charged particles.

Mirror dark matter is a well-motivated and concrete
example of hidden-sector dark matter in which L4, is
an exact duplicate of the standard model sector [23]. This
means that the hidden sector has gauge symmetry G’ =
SU(3) ® SU(2);, ® U(1)}. If the chiral left- and right-
handed fermion fields are interchanged in such a hidden
sector then the theory has an unbroken “mirror”” symmetry
mapping each ordinary particle onto a “‘mirror” particle
(along with x — —x). That is, for each ordinary particle
e,v,u,d,...,7, ... there is a corresponding mirror parti-
cle, which we denote with a prime ('): ¢/, v/, v/, d', ..., v/, ....
The unbroken mirror symmetry ensures that the mirror
particles have the same masses as their corresponding
ordinary counterparts. Similarly the gauge self-interactions
(mirror electromagnetism, etc.) have the same form and
strength in the mirror sector as they do in the ordinary
sector. Although the focus here is on mirror dark matter,
our results may be relevant to closely related hidden-sector
models, such as the ones discussed in Ref. [15].

Mirror dark matter has emerged as an interesting dark
matter candidate; for reviews and more complete bibliog-
raphy see e.g. Ref. [8]. Mirror dark matter can explain [9]
the large-scale structure of the Universe—the matter power
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spectrum and CMB—in a manner analogous to standard
collisionless cold dark matter models provided that
€ < 1077 [24]. Such values of € are well consistent with
direct laboratory limits, which arise from rare decays of
orthopositronium [25]. Importantly, mirror dark matter can
also explain [26] the positive dark matter signals from the
DAMA [27] experiment along with the more tentative
signals from the CoGeNT [28], CRESST-II [29] and
CDMS/Si [30] direct detection experiments. This explana-
tion requires photon-mirror photon kinetic mixing with a
strength of € ~ 107°. Of course, this type of rich dark
matter candidate can feature a whole range of phenomena,
especially on small scales (galactic and smaller) which
have only begun to be explored (see e.g. Refs. [31-36]).

In this article we return to the problem of galaxy struc-
ture in the context of mirror dark matter. The existence of
the unbroken U(1)’ interaction will inevitably lead to sig-
nificant self-interactions of the mirror particles. An impli-
cation of this is that galactic halos of spiral galaxies would
have to be composed (predominately) of mirror particles in
a pressure-supported spherical plasma [33]. There may
also be a subcomponent consisting of compact objects
such as old mirror stars. Some of the interactions within
the halo will be dissipative, such as thermal bremsstrahlung
(e.g. ¢/ + He' — e’ + He' + ') which can cool the halo.
At first sight, this might put into question the very existence
of the halo. At any rate, the stability of the halo needs to be
explained. A possible explanation was suggested sometime
ago [33]. The idea is that ordinary core-collapse super-
novae provide the required energy. In the hot and dense
core of a type II supernova mirror electrons and positrons
can be created from kinetic mixing-induced plasmon decay
processes [37]. Thus ordinary supernovae can be a source
of light mirror particles as well as the ordinary neutrinos.
Indeed, it is estimated that mirror particles (¢/, &, y’) carry
off roughly half of the core collapse supernova energy if
€ ~ 1077 [34,37]. A significant fraction of this energy can
be absorbed by the mirror particle halo and thereby poten-
tially replace the energy lost due to dissipative interactions.
Order-of-magnitude estimates [33] suggested that the
amount of heat generated roughly matched the energy
dissipated for the Milky Way. The same mechanism could
be responsible for stabilizing the halos in all spiral gal-
axies. If so, then matching the total heat supplied from
ordinary supernovae to the energy dissipated suggests [38]
a rough galactic scaling relation for spirals: Rgy o p3rs.
Here, pg, ry are the dark matter central mass density and
core radius and Rgy is the galactic supernova rate. It was
further suggested that the way in which energy from super-
novae is distributed would lead to a cored dark matter
distribution. It was argued that a second scaling relation,
Poto = const, might be explained in this way [38].

The purpose of this article is to provide a more detailed
numerical analysis of this whole picture. Let us mention at
the outset that the problem of small-scale structure is a
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complicated one and the analysis performed here, although
an improvement on the rough physical arguments of
Refs. [33,38], still has some deficiencies. A number of
assumptions are made, which would require further checks
and refinements. More importantly, we do not attempt to
evolve the galaxy from an early time to its present state, but
rather see if we can at least explain some of the current
properties of spiral galaxies.

This paper is structured as follows. In Sec. I we give a
brief overview of the central idea: dissipative dark matter
candidates like mirror dark matter (and by extension,
closely related hidden-sector models) can have their halo’s
stabilized via supernova energy. In Sec. III we discuss the
hydrostatic equilibrium condition, which we numerically
solve to obtain the galactic temperature profile for several
example spiral galaxies. In Sec. IV we consider the ion-
ization state of the halo. The equations governing the
ionization fractions of the mirror helium, mirror hydrogen
and mirror metal components are given and numerically
solved. In Sec. V we derive equations for the heating of the
halo via supernova energy, and the cooling of the halo via
thermal bremsstrahlung. These equations are numerically
solved to obtain constraints on the p,, ry parameters ap-
propriate for spiral galaxies. These constraints are then
compared with the scaling relations inferred from obser-
vations of galactic rotation curves. In Sec. VI, we comment
on dwarf spheroidal galaxies and in Sec. VII we briefly
discuss elliptical galaxies and galaxy clusters. Finally we
give a few concluding remarks in Sec. VIIL

II. THE HEATING OF THE GALACTIC HALO

The physical picture is that spiral galaxies such as the
Milky Way are currently composed of ordinary matter in a
disk, and mirror dark matter predominantly in a (roughly)
spherical halo. The halo consists of an ionized plasma
formed out of the mirror particles, e, H/, He/, O, Fe/, .. ..
The plasma dissipates energy due to thermal bremsstrah-
lung and other processes and this energy needs to be
replaced. The idea [33] is that ordinary supernovae can
supply this required energy if photon-mirror photon kinetic
mixing exists [Eq. (2)]. Such kinetic mixing gives the
mirror electron and positron a tiny ordinary electric charge
of magnitude ee. The energy-loss rate for production of
such mini-charged particles from supernovae has been
estimated in Ref. [37],
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where O, is a factor of order unity, and u, is the electron
chemical potential and 7 = 30 MeV is the temperature of
the supernova core. Demanding that Qp does not exceed
the energy loss rate due to neutrino emission implies that
€ = 107° [37]. Thus, supernova can be a source of ener-
getic light mirror particles ¢/, &, ¢’ which can ultimately
replace the energy lost due to radiative cooling. This
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heating of the halo is in the central region of the galaxy,
which leads to the temperature having a mild radial de-
pendence. The halo is generally hotter at the center and
decreases as the distance from the center, r, increases. The
“average” halo temperature (say at a distance r = 3rp
where rp is the disk scale length) is typically of order
300 eV for the Milky Way, and ranges from 10 eV for the
smallest spirals to around a few keV for the largest spirals
(see the discussion in the following section).

