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We study the gravothermal evolution of dark matter halos in the presence of dissipative dark matter self-
interactions. Dissipative interactions are present in many particle-physics realizations of the dark-sector
paradigm and can significantly accelerate the gravothermal collapse of halos compared to purely elastic
dark matter self-interactions. This is the case even when the dissipative interaction timescale is longer than
the free-fall time of the halo. Using a semianalytical fluid model calibrated with isolated and cosmological
N-body simulations, we calculate the evolution of the halo properties—including its density profile and
velocity dispersion profile—as well as the core-collapse time as a function of the particle model parameters
that describe the interactions. A key property is that the inner density profile at late times becomes cuspy
again. Using 18 dwarf galaxies that exhibit a corelike dark matter density profile, we derive constraints on
the strength of the dissipative interactions and the energy loss per collision.
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Introduction.—The elusive nature of dark matter (DM) in
terrestrial experiments combined with hints for nontrivial
dynamics from astrophysical systems has led to the dark
sector paradigm: the DM may be connected to a plethora of
hidden particles with their own interactions; see Refs. [1-3]
for overviews. These dark-sector interactions may modify
the formation and evolution of DM halos and alter their inner
structure. Astrophysical observations can in turn provide
important tests on the microscopic physics in the dark sector.

In this Letter, we explore observational consequences of
a generic dark-sector model, where DM particles have both
elastic and dissipative self-interactions. Self-interacting
DM (SIDM) has been proposed to solve long-standing
issues of the prevailing cold DM model on galactic scales;
see Ref. [4] for a review. Most SIDM studies focus on the
elastic scattering limit. However, in many particle physics
realizations of SIDM [5-15], DM particles also have
dissipative collisions. We show that observations of constant
DM density cores in many dwarf galaxies can be used to test
dissipative DM self-interactions.

A finite self-gravitating system has negative heat capacity,
and the evolution of an SIDM halo culminates in the
“gravothermal catastrophe” [16]: over sufficiently long time-
scales, the inner core ultimately experiences gravitational
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collapse and a cuspy density profile reappears [17]. If this
were to occur, SIDM would, in fact, fail to explain the
low-density cores exhibited in many dwarf and low surface
brightness (LSB) galaxies [18-25]. Interestingly, if the self-
interactions are exclusively elastic, halo core collapse only
occurs within the age of the Universe for self-scattering cross
section per unit mass 6/m > 10-50 cm?/g [26,27], whereas
o/m ~ O(1) cm?/g is sufficient to explain stellar kinematics
in dwarfs [26-36]. However, in the presence of dissipative
interactions, the gravothermal evolution of an SIDM halo can
be accelerated significantly, as we will show.

We focus on the “mild cooling regime,” in which the
cooling timescale is longer than the free-fall time of the halo.
In this case, the halo mostly stays in hydrostatic equilibrium
and contracts as a whole without fragmentation, as opposed
to situations with strong cooling [37-41]. After introducing
a physical model to capture the bulk cooling, we perform
numerical simulations to trace the evolution of the halo and
calibrate the results against both isolated and cosmological
N-body simulations. Finally, we derive strong limits on the
strength of dissipative interactions in the dark sector. In
Supplemental Material [42], we provide additional details
and results to further support our main text.

Methodology.—To understand halo evolution in the
presence of dissipative interactions, we employ a semi-
analytical fluid model, which has been used to study
globular clusters [43—45] and halos consisting of SIDM
without dissipation [46-50]. Since this method is computa-
tionally inexpensive, we are able to scan a wide range of
parameter space. Moreover, it can resolve the very inner
regions of the simulated halo.
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For an isolated halo, we assume spherical symmetry and
use the following set of transport equations to describe the
gravothermal evolution in the radial direction
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where M (r, t) is the fluid mass enclosed within radius r at a
time ¢, p(r,t) is the local density, v(r,f) is the one-
dimensional velocity dispersion, L(r,?) is the luminosity,
C(r,t) is the volumetric bulk cooling rate, G is the
gravitational constant, and (0,),, denotes the Lagrangian
time derivative. The temperature is related to v as m? =
kgT, where kg is the Boltzmann constant. We assume the
DM nparticle is monatomic and set the adiabatic index
y =5/3. The elastic and dissipative interactions are
encoded in the conduction JL/Jr and the cooling term
C, respectively. In this work, we assume both the elastic
and inelastic cross sections are independent of the DM
velocity.

