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Dissipative dark matter explains rotation curves
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Dissipative dark matter, where dark matter particles interact with a massless (or very light) boson, is
studied. Such dark matter can arise in simple hidden sector gauge models, including those featuring an
unbroken U(1)" gauge symmetry, leading to a dark photon. Previous work has shown that such models can
not only explain the large scale structure and cosmic microwave background, but potentially also dark
matter phenomena on small scales, such as the inferred cored structure of dark matter halos. In this picture,
dark matter halos of disk galaxies not only cool via dissipative interactions but are also heated via ordinary
supernovae (facilitated by an assumed photon—dark photon kinetic mixing interaction). This interaction
between the dark matter halo and ordinary baryons, a very special feature of these types of models, plays a
critical role in governing the physical properties of the dark matter halo. Here, we further study the
implications of this type of dissipative dark matter for disk galaxies. Building on earlier work, we develop a
simple formalism which aims to describe the effects of dissipative dark matter in a fairly model independent
way. This formalism is then applied to generic disk galaxies. We also consider specific examples, including
NGC 1560 and a sample of dwarf galaxies from the LITTLE THINGS survey. We find that dissipative dark
matter, as developed here, does a fairly good job accounting for the rotation curves of the galaxies
considered. Not only does dissipative dark matter explain the linear rise of the rotational velocity of dwarf
galaxies at small radii, but it can also explain the observed wiggles in rotation curves which are known to be

correlated with corresponding features in the disk gas distribution.
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I. INTRODUCTION

The evidence for the existence of nonbaryonic dark
matter in the Universe has grown steadily over the years. In
particular, dark matter is needed to explain the observed
large scale structure and cosmic microwave background
radiation (CMB). The angular power spectrum of the
anisotropy of the CMB has been measured with impressive
precision by the Planck satellite [1], South Pole telescope
[2], WMAP [3] and many other instruments. Cold dark
matter models, both collisionless [4] and even those with
nontrivial self-interactions, e.g., [5-7], provide a simple
explanation for this data. On much smaller scales, dark
matter is also implied by measurements of the rotation
curves of disk galaxies [8]. Typically such curves are
asymptotically flat out to the visible edge of galaxies, a
behavior in sharp contrast to the Keplerian decline antici-
pated from Newton’s law of gravity.

Although collisionless cold dark matter does an excellent
job in explaining the large scale structure and CMB, it is
much less successful in explaining the measured galactic
rotation curves, e.g., [9-12]. In particular, rotation curve
data prefer dark matter with a cored distribution rather than
the cuspy profile predicted from collisionless cold dark
matter simulations [13] (for a review and more detailed
bibliography see also [14]). However, dark matter with
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nontrivial particle physics properties can also explain large
scale structure and CMB, and these nontrivial properties
might play important roles on galactic and subgalactic
scales. If this is the case, then rotation curves might contain
important clues (such as the aforementioned preference for
cored dark matter profiles) which can help unravel the
mystery of dark matter.

It has been argued in previous work [15-20] that certain
dissipative dark matter models can in fact lead to dark
matter halos consistent with observations. The general idea
is that the dark matter halo of a disk galaxy takes the form
of a dark plasma, with dark matter particles self-interacting
via a massless dark photon. Such a scenario can naturally
arise if dark matter results from a hidden sector of particles
and forces, where the hidden sector contains an unbroken
U(1) (dark electromagnetism) gauge interaction. In such a
picture the halo can be modeled as a fluid, governed by
Euler’s equations. The halo has substantial cooling from
processes such as dark bremsstrahlung. Heating is also
possible. Within this framework it was argued that ordinary
core collapse supernovae could supply a substantial halo
heat source. This mechanism requires only a tiny inter-
action coupling ordinary particles (electrons and positrons
produced in the supernova core) to light MeV scale dark
matter particles, with kinetic mixing of the photon with the
dark photon identified as a theoretically favored candidate.
This energy is further processed into dark photons in the
region around the supernova; the end result is that a
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significant fraction of the supernova’s core collapse energy
can be transmitted to the halo via these dark photons.

In this scenario the dark matter halo is a complicated
dynamical system. Considerable simplification is possible
if the system evolves to a steady-state configuration where
heating and cooling rates approximately balance. It was
argued in previous work that such a picture can explain why
dark matter forms a cored profile in disk galaxies.
Schematically, the cooling rate from dark bremsstrahlung
and other dissipative interactions at a particular location, P,
is proportional to the square of the dark matter number
density, n(r), while the heating rate is proportional to the
product of the number density and dark photon energy flux
at that location, F, (r). The particular process considered
is dark photoionization with cross section, opp. That is,

dleoo1 = An(r)de,
drheat = n(l‘)F},D (r)GDPdVv (1)

where A is a constant which depends on the parameters of
the particular dissipative model. Given that the dark photon
flux produced from ordinary supernovae will have some
frequency spectrum, the above cross section represents an
appropriately weighted frequency average.

Matching the heating and cooling rates of Eq. (1) implies
that

n(r) = %”DP (2)

At distances r > rp (where rp, is the exponential disk scale

length associated with the stars: X* = 572 e~"/"v) the flux
D

of dark photons falls at the “geometric” rate F',, o< 1/ r,
while for r < rp, F,, falls much more modesﬂy.1 In fact,
simple calculations [20] suggest that F, o log(r) for
r < rp. These features motivate a quasi-isothermal dark
matter distribution, with dark matter core radius, ry, scaling
with rp, ro ~ rp.

The dark matter density profile, Eq. (2), scales with the
dark photon energy flux. This also suggests a correlation
with the dark photon source, the type II supernovae and by
extension, the local star formation rate. This logic suggests
that the dark matter properties, in particular the density

"This behavior assumes that the halo is (at least approximately)
optically thin. That is, the optical depth, z, along the dark
photon’s path between its production point and absorption point
satisfies 7 < 1. In general 7 depends on the photon’s frequency
(energy) so that in practice the halo might only be optically thin
for a range of dark photon frequencies. Actually this detail may
not be so important as the energy transported to the halo is
dominated by dark photons with optical depths 7 < 1. This
conclusion is also supported by numerical work [17,18] which
includes the effects of finite optical depth and allows for a range
of possible shapes for the dark photon frequency spectrum
generated by supernovae.
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profile, should be closely linked with the baryonic proper-
ties. The r( ~ rp scaling discussed above is one example of
this. Another example is a correlation between the super-
nova rate and asymptotic value of the rotation velocity,
which has been shown [20] to be approximately equivalent
to the Tully-Fisher relation [21]. Equation (2) also holds
locally: Regions of a galaxy with low gas density can have
reduced supernova rates leading to a locally depressed dark
photon energy flux, F,, . Halo dynamics should also adjust
the cooling rate in a corresponding fashion, thereby
necessitating a lower dark matter density in that region.
Thus galaxies with wiggles and other features in their
baryonic gas distribution can have corresponding features
in the dark matter distribution, and hence leave an imprint
on the rotation curve. The purpose of this paper is to
explore this possibility. To do so, we utilize a very simple
formula for the dark matter density distribution, suggested
by the balancing of the dark plasma cooling and heating
processes, described above. We then study the implied
rotation curves and examine specific examples.