The amount of supernova energy required to replace the
halo energy lost due to radiative cooling is sizable.
Estimates [33,38] indicate that at least a few percent of
the total supernova energy needs to be absorbed by the
halo. Is this reasonable? Let us assume a kinetic mixing
parameter € ~ 107, so that around half of type II super-
nova energy is converted into ¢/, &', y’ emitted from the
core initially with energies ~ MeV. The huge number
of energetic €', &', y' particles injected into the region
(~ 1 pc?) around an ordinary supernova will rapidly cool,
ultimately converting most of their energy into mirror
photons. The energy spectrum of these mirror photons is
naturally very difficult to predict but it could have some
vague resemblance to the y spectrum of ordinary gamma-
ray bursts (GRBs). We recall that GRBs feature a fairly
wide spectrum of energies with a mean of ~700 keV with
a few percent of the energy radiated below around 10 keV.
In any case, these mirror photons will then heat the mirror-
particle halo, potentially supplying the energy lost from the
halo due to radiative cooling.

It has been argued previously [33,38] that this v’ energy
cannot be transferred to the halo via elastic (Thomson)
scattering off of free ¢’’s in the plasma. The Thomson cross
section is at least an order of magnitude too small. Thus, if
the halo contains only H' and He’ components, then it is
hard to see how enough energy can be absorbed by the halo
to replace the energy lost due to radiative cooling. However
if the halo contains mirror metal components then the
situation is much more promising. The heavy metal com-
ponents are not fully ionized but can have their atomic K
shells filled. The photoionization cross section is many
orders of magnitude larger than the Thomson cross section
and even a small metal component can make the halo
optically thick, at least for a range of ' energies. Once
the energetic K shell ¢’ is ejected from the ion, it will
interact with the free ¢’s and the ions in the vicinity
(typically ~pc) and thermalize.

The total photoelectric cross section' of a mirror
element with atomic number Z is given by (see e.g.
Ref. [39])

161/2 772
ope(E,) = %JZS[’”JI] for E, > 1, (4)

Y

"Unless otherwise specified, we use natural units with 2 =
c=1.
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where I is the ¢’ binding energy and g = 1 or 2 counts the
number of K-shell mirror electrons present. Evidently, the
photoelectric cross section decreases with mirror photon
energy like (E,)~"/2. For E, near threshold the cross
section has a slightly softer behavior, opg « 1/ E3y, and
drops abruptly to zero at E,, = I [40]. The contribution

to the optical depth from such inelastic scattering for '
propagating out from the galactic center is

(o] g !
Tis = 22[ opphydr ~ ZzporoUPE[m_A]» >
A A

0 A

where &4 is the proportion by mass of the mirror metal
component, A’ (e.g. A’ = C', O/, Si/, Fe/, ...). The quanti-
ties py and r( are the halo central mass density and core
radius, whose product pyr, has been inferred to be roughly
constant (i.e. independent of galaxy luminosity), with a
value around 10>?mg /pc? for a Burkert profile [41-43].

If we consider just the Fe’ component, we find that the
optical depth is substantial, 713 = 0.1, provided

=] ©

Po’o
102.2mo/pc2

Ey/ = 30 keV[

If the £ component is not too small (= 0.01) and assum-
ing that the supernova 7y’ spectrum peaks above ~30 keV
and falls sharply at low energy (like a thermal spectrum)
then the supernova energy being absorbed by the halo will
arise (predominantly) from v’ in the energy range

9keV = E, =< 30 keV. (7

Even if there are more abundant lighter components, such
as O, this may not change this picture greatly. Thus,
including just the Fe’ component might be sufficient
when considering how much supernova energy is being
absorbed by the halo. We will see in Sec. V that the derived
galactic scaling properties of spiral galaxies are relatively
insensitive to the precise details of the supernova 1y’
spectrum.

To summarize, ordinary core-collapse supernova will
produce light mirror particles e’, &', y' from their core
with a total energy comparable to the neutrino burst pro-
vided that a kinetic mixing with a strength of € ~ 107°
exists. The bulk of this energy is expected to be converted
into mirror photons, 7/, in the region around the supernova.
The details of the resulting y’ energy spectrum are poorly
understood, but only the part of this spectrum below
around 30 keV will be important for heating the halo.
This heating is achieved by interactions (photoionization)
with heavy mirror metal components, which occurs be-
cause these components retain their K-shell mirror elec-
trons. Considering just Fe’ might be sufficient, as far as the
heating of the halo is concerned, provided that the propor-
tion of the supernova ' energy spectrum below the Fe’
K-shell binding energy, = 9 keV, is small.
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III. HYDROSTATIC EQUILIBRIUM

The halo has two components: a plasma component and
a dark disk/compact object component. Microlensing ob-
servations [44] provide some evidence that the mass of the
plasma component dominates over that of the compact
object component, and we henceforth focus on the plasma

component.
The plasma component consists of a set of mirror par-
ticles, ¢/, H', He/, .... What is the current chemical com-

position of the halo? Early Universe cosmology suggests
[45] that the primordial mirror helium mass fraction is
around Y* = 0.9 for € ~ 107°, with negligible primordial
production of mirror metal components. In the first billion
years or so, substantial mirror star formation and evolution
is possible (currently, though, the halo is far too hot for
much mirror star formation to occur). During this early
period mirror metals could have been produced reasonably
efficiently given that mirror stars with a large mirror he-
lium mass fraction evolve 10-100 times faster than ordi-
nary stars (which have Y =~ 0.25) [46]. Presumably this
early epoch of mirror star formation is responsible for the
current halo metal component (likely at least £ép = 0.01)
required for the halo to absorb enough of the mirror
photons produced in the hot region around ordinary super-
novae.” A significant halo metal component is also inferred
from the mirror dark matter explanation [26] of the DAMA
[27], CoGeNT [28] and CRESST-II [29] direct detection
experiments. The end result is a halo currently composed
primarily of He’ and H', with He' mass fraction around 0.9.
Additionally there is a small metal fraction (a few percent
by mass), which we take to be Fe’. An important quantity is
the mean mass of the plasma particles,

m= ZmA/nA//Z Ny, (8)

where A’ = ¢/, H', He!, Fe' and ny is the A’ particle
number density. For a fully ionized plasma, we estimate
that m = 1.1 GeV.

