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Outline

• Motivation 

• Gravothermal collapse from DM self-interactions 

• Constraining DM self-interactions by avoiding gravothermal 
collapse 

• Giving birth to the first super massive black holes
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Gravitational probes

• Dark matter (DM) can be part of the dark sector. 

• Dark sectors may completely decouple from our 
visible sector. 

• Gravitational probes provide a unique opportunity in 
such nightmare scenario ⇒ 
Looking into DM distribution in cosmology and 
astronomy
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1. Self-interactions are common for 
normal matter 
 
Why not dark matter? 

2. Significant self-interaction in DM 
dense regions (e.g. center of a halo) 

3. Negligible self-interaction in DM 
sparse regions (e.g. large scale)
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Spergel & Steinhardt '00  
see review by Tulin & Yu ‘16

Self-interacting DM

�
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Self-interaction 
strength

1 cm2/g

⇡ 2 barn/GeV
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Astrophysical probes
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Astrophysical probes
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Cluster crossing
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NGC720 morphism
(Peter+ '13)
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Galaxy morphism
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NGC720 morphism
(Peter+ '13)

Gravothermal collapse
(Balberg+ '02)
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Gravothermal collapse

or σ/m > 104 cm2/g
(Agrawal+ ’17)
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Gravothermal collapse

or σ/m > 104 cm2/g
(Agrawal+ ’17)

⭐
⭐ ⭐
⭐

Cusp vs core 
(Wandelt+ ’00)TBTF 

(Zavala+’12 
Elbert+ ’14)

Diversity  
(Kamada+ ’16)

Splashback 
radius 

(More+ ’16)
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XX
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X X

A′

 Dark sector is richer
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e.g. Ackerman et al ’09, Loeb & Weiner ’10, Boddy et al’16…… 
Fan et al ’13, Agrawal ’16, ’17……
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Gravothermal collapse
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A′

Elastic DM  
self-scattering

Dissipative DM 
self-scattering

-Why do halos collapse?  
-Because halos get cooled.
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Virial theorem

⇒

Negative heat capacity!

2K.E.+ P.E. = 0
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Gravothermal collapse