The outline of this paper, then, is as follows. In Sec. Il we
give some of the particle physics details of a candidate
dissipative dark matter model. In Sec. III, we develop the
necessary tools to describe the dark matter density in terms
of baryonic properties in this dissipative dark matter
approach. In Sec. IV we examine some general features
of the predicted dark matter density and rotation curves for
generic disk galaxies. In Sec. V we apply this formalism to
some specific examples and in Sec. VI we conclude.

II. DISSIPATIVE DARK MATTER MODELS

The idea that dark matter originates from a hidden
(or dark) sector weakly coupled to the standard model
has become quite widely discussed in recent years, e.g.,
[22-30] (see also [31] for a more detailed bibliography).
Such models allow for a very rich dark matter phenom-
enology, especially if the hidden sector contains unbroken
gauge interactions. If the hidden sector features stable
matter particles charged under an unbroken U(1)" gauge
symmetry, then dark matter properties can become
extremely interesting. In particular dissipative self inter-
actions causing dark matter to cool via the emission of
massless dark photons become possible. Although the dark
sector can be quite strongly self-interacting, dark sector
interactions with electrons, protons, and other ordinary
sector particles are relatively weak. In the model considered
here, only gravity and a very small photon—dark photon
kinetic mixing interaction (to be defined in a moment) are
presumed.

A very generic dissipative dark matter model was
considered in [20] and shown to provide a consistent
explanation for the CMB anisotropy spectrum and large
scale structure. In addition it was argued that the same
model could also potentially explain small scale structure:
the cored dark matter distribution in galaxies, Tully-Fisher

123543-2



DISSIPATIVE DARK MATTER EXPLAINS ROTATION CURVES

and other scaling relations etc. We refer the reader to that
reference for these details, here we just review a few
essential elements of that model to illustrate the basic ideas.

Consider then a hidden sector featuring two massive
stable particles, F'; and F,. These dark matter particles can
be either bosonic or fermionic; in the following we will
assume they are spin 1/2 fermions for definiteness. These
particles are presumed to be charged under an unbroken
U(1)" gauge symmetry, that is they interact with a massless
U(1)" gauge boson—the dark photon. The particle inter-
actions can then be described by the Lagrangian:

L= Ly + Laark + Lin, (3)

where Lg,, is the standard model Lagrangian, and Lg,
describes the interactions of the dark sector:

1 _
Loarkc = —ZF/””F;QU + Fi(iDyy* —mp, ) F,
+ FZ(iD;tyﬂ - sz)FZ- (4)

Here, F,, =0,A, —0,A, is the field-strength tensor
associated with the U(1)" gauge interaction, Aj being
the relevant gauge field. Also, the covariant derivative is
D,=0,+igQ'A,, where ¢ is the coupling constant
relevant to this gauge interaction. The dark sector may
have much more complexity, additional gauge interactions,
additional particles etc., but only the low energy effective
theory will be important for the astrophysical implications
discussed in this paper. This means that the QED-like
Lagrangian, Eq. (4), can actually represent a wide class of
hidden sector theories.

In such a theory it is natural to expect dark matter in the
Universe to be the result of a particle-antiparticle asym-
metry, as the symmetric component would be expected to
efficiently annihilate in the early Universe (at least for
much of the parameter space of interest). That is, dark
matter in the Universe is composed of F; and F, particles
(with negligible proportion of antiparticles). Dark matter
asymmetry and local neutrality of the Universe then imply

nFl Q%l + anQle = 0, (5)

where np, and ng, are the number densities of F'; and F,
respectively. Evidently the U(1)' charges of F; and F, OF
and Q' ., must be opposite in sign, but not necessarily equal
in magnitude. This is, of course, quite analogous to the
situation with ordinary matter (F'; ~ electron, F, ~ proton).

The L£;,; part in Eq. (3) has yet to be defined. Constraints
from gauge invariance and renormalizability strongly con-
strain possible interactions connecting ordinary and hidden
sector particles. In this particular model, these constraints
limit £;; to just the kinetic mixing interaction [32], which
leads to photon—dark photon kinetic mixing:
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€
Lin = _EF”DF/IMJ' (6)

This kinetic mixing interaction effectively provides the
dark fermions, F| and F,, with a tiny ordinary electric
charge proportional to the dimensionless parameter
€ [33].

A tiny kinetic mixing interaction allows ordinary type II
supernovae to become a huge energy source for the dark
sector. Recall that in standard theory nearly all of a
supernova’s core collapse energy, typically around few x
10°3 ergs, is converted into neutrinos in the hot core on a
time scale of about 10 seconds. The dozen or so neutrino
events detected following SN 1987A supports this basic
picture [34,35]. However there are still substantial uncer-
tainties which means that the energy carried away by exotic
particles can be up to around 50% of the total core collapse
energy [36]. It turns out that for kinetic mixing strength
€ ~ 107 around half of a supernova’s core collapse energy
(~10°% ergs) can be converted into light hidden sector
particles, say Fy, if their mass is less than the supernova
core temperature, ~30 MeV [36].2 (The F, dark matter
particle can be much heavier, with GeV-TeV scale preferred
[20].) The relevant particle processes include plasmon
decay where the effectively massive photon propagating
in the plasma decays into F;F, pairs. Further processes,
such as F\F, = ypyp, F1F, = F,F,yp etc., convert this
energy into dark photons in the region around the super-
nova, which ultimately escape and provide the heat source
for the dark halo. This huge heat source, averaging to
around ~10* ergs per second for the Milky Way (for
€ ~107%), can potentially compensate for the energy lost
due to dissipative interactions. In fact, this imbues the dark
halo with very rich and nontrivial dynamics. The halo can
contract or expand, and it is anticipated that the halo
evolves until a steady-state configuration is reached where
the energy going into the halo sourced from supernovae,
as described above, approximately balances the energy
dissipated. This is the key assumption going into the
dissipative dark matter scenario advocated here.

The above particle physics model provides a simple
candidate for dissipative dark matter. Importantly, the
analysis of the present paper is, in many respects, model
independent—applicable it is hoped to many possible
dissipative dark matter models. Among these is the mirror
dark matter model, where the hidden sector is an exact
duplicate of the standard model. That allows an exact,
unbroken Z, discrete symmetry to exist which swaps each
ordinary matter with a mass degenerate “mirror” partner
[37]. The matter particles in this case are the mirror electron
of mass 0.511 MeV and mirror nuclei, H', He', O', Fe', ...
and the role of the dark photon is played by the mirror
photon [23,31]. Dissipative dark matter models with light

*Natural units with # = ¢ = k = 1 are assumed.
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rather than massless dark photons, or even with light scalar
particle(s), might also be possible.