The set of mirror particles, ¢/, H, He/, ... in the plasma
interact with each other via Coulomb scattering. These
self-interactions suggest that mirror dark matter forms a
pressure-supported halo. At the present time such a halo

>The rampant mirror star formation and evolution in the first
few billion years or so of galactic evolution presumably included
a large number of mirror supernovae. If the kinetic mixing
interaction exists, then mirror supernovae should be a source
of a large ordinary x-ray photon flux for the same reasons that
ordinary supernovae are suspected to be a source of a large
mirror x-ray photon flux. One could even speculate that these
photons may have been responsible for the reionization of
ordinary matter inferred from the CMB observations [2].
Importantly, the huge photon flux may not prevent the collapse
of ordinary matter onto a disk because the ordinary matter with a
negligible metal component (at that time) would absorb a
relatively small fraction of the mirror supernovae energy.

PHYSICAL REVIEW D 88, 023520 (2013)

would be expected to be in hydrostatic equilibrium, where
the force of gravity is balanced by the pressure gradient.
That is,

2
B e o5 = =m0 ™, @)
dr r

where p(r) = mny(r), with m being the mean mass of the
matter mirror particles defined in Eq. (8), ny(r) is the total
dark matter particle number density® and g(r) is the local
acceleration due to gravity. Here P(r) = ny(r)T(r) and
v,(7) is the local rotational velocity.

We shall assume that both the mirror particles and the
ordinary baryons are distributed with spherical symmetry.
Obviously in the central regions of spiral galaxies this
might not be a good approximation, since the ordinary
matter is distributed predominately in a disk. However so
long as we consider r = rp, then the assumption of spheri-
cal symmetry could be reasonable. Furthermore, since the
typical core radius of spirals is inferred to be somewhat
larger than the disk scale length, rp, it seems reasonable
that the physics responsible for the existence and properties
of the dark matter core will not depend too sensitively on
the details of the mass distribution at r < ry.

Anyway, with the assumption of spherical symmetry, g
(and hence v2,/r) can be related to the total mass density,

Potals Via’
G r
¢ =2 [ powav. (10

where Gy is Newton’s constant. The total mass density,
Protals Can be separated into a contribution from ordinary
baryons and one due to mirror particles. The baryonic
contribution of spiral galaxies is approximated by a
Freeman disk with surface density®

mp

S =_—L ¢, (11)
2m7r3

where mp is the disk mass and rp is the disk scale
length. Defining a spherically symmetric distribution,
pp, by requiring that the mass within a radius r is
the same as that of the disk, ie. [}ppdmrdr =
Ji22mr'dr', we have

"D g=rim, (12)

polr) = dmryr

Studies of spiral galaxies have found that the baryonic
mass mp correlates with the disk radius rj via [47,48]

3If we were to consider also a dark disk/compact object
component made of old mirror stars, mirror white dwarfs, etc.,
then ny(r) in Eq. (9) would be just the plasma component of the
halo.

*We do not include any other baryonic contribution other than
the disk, so that mp represents the total baryonic mass of the
galaxy.
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'p mp
1 —1]=0.633 + 0.3791 —_—
o8 (kpc) ? 0g<10“mo)

2
+ 0.069[10g (#)] .
e

The philosophy adopted here is that the dark matter
distribution within spiral galaxies is governed by hydro-
static equilibrium, dissipation and supernova heating. At
the current epoch, these conditions might be sufficient to
determine the dark matter density profile, independently of
the past history of the galaxy. In the present work, though,
we shall assume we know something about the form of the
dark matter distribution (and justify this form later by
showing that it is an approximate solution to the derived
equations). We assume that dark matter can be approxi-
mated by a smooth cored distribution,

(13)

3
Po’y

Fraern Y

Pdm = n_/lnT(r) =

where r(, po are the dark matter core radius and central
density respectively. Such a distribution, known as the
Burkert profile, has been suggested by fits to rotation
curves of spiral galaxies and other data [49]. Several
scaling relations have been derived for pg, ro from such
data fitting. By adopting the same dark matter profile, we
can hope to compare the dynamically derived constraints
on p, ry with the scaling relations found from the data.
In a separate article, we shall examine more general
forms of halo dark matter distribution suggested by
this dynamics [50].

If pp(r) and py,(r) are known we can use the hydro-
static equilibrium condition to figure out the temperature
profile, T(r). To do this, we need a boundary condition. Far
from the galactic center, i.e. far from heating sources we
expect isothermal conditions, which motivates dT/dr = 0
at large galactic distances, R, , which we take to be 50rp.
Our numerical results are approximately independent of
the particular value of Ry, chosen so long as Ry, >> rp. To
get an idea of the typical temperature profiles that we
expect for spiral galaxies, we consider three examples:
(a) a small-sized spiral galaxy with disk mass mp =
10°my and dark matter core radius ry = 4 kpc, (b) a
medium-sized spiral galaxy (~ Milky Way) with disk
mass mp = 10''my and dark matter core radius ry, =
12 kpc and (c) a large-sized spiral galaxy with disk mass
mp = 10?m¢ and dark matter core radius r, = 40 kpc. In
each case we take p, = 10%(mg/pc?)/ry, consistent with
results inferred from observations [41-43]. The results of
numerically solving Eq. (9) with the boundary condition
discussed above are shown in Fig. 1. The figure indicates
that with a Burkert dark matter density profile the corre-
sponding temperature profile derived from the hydrostatic
equilibrium condition smoothly rises towards the central
region of the galaxy, where it is roughly isothermal.
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FIG. 1. The temperature profile of the mirror dark matter

plasma in spiral galaxies for three examples: (a) a small-sized
spiral galaxy with disk mass mj, = 10°mg and dark matter core
radius ry = 4 kpc (dashed line), (b) a medium-sized spiral
galaxy (~ Milky Way) with disk mass mp = 10'!mg and dark
matter core radius ro = 12 kpc (solid line) and (c) a large-sized
spiral galaxy with disk mass mp = 10'2m, and dark matter core
radius ry = 40 kpc (dashed-dotted line). In each case we take

po = 10%(me/pc?)/ry.