Take a halo w/  
an iso-thermal  

profile 

Core region of a halo
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v

dN/dv

Core region of a halo

Gravothermal collapse

Velocity-distribution 
of DM particles

T
<latexit sha1_base64="+EcpMTSNGwZ6d7j0x2GpSeURrGU=">AAACL3icbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bhsoS9oQplMbtqhM5MwM1FKyBe41Q/xa8SNuPUvnD4W2nrhwuGce7j3njBlVGnX/bBKG5tb2zvlXXtv/+DwqFI97qokkwQ6JGGJ7IdYAaMCOppqBv1UAuYhg144uZ/pvUeQiiairacpBByPBI0pwdpQrfawUnPr7rycdeAtQQ0tqzmsWqd+lJCMg9CEYaUGnpvqIMdSU8KgsP1MQYrJBI9gYKDAHFSQzy8tnAvDRE6cSNNCO3P2tyPHXKkpD80kx3qsVrUZ+a+mzCljiFbW6/g2yKlIMw2CLLbHGXN04syycCIqgWg2NQATSc0DDhljiYk2idm+BAFPJOEciyj3dWGasmj24m8+NnxsPIVtsvRWk1sH3au659a91nWtcbdMtYzO0Dm6RB66QQ30gJqogwgC9Ixe0Kv1Zr1bn9bXYrRkLT0n6E9Z3z+ix6mr</latexit><latexit sha1_base64="+EcpMTSNGwZ6d7j0x2GpSeURrGU=">AAACL3icbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bhsoS9oQplMbtqhM5MwM1FKyBe41Q/xa8SNuPUvnD4W2nrhwuGce7j3njBlVGnX/bBKG5tb2zvlXXtv/+DwqFI97qokkwQ6JGGJ7IdYAaMCOppqBv1UAuYhg144uZ/pvUeQiiairacpBByPBI0pwdpQrfawUnPr7rycdeAtQQ0tqzmsWqd+lJCMg9CEYaUGnpvqIMdSU8KgsP1MQYrJBI9gYKDAHFSQzy8tnAvDRE6cSNNCO3P2tyPHXKkpD80kx3qsVrUZ+a+mzCljiFbW6/g2yKlIMw2CLLbHGXN04syycCIqgWg2NQATSc0DDhljiYk2idm+BAFPJOEciyj3dWGasmj24m8+NnxsPIVtsvRWk1sH3au659a91nWtcbdMtYzO0Dm6RB66QQ30gJqogwgC9Ixe0Kv1Zr1bn9bXYrRkLT0n6E9Z3z+ix6mr</latexit><latexit sha1_base64="+EcpMTSNGwZ6d7j0x2GpSeURrGU=">AAACL3icbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bhsoS9oQplMbtqhM5MwM1FKyBe41Q/xa8SNuPUvnD4W2nrhwuGce7j3njBlVGnX/bBKG5tb2zvlXXtv/+DwqFI97qokkwQ6JGGJ7IdYAaMCOppqBv1UAuYhg144uZ/pvUeQiiairacpBByPBI0pwdpQrfawUnPr7rycdeAtQQ0tqzmsWqd+lJCMg9CEYaUGnpvqIMdSU8KgsP1MQYrJBI9gYKDAHFSQzy8tnAvDRE6cSNNCO3P2tyPHXKkpD80kx3qsVrUZ+a+mzCljiFbW6/g2yKlIMw2CLLbHGXN04syycCIqgWg2NQATSc0DDhljiYk2idm+BAFPJOEciyj3dWGasmj24m8+NnxsPIVtsvRWk1sH3au659a91nWtcbdMtYzO0Dm6RB66QQ30gJqogwgC9Ixe0Kv1Zr1bn9bXYrRkLT0n6E9Z3z+ix6mr</latexit><latexit sha1_base64="+EcpMTSNGwZ6d7j0x2GpSeURrGU=">AAACL3icbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bhsoS9oQplMbtqhM5MwM1FKyBe41Q/xa8SNuPUvnD4W2nrhwuGce7j3njBlVGnX/bBKG5tb2zvlXXtv/+DwqFI97qokkwQ6JGGJ7IdYAaMCOppqBv1UAuYhg144uZ/pvUeQiiairacpBByPBI0pwdpQrfawUnPr7rycdeAtQQ0tqzmsWqd+lJCMg9CEYaUGnpvqIMdSU8KgsP1MQYrJBI9gYKDAHFSQzy8tnAvDRE6cSNNCO3P2tyPHXKkpD80kx3qsVrUZ+a+mzCljiFbW6/g2yKlIMw2CLLbHGXN04syycCIqgWg2NQATSc0DDhljiYk2idm+BAFPJOEciyj3dWGasmj24m8+NnxsPIVtsvRWk1sH3au659a91nWtcbdMtYzO0Dm6RB66QQ30gJqogwgC9Ixe0Kv1Zr1bn9bXYrRkLT0n6E9Z3z+ix6mr</latexit>



Yi-Ming Zhong (BU)  19

Velocity-distribution 
of DM particles

Particles in the “tail”  
can evaporate

v

dN/dv

Gravothermal collapse

Core region of a halo

vesc
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Core region of a halo

 
But overall 

Out of virial 
 

Gravity is no longer 
supported by  

random motion

Gravothermal collapse

2K.E.+ P.E. < 0
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Back to virial through 
relaxation: 

Averaged velocity  
increases (      ) such that

Core region of a halo

Gravothermal collapse

2K.E.+ P.E. = 0
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Core region of a halo

However

v

dN/dv

T "
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A fatter velocity distribution

Gravothermal collapse

vesc
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More particles are likely  
to evaporate

v

dN/dv

Core region of a halo

Gravothermal collapse

However

vesc
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Runaway collapse!