III. FORMALISM

The physical picture for disk galaxies is that they are
embedded in a galactic halo that takes the form of a plasma3
composed of dark matter particles [15].* This theme has
been developed over the past few years in the context of
mirror dark matter [16-19] and the simple dissipative
model of the previous section [20]. Here we build on this
recent work, with the aim of describing such dissipative
dark matter in a fairly model independent manner.

In the context of the specific hidden sector model
described in the previous section, the dark matter plasma
dissipates energy via various processes which lead to dark
photon emission, such as dark bremsstrahlung. The halo is
also subject to heating, sourced by kinetic mixing induced
processes in the core of type II supernovae in the disk.
These processes (y — F\F,, ée — F\F,, ée - F\Fyp
etc.) convert up to around half of a supernova’s core
collapse energy into light hidden sector particles.
Ultimately this energy is transformed into dark photons
in the region around the supernova. These dark photons
then transport this energy to the halo, where it can be
absorbed via dark photoionization.

Using spherical coordinates and setting the presumed
thin disk at = /2, the energy flux of dark photons at a
point P = (r, 8, ¢p) within an optically thin halo is given by

F, (r.0.¢)= /d¢/drr
(7. 9)

y _ .
471'[1’2 L2 27 sinGCOS((f? - ¢)]

(7)

Here, 2(7, (Z)) is the luminosity of dark photons per unit area
produced on the disk, assumed to originate from ordinary
type II supernovae. Since supernovae are discrete events,
this quantity represents an average over a reasonable time
period (say last 10 million years).

The flux of dark photons will heat the dark halo. The
halo also cools via dark bremsstrahlung and other proc-
esses. The key assumption is that the halo dynamically
adjusts (contracts or expands) so that the heating and
cooling rates balance at any particular point, P. Given that
the heating rate is proportional to the product of the dark

There may also be a subcomponent of dark stars. However,
the total mass (and distribution) of that subcomponent is
uncertain and assumed negligible for the purposes of the present
analysis.

Elliptical and dwarf spheroidal galaxies form quite a different
class, as these galaxy types are largely devoid of baryonic gas and
show little current star formation activity. The curious reader is
referred to [20] for a discussion on how these galaxies might fit
into this dissipative dark matter framework.
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matter density and dark photon energy flux and the cooling
rate is proportional to this density squared, it follows that
p o F, [Egs. (1) and (2)]. That is, the dark matter mass
density has the form

p(r.0,9) :A/d&ﬁ/d??

. Zsn (7. ¢)
4z[r? + P2 = 2rFsin@cos(dp — p)]

(8)

where 4 is a constant which depends on the cross section,
supernovae dark photon energy spectrum etc. In the
integrand above, Xqy is the type II supernova rate in the
disk [the proportionality constant in replacing the dark
photon luminosity in the integrand of Eq. (7) with Xy is
also absorbed into 4]. In principle 4 also depends on the
halo temperature at the point P. However, we will assume,
for simplicity, an isothermal halo so that the constant 4 is
independent of halo location, i.e., r, 9, ¢p. (Of course, A may
well vary somewhat between different galaxies.)

The above equation gives a very simple description of
the dark matter distribution in galaxies. Furthermore, it is
intimately connected with the distribution of ordinary
baryons through the type II supernova rate per unit area
of the disk, Xgy (7, ¢). The previous studies [17,18,20]
assumed that gy (7, ¢) could be approximated by the
stellar distribution, taken to be a Freeman disk [38]. This
could only be a fairly crude approximation as the Freeman
disk is a kind of average over the past history of the galaxy;
the quantity we require is the supernovae rate at the present
epoch. Since supernovae are the final evolutionary stages of
large stars which have a short lifespan (typically less than

10 million years) the rate gy (7, g;ﬁ) should be correlated
with the current star formation rate in the galaxy under
consideration.

Under the simplifying assumption of an azimuthally
symmetric disk, the dark matter density, p [Eq. (8)], is also
azimuthally symmetric. The contribution to the gravita-
tional acceleration at a point in the plane of the disk due to
the dark matter distribution, Eq. (8), therefore depends only
on the distance r and is given by

(7,0) cosw

=G d dcos@ [ dir?
g(r) N/ ¢/ / r?+7? —2rrsm«9005¢
9)

Here Gy is Newton’s constant and

oS — r—Fsinfcos ¢ ' (10)

\/r2 + 72 — 2rFsinf cos ¢

In this azimuthally symmetric case, the motion of the
baryons in the disk can be assumed to be circular and the
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dark matter halo contribution to the rotational velocity is
then given by v, /r = g(r).

If the halo does indeed evolve to a steady-state configu-
ration where heating and cooling rates locally balance then
the distribution of the dark matter out to some distance,
Thalo» Should be fixed by Eq. (8). This means that for
0 < r < rao @ kind of equilibrium configuration ensues so
that the dark matter distribution is approximately indepen-
dent of the initial conditions and early history of the
galaxy.5 In particular, the shape of the distribution for
r < Inhalo 18 also independent of the total dark matter mass
of the halo, mgy,,. However, the halo size scale ryy, is
expected to depend on this quantity:

Myark = /pdv~4ﬂp0r(2)rhalo7 (11)

where we have replaced p with the quasi-isothermal
distribution, an approximation roughly valid, especially
at large distances, r > rp (as will be seen in Sec. IV).
Observations reveal that rotation curves are generally flat at
the largest observed distances in a given galaxy, which
indicates that ry,, is typically greater than this observed
edge of the galaxy.

IV. GENERIC GALAXIES

We now examine the case of a “generic” disk galaxy.
Specifically we consider a thin disk galaxy (with no bulge)
with stellar mass distribution described by a Freeman
disk [38]:
mp

X (r) =

- _r/rD (12)
e ,
2712

where my, is the stellar mass of the disk and rp is the disk
scale length. To solve Eq. (8) we require the type II
supernova rate in the disk, Xy (7, ¢). Here we shall assume
azimuthal symmetry and take Xgy(r) o 2*(r). Of course
this can only be a very crude approximation, but can
nevertheless provide useful insight for generic disk gal-
axies. With this assumption, the type II supernova rate per
unit area is then

= (r)

D

Zon(r) = Rgy. (13)

5Regarding the early history of the halo evolution, we expect
that at very early times (¢ < Gyr) the dark matter that seeded the
galactic halo would have collapsed, possibly into a disk. Shortly
thereafter, following the collapse of ordinary matter and con-
sequent star formation activity, the dark matter was reheated. This
reheating expands the dark matter gas component into the plasma
halo and eventually the system should relax into a steady-state
configuration where the heating and cooling rates locally balance.
This is the presumed state of disk galaxies at the current epoch.
See also [31] for some more detailed discussion.
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Dark matter density (arbitrary units)

100

r (kpc)

FIG. 1. Dark matter density, p(r,0) derived from dissipative
dynamics [Eqgs. (8) and (13)] for various € values. Curves from
bottom to top are for: @ =0 (direction normal to the disk),
0=r/6,0=r/4,0=rx/3and @ = 2x/5. The reference values
mp = 10'"'mg, rp = 4.3 kpc are assumed.

where Rgy is the total supernova rate of the generic galaxy
under consideration. We further assume that this total
supernova rate scales with stellar mass via Rgy o \/mp,
which is consistent with the supernova study [39].