IV. THE IONIZATION STATE OF THE HALO

For the temperature range of interest for spiral galaxies,
typically 0.01 keV = T < few keV, the plasma is kept
ionized by €’ collisions. Considering just the mirror helium
component for now, the relevant processes are

e/ + He® — He'* +¢' + ¢/,

¢/ + He/* — He”* + ¢/ + ¢/,

(15)

where He®, He’™, He/™ ™ denote the neutral mirror helium
atom, singly charged mirror helium ion and doubly
charged mirror helium ion. Since the Lagrangian describ-
ing the particle physics of the mirror particles is exactly
analogous to the one describing the ordinary particles and
forces, the cross section for the above processes is pre-
cisely the same as for the corresponding ordinary-particle
process. The cross section for these processes is known to
be reasonably well approximated by the Lotz formula [51],

In(E/1)
EI/eVz] om’,

oy =45X 10’14[ (16)
where E =1 is the energy of the incident ¢’ and I is
the ionization potential. For the first process in Eq. (15)
I = 24.6 eV, while in the second process I = 54.4 eV. We
denote the corresponding cross sections as ¢¢ and o?
respectively.

Opposing ionization are the ¢’ capture processes. The
relevant processes for He' are

e/ +He'"—He®+19/, e +He?"—He*+9. (17)
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The cross section for the capture processes can be approxi-
mated by a modified Kramers formula [52],

87 o ngf
= —_— , 18
oc ;m B, (18)
Ziffozzm

where E,; = E, + =4~ For the applications to He/, H'
and also Fe' ions that we will consider, Z.s = (Zo +
Z;)/2, where Z is the charge of the nuclei and Z; is the
ionic charge before ¢’ capture [52]. Thus, Z. = 1.5 for the
first process in Eq. (17), and Z. = 2 for the second
process. We denote the corresponding cross sections as
o¢ and ol respectively.

The above processes dictate the number density of
He”?" via

dVlHe/z+
dt

where the brackets (...) indicate the average over the
e’ velocity distribution taken as a Maxwell-Boltzman
distribution,

2 1\3/2 [ B
<"5’“e’>52\/m(f) |7 ot rrrE e,
2 (1\3/2 [,
<"Z5”e’>52\/m(i) | ote e a,
e

In a steady-state situation, we have dny.»+ /dt = 0 and thus

= Ny (OV ) = ngnyer(olvy),  (19)

(20)

He! — nHe’” - <0'57‘Ue/>
R =B = s
He/* <0-Cve’>

@n

Similarly for the processes affecting dny.o/dt, and for the
corresponding process for mirror hydrogen,

Nygert <0-[Ilve’>

ny+ <O-Ive’>
nHe/U <0'%‘Uer>’

RHe = =
! nyo <0’Cve/>’

H —
Ry =

(22)

where o; and o are the relevant cross sections for the
mirror hydrogen process. The H' ionization cross section is
given by Eq. (16) with I = 13.6 eV, while the capture cross
section is given by Eq. (18) with Z; = 1.

With these definitions we can determine the number
density of each component as a function of another com-
ponent, which we choose to be nyy = nyeo + nyger+ + nygen+:

RHe’RHe’

nHe’H = ( Hel/ 2 He’ He/)nHe/’

1 + RE 4+ RHCRE

RHe/

Nyer+ =( He' ! He' He/)nHe’:

1 + RH 1 RHCRI

/
RH
Nygen = Nye! — HNye/t — Hyer+, n]-_'il = (71Hr>ane’y
1+ R

nyo = anel - ny+, Ny = 2nH6/2+ + Nye'+ + ny+,

nr = (1 + f)nHe’ + ety (23)
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FIG. 2. The He' ionization fractions, as a function of the local
halo temperature, 7. Shown are Fgel = Ny /nye (dashed-
dotted line), F} = nyy+/nye (dashed line) and FI¢ =
Nyer+ /Ny (solid line).

where f = ny/nye and np is the total particle number
density. The fraction, f, can be related to the He' mass
fraction,

1

T

(24)
Unless otherwise stated, we take f = 0.4 in our numerical
work (which, as we already discussed at the beginning of
the previous section, is suggested from early Universe
cosmology). The quantities R}S and RY" depend only on
the temperature. It is straightforward to compute the He’
ionization fractions, Fge/ = nyeo /Ny, F f’e/ = Nyget /Npe's
F;'e/ = Npen+ /npe, and also the H' ionization fractions,
F' = nyo/ny, FY' = ny+ /ny. We show these results in
Fig. 2 for He’ and Fig. 3 for H'. Figure 2 indicates that He'

0.1 E
c
kel
S
s
c
kel
T 0.01 E
N
c
L2
T

0.001

0.0001

0.001 0.01
Temperature (keV)

FIG. 3. The H’ ionization fractions, as a function of the local
halo temperature, 7. Shown are F(I){' = nyo/ny (dashed-dotted
line) and FY' = ny- /ny (solid line).
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FIG. 4. The Fe' ionization fractions F lfe' = e /npe (dashed
line), F’ ge' = e /Npes (solid line) as a function of the local halo
temperature, 7.

is nearly fully ionized for T = 10 eV. This is substantially
below the I = 54.4 €V ionization energy of He'", which
occurs because the capture cross section is several orders of
magnitude smaller than the ionization cross section.
Qualitatively similar results also arise for H'.

In addition to the pure H’, He' halo, we will consider a
small metal component, which we take as Fe’ with a total
number density, ng. [the Fe’ component was presumably
formed in mirror stars at an early epoch; see earlier dis-
cussion Eq. (8)]. We denote the number density of com-
pletely ionized Fe' as np.+ and Fe' with one K-shell e’ as
nge+. The ionization energy of the bound mirror electron in
Fe™ is 9.3 keV and if both K-shell mirror electrons are
present, the binding energy is 8.8 keV [53]. In Fig. 4 we
show the computed ionization fractions F' ' = jper /Npe
and Fge’ = npew /npe versus temperature. Figure 4 indi-
cates that Fe’ is nearly fully ionized until the temperature
drops below around 20 keV i.e. somewhat above the ion-
ization energy of the K-shell bound mirror electrons. (This
occurs because the Fe™* capture cross section is somewhat
larger than the ionization cross section.) For temperatures
below around 2 keV, greater than 99 percent of the Fe’ ions
typically have both atomic K-shell states filled.