Core region of a halo

Gravothermal collapse

evaporate 
more

shrink  
more

hotter  
core

a.k.a self-similar collapse
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Bulk cooling

• Dissipative scattering 
causes extra energy loss, 
e.g. carried away by dark 
radiations 

• Assume no re-absorption 
of the dark radiations  

• Happens everywhere

 25



Method



Yi-Ming Zhong (BU)

Method

 27

 N-body simulation Semi-analytical method

first principle approximate

symmetries are not manifested symmetries are imposed

hard to resolve deep profiles easy to resolve deep profiles

computational costly, especially 
for high resolution

can be done on a laptop, 
easy for parameter scan



Yi-Ming Zhong (BU)

Fluid model

• A semi-analytical method to study isolated, non/low-spin, 
single-component, no/low-baryonic content & 
spherical halos 

• Use to study globular clusters in 1980s & self-interacting 
dark matter (SIDM) halos in 2000s 

• Good agreements with N-body simulations (pure elastic).
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Hachisu et al ’78, Lynden-Bell & Eggleton, ’80; Inagaki & Lynden-Bell ’83; Heggie ’84; Goodman ’84;  
Balberg & Shapiro, ’02; Balberg et al ’02; Ahn & Shapiro, ’08; Koda & Shapiro, '11; Pollack et al, '15
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Fluid model

Assume all the shells are in the hydrostatic equilibrium & local 
thermal equilibrium

 29

…

…
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Fluid model

 30

Kinetic energy  
(temperature) change

Hydrostatic relaxation
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1. Continuity equation: mass conservation

Transportation equations

 31

@M

@r
= 4⇡r2⇢

M: enclosed mass
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2. Euler’s equation: momentum conservation
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Transportation equations

@

@r
p = � GM⇢

r2

p: pressure  (= ρν2)  
ν: 1-dim velocity dispersion
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3. Thermodynamic relation: energy conservation  
 
 
 
 
 
 
 

Transportation equations
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γ: adiabatic index (=5/3) 

entropy surface luminosity

bulk cooling rate 
energy loss  
in unit vol.  
& unit time

Lagrangian derivative
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More on conductivity

 34

L

4⇡r2
= �

@T

@r
conductivity

p

� � 1

✓
@

@t

◆

M

ln
p

⇢�
= � 1

4⇡r2
@L

@r
� C



Yi-Ming Zhong (BU)

• Collisions w/ other particles 

• Characterized by mean free path:  

•

More on conductivity
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� = 1/(n�)

smfp ⇡ n⌫� =
⌫

�
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• Collisions are restricted by a “box” 

• Characterized by the orbit height  
(Jean’s length) 

•

Another length can be relevant

 36

Lynden-Bell & Eggleton, ’80
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β: fixed by calibrating to  
N-body simulations
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Combine the two

 37

Balberg & Shapiro, ’02
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⇒

long-mean-free-path region, H is more important

short-mean-free-path region, λ is more important
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• We consider the collisional cooling 
 
 
 
 
 
 
 

More on the bulk cooling rate
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• We consider the collisional cooling 
 
 
 
 
 
 
 

More on the cooling rate
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energy loss  
in unit vol.  
& unit time
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• Initial density profile: NFW 

• Boundary condition:  

• Small self-interaction strength     evolution starts when the self-
interaction is insignificant      cuspy initial density profile 

• Mild cooling ⇒ cooling time >> free-fall time  
⇒ not isothermal/free-fall collapse

Other details on setups

 40

M = 0, L = 0 @ r = 0 
M = finite, L = 0 @ r =rmax

⇢ =
⇢s

(r/rs)(1 + r/rs)2

⇒
⇒



Result
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Evolution of the density profile

pure elastic

LSB F583-1

�/m = 3 cm2/g
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LSB F583-1 
Mass: 8×1010 M☉
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Stage 1: develops a core

 43

see also Pollack '15 cuspy

core
Kn ⌘ �/H
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Stage 2: runaway collapse
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see also Pollack '15

core

denser core

cuspy
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see also Pollack '15

Stage 3: develop a 2nd core

core

cuspy

cuspy
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1D velocity-dispersion profile
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isothermal

super hot

cold (inner halo)



Yi-Ming Zhong (BU)