DM elastic self-scattering allows radial heat conduction.
This can be characterized by comparing the mean free path
A = 1/no, where n is the local number density and o is the
cross section, to the scale height H = \/v?/4nGp. The
ratio of A to H is the Knudsen number, Kn = A/H, which
indicates the importance of heat conduction induced by
elastic scattering. We refer to regions with Kn > 1
(Kn < 1) as long-mean-free-path (short-mean-free-path)
regions. Note that Kn ~ t,/t4,, where t, ~ A/v is the local
relaxation time for the elastic scattering and 4, = H /v is
the dynamical time of the halo. The luminosity L is a
function of the temperature gradient L /4xr> = —xOT /Or,

where the conductivity x = (kjis, + Kgp,) ' reduces to the

0
EM = 4n'r2p,

conductivity of the long-mean-free-path (k) and short-
mean-free-path (kgyg,) regions in the appropriate limits,
ie., Kimgp = (38/2)nH%kp/t, ~0.27pn’cky/(Gm), and
Ky = (757/256)nA*kp/t, ~ 2.1vkg/c  [47-50]. We
determine the numerical factor f in kg by calibrating
the fluid model with N-body simulations. In this work, we
have tested f = 0.75, 0.60, and 0.45 for isolated [49] and
cosmological [27] N-body simulations with purely elastic
DM self-interactions. Moreover, we have checked our
fluid-model predictions (f# = 0.60) with recent dissipative
SIDM N-body simulations [51] and find good overall
agreement; see the Supplemental Material [42] for details.

Since we assume the energy released during the dis-
sipative collision is not reabsorbed by DM particles in the
halo, the cooling rate C appears as a bulk term in Eq. (1),
which can be written as a function of the model parameters,
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where vy = \/Ejoss/m 18 the “velocity loss” that para-
metrizes the energy loss per collision; ¢’ is the cross section
of the dissipative interaction, and ¢, = 1/(nc’vyy) is the
relaxation time with respect to the relative velocity of the two
incoming particles, v; we take the thermal average (-) with
respect to the Boltzmann distribution of v, while restricting
inelastic scattering to particles whose kinetic energy exceeds
Elpss»> 1.€., Uyl = 2004 This model of cooling captures the
essential features of dissipative interactions.

We solve Eq. (1) with the boundary conditions at t = 0
of M = L = 0 for the inner boundary and L = 0 for the
outer boundary. We assume the initial halo mass distribu-
tion follows an NFW profile [52], p(r) = p,r3/r(r + ry)?,
where p, and r, are the scale density and radius, respec-
tively. In our simulations, we reformulate Eq. (1) in terms
of a set of dimensionless variables based on r, and p, and
follow the numerical procedure in Refs. [48,50]; see the
Supplemental Material [42].

Gravothermal evolution.—To illustrate the effect of the
dissipative interactions, we consider a dwarf halo with mass
8 x 100 M o and characteristic halo parameters r, =
6.5kpcand p; = 1.28 x 107 My /kpc®. Reference [33] took
this NFW halo as an outer boundary condition to find the
SIDM fit to the galactic rotation curve of LSB F583-1, which
exhibits a cored density profile. We take 6/m = 3 cm?/g as
in Ref. [33] and consider ¢/ = 0 as well as ¢/ = ¢ and
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FIG. 1. The evolution of the density profiles for an SIDM halo,

LSB F583-1, assuming purely elastic DM self-interactions (“no
cooling,” blue) and self-interactions with an additional dissipative
interaction (“with cooling,” red). Numbers show the Knudsen
number for the innermost shell at a given time. We project the
evolution of the density of the innermost shell on to the p — ¢
plane and mark the separation of stages 1 — 2 and 2 — 3 with
diamond and star, respectively. We take f = 0.60.
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Uoss = 13 km/s, corresponding to the benchmark case 2 as
we will discuss below.

Figure 1 shows the density vs radius over time with (red)
and without (blue) bulk cooling. Each curve is labeled with a
Kn value for the innermost simulated shell. From the density
evolution, we see the process can be divided into three stages.
(1) Core expansion. Heat conduction is inwards (L < 0) and
Kn > 1. The halo evolves quickly to a quasi-isothermal
state. (ii) Self-similar collapse. Heat is conducted outwards
(L > 0) and Kn slowly decreases. The self-similar collapse
results in a cuspy density profile and with log-slope of
approximately —2, a characteristic feature if the cooling is
absent or mild. (iii) Post-self-similar collapse. Here Kn < 1
atthe center and the inner density suddenly begins to increase
dramatically. In Fig. 1, the symbol diamond denotes the
1 — 2 transition, when the innermost shell is at its least dense
and its luminosity vanishes; the symbol star denotes the
2 — 3 transition, when Kn = 1.

For concreteness, we define a collapse time as the time at
which Kn = 0.1 for the innermost shell, and we denote the
collapse time with (without) inelastic cooling as 7. (z,).
Since the evolution of the third stage is very fast, . and 7,
are largely determined by the time of the first two stages.
The most important effect of the dissipative interaction is to
significantly speed up the collapse time, . < .. For LSB
F583-1 with the model parameters chosen in Fig. 1, the
collapse time with cooling is shortened by about a factor of
20, resulting in 7. ~ 8.5 Gyr. This amount of cooling is
disfavored, because the final density profile is too steep to
be consistent with the observed profile of LSB F583-1 [33].