V. HALO ENERGETICS AND
SCALING RELATIONS

Studies of spiral galaxies have found that the baryonic
parameters mp, rp, L, satisfy two approximate relations.
One of these relations was given in the previous section,
Eq. (13); the other relates the r*-band luminosity, L, to m,
(see e.g. Ref. [54] and references therein),

mp Lr 1.3
o = (i) (25)
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where LMV ~ 2 X 10'9L, is the r*-band luminosity of the
Milky Way. With these relations, the baryonic parameters
of spirals are (roughly) specified by a single parameter
which can be taken as one of my,, rp or L,. If we assume
that the dark matter is distributed via the Burkert profile,
Eq. (14), then we have two further parameters: p, and .
Our aim is to derive constraints on these two dark matter
parameters from dynamical considerations. The derived
constraints can then be compared with “empirical” rela-
tions derived from observations of rotation curves in spiral
galaxies [3,41-43,48,54,55],

log (L‘Lz) ~22+0.25,
meg pC

my, 265
L, ~ \3x10'Tm,

12X 10°Ly | + ( y, )2.00’ (26)

3X10Tng

log (kr—;c) ~ 0.66 + 0.58 log (ﬁ)
0]

where m;, is the halo mass. Spiral galaxies typically have
halos in the mass range 10''mg < m;, < 10"3mg and
baryonic mass in the range 10°my < mp < 102my.

As discussed in Refs. [33,38] and reviewed in Sec. II, the
energy lost in the halo due to dissipative processes might
be replaced by supernova energy transported to the halo via
mirror photons.5 For this idea to work out, the halo must
evolve to a state such that the energy being absorbed in
each volume element must equate to the energy being
radiated from the same volume element. Thus, we have a
dynamical condition,

donut
drdv

d’Ey, _

@Lin 27)
dtdv

In the following, we derive approximate formulas for the
left- and right-hand sides of the above equation.
Subsequently we solve the derived equations numerically.
We will show that the above dynamical condition can be
approximately satisfied with the Burkert dark matter pro-
file provided that p, and r satisfy certain relations. These
relations are then compared with the “‘empirical” relations
obtained from galactic rotation curve (and other) data,
discussed above.

The region around a single supernova will be a source
of a huge flux of mirror photons with total integrated
luminosity of around 10°3 erg, provided a photon-mirror
photon kinetic mixing with a strength of € ~ 107 exists.
We define the total (time) average mirror photon luminos-
ity due to ordinary core-collapse supernovae by

One can check that the energy transport due to other pro-
cesses, such as conduction, is negligible in comparison to
radiation. This is, of course, due to the fact that the mirror
photons have a much longer scattering length than mirror
electrons.
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Lgx = Rsnfsn(Esn) (28)

where Rgy is the galactic supernova rate, fgqy is the fraction
of supernovae energy emitted by mirror particles ¢/, &, y/,
and (Egy) is the average total energy emitted per super-
nova. The quantity L§y obviously depends on the particu-
lar galaxy concerned. For the Milky Way galaxy, we have

LMW (ﬂ)( SN)(M)M X 10% erg/s.
SN 0.03 yr'/\0.5/\3 X 10% erg
(29)

To proceed further we will need to parametrize the '’
supernova energy spectrum averaged over all ordinary
supernova. We assume that the peak of this (averaged) '
energy spectrum occurs at energies somewhat greater than
the K-shell ¢’ atomic binding energy of Fe/, ~9 keV.
In this case only the low-energy part of the spectrum can
heat the halo. We parametrize this energy spectrum via a
power law,

dN/ 1+Cl El Cy c
Y dE:/ = ( E. )(Ec> FsnEsn = k(Ey). (30)

This spectrum has been normalized such that

g, Ny dE, E 31
[0 Y IE. E, '+ = fsnEsn- 3D
We will consider 1 = ¢; =3 in our numerical work (¢; = 2
corresponds to a thermal spectrum). Although the spectrum
would not be expected to be a power law for sufficiently
high energies, such details will be unimportant since the
halo is optically thin at energies E’, = 30 keV.
Observations indicate that the supernova rate scales with
galactic B-band luminosity, Lz, via Rgy = (Lg)%"3, with an
uncertainty in the exponent around 0.1 [56]. With the above
definitions, we find that for fqy = 0.5 (i.e. for € ~ 107°)

1+ Cq LB 0.73
= (E )1+c1 (LI;;/IW) L/SI\I/\[IW’ (32)
c

where LMW =~ 2 X 10'°L,, is the reference B-band lumi-
nosity for the Milky Way. Although there is substantial
uncertainty in LN, possibly as large as an order of
magnitude, the galactic scaling behavior of k Rgy should
be more certain.

The energy spectrum of 3’ from a single supernova
source is given in Eq. (30). The supernovae are distributed
throughout the disk. We wish to figure out the (time)
average vy’ flux at a point P a distance r from the galactic
center, from all supernova sources. We assume that the
supernova distribution traces the baryonic mass density
[Eq. (12)]. It then follows that the contribution to the '
energy flux at P originating from a volume element, dV’' =
27r"%d cos Odr’, at a point Q is

sz(r) K(E,y/)CIRSNeiT Pp

= £ 33
dE,dV’ 4md® mp &3

KRSN
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where « is defined in Eq. (30), d = v/r* + 12 — 2rr' cos 6
is the distance of the source Q to the point P and 7 is
the optical depth along that path. Summing over all con-
tributions we find that the total differential energy flux is

given by
K(E, )C]RSNf [

The optical depth 7 is given by

T = /: Z"i(”l)("id}’- (35)

The relevant geometry is shown in Fig. 5, and we have

dF (r)
dE,,

d cos0dr'. (34)

r = \/y2 + 2 — 2r'ycos i,

P+ 22 (36)
oS = ——

The flux of supernova vy’ at a particular point P will
deposit an energy per unit volume per unit time of
dE;,
dE.dtdV

_dE Zn (ro;. (37)

Thus to calculate the heating at a particular point in the
halo we need to determine the cross section and number
densities of the various components in the halo [denum-
erated by i in Egs. (35) and (37)]. The supernova 7y’ are
assumed to have relatively high energies, so that the optical
depth is dominated by scattering of y’ off bound atomic e’.
This is possible because heavy elements, such as Si’ and
Fe’, are not completely ionized but have their atomic inner
shells filled. If the flux of supernova ' are falling below
10 keV, then the interactions with K-shell Fe/ mirror
electrons are likely to be the most important (see discus-
sion in Sec. II). The total photoelectric cross section is
given approximately by Eq. (4) and the Fe/ number density

+1 )(mHe)(lgFe ). (Also needed

are the Fe' ionization fractions which can be computed as
per Sec. IV.)

is given by nps = nge(1 +

Galactic Center

FIG. 5. The geometry. Mirror photons travel a distance d from
a supernova source at point Q, to heat the halo at a point P.
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Having discussed the heating rate at the point P in
the halo, we now turn our attention to the cooling rate
at the same point. The cooling rate is expected to have
contributions from three sources: thermal bremsstrahlung,
line emission and recombination. We first consider the
bremsstrahlung component and comment on the line
emission and recombination contributions in a moment.