Calibrating β from N-body 
simulations
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w/ cosmological N-body simulations Elbert et al, ‘15
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The collapse time tc
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The collapse time tc
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(               )
are disfavors by LSB F583-1  

57 cm2/g . �/m . 5.5⇥ 103 cm2/g
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The collapse time tc
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cuspy
core

cuspy
Similar behavior 

w/ much 
shorter collapse time
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<latexit sha1_base64="6xg6DNFdM4NtXGWX/FY+YCq6O1g="></latexit><latexit sha1_base64="6xg6DNFdM4NtXGWX/FY+YCq6O1g="></latexit><latexit sha1_base64="6xg6DNFdM4NtXGWX/FY+YCq6O1g="></latexit><latexit sha1_base64="6xg6DNFdM4NtXGWX/FY+YCq6O1g="></latexit>

Add a mild cooling
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Add a mild cooling

 52

shorter time scale 
similar behavior



Constraints
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Dwarf/LSB observations

 54

Kamada et al, ’16, data mostly from Oh eta al ‘15
Near-field, 

w/ low-baryonic content

core-like profile

σ/m = 3 cm2/g
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TABLE II: Parameters of dark matter halos for 18 dwarf/LSB
galaxies with low baryon content used in Fig. 3 of the main
text. The fits are taken from [1]

Name c200 M200 [M�] rs [kpc] ⇢s [M� kpc�3]

UGC 4483 16.1 1.5⇥ 109 1.5 1.86⇥ 107

DDO 126 10.4 9⇥ 109 4.2 6.31⇥ 106

DDO 133 16.8 1.2⇥ 1010 2.9 2.08⇥ 107

DDO 154 14.7 1.3⇥ 1010 3.4 1.48⇥ 107

NGC 2366 12.2 2.3⇥ 1010 4.9 9.33⇥ 106

UGCA 442 11.9 3⇥ 1010 5.5 8.73⇥ 106

UGC 1281 11.9 3⇥ 1010 5.5 8.73⇥ 106

DDO 52 15.3 3⇥ 1010 4.3 1.65⇥ 107

DDO 87 8 3.5⇥ 1010 8.6 3.33⇥ 106

NGC 3109 11.2 5.5⇥ 1010 7.2 7.5⇥ 106

NGC 1560 11.1 6⇥ 1010 7.4 7.34⇥ 106

LSB F583-1 13.9 8⇥ 1010 6.5 1.28⇥ 107

UGC 5750 7.4 8⇥ 1010 12.3 2.72⇥ 106

UGC 3371 6.4 9⇥ 1010 14.7 1.96⇥ 106

UGC 11707 10.5 1⇥ 1011 9.3 6.47⇥ 106

IC 2574 5.4 1.5⇥ 1011 20.9 1.3⇥ 106

UGC 5005 7.7 1.8⇥ 1011 15.5 3.03⇥ 106

UGC 128 9.2 3.8⇥ 1011 16.6 4.65⇥ 106

of ⌫̂loss, ⇠ depends on ⌫̂loss exponentially, as indicated in
the Fig. 2 (right) of the main text and explicitly shown
in the equation near the end of Sec. III. Thus, an O(1)
change in ⇠ only leads to a minor adjustment in the limits
of ⌫̂loss. Thus, our fluid model calibrated with elastic sim-
ulations works well in capturing overall features of halo
evolution in the presence of the dissipative interactions
and our bounds our robust.

E. DATA OF DWARF AND LSB GALAXIES

In Tab. II, we list all dwarf/LSB galaxies with low
baryon-content fitted in [1]. We translated the dex on
the concentration c200 into the value of c200 according to
the concentration function used in [1] (taken from [17]).
The subscript “200” indicates that the halo boundaries
are set by the radius where the averaged density is 200
times of the critical density of the Universe. Based on the
concentration c200 and total mass M200, we determined
rs and ⇢s and further construct fiducial quantities listed
in Tab. I for each halo.

F. BENCHMARKS FOR LSB F583-1

In Sec. IV, we use LSB F5831-1 as an example and
illustrate the estimates of the collapse time tc, t0c for five
particle physics benchmarks (summarized in Tab. III for
the reader’s convenience). In Fig. 4, we show the snap-

TABLE III: Particle physics benchmarks for LSB F5831-1.
Benchmark (a) represents pure elastic scattering without any
dissipative interaction (i.e., without any cooling).