We perform a suite of simulations, varying the model
parameters within the following range of values in
dimensionless units: & = (¢/m)p,ry = 1074-10%, ¢/ /o =
10731, and Dy = Voss/ (42Gp,r?)' /> = 0-5  with
evenly log-spaced steps, and f = 0.45, 0.60, and 0.75.
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In Fig. 2 (left), we show results for the halo evolution with
pure elastic self-scattering and no cooling. For 6 < 1, there
is a simple scaling relation between i, = (4zGp,)'/*t.
and 6, namely, 7. ~ 150/6, which can be expressed as

; L1500 1 1
<" ﬂ rspsa/m\/‘"nGps‘

In this regime, a large 6 speeds up the thermal evolution of
the halo and shortens the collapse timescale. However, as
6 2 1, the inverse proportionality is lost because the mean
free path is too short and heat conduction is actually
suppressed [46,53]. Below, when setting constraints on
dissipative DM, we restrict to 6 < 0.1, along with
6’ <6 <0.1, so that the mean free path is larger than
the scale height for the halos we consider. Thus, the initial
halo is in the optically thin regime and the cooling effect is
mild. For the parameters shown in Fig. 1, 6 = 0.1 corre-
sponds to ¢/m = 0.1/r,p, = 5.8 cm?/g, so the choice of
6/m =3 cm?/g satisfies the condition. Note we can
recast the scaling relation in Eq. (3) as 7. « r;1p§3/ 7 x
M;Oloﬁcggo/z, where M,y and ¢y are the halo mass and
concentration [54], respectively. Thus, 7. is extremely
sensitive to ¢,q9, which may have important implications
for understanding dwarf galaxies in the Milky Way [55-58].

Our results are in good agreement with Ref. [50], where
6 = 0.088 and p = 0.75 were chosen. To compare with
cosmological N-body simulations of dwarf halos in
Ref. [27], we take the Pippin halo parameters, r, =
2.7kpc and p, = 1.73x 10" M /kpc®, and apply
Eq. (3). The estimated core-collapse time is 7. ~ 80 Gyr
for ¢/m=10cm?/g and t.~16 Gyr for o/m =
50 cm?/g for = 0.60, consistent with the absence of
core collapse and the presence of a mild collapse, respec-
tively, observed in the simulations. We also find that a
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FIG. 2. Left: Dimensionless collapse time 7. multiplied by § as a function of & when cooling is absent with g = 0.75 (black), 0.60
(blue), and 0.45 (gray). We also show the results recasted from N-body simulations [49] and fluid-model predictions [50], where
B = 0.75 were used. In this work, we focus on & < 10! (solid). Right: Ratio of the collapse time, & = t./t,, as a function of £, for
different values of ¢’/(fc), where we take 6 = 1072 with § = 0.60. For the range of 56 = 107#~10"! we have checked, ¢’/(fc) well

characterizes the & — I, relation.
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calibration with = 0.45 yields a better agreement with the
cosmological simulations.

Figure 2 (right) shows the reduction of the collapse time,
E=1t./t,., from dissipative interactions. We find that the
& — Djoss relation is well characterized by ¢'/(fio) for the
test values, ie., & =10"%-10"! and p = 0.45-0.75.
Overall, the maximal reduction is achieved when D, &
0.3 for a wide range of ¢'/(fio).

The origin of this scale can be understood as the
following: as the evolution starts, the cold inner halo
(r < ry) quickly thermalizes with the maximum velocity-
dispersion of the initial NFW profile, which is about v ~
0.3(4nGp,r)'/? at r = r, [or & =v/(4xGp,r?)'/? ~0.3],
and stays near that value for most of the halo’s evolution.
For 7y, < 0.3, the energy loss is small per collision, while
for Iy, 2 0.3, inelastic scattering can only occur among
particles on the high-velocity tail or very late in the halo
evolution (stage 3).

The collapse time in the presence of cooling is then 7. =
&[0’/ (Po), Diogs)te, Where 1. is given by Eq. (3) and & can be
read from Fig. 2 (right). For i, < 0.2, we find an approxi-
mate formula Erexp|—vio\/0/ (80)/0.035(42Gp,r2) /).
The collapse time can be reduced as much as a factor of
103, indicating that dissipative scattering can be important

for the evolution of the SIDM halo. Compared to z,., 7. is also

.. . 1/2,,1/3
SENSItiVe (0 Ligss = Dioss (47Gpy2) V2 o chha M.