The rate at which bremsstrahlung energy is radiated per
unit volume, per unit time is [40]

2 1 27T
dW=6a<7T (38)

dtdv ~ 3m,

) St

3m

where the index j runs over the mirror ions in the plasma
(of charge Z;) and gp is the frequency average of the
velocity averaged Gaunt factor for free-free emission. We
take gg = 1.2, which, as reviewed in Ref. [40], should be
accurate to within about 20%.

In principle the energy radiated at a point P can have
important contributions from line emission and recombi-
nation in addition to bremsstrahlung. Such processes
would depend on the detailed chemical composition of
the halo. However these processes may not be as important
as naive first thoughts suggest. The energy of the radiated
mirror photons from line emission and recombination is
typically close to the halo temperature, 7. But the halo is
generally expected to be optically thick to mirror photons
of these energies (rough estimates indicate). Thus, the
capacity of these processes to directly cool the halo is
expected to be greatly diminished. Bremsstrahlung, on
the other hand, generally produces mirror photons of
lower energy. The energy spectrum of bremsstrahlung is
flat for £,, < T'. and reduces towards zero for increasing T
like ~exp(—E, /T) (see e.g. Ref. [40]). We therefore
expect that the bremsstrahlung process will cool the halo

much more efﬁciently As a rough approximation, we set

‘250‘;‘ = €90y dl dV’ where € is an efficiency factor which we

set to unity in our numerical work. If the bremsstrahlung

process is the dominant cooling mechanism then Zb;v[ o

\/T , that is, an increasing function of 7. This might explain
why the system evolves until dE;, = dE,. If a region had
dE;, > dE,, then this will make T higher in that region
which also increases dE, until dE;, = dE,,. Similarly if
dE;, <dE,, then this will make T smaller which de-
creases dE,, until dE;, = dE. It therefore seems plau-
sible that the system will evolve until the dynamical
condition, Eq. (27), is satisfied everywhere.6

6Naturally the system is a complicated one and other feedback
mechanisms can also be important. For instance, a mismatch of
dE;, and dE, can also cause an expansion or contraction of the
halo, which in turn can affect the ordinary star formation rate and
thereby readjust dE;,. Such a feedback mechanism may also help
regulate the star formation rate as suggested by observations (see
Ref. [57] and references therein for relevant discussions).
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We are now ready to start solving the equations. The
philosophy is that if the dark matter density can be pa-

rametrized by the form given in Eq. (14) then p, and r can
d EOIH

be determined by demanding that ¢ 5 d{; =~ s for each
volume element. To quantify how well dE;, and dE,,

match, we introduce the quantity A,

1 11rp
10rD '/;D

The quantity A can be computed numerically via a FORTRAN
code. The adopted procedure is to input the dark matter
density profile and the baryonic density and work out the
temperature profile using the hydrostatic equilibrium condi-
tion as described in Sec. III. Once the temperature profile is
known, one can work out the ionization state of the halo via
the equations described in Sec. IV. Armed with this infor-
mation, one can proceed to work out Egs. (34), (37), and

A(ry, po) =

dr. (39)

(38), the latter we equate tod = d‘{;‘ The end result is the trivial
integration (39) to obtain A as a function of the input
parameters pg, r, as well as baryonic parameter, mp [rp
and L are obtained from Egs. (13) and (25)].

We start by examining how compatible the Burkert dark

matter profile is with the ¢ 7 ﬁ = ‘Zfl};‘ condition. We define

Ad. (ry) as the quantity A(r, pg) mmlmlzed with respect
to variations in p,. Similarly, A2. (p,) is defined by
minimizing A(ry, po) with respect to variations in ry. In
Fig. 6(a) we plot A%. (rq) versus ry and in Fig. 6(b) we
plot Amin (pg) versus pg. These figures are for an example
point with mp = 10''my, and reference parameters f =
ny/nge = 0.4,  &pg =0.02, LNV =2x10% erg/s,
E. =50 keV.

The ﬁgures show that A has a minimum value of around

0.1. That is, (515{3 = ‘fjf;‘;‘ to within around 10%. In Fig. 6(c),

we plot ‘;tg{; ‘25}3‘ (evaluated at the pq, ro values which
minimize A) versus the galactic radius r/rp. This is done
for the same example as Figs. 6(a) and 6(b). This figure
demonstrates that the Burkert profile does a very good job
of minimizing A with only small deviations near the
galactic center, which are unlikely to be important since
ordinary baryons dominate the mass density there (see
e.g. Ref. [3] and references therein). We have found that
varying mp and variations in the other parameters give
similar results. This demonstrates that the Burkert profile is
(roughly) compatible with the condition (27). Furthermore,
for each value of m, we can estimate the values of ry and
po by minimizing A, as we have just done for the particular
example with m; = 10''mg. This leads to relations con-
necting the baryonic parameters (mp, rp, L) with the dark
matter parameters, p,, ry. Although we expect to derive
only two independent relations, we explore our results by
considering three plots. In Fig. 7(a) we plot L versus rg, in
Fig. 7(b) we plot p, versus mp and in Fig. 7(c) we plot
Poro versus L. In each case we consider various values of
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FIG. 6. (a) A%, (defined in text) versus the core radius, ry for

mp = 10''mg. Plotted are various values of ¢, which parame-
trize the hardness of the mirror photon supernova spectrum:
¢y = 1 (dashed line), ¢; = 2 (solid line) and ¢; = 3 (dashed-
dotted line). (b) Same as for Fig. 6(a), except Af’nin is plotted
versus pg. (c) % ’ﬁfj‘;;‘ versus r/rp for the same example as
Figs. 6(a) and 6(b). The values of ry, pg taken are the ones which
minimize A. Three curves (almost indistinguishable) correspond

to the same three c; values of Figs. 6(a) and 6(b).

¢y which, we recall, parametrizes the hardness of the
supernova 7y’ spectrum. Other parameters fixed are f =
n/npe = 0.4, épe = 0.02. The quantity kRgy is given in
Eq. (32) with E, = 50 keV and LYW = 2 X 10% erg/s.