With these baryonic relations, it is straightforward to
numerically solve Egs. (8) and (9) to obtain the dark halo
density distribution and rotation curve. In doing so, we
assume that the coefficient 4 is a constant, which we set by
fixing the maximum rotational velocity of a m;, = 10''m,
generic galaxy to be 250 km/s (a typical value for such a
galaxy).

Consider first the resulting dark matter distribution,
Eq. (8). This distribution is not spherically symmetric,
due to the spherically asymmetric heating from the disk. In
Fig. 1 we plot p(r, ) for & = 0 (direction normal to the
disk), 6 = /6, 06 = /4, 6 =x/3 and 0 =2x/5. The
density has a log divergence as 8 — /2 (plane of the
disk). As the figure shows, the dark matter halo approaches
spherical symmetry for r > rp, with significant departures
from spherical symmetry in the inner region (r < rp).

We now turn to the rotation curves, Eq. (9). Figure 2
shows the result of numerically solving this equation for
four illustrative examples with stellar masses of mp =
108mg, mp = 10°mg, mp = 10"%mg and mp = 10''m,.
The corresponding values for the disk scale length (given in

%In realistic models we expect some variation of 1 between
galaxies. In fact, 1  1//Tpa, follows in models where dark
bremsstrahlung is the dominant cooling process. Simple analytic
calculations suggest that the halo temperature is related to the
asymptotic rotational velocity via Ty, ~ mv2,/2 where 7 is the
mean mass of the dark matter particles forming the plasma [16].
Utilizing the Tully-Fisher relation we then have A « (Lg)~/4,
where Ly is the B-band luminosity of the galaxy in question.
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FIG. 2. Generic rotation curves predicted from this dynamics,
Egs. (8), (9), and (13). The four curves are for parameters:
(@) mp=108mg, rp=10kpc, (b) mp=10"mg, rp=
1.4 kpe, (c) mp=10"mg, rp=2.1%kpc, and (d) mp =
10" mg, rp = 4.3 kpc. The curves represent only the dark matter
contribution to the rotational velocity.

the figure caption) are typical of high surface brightness
disk galaxies.

In Fig. 3 we compare the predicted rotation curves (dark
matter contribution only) for two galaxies with the same
baryonic mass mj, = 10'%m, but with two different disk
scale lengths: (a) rp = 2 kpc and (b) rp = 7 kpc. These
parameters correspond roughly to the high surface bright-
ness galaxy NGC 2403 (a) and low surface brightness
galaxy UGC 128 (b). (To do an actual fit to the rotation
curve data for these two galaxies, a more sophisticated
treatment of Xy is recommended, such as the approach in
Sec. V which makes use of a Kennicutt-Schmidt-type
relation.) Although both galaxies have the same asymptotic
value for the rotational velocity, the low surface brightness
galaxy has a much shallower rotation curve. This behavior
has been known for many years, see in particular the
discussion in [40,41], and is very simply explained with
dissipative dark matter dynamics.

Phenomenologically, it has long been observed that
spherically symmetric cored dark matter distributions
provide a reasonable fit to the rotation curves of typical
disk galaxies, e.g., [42—45]. In this context, the spherically
symmetric quasi-isothermal distribution,

2
Polo
= 14
priso(r) 21 r% (14)
with rotation velocity

1}2 t GN r ~ ~ ~

_rot _ — / plso(r)4ﬂr2dr, (15)
r r 0
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FIG. 3. (Top) Predicted rotation curve (dark matter only
contribution) for two galaxies with the same baryonic mass
mp = 10""mg but with two different disk scale lengths:
(@) rp =2kpc and (b) rp =7 kpc. (Bottom) The same two
curves plotted in terms of the dimensionless variable r/rp. The
curves coincide as rp is the only length scale in the problem.

is often considered. Other closely related cored profiles
have also been discussed in the literature, such as the
Burkert profile [46,47].

Although the dark matter density profile resulting from
the assumed dissipative dynamics is not spherically sym-
metric, it turns out that the dark halo contribution to the
rotational velocity can be approximated by the above
spherically symmetric quasi-isothermal distribution. We
illustrate this in Fig. 4, which compares the generic rotation
curves of Fig. 2 [derived from Egs. (8) and (13)] with the
rotation curves resulting from the spherically symmetric
quasi-isothermal distribution, Eq. (15). Furthermore, the
approximate agreement of the two curves requires ry = rp
and py ~ 7 x 1072mg/ pc?, independently of mj, over the
considered range: 10% < my/mg < 10!, This value for r
is somewhat below best fit values, which prefer ry =~ 2rp
[48]. We suspect that this is due, at least in part, to our use
of X* to model Xgy. In the next section we will use the
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FIG. 4. Comparison between the rotation curves from dissipa-
tive dynamics for the examples in Fig. 2 (sold lines) with that
using the quasi-isothermal profile [Eq. (14)] (dashed lines).

Kennicutt-Schmidt-type relation which we find does a
reasonable job in explaining rotation curves.

Also, the result that p, was found to be roughly constant
relied on 4 being a galaxy independent quantity and also the
assumed Rgy o /mp scaling. In models where dark
bremsstrahlung dominates the halo cooling, Aex1/+v/Thai0
where T}, is the temperature of the dark matter halo.
Simple analytic calculations as in [20] suggest To & P73
If this is taken into account, then we would have

po 1/ r(z)/ . a galactic scaling relation that is roughly
consistent with observations [49,50] (the Tully-Fisher
relation [21] also follows from similar arguments [20]).
These scaling relations, though, are limited by uncertainties
such as that of the Rgy o \/mp scaling.

V. SPECIFIC EXAMPLES

Over the last few years, high quality rotation curve data
has become available from surveys of nearby galaxies,
e.g., [51,52]. Here we shall examine examples contained
in the LITTLE THINGS survey of 26 nearby dwarf
galaxies [52]. Additionally, we consider also the small
spiral galaxy, NGC 1560 [53,54]. The selected sample
mostly feature flat or rising rotation curves out to the
largest measured distance.