�/m [ cm2/g] �0/� ⌫loss [km/s] tc(t
0
c) [Gyr] Collapse

a 3 – – 1.7⇥ 102 No

b 3 1 13 8.5 Yes

c 3 1 135 7.6 Yes

d 3 0.1 60 5.9 Yes

e 3 1 60 0.22 Yes

shots of the density evolutions for each benchmark to
validate our tc estimation and illustrate some details of
collapse with bulk cooling. Here we assume � = 0.60.
Solid lines with various colors in Fig. 4 represent den-
sity snapshots at di↵erent times. The black dashed line
shows the density profile inferred from the rotation curve
fit. The 3D views of the density evolution of benchmark
(a) and (b) are shown in the left panel of Fig. 1 in the
main text.

G. PROCEDURE FOR SETTING LIMITS ON
DARK MATTER PARAMETER SPACE

In this subsection, we discuss our procedure for deter-
mining the excluded region of Fig. 3 in the main text in
further detail.
Our criterion for excluding a point in the dissipative

dark matter parameter space is equivalent to ruling out
those parameters for which the dwarf and LSB halos
reach stage 3 of their gravothermal evolution in less than
10 Gyr. This criterion is conservative, since it requires
that a cusp has been reestablished through the entire in-
ner core region. Before our criterion is achieved, several
other deviations from the cored profile may become ap-
parent. For example, the central density of the halo will
begin to exceed its minimum value well before the run-
away collapse of stage 3 begins. Likewise, the log-slope
of the density becomes steeper than the cored prediction
at some point during stage 2.
However, these alternative criteria are somewhat more

di�cult to observe rigorously. As discussed in Sec. D, the
core density from a fluid simulation is up to a factor of
2 greater than that from the cosmological N -body simu-
lation. We should regard this di↵erence as a systematic
uncertainty of the fluid model. To claim a robust exclu-
sion based on the central density, a very large di↵erence
in the central density compared to the cored profile is
necessary.
To illustrate our exclusion criterion, consider

again Fig. 4. As seen from panel (a), when the
cooling is absent (benchmark (a)), the evolution already
develops a large core around 2 Gyr for �/m = 3 cm2/g.
Collapse eventually happens, but takes about 173 Gyr.
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Not see core collapse

Near-field, 
w/ low-baryonic content

Kamada et al, ’16
5

TABLE II: Parameters of dark matter halos for 18 dwarf/LSB
galaxies with low baryon content used in Fig. 3 of the main
text. The fits are taken from [1]

Name c200 M200 [M�] rs [kpc] ⇢s [M� kpc�3]