PHYSICAL REVIEW D 88, 023520 (2013)

The figures demonstrate that the derived relations
for pg, ro are compatible with the rough ‘“‘empirical”
scaling relations given in Eq. (26).” The level of agreement
seems to be very nontrivial. The only parameter adjusted
was LMY which was set so that pyry had a value
~10?mg/pc? for mp = 101 mg, ¢; = 2.

To check the robustness of these results with respect to
reasonable parameter variations we have varied &g, LY.
(Note that changing E. has the same effect as changing
LW and is therefore not considered.) In Fig. 8 (Fig. 9) we
show the effect of varying LAY (&ge), with the other
parameters unchanged. These figures demonstrate that the
variation of each of these parameters by an order of magni-
tude around our reference values does not greatly modify the
L versus r, relation [Fig. 7(a)]. They also show that pgry is
still constant but the value of the constant is modified some-
what. We have also found that the above conclusions hold
also when f = ny//npe is changed. Thus, the scaling prop-
erties demonstrated in Figs. 7(a)-7(c) remain valid even
when parameters are varied. Figures 7-9 indicate that the
effect of varying ¢, égs and LYY on pyr, can be roughly

approximated by
07T 2
] [—] 10%mg /pc?.
€1

Fe ]°~7[ L™
0.02 2 X 10% erg/s

PoTo = [
(40)

On the other hand the L versus r, relation is remarkably
insensitive to variations of the parameters. Instead of fixing
the baryonic parameters via the relations (13) and (25), we
can consider independent variations of mp, L and rp. In
doing so, we find that r, is mainly set by the parameter rp.
That is, it is primarily the disk scale length that sets the scale
for the dark matter core radius. This suggests that the
primary relation for r( is one in terms of rp (not L). By
fixing the baryonic parameters as per Egs. (13) and (25) and
minimizing A we obtain the approximate numerical result

ro =~ 3.0<r—’3)1'l kpe. 1)
kpc

As with our other results, this is valid over the considered

baryonic mass range of spirals 10°mg < mp < 10%m,

and we have assumed the Burkert profile.

These results are all very interesting, and—among other
things—support the premise that kinetic mixing is likely
close to € = 107°. Such a value has already been identified
as a region of interest from the analysis [26] of direct
detection experiments, such as DAMA [27]. The latter
can be explained with e/Zrs = 2 X 1071%, Observe that
since LAY o €2 [Eq. (3)], Eq. (40) suggests

€ fFe’

1.4
~ 2 2
Poro [5 > 10710] 10°mg/pc. (42)

"We have neglected any possible scaling difference between
the galactic r* band luminosity, L,, and B-band luminosity, Lg.
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FIG. 7. (a) Derived galaxy luminosity versus core radius r, for

various values of c¢; which parametrize the hardness of the
supernova mirror photon spectrum. Plotted are ¢; = 1 (dashed
line), ¢; = 2 (solid line) and ¢; = 3 (dashed-dotted line). Also
shown (thick solid line) is the corresponding empirical galactic
scaling relation obtained from Eq. (26). (b) Derived dark matter
central density, p,, versus baryonic mass, mp, for various values
of c;. Plotted are ¢; = 1 (dashed line), ¢; = 2 (solid line) and
¢, = 3 (dashed-dotted line). Also shown (thick solid line) is the
corresponding empirical galactic scaling relation obtained from
Egs. (25) and (26). (c) Derived pqyr, as a function of galactic
luminosity Lp for various values of c¢;. Plotted are ¢; =1
(dashed line), ¢; =2 (solid line) and c¢; = 3 (dashed-dotted
line). Also shown is pyro = 120mg/pc?, close to the central
value of the “‘empirical” relation (26) (thick solid line).
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FIG. 8. (a) Derived galaxy luminosity versus core radius r for
¢; = 2 and various values of LW, Plotted are LYY = 0.7 X
10% erg/s (dashed line), LW = 2.0 X 10% erg/s (solid line)
and LMV = 6.0 X 10% erg/s (dashed-dotted line). Also shown
(thick solid line) is the corresponding empirical galactic scaling
relation obtained from Eq. (26). (b) Derived dark matter density,
po, versus baryonic mass, mp, for ¢c; = 2 and various values of
LYW, LMW =0.7x10%erg/s (dashed line), LHY=2.0%
10¥erg/s (solid line) and LYY = 6.0 X 10% erg/s (dashed-
dotted line). Also shown (thick solid line) is the correspond-
ing empirical galactic scaling relation obtained from Egs. (25)
and (26). (c) Derived pyr( as a function of galactic luminosity,
Lg, for ¢; = 2 and various values of L}V. Plotted are LW =
0.7 X 10% erg/s (dashed line), LY = 2.0 X 10* erg/s (solid
line) and LMV = 6.0 X 10* erg/s (dashed-dotted line). Also
shown is pory = 120mg/pc?, close to the central value of the
“empirical” relation (26) (thick solid line).
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FIG. 9. (a) Derived galaxy luminosity versus core radius r for

¢y =2 and various values of &py. Plotted are &gy = 0.007
(dashed line), &g = 0.02 (solid line) and &g, = 0.06 (dashed-
dotted line). Also shown (thick solid line) is the corresponding
empirical galactic scaling relation obtained from Eq. (26).
(b) Derived dark matter central density, p,, versus baryonic
mass, mp, for ¢; =2 and various values of £gy. Plotted are
&re = 0.007 (dashed line), &g = 0.02 (solid line) and &gy =
0.06 (dashed-dotted line). Also shown (thick solid line) is the
corresponding empirical galactic scaling relation obtained from
Egs. (25) and (26). (c) Derived pyry as a function of galactic
luminosity, Lg, for ¢; = 2 and various values of &g, . Plotted are
ére = 0.007 (dashed line), &g = 0.02 (solid line) and &gy =
0.06 (dashed-dotted line). Also shown is pgry = 120mg/pc?,
close to the central value of the “empirical” relation (26) (thick
solid line).
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This demonstrates the compatibility of the galactic
scaling relations with results from the direct detection
experiments.

VI. DWARF SPHEROIDAL GALAXIES

The results of the previous section are very encouraging.
One might be tempted to investigate other classes of gal-
axies, i.e. galaxies beyond spirals, and inquire if they are
also compatible within this dissipative dark matter picture.
An interesting class of galaxies is the dwarf spheroidal
galaxies. These are much smaller than spirals and feature
luminosities around ~10°-10°L,. Observations indicate
that these galaxies are much more dark matter-dominated
than spirals.