The study [52] compared the rotation curves of the
LITTLE THINGS sample with the quasi-isothermal profile,
Eq. (14) and also the NFW profile [13]

PrEw (1) = Pi 7
(r/r)(L+r/r)

(16)

The NFW profile is the expected distribution of collision-
less cold dark matter particles. It was found that the NFW
profile generally gave very poor fits to the observed rotation
curves, while the quasi-isothermal profile generally fared
much better. As discussed in the previous section, the
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quasi-isothermal profile was historically introduced purely
phenomenologically, without reference to any dark matter
theory, but nevertheless can be viewed as a zeroth order
approximation to dissipative dark matter (Fig. 4). Note
though, that dissipative dark matter provides an even more
constrained description since the core scale length (r)
correlates with the disk scale length rp,, via the association
of the heat sources with core collapse supernovae in the
disk. The purpose of the current paper is to illustrate these
ideas with specific examples, and postpone a more detailed
study to future work [55].

As in Sec. IV we shall derive the rotation curves using
Egs. (8) and (9) for the dark matter contribution. However,
instead of using X* for the supernova rate in the disk, we
shall use a Kennicutt-Schmidt-type relation: Xgy(7) o
[Zaas(F)]V. Such a relation allows gy to be related to
local properties of each galaxy. Explicitly, we use

o [Zas (7))
p(r, 9) =4 /d¢/drr4ﬂ[r2 + 72 —2r?sin9008q;ﬂ ’

(17)

where the coefficient is now A/, having absorbed the
proportionality constant of the Kennicutt-Schmidt relation
into its definition. For N = 2, A’ has units pc/m.

For the exponent, N, in the Kennicutt-Schmidt type
relation, we initially considered the range 1.0 < N < 2.0,
but for the sample of galaxies considered here it was found
that the rotation curve data could be reasonably well
explained if N =2.0 (although lower values, e.g., N =
1.5 also gave reasonable results). The value of N = 2.0 is
consistent with the star formation rate found by Schmidt
[56], who considered star formation rates in the Milky Way,
but somewhat higher than the value obtained by the more
recent study of Kennicutt, N = 1.4 [57] (see also the recent
review [58]). However the Kennicutt study considered the
total star formation rate in units moyr~! averaged over the
disk for a given galaxy, while the quantity of interest in the
present context is the local formation rate of large stars,
Mgy 2 8Mg, the progenitors of type II supernovae.
Anyway, with the exponent fixed at N = 2.0, we could
attempt to fit each galaxy with just one parameter, 1.
(Although we allow A’ to vary between different galaxies, it
is found that there is only a modest variation, within a factor
of 2 or so between the ten galaxies considered, with central
value around A’ = 0.001pc/mg.)

We first consider the small spiral galaxy, NGC 1560
[53,54]. This example is particularly interesting because it
shows a small “wiggle” in the rotation curve, at around
r =5 kpc. The gas density for this galaxy is given in [54],
reproduced in Fig. 5 (top), also has this feature at r ~ 5 kpc.
Although the wiggle is quite small in the azimuthally
averaged rotation curve data, it can be seen more easily if
one separately examines the northern (receding) and
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FIG. 5 (color online). (Top) Baryonic gas density as found in
[54]. The blue circles (black squares) represent an average over
the northern (southern) half of the galaxy. (Bottom) Predicted
rotation curve for NGC 1560 (solid line). Also shown are the
separate contributions from the assumed dissipative dynamics,
Eq. (17) (dash-dotted line), the baryonic stellar (dashed line) and
baryonic gas contributions (dotted line). The data is from [54].

southern (approaching) sides of the galaxy [53,54]. For this
reason, these and other authors, e.g., [41], have argued that
the wiggle is significant and demands an explanation.

For the purposes of the present analysis, though, we shall
for simplicity assume azimuthal symmetry. In solving
Eq. (17), we therefore set X, to be the average of the
northern and southern gas density measurements,
Tous(r) = [Zha™(r) 4 Zeo™(r)]/2. In Fig. 5 (bottom) we
compare the predicted rotation curve with the data. As the
figure shows, dissipative dark matter does a good job in
reproducing both the rotation curve (32, = 0.45) as well as
the small wiggle at 7 =~ 5 kpc. The phenomenological cored
halo models also do a good job in fitting the rotation curve,
with 2, = 0.30 for quasi-isothermal and y2, = 0.33 for
Burkert profile. (The NFW profile, on the other hand, gives
a much poorer fit to the rotation curve data [54].) However
such smooth profiles cannot explain the apparent wiggle at
around r = 5 kpc.
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Rotational Velocity (km/s)

0 1 2 3 4 5 6 7
r (kpc)

FIG. 6. Predicted rotation curve for DDOS87 (solid line). Also
shown are the separate contributions from the assumed dissipa-
tive dynamics, Eq. (17) (dash-dotted line), the baryonic stellar
(dashed line) and baryonic gas contributions (dotted line). The
data is from [52].

We next consider a selection of dwarf galaxies from the
LITTLE THINGS survey [52]. That reference contains
both the gas density and rotation curve data. The results of
the analysis are shown in Figs. 6-14 for the galaxies:
DDOS87, DDO126, DDO133, DD0O52, DDO47, DDO70,
NGC 3738, NGC 2366 and DDO154. The figures show
reasonable agreement with the data, especially as only one
parameter, ', was adjusted. The approach here also seems
capable of explaining the subtle wiggles in the rotation
curves and could easily be improved by taking into account
the azimuthal dependence of the gas density. The galaxy
NGC 1560, where the wiggle in both the gas density and
rotation curve at r & 5 kpc is much more pronounced in the
northern half of the galaxy [53,54], might be a good
example to use if one were to take into account the
azimuthal dependence.

50

(] £
o o
T

Rotational Velocity (km/s)
N
o

FIG. 7. Predicted rotation curve for DDO126 (solid line).
Notation as in Fig. 6, data from [52].
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FIG. 8. Predicted rotation curve for DDO133 (solid line).  FIG. 11. Predicted rotation curve for DDO70 (solid line).
Notation as in Fig. 6, data from [52]. Notation as in Fig. 6, data from [52].
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FIG. 9. Predicted rotation curve for DDO52 (solid line). FIG. .12. Plredigted rotation curve for NGC 3738 (solid line).
Notation as in Fig. 6, data from [52]. Notation as in Fig. 6, data from [52].
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FIG. 10. Predicted rotation curve for DDO47 (solid line). FIG. 13. Predicted rotation curve for NGC 2366 (solid line).
Notation as in Fig. 6, data from [52]. Notation as in Fig. 6, data from [52].
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Rotational Velocity (km/s)

FIG. 14. Predicted rotation curve for DDO154 (solid line).
Notation as in Fig. 6, data from [52].