UGC 4483 16.1 1.5⇥ 109 1.5 1.86⇥ 107

DDO 126 10.4 9⇥ 109 4.2 6.31⇥ 106

DDO 133 16.8 1.2⇥ 1010 2.9 2.08⇥ 107

DDO 154 14.7 1.3⇥ 1010 3.4 1.48⇥ 107

NGC 2366 12.2 2.3⇥ 1010 4.9 9.33⇥ 106

UGCA 442 11.9 3⇥ 1010 5.5 8.73⇥ 106

UGC 1281 11.9 3⇥ 1010 5.5 8.73⇥ 106

DDO 52 15.3 3⇥ 1010 4.3 1.65⇥ 107

DDO 87 8 3.5⇥ 1010 8.6 3.33⇥ 106

NGC 3109 11.2 5.5⇥ 1010 7.2 7.5⇥ 106

NGC 1560 11.1 6⇥ 1010 7.4 7.34⇥ 106

LSB F583-1 13.9 8⇥ 1010 6.5 1.28⇥ 107

UGC 5750 7.4 8⇥ 1010 12.3 2.72⇥ 106

UGC 3371 6.4 9⇥ 1010 14.7 1.96⇥ 106

UGC 11707 10.5 1⇥ 1011 9.3 6.47⇥ 106

IC 2574 5.4 1.5⇥ 1011 20.9 1.3⇥ 106

UGC 5005 7.7 1.8⇥ 1011 15.5 3.03⇥ 106

UGC 128 9.2 3.8⇥ 1011 16.6 4.65⇥ 106

of ⌫̂loss, ⇠ depends on ⌫̂loss exponentially, as indicated in
the Fig. 2 (right) of the main text and explicitly shown
in the equation near the end of Sec. III. Thus, an O(1)
change in ⇠ only leads to a minor adjustment in the limits
of ⌫̂loss. Thus, our fluid model calibrated with elastic sim-
ulations works well in capturing overall features of halo
evolution in the presence of the dissipative interactions
and our bounds our robust.

E. DATA OF DWARF AND LSB GALAXIES

In Tab. II, we list all dwarf/LSB galaxies with low
baryon-content fitted in [1]. We translated the dex on
the concentration c200 into the value of c200 according to
the concentration function used in [1] (taken from [17]).
The subscript “200” indicates that the halo boundaries
are set by the radius where the averaged density is 200
times of the critical density of the Universe. Based on the
concentration c200 and total mass M200, we determined
rs and ⇢s and further construct fiducial quantities listed
in Tab. I for each halo.

F. BENCHMARKS FOR LSB F583-1

In Sec. IV, we use LSB F5831-1 as an example and
illustrate the estimates of the collapse time tc, t0c for five
particle physics benchmarks (summarized in Tab. III for
the reader’s convenience). In Fig. 4, we show the snap-

TABLE III: Particle physics benchmarks for LSB F5831-1.
Benchmark (a) represents pure elastic scattering without any
dissipative interaction (i.e., without any cooling).

�/m [ cm2/g] �0/� ⌫loss [km/s] tc(t
0
c) [Gyr] Collapse

a 3 – – 1.7⇥ 102 No

b 3 1 13 8.5 Yes

c 3 1 135 7.6 Yes

d 3 0.1 60 5.9 Yes

e 3 1 60 0.22 Yes

shots of the density evolutions for each benchmark to
validate our tc estimation and illustrate some details of
collapse with bulk cooling. Here we assume � = 0.60.
Solid lines with various colors in Fig. 4 represent den-
sity snapshots at di↵erent times. The black dashed line
shows the density profile inferred from the rotation curve
fit. The 3D views of the density evolution of benchmark
(a) and (b) are shown in the left panel of Fig. 1 in the
main text.

G. PROCEDURE FOR SETTING LIMITS ON
DARK MATTER PARAMETER SPACE

In this subsection, we discuss our procedure for deter-
mining the excluded region of Fig. 3 in the main text in
further detail.
Our criterion for excluding a point in the dissipative

dark matter parameter space is equivalent to ruling out
those parameters for which the dwarf and LSB halos
reach stage 3 of their gravothermal evolution in less than
10 Gyr. This criterion is conservative, since it requires
that a cusp has been reestablished through the entire in-
ner core region. Before our criterion is achieved, several
other deviations from the cored profile may become ap-
parent. For example, the central density of the halo will
begin to exceed its minimum value well before the run-
away collapse of stage 3 begins. Likewise, the log-slope
of the density becomes steeper than the cored prediction
at some point during stage 2.
However, these alternative criteria are somewhat more

di�cult to observe rigorously. As discussed in Sec. D, the
core density from a fluid simulation is up to a factor of
2 greater than that from the cosmological N -body simu-
lation. We should regard this di↵erence as a systematic
uncertainty of the fluid model. To claim a robust exclu-
sion based on the central density, a very large di↵erence
in the central density compared to the cored profile is
necessary.
To illustrate our exclusion criterion, consider

again Fig. 4. As seen from panel (a), when the
cooling is absent (benchmark (a)), the evolution already
develops a large core around 2 Gyr for �/m = 3 cm2/g.
Collapse eventually happens, but takes about 173 Gyr.
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TABLE II: Parameters of dark matter halos for 18 dwarf/LSB
galaxies with low baryon content used in Fig. 3 of the main
text. The fits are taken from [1]