The cooling rate in dwarf spheroidal galaxies is sup-
pressed if the halo mirror plasma temperature is below
around 3 eV. For such temperatures Fig. 2 indicates that
most of the mirror helium would be in neutral atoms. Only
the smaller mirror hydrogen subcomponent is ionized and
could thereby participate in bremsstrahlung cooling.

The halo temperature for dwarf spheroidal galaxies
can be computed in the same way in which we computed
the temperature for spirals, discussed in Sec. III. Consider
two examples with (a) a dark matter core radius ry =
0.5 kpc and central density p, = 10" g/cm?® and
(b) ro="0.5kpc and central density p,=>5X10"2*g/cm?.
Both examples are consistent with the observations [58].
The results of numerically solving Eq. (9) are shown in
Fig. 10. When computing the temperature profile for dwarf
spheroidal galaxies, we have neglected the baryon compo-
nent completely as far as its contribution to the local
acceleration, g. This is reasonable because the baryonic
mass is estimated to be only a few percent of the total mass

0.01 T T T

Temperature (keV)

0.001} 1

0.1 1 10 100
r (kpc)

FIG. 10. The mirror plasma temperature profile for a dwarf
spheroidal galaxy. Shown is an example with dark matter core
radius 7, = 0.5 kpc and central density p, = 1072 g/cm?
(solid line). Also shown is another example with the same
dark matter core radius ro = 0.5 kpc but a slightly higher central
density, po = 5 X 10724 g/cm? (dashed line).
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for these galaxies [58]. Note that for both examples, Fig. 2
indicates that only a small proportion of mirror helium will
be fully ionized. [Numerically we find that example (a) has
a mean mass parameter given by m =~ 1.6 GeV, while
example (b) has m =~ 2.3 GeV.]

Importantly, dwarf spheroidal galaxies appear to have
relatively little ordinary gas component and do not exhibit
current star formation [59]. Thus, for dwarf spheroidal
galaxies it does not seem possible to stabilize a spherical
mirror plasma component with energy from an ordinary
supernova. Some other energy source would be needed, or
possibly the mirror dark matter has collapsed into a disk/
bulge component for this galaxy class.

VIL. ELLIPTICAL GALAXIES AND CLUSTERS

Elliptical galaxies are another interesting class of ob-
jects to think about. As with dwarf spheroidal galaxies,
elliptical galaxies appear to be largely devoid of gas and
do not exhibit significant star formation at the present
epoch. Thus the current rate of ordinary supernovae is
very low. In the absence of supernova heating, the mirror
particle plasma is expected to undergo gravitational col-
lapse onto a disk/bulge. For large elliptical galaxies, the
time scale for this to occur can be long, and even today
many such galaxies might not be fully collapsed. In any
case, in the absence of a significant heat source it is
reasonable to expect the dark matter within elliptical
galaxies to be flattened out, to some extent, due to dis-
sipative processes. This picture is consistent, at least
qualitatively, with the observed ellipticity of elliptical
galaxies; see e.g. Ref. [60]. That is, for mirror dark
matter, and closely related hidden-sector models, the non-
spherical distribution of the dark matter in elliptical gal-
axies can potentially be explained due to dissipation
effects (in the absence of which, the observed ellipticity
could have been used to place stringent limits on dark
matter self-interactions, as in e.g. Ref. [18]).

Within larger structures, such as clusters of galaxies,
mirror dark matter self-interactions might lead to impor-
tant effects. In particular, observations of the Bullet Cluster
have been used to argue for stringent constraints on dark
matter self-interactions [61]. We recall that the Bullet
Cluster is an example of a system in which a collision
between two clusters has apparently taken place. Each
cluster has three components: the galaxies, hot intergalac-
tic gas and dark matter. When the main cluster and sub-
cluster collide, the hot (ordinary-matter) gas associated
with the two colliding clusters appears to be slowed, but
not stopped, by interactions. Both the galaxies and dark
matter components appear to pass through each other.
These observations pose a potential puzzle for mirror
dark matter. Why does the dark matter within each cluster
not slow down due to interactions? Part of the explanation
could be that the fraction of dark matter existing as hot gas
unbound to individual galaxies (i.e. intergalactic gas)
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might be less than the corresponding fraction for ordinary
matter [62]. Another part of the explanation could be that
mirror dark matter has self-interactions which are weaker
than those of ordinary matter due to environmental con-
ditions, in particular, if the mirror particle plasma has a
higher temperature than the ordinary particle plasma.
Recall that the mirror electron scattering cross section
behaves like do/dQ « 1/v* ~ 1/T?. The temperature,
T, of the mirror particle plasma is uncertain, but the
hydrostatic equilibrium condition, Eq. (9), suggests that
T o m. The higher helium mass fraction in the mirror
sector means that m = 1.1 GeV for mirror dark matter,
cf. m = 0.55 GeV for ordinary matter, and thus the tem-
perature of the mirror plasma in clusters might be higher
than that of the ordinary plasma by a factor of around two
or so. If this is indeed part of the explanation of the Bullet
Cluster observations, then studies of colliding clusters
which feature lower temperatures could find an offset
between the galaxy component and the total mass distri-
bution. Interestingly, there are some tentative hints in this
direction [63].

VIII. CONCLUDING REMARKS

We have examined galactic structure within the context
of dissipative dark matter candidates, focusing on the
mirror dark matter model. At first sight, dissipative dark
matter might seem unlikely, given the inferred approxi-
mate sphericity of dark matter halos in spiral galaxies.
However, the idea [33] that there exists a heat source to
counteract the halo cooling due to dissipative interactions
and that this heat source could be an ordinary supernova
seems to be possible. At any rate, it is a specific idea, and
mirror dark matter offers a specific model in which to
study it.

In this article we have provided a detailed numerical
analysis of this whole picture. Although a number of
assumptions are made, and a few corners may have been
cut, our results are very encouraging. Our analysis indi-
cates that the inferred dark matter scaling properties of
spiral galaxies, discovered by Salucci and others, are ex-
plicable within this dark matter framework. Moreover our
results are remarkably insensitive to many of the unknown
parameters of the theory (such as details of the supernova
energy spectrum, mirror metal mass fraction, etc.). Thus,
we have reason to be confident that this dissipative dark
matter picture, and to some extent the specific mirror dark
matter implementation of it, may well be on the right track
in explaining galactic structure. That is, we agree with the
title of Ref. [3], “Dark matter in galaxies: leads to its
nature.”
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