The results in Figs. 5-14 assumed that the Kennicutt-
Schmidt-type relation had the exponent fixed at N = 2.0.
Allowing N to vary with values greater than 2.0 generally
gave slightly better agreement between the predicted
rotation curves and the data. We illustrate this in
Fig. 15, where we consider the predicted rotation curve
for DDO154 with varying N values (where in each case we
adjusted A’ to give the correct normalization). Given the
uncertainties in the (large) star formation rates, large N
values such as N = 3.0 might be possible. However, we do
not expect Eq. (17) to be an exact description of the dark
matter density profile. In particular, the assumptions of
(a) azimuthal symmetry, (b) isothermal halo, and (c) neg-
ligible dark stellar contribution to the rotation curve, are all
expected to be violated, at least to some extent, in specific
cases. Given these potential uncertainties the level of
agreement of the predicted rotation curves with the data
is reasonable.

Rotational Velocity (km/s)

r (kpc)

FIG. 15. Predicted rotation curve (dark matter + baryons) for
DDO154, with Kennicutt-Schmidt exponent, N, varying. Curves
from (left) bottom to top are for N =1.0, N =1.5, N =2.0,
N =25, N=30.
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In addition to the galaxies shown, we also considered
DDO101 and DDO168, which were found to give much
poorer fits and are not shown. DDO101 has a relatively low
baryonic gas density and total baryonic mass. The resulting
suppressed heating of DDO101’s halo may have been
insufficient to support the halo from collapse. That is, the
dark halo of DDO101 is no longer a diffuse plasma, but
may have collapsed into dark stars. This is also supported
by the relatively high measured value for the central density
of its halo. By contrast, DDO168 has a relatively high
baryonic gas density in the central region. It is unclear why
the formalism might fail for DDO168 but it might have
something to do with this detail. Also, the rotation curve
data for both DDO168 (as with DDO70) show a turn over at
the largest measured distances, which would require an
understanding of the boundary region, beyond the scope of
this paper.

VI. CONCLUSIONS

We have considered dissipative dark matter, in which
dark matter particles forming galactic halos are presumed to
have dissipative self-interactions. Hidden sector gauge
models featuring dissipative dark matter are straightforward
to construct. An example being hidden sector dark matter
charged under an unbroken U(1)’ gauge symmetry, leading
to dark matter interacting with a massless gauge boson—
the dark photon. The dark photon not only mediates self-
interactions among the dark sector particles, but allows for
halo cooling via dissipative particle processes such as dark
bremsstrahlung. Mirror dark matter, where the hidden
sector is an exact duplicate of the standard model sector,
is a constrained example of such a theory. Many other
dissipative dark matter models may be possible, e.g., where
the dark photons are light rather than massless, or even
where they are replaced by light scalar particle(s).

If dark matter is dissipative then the dark matter halo
around disk galaxies can have quite nontrivial behavior. In
addition to cooling, the halo can have heating powered by
ordinary type II supernovae in the disk. Naturally, this
requires a small coupling between the dark matter particles
and ordinary matter ones, with the photon—dark photon
kinetic mixing interaction a likely suspect. With such an
interaction ordinary supernovae become a major source of
dark photons which can supply a substantial amount of
energy to the halo.

This type of dark matter, which can be modeled as a fluid
satisfying Euler’s equations of fluid dynamics, will expand
and contract in response to these heating and cooling
influences. In the current epoch, the halo is anticipated to
have evolved into a steady-state configuration where the
energy radiated at each point approximately balances the
heating. If this indeed occurs, then the physical properties
of the halo will be strongly constrained and a very simple
formula, Eq. (8), relating the dark matter density with the
supernova energy sources results.
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For a given supernova distribution, a prediction for the
rotation curves of individual galaxies follows—all of the
model dependence, kinetic mixing parameter, relevant
cross sections etc. can be condensed into a single param-
eter. The spatial distribution of supernovae was modeled
with a Freeman disk profile and also via a Kennicutt-
Schmidt-type power law. The resulting rotation curves were
then compared with observations and found to be in
reasonably good agreement. In particular, subtle “wiggles”
in the rotation curve which appear to be correlated with

PHYSICAL REVIEW D 91, 123543 (2015)

corresponding features in the disk gas distribution could
plausibly be explained in this approach.

ACKNOWLEDGMENTS

The author would like to thank S. Vagnozzi for com-
ments on a draft of this paper and also thank S. Oh, G.
Gentile and W. Blok for making available rotation curve
data files. This work was supported by the Australian
Research Council.

[1] P.A.R. Ade et al. (Planck Collaboration), Planck 2013
results. XVI. Cosmological parameters, Astron. Astrophys.
571, A16 (2014).

[2] R. Keisler et al., A measurement of the damping tail of the
cosmic microwave background power spectrum with the
South Pole telescope, Astrophys. J. 743, 28 (2011).

[3] G. Hinshaw et al. (WMAP Collaboration), Nine-year
Wilkinson microwave anisotropy probe (WMAP) observa-
tions: Cosmological parameter results, Astrophys. J. Suppl.
Ser. 208, 19 (2013).

[4] S. Dodelson, Modern Cosmology (Academic Press,
Amsterdam, Netherlands, 2003), p. 440, and references
therein.

[5] Z. Berezhiani, D. Comelli, and F.L. Villante, The early
mirror universe: Inflation, baryogenesis, nucleosynthesis
and dark matter, Phys. Lett. B 503, 362 (2001); A.Y.
Ignatiev and R. R. Volkas, Mirror dark matter and large scale
structure, Phys. Rev. D 68, 023518 (2003); Z. Berezhiani,
P. Ciarcelluti, D. Comelli, and F. L. Villante, Structure
formation with mirror dark matter: CMB and LSS, Int. J.
Mod. Phys. D 14, 107 (2005); P. Ciarcelluti and Q.
Wallemacq, Is dark matter made of mirror matter? Evidence
from cosmological data, Phys. Lett. B 729, 62 (2014).

[6] R. Foot, Implications of mirror dark matter kinetic mixing
for CMB anisotropies, Phys. Lett. B 718, 745 (2013).

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

[8] Y. Sofue and V. Rubin, Rotation curves of spiral galaxies,
Annu. Rev. Astron. Astrophys. 39, 137 (2001), and refer-
ences therein.

[9] B. Moore, Evidence against dissipationless dark matter
from observations of galaxy haloes, Nature (London)
370, 629 (1994).

[10] A. Borriello and P. Salucci, The dark matter distribution in
disk galaxies, Mon. Not. R. Astron. Soc. 323, 285 (2001).

[11] W.J.G. de Blok, S.S. McGaugh, A. Bosma, and V.C.
Rubin, Mass density profiles of LSB galaxies, Astrophys. J.
552, L.23 (2001).

[12] S. H. Oh, W.J. G. de Blok, F. Walter, E. Brinks, and R. C.
Kennicutt, Jr., High-resolution dark matter density profiles
of THINGS dwarf galaxies: Correcting for non-circular
motions, Astron. J. 136, 2761 (2008).

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

[14] W.J.G. de Blok, The core-cusp problem, Adv. Astron.
2010, 1 (2010).

[15] R. Foot and R.R. Volkas, Spheroidal galactic halos and
mirror dark matter, Phys. Rev. D 70, 123508 (2004).