Name c200 M200 [M�] rs [kpc] ⇢s [M� kpc�3]

UGC 4483 16.1 1.5⇥ 109 1.5 1.86⇥ 107

DDO 126 10.4 9⇥ 109 4.2 6.31⇥ 106

DDO 133 16.8 1.2⇥ 1010 2.9 2.08⇥ 107

DDO 154 14.7 1.3⇥ 1010 3.4 1.48⇥ 107

NGC 2366 12.2 2.3⇥ 1010 4.9 9.33⇥ 106

UGCA 442 11.9 3⇥ 1010 5.5 8.73⇥ 106

UGC 1281 11.9 3⇥ 1010 5.5 8.73⇥ 106

DDO 52 15.3 3⇥ 1010 4.3 1.65⇥ 107

DDO 87 8 3.5⇥ 1010 8.6 3.33⇥ 106

NGC 3109 11.2 5.5⇥ 1010 7.2 7.5⇥ 106

NGC 1560 11.1 6⇥ 1010 7.4 7.34⇥ 106

LSB F583-1 13.9 8⇥ 1010 6.5 1.28⇥ 107

UGC 5750 7.4 8⇥ 1010 12.3 2.72⇥ 106

UGC 3371 6.4 9⇥ 1010 14.7 1.96⇥ 106

UGC 11707 10.5 1⇥ 1011 9.3 6.47⇥ 106

IC 2574 5.4 1.5⇥ 1011 20.9 1.3⇥ 106

UGC 5005 7.7 1.8⇥ 1011 15.5 3.03⇥ 106

UGC 128 9.2 3.8⇥ 1011 16.6 4.65⇥ 106

of ⌫̂loss, ⇠ depends on ⌫̂loss exponentially, as indicated in
the Fig. 2 (right) of the main text and explicitly shown
in the equation near the end of Sec. III. Thus, an O(1)
change in ⇠ only leads to a minor adjustment in the limits
of ⌫̂loss. Thus, our fluid model calibrated with elastic sim-
ulations works well in capturing overall features of halo
evolution in the presence of the dissipative interactions
and our bounds our robust.

E. DATA OF DWARF AND LSB GALAXIES

In Tab. II, we list all dwarf/LSB galaxies with low
baryon-content fitted in [1]. We translated the dex on
the concentration c200 into the value of c200 according to
the concentration function used in [1] (taken from [17]).
The subscript “200” indicates that the halo boundaries
are set by the radius where the averaged density is 200
times of the critical density of the Universe. Based on the
concentration c200 and total mass M200, we determined
rs and ⇢s and further construct fiducial quantities listed
in Tab. I for each halo.

F. BENCHMARKS FOR LSB F583-1

In Sec. IV, we use LSB F5831-1 as an example and
illustrate the estimates of the collapse time tc, t0c for five
particle physics benchmarks (summarized in Tab. III for
the reader’s convenience). In Fig. 4, we show the snap-

TABLE III: Particle physics benchmarks for LSB F5831-1.
Benchmark (a) represents pure elastic scattering without any
dissipative interaction (i.e., without any cooling).

�/m [ cm2/g] �0/� ⌫loss [km/s] tc(t
0
c) [Gyr] Collapse

a 3 – – 1.7⇥ 102 No

b 3 1 13 8.5 Yes

c 3 1 135 7.6 Yes

d 3 0.1 60 5.9 Yes

e 3 1 60 0.22 Yes

shots of the density evolutions for each benchmark to
validate our tc estimation and illustrate some details of
collapse with bulk cooling. Here we assume � = 0.60.
Solid lines with various colors in Fig. 4 represent den-
sity snapshots at di↵erent times. The black dashed line
shows the density profile inferred from the rotation curve
fit. The 3D views of the density evolution of benchmark
(a) and (b) are shown in the left panel of Fig. 1 in the
main text.