Astrophysical implications.—For many dwarf and LSB
galaxies, DM dominates the dynamics, and the stars and
gas particles trace the gravitational potential well of the
halo. Reference [33] analyzed the rotation curve data of
30 spiral galaxies and found that they can be fitted with an
SIDM model with elastic self-scattering cross section
6/m =3 cm?/g. Among them, 18 of the galaxies have
low baryon content and also exhibit a constant density core
with no evidence of gravothermal collapse. We use this
sample to constrain the dissipation parameters ¢’ and v}y
by demanding 7. > 10 Gyr.

Figure 3 shows regions (shaded) where core collapse
occurs in less than 10 Gyr for individual galaxies, taking
halo parameters r, and p, from [33] as input. In these
regions, the inner density profiles of the associated halos
at 10 Gyr are much steeper than inferred from the stellar
kinematics [33]; see Supplemental Material [42] for
more details on determining the exclusion limits. In solid
purple, we show the boundary from all galaxies imposing
the constraint 7. < 10 Gyr with calibration parameter
p =0.60; roughly the region with 0.1 <o'/o <1
and 10 km/s < vppe < 100 km/s is disfavored. We have
checked the constraints are insensitive to the S values
considered in the work; see Supplemental Material [42] for
additional results with g = 0.45.

We explicitly demonstrate how the results in Fig. 2 can
be used to derive the constraints in Fig. 3. Take LSB F583-1
as an example and focus on four benchmark points shown
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FIG. 3. Constraints on the dissipative parameters from the

absence of core collapse in individual dwarf galaxies (yellow)
within 10 Gyr and its overall boundary for the sample (purple).
We take the fitted halo parameters of the galaxies from Ref. [33],
also listed in the Supplemental Material [42] and labeled for the
outer ones, and f = 0.60 in our fluid simulations. See text for
detailed discussion on LSB F583-1 (gray) and the four bench-
mark cases (marked with numbers). We focus on the ¢'/o < 1
region, where the fluid model is applicable.

with small squares in Fig. 3. For pure elastic DM self-
interactions with 6/m = 3 cm?/g and 8 = 0.60, t. ~ 1.7 x
10> Gyr from Eq. (3), much longer than the age of
the Universe. Taking ¢’/6 = 1 and v, = 60 km/s, D1y~
0.3, sothaté ~ 1073 from Fig. 2, resulting in a much shorter
collapse time, 7. = &t = 0.2 Gyr. Keeping ¢'/6 = 1, and
taking v, = 13 km/s (135 km/s), so that D, ~ 0.075
(0.78), we find & =~ 0.049(0.043) leads to 7. ~ 8.5(7.6) Gyr,
which is disfavored. Finally, for o¢'/oc=0.1 and
Uioss = 60 km/s, we find Dy, ~ 0.35 and &~ 0.035. This
gives 1. ~ 6.3 Gyr, which again is disfavored.

As an application, we consider the atomic DM model
with hyperfine splitting transitions [11]. If the dark proton
is the much heavier than the dark electron, v, =
\/2Ew/m, = \/3/4Ey/Ey~ 27 km/s, where m, is the
dark proton mass, and Ey;/E, = 107* is the ratio of the
hyperfine splitting to the binding energy. In this case,
o/m, % 1 cm?/g on dwarf scales, and ¢’/o can be in the
range of 0.1-1 for the dark structure constant ~0.02-0.08
and m, ~ 10-60 GeV [11]. Thus, this model is subject to
the constraints shown in Fig. 3. In addition, our results also
put a lower limit on the threshold velocity, >100 km/s,
for dissipative SIDM models proposed to explain the
formation of supermassive black holes [51].

Our constraints shown in Fig. 3 are based on 6/m =
3 cm?/g. For models with different ¢/m values, we can
apply the same procedure to derive corresponding
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constraints. Since the SIDM fits vary mildly for ¢/m =
1-10 cm? /g [36], we expect our method and results to have
broad applications. In addition, we note that Ref. [33]
has imposed strong constraints on the halo parameters r;
and p; (M, and c,) from cosmological simulations [59]
and the sample of the 18 galaxies we consider covers a wide
range of halo concentration. Thus, our results are robust
in the cosmological context.

Conclusions.—We have studied the gravothermal evo-
lution of DM halos in the presence of dissipative DM self-
interactions. After introducing a simple but well-motivated
model to capture the cooling effect, we performed numeri-
cal simulations and obtained numerical templates between
the core-collapse time and the model parameters, which can
be easily adapted for specific particle physics realizations
of dissipative DM. Ultilizing the density cores inferred
from the dwarf galaxies, we put strong constraints on the
dissipation parameters. Our results have been overall
confirmed by recent N-body simulations with dissipative
SIDM [51]. It is of interest to generalize our analysis to
include velocity-dependent cross sections, which we leave
for future work. Our formalism can be extended also to
other scenarios, e.g., those proposed in Refs. [60-63],
where DM particles are heated from energy release due to
dark-sector interactions, which could further increase the
core size of the halo and lower its central density.
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