[16] R. Foot, A dark matter scaling relation from mirror dark
matter, Phys. Dark Univ. 5-6, 236 (2014).

[17] R. Foot, Galactic structure explained with dissipative mirror
dark matter, Phys. Rev. D 88, 023520 (2013).

[18] R. Foot, Tully-Fisher relation, galactic rotation curves and
dissipative mirror dark matter, J. Cosmol. Astropart. Phys.
12 (2014) 047.

[19] R. Foot and Z. K. Silagadze, Thin disk of corotating dwarfs:
A fingerprint of dissipative (mirror) dark matter? Phys. Dark
Univ. 2, 163 (2013).

[20] R. Foot and S. Vagnozzi, Dissipative hidden sector dark
matter, Phys. Rev. D 91, 023512 (2015).

[21] R. B. Tully and J. R. Fisher, A new method of determining
distances to galaxies, Astron. Astrophys. 54, 661 (1977).

[22] H. Goldberg and L. J. Hall, A new candidate for dark matter,
Phys. Lett. B 174, 151 (1986).

[23] R. Foot, Mirror matter-type dark matter, Int. J. Mod. Phys. D
13, 2161 (2004).

[24] A. Ibarra, A. Ringwald, and C. Weniger, Hidden gauginos
of an unbroken U(1): Cosmological constraints and phe-
nomenological prospects, J. Cosmol. Astropart. Phys. 01
(2009) 003.

[25] L. Ackerman, M.R. Buckley, S.M. Carroll, and M.
Kamionkowski, Dark matter and dark radiation, Phys.
Rev. D 79, 023519 (2009).

[26] N. Arkani-Hamed, D.P. Finkbeiner, T.R. Slatyer, and N.
Weiner, A theory of dark matter, Phys. Rev. D 79, 015014
(2009).

[27] J. L. Feng, M. Kaplinghat, H. Tu, and H. B. Yu, Hidden
charged dark matter, J. Cosmol. Astropart. Phys. 07 (2009)
004.

[28] J. Fan, A. Katz, L. Randall, and M. Reece, Double-disk dark
matter, Phys. Dark Univ. 2, 139 (2013).

[29] K. Petraki, L. Pearce, and A. Kusenko, Self-interacting
asymmetric dark matter coupled to a light massive dark
photon, J. Cosmol. Astropart. Phys. 07 (2014) 039.

123543-11


http://dx.doi.org/10.1051/0004-6361/201321591
http://dx.doi.org/10.1051/0004-6361/201321591
http://dx.doi.org/10.1088/0004-637X/743/1/28
http://dx.doi.org/10.1088/0067-0049/208/2/19
http://dx.doi.org/10.1088/0067-0049/208/2/19
http://dx.doi.org/10.1016/S0370-2693(01)00217-9
http://dx.doi.org/10.1103/PhysRevD.68.023518
http://dx.doi.org/10.1142/S0218271805005165
http://dx.doi.org/10.1142/S0218271805005165
http://dx.doi.org/10.1016/j.physletb.2013.12.057
http://dx.doi.org/10.1016/j.physletb.2012.12.001
http://dx.doi.org/10.1103/PhysRevD.89.063517
http://dx.doi.org/10.1146/annurev.astro.39.1.137
http://dx.doi.org/10.1038/370629a0
http://dx.doi.org/10.1038/370629a0
http://dx.doi.org/10.1046/j.1365-8711.2001.04077.x
http://dx.doi.org/10.1086/320262
http://dx.doi.org/10.1086/320262
http://dx.doi.org/10.1088/0004-6256/136/6/2761
http://dx.doi.org/10.1086/304888
http://dx.doi.org/10.1086/304888
http://dx.doi.org/10.1155/2010/789293
http://dx.doi.org/10.1155/2010/789293
http://dx.doi.org/10.1103/PhysRevD.70.123508
http://dx.doi.org/10.1016/j.dark.2014.05.007
http://dx.doi.org/10.1103/PhysRevD.88.023520
http://dx.doi.org/10.1088/1475-7516/2014/12/047
http://dx.doi.org/10.1088/1475-7516/2014/12/047
http://dx.doi.org/10.1016/j.dark.2013.10.001
http://dx.doi.org/10.1016/j.dark.2013.10.001
http://dx.doi.org/10.1103/PhysRevD.91.023512
http://dx.doi.org/10.1016/0370-2693(86)90731-8
http://dx.doi.org/10.1142/S0218271804006449
http://dx.doi.org/10.1142/S0218271804006449
http://dx.doi.org/10.1088/1475-7516/2009/01/003
http://dx.doi.org/10.1088/1475-7516/2009/01/003
http://dx.doi.org/10.1103/PhysRevD.79.023519
http://dx.doi.org/10.1103/PhysRevD.79.023519
http://dx.doi.org/10.1103/PhysRevD.79.015014
http://dx.doi.org/10.1103/PhysRevD.79.015014
http://dx.doi.org/10.1088/1475-7516/2009/07/004
http://dx.doi.org/10.1088/1475-7516/2009/07/004
http://dx.doi.org/10.1016/j.dark.2013.07.001
http://dx.doi.org/10.1088/1475-7516/2014/07/039

R. FOOT

[30] J. Cline, Z. Liu, and W. Xue, Millicharged atomic dark
matter, Phys. Rev. D 85, 101302 (2012).

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

[32] R. Foot and X.G. He, Comment on Z Z-prime mixing
in extended gauge theories, Phys. Lett. B 267, 509
(1991).

[33] B. Holdom, Two U(1)’s and Epsilon charge shifts, Phys.
Lett. 166B, 196 (1986).

[34] K. Hirata et al. (KAMIOKANDE-II Collaboration),
Observation of a Neutrino Burst from the Supernova SN
1987a, Phys. Rev. Lett. 58, 1490 (1987).

[35] R.M. Bionta et al., Observation of a Neutrino Burst in
Coincidence with Supernova SN 1987a in the Large
Magellanic Cloud, Phys. Rev. Lett. 58, 1494 (1987).

[36] G.G. Raftelt, Stars as Laboratories for Fundamental
Physics: The Astrophysics of Neutrinos, Axions, and Other
Weakly Interacting Particles (University Press, Chicago, IL,
1996), p. 664; S. Davidson, S. Hannestad, and G. Raffelt,
Updated bounds on millicharged particles, J. High Energy
Phys. 05 (2000) 003.

[37] R. Foot, H. Lew, and R. R. Volkas, A model with funda-
mental improper space-time symmetries, Phys. Lett. B 272,
67 (1991).

[38] K.C. Freeman, On the disks of spiral and SO Galaxies,
Astrophys. J. 160, 811 (1970).