G. PROCEDURE FOR SETTING LIMITS ON
DARK MATTER PARAMETER SPACE

In this subsection, we discuss our procedure for deter-
mining the excluded region of Fig. 3 in the main text in
further detail.
Our criterion for excluding a point in the dissipative

dark matter parameter space is equivalent to ruling out
those parameters for which the dwarf and LSB halos
reach stage 3 of their gravothermal evolution in less than
10 Gyr. This criterion is conservative, since it requires
that a cusp has been reestablished through the entire in-
ner core region. Before our criterion is achieved, several
other deviations from the cored profile may become ap-
parent. For example, the central density of the halo will
begin to exceed its minimum value well before the run-
away collapse of stage 3 begins. Likewise, the log-slope
of the density becomes steeper than the cored prediction
at some point during stage 2.
However, these alternative criteria are somewhat more

di�cult to observe rigorously. As discussed in Sec. D, the
core density from a fluid simulation is up to a factor of
2 greater than that from the cosmological N -body simu-
lation. We should regard this di↵erence as a systematic
uncertainty of the fluid model. To claim a robust exclu-
sion based on the central density, a very large di↵erence
in the central density compared to the cored profile is
necessary.
To illustrate our exclusion criterion, consider

again Fig. 4. As seen from panel (a), when the
cooling is absent (benchmark (a)), the evolution already
develops a large core around 2 Gyr for �/m = 3 cm2/g.
Collapse eventually happens, but takes about 173 Gyr.
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Other effects

 61

Baryonic  effects? Select halos w/ low-baryonic 
content

Angular momentum? Rotational energy is small 
(~1%) compared to KE

Tidal stripping? Accelerating gravothermal 
collapse

Major  merger? Rare since dark energy 
dominance 
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The first SMBHs puzzle
• We see several BH’s with mass ≥ 108 M☉ at a very high red-

shifts (z > 6). e.g.

 64

Name Mass Redshift Ref

J1120+0641 2.0 × 109 M☉ 7.09 Mortlock+ ‘11

J0100+2802 1.2 × 1010 M☉ 6.33 Wu+ ‘15

J1342+0928 7.8 × 108 M☉ 7.54 Bañados+ ‘17

J0038–1527 1.3 × 109 M☉ 7.02 Wang+’18
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The first SMBHs puzzle
• We see several BH’s with mass ≥ 108 M☉ at a very high red-

shifts (z > 6). e.g.
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Name Mass Redshift Ref

J1120+0641 2.0 × 109 M☉ 7.09 Mortlock+ ‘11

J0100+2802 1.2 × 1010 M☉ 6.33 Wu+ ‘15

J1342+0928 7.8 × 108 M☉ 7.54 Bañados+ ‘17

J0038–1527 1.3 × 109 M☉ 7.02 Wang+’18So massive & so ancient  

How do they form?? 
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The first SMBH puzzle

• Classical solution: 

• PopIII star collapses (10-100 
M☉) ⇒ seed BH ⇒ 
Eddington accretion  
⇒ massive BH 

• Need to fine tune the 
baryonic physics
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see review by Volonteri ‘10
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The SMBH puzzle

• More likely solutions: 

1. Faster accretion, 
e.g. BH merger… 

2. Bigger seed BH:  
e.g. direct collapse of 
pre-galactic gas 
discs… 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1
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Lodato & Natarajan ‘06

😀
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DM halo ⇒ Black hole

 68

Relativistic instability ⇒ Big Seed BH

Balberg & Shapiro ’02,  
Pollack + '15
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DM halo ⇒ Black hole
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Reduce the collapse time

• Pure elastic SIDM  
⇒ σ/m > O(10-100 cm2/g) && ultra-concentrated halo ⇒ 
very unlikely 

• Dissipative SIDM 

• Large tidal disruption 

• Central baryon content
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Pollack+ ’15, update Choquette+ ‘18

Nishikawa+’19, Sameie+ ‘19
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Summary

• Galaxy observations can be a powerful tool to probe DM 
self-interactions. 

• DM self-interactions (elastic and dissipative) will change the 
evolution of the halos. The inner halo experiences 
cuspy→core→cuspy. 

• More N-body simulations are encouraged  
c.f. Choquette+ 2018, Ran, Yu, & YZ to appear.
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