[39] W. Li, R. Chornock, J. Leaman, A.V. Filippenko, D.
Poznanski, X. Wang, M. Ganeshalingam, and F. Mannucci,
Nearby supernova rates from the Lick Observatory Super-
nova Search. III. The rate-size relation, and the rates as a
function of galaxy Hubble type and colour, Mon. Not. R.
Astron. Soc. 412, 1473 (2011).

[40] M. Verheijen and E. de Blok, The HSB/LSB galaxies NGC
2403 and UGC 128, Astrophys. Space Sci. 269/270, 673
(1999).

[41] S.S. McGaugh, The third law of galactic rotation, Galaxies
2, 601 (2014).

[42] W.J.G. de Blok and S. S. McGaugh, The dark and visible
matter content of low surface brightness disk galaxies, Mon.
Not. R. Astron. Soc. 290, 533 (1997).

[43] W.J.G. de Blok, S.S. McGaugh, and V.C. Rubin,
High-resolution rotation curves of low surface brightness
galaxies. II. Mass models, Astron. J. 122, 2396 (2001).

PHYSICAL REVIEW D 91, 123543 (2015)

[44] W.J.G. d. Blok, A. Bosma, and S. S. McGaugh, Simulating
observations of dark matter dominated galaxies: Towards
the optimal halo profile, Mon. Not. R. Astron. Soc. 340, 657
(2003).

[45] G. Gentile, P. Salucci, U. Klein, D. Vergani, and P. Kalberla,
The cored distribution of dark matter in spiral galaxies,
Mon. Not. R. Astron. Soc. 351, 903 (2004).

[46] A. Burkert, The structure of dark matter halos in dwarf
galaxies, [AU Symp. 171, 175 (1996); Astrophys. J. 447,
L25 (1995).

[47] P. Salucci and A. Burkert, Dark matter scaling relations,
Astrophys. J. 537, L9 (2000).

[48] F. Donato and P. Salucci, Cores of dark matter halos
correlate with disk scale lengths, Mon. Not. R. Astron.
Soc. 353, L17 (2004).

[49] J. Kormendy and K. C. Freeman, Scaling laws for dark
matter halos in late-type and dwarf spheroidal galaxies, IAU
Symp. 220, 377 (2004).

[50] F. Donato, G. Gentile, P. Salucci, C. Frigerio Martins,
M. 1. Wilkinson, G. Gilmore, E.K. Grebel, A. Koch,
and R. Wyse, A constant dark matter halo surface
density in galaxies, Mon. Not. R. Astron. Soc. 397, 1169
(2009).

[51] W.J. G. de Blok, E. Walter, E. Brinks, C. Trachternach, S. H.
Oh, and R. C. Kennicutt, Jr., High-resolution rotation curves
and galaxy mass models from THINGS, Astron. J. 136,
2648 (2008).

[52] S.H. Oh et al., High-resolution mass models of dwarf
galaxies from LITTLE THINGS, Astron. J. 149, 180
(2015).

[53] A.H. Broeils, The mass distribution of the dwarf spiral
NGC 1560, Astron. Astrophys. 256, 19 (1992).

[54] G. Gentile, M. Baes, B. Famaey, and K. Van Acoleyen,
Mass models from high-resolution HI data of the dwarf
galaxy NGC 1560, Mon. Not. R. Astron. Soc. 406, 2493
(2010).

[55] R. Foot, work in progress.

[56] M. Schmidt, The rate of star formation, Astrophys. J. 129,
243 (1959).

[57] R. C. Kennicutt, Jr., The global Schmidt law in star forming
galaxies, Astrophys. J. 498, 541 (1998).

[58] R.C. Kennicutt, Jr. and N.J. Evans, II, Star formation
in the Milky Way and nearby galaxies, Annu. Rev. Astron.
Astrophys. 50, 531 (2012).

123543-12


http://dx.doi.org/10.1103/PhysRevD.85.101302
http://dx.doi.org/10.1142/S0217751X14300130
http://dx.doi.org/10.1142/S0217751X14300130
http://dx.doi.org/10.1016/0370-2693(91)90901-2
http://dx.doi.org/10.1016/0370-2693(91)90901-2
http://dx.doi.org/10.1016/0370-2693(86)91377-8
http://dx.doi.org/10.1016/0370-2693(86)91377-8
http://dx.doi.org/10.1103/PhysRevLett.58.1490
http://dx.doi.org/10.1103/PhysRevLett.58.1494
http://dx.doi.org/10.1088/1126-6708/2000/05/003
http://dx.doi.org/10.1088/1126-6708/2000/05/003
http://dx.doi.org/10.1016/0370-2693(91)91013-L
http://dx.doi.org/10.1016/0370-2693(91)91013-L
http://dx.doi.org/10.1086/150474
http://dx.doi.org/10.1111/j.1365-2966.2011.18162.x
http://dx.doi.org/10.1111/j.1365-2966.2011.18162.x
http://dx.doi.org/10.1023/A:1017015229229
http://dx.doi.org/10.1023/A:1017015229229
http://dx.doi.org/10.3390/galaxies2040601
http://dx.doi.org/10.3390/galaxies2040601
http://dx.doi.org/10.1093/mnras/290.3.533
http://dx.doi.org/10.1093/mnras/290.3.533
http://dx.doi.org/10.1086/323450
http://dx.doi.org/10.1046/j.1365-8711.2003.06330.x
http://dx.doi.org/10.1046/j.1365-8711.2003.06330.x
http://dx.doi.org/10.1111/j.1365-2966.2004.07836.x
http://dx.doi.org/10.1086/309560
http://dx.doi.org/10.1086/309560
http://dx.doi.org/10.1086/312747
http://dx.doi.org/10.1111/j.1365-2966.2004.08220.x
http://dx.doi.org/10.1111/j.1365-2966.2004.08220.x
http://dx.doi.org/10.1111/j.1365-2966.2009.15004.x
http://dx.doi.org/10.1111/j.1365-2966.2009.15004.x
http://dx.doi.org/10.1088/0004-6256/136/6/2648
http://dx.doi.org/10.1088/0004-6256/136/6/2648
http://dx.doi.org/10.1088/0004-6256/149/6/180
http://dx.doi.org/10.1088/0004-6256/149/6/180
http://dx.doi.org/10.1111/j.1365-2966.2010.16838.x
http://dx.doi.org/10.1111/j.1365-2966.2010.16838.x
http://dx.doi.org/10.1086/146614
http://dx.doi.org/10.1086/146614
http://dx.doi.org/10.1086/305588
http://dx.doi.org/10.1146/annurev-astro-081811-125610
http://dx.doi.org/10.1146/annurev-astro-081811-125610

University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Foot, R

Title:
Dissipative dark matter explains rotation curves

Date:
2015-06-29

Citation:
Foot, R. (2015). Dissipative dark matter explains rotation curves. PHYSICAL REVIEW D, 91
(12), https://doi.org/10.1103/PhysRevD.91.123543.

Persistent Link:
http://hdl.handle.net/11343/115981

File Description:
Published version



