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The dark sector paradigm
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The dark sector paradigm
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What if dark sectors completely decouple 
from the visible sector?

😱
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The dark sector paradigm
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Use gravitational probes
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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
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Probing SIDM in astrophysics

 7

1 cm2/g ≈  
2 barn/GeV

Self-interaction 
strength
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Cluster crossing
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NGC720 morphism
(Peter+ '13)

 9

Galaxy morphism
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Gravothermal collapse
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Core collapse
(Balberg+ '02)

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

• Gravothermal evolution 

• Simulation 

• Results and constraints on SIDM cooling 

Give birth to the first super massive black holes (SMBH) 

• Summary
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Why do SIDM halos collapse?

• Because the SIDM halo gets cooled 

• Elastic scattering  
⇒ redistribute kinetic energy  
⇒ heat flow  
⇒ gravothermal instability 

• Dissipative scattering  
⇒ lose energy through dark radiation
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a.k.a gravothermal catastrophe, core collapse
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Gravothermal collapse

Virial theorem: 
2 K.E. + P. E. = 0

⇒ Etot = − K.E.

Negative heat capacity

⇒ K.E. / Etot < 0
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Gravothermal collapse

Take a halo w/  
an iso-thermal  

profile 

Core region of a halo
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Velocity-distribution 
of DM particles

v

dN/dv Temp.

Core region of a halo

Gravothermal collapse
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Velocity-distribution 
of DM particles

Particles in the “tail”  
can evaporate

Core region of a halo

vescape
v

dN/dv

Gravothermal collapse
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Core region of a halo

K.E.↓ P.E.↑ 
 

But overall 
2 K.E. + P.E. < 0 

Out of virial 
 

Gravity is no longer 
supported by  

random motion

Gravothermal collapse
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Back to virial: 

Averaged velocity  
increases (temp. ↑) 

Core region of a halo

Gravothermal collapse
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Core region of a halo

But…

v

dN/dv Temp.↑

A fatter velocity distribution

Gravothermal collapse



Yi-Ming Zhong (BU)  21

But…

More particles in the “tail”

v

dN/dv

Core region of a halo

vescape

Gravothermal collapse
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More evaporation 
Further shirk 

Core gets hotter 
Even more evaporation 

……

Runaway collapse!

Core region of a halo

Gravothermal collapse
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Bulk cooling

• Dissipative scattering 
causes extra kinetic 
energy loss (e.g. carried 
away by dark radiations) 

• Assume the halo is 
optical thin to the dark 
radiation (no re-
absorption) 

• Happens everywhere

 23



Simulation



Semi-analytic method  N-body simulation

approximate first principle

easy to resolve deep profiles hard to resolve deep profiles

more intuitive physical picture to 
interpret results

conceptually simple, but difficult 
to interpret results

can be done on laptop, 
easy for parameter scan

computational costly, especially 
for high resolution

Method

 25
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Fluid model

• Used to study isolated, non/low-spin, single-
component, no/low-baryonic content & spherical halo 

• First adopted in studies of gravothermal evolution of the 
globular clusters 

• Later adopted in studies of the gravothermal evolution of the 
SIDM halos

 26

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 each shell is in its thermal equilibrium. Different 
shells have different temperatures. 

• Evolution: temperature change → hydrostatic relaxation → 
temperature change → hydrostatic relaxation → …

 27

…
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1. Mass conservation 
 
 
 
 

2. Momentum conservation

Sets of equations
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@M

@r
= 4⇡r2⇢

@

@r
p = � GM⇢

r2
p: pressure  (= ρν2)  

ν: 1-dim vel. dispersion
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3. Energy conservation 
 
 
 
 
 
 
 

• Self-interactions are encoded in the  
conductivity & bulk cooling rate 

Sets of equations
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p
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γ: adiabatic index 
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• Collisions w/ the “wall” 

• Characterized by the orbit 
height of the halo 
 

•

• Collisions w/ other particles 

• Characterized by mean free 
path of the self-scattering:  

•

More on κ

 30
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More on κ

•   

•             ⇒ gravitational conduction dominates  
(long-mean-free-path region) 

•             ⇒ self-interaction conduction dominates  
(short-mean-free-path region) 

• Combine the two

 31
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• We consider collisional cooling  
 
 
 
 
 
 
 

More on C
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tin: relaxation time for inelastic scattering

energy loss  
in unit vol.  
& unit time
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• Initial density profile: NFW 

• Boundary condition:  

• Small self-interaction strength ⇒ evolution starts from the 
optical thin region 

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

Other setup

 33

M = 0, L = 0 @ r = 0 
M = const., L = 0 @ r =rmax

⇢ =
⇢s

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



Result
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Evolution of Density Profile
ρ 

/ ρ
s  

   
   

   
   

   
   

   
 

  r / rs                       

Virialized halo

Max core expansion

Develop a “2nd core”

Expansion

Runaway collapse

Cont. collapse

Conduction only

a singular state
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Evolution of density profile
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Evolution of velocity dispersion profile
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The collapse time
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Add a mild cooling

 39

shorter time scale 
similar behavior
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Add a mild cooling

 40

shorter time scale 
similar behavior
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The reduction in the collapse time

 41
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Back to dimensional quantities

 42
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an NFW profile is equivalent to assuming that the self-
interaction is insignificant during the halo virialization or
that the evolution starts in an optically thin regime. This
consistency condition restricts the initial optical depth
⇢srs�/m ⌧ 1; to be concrete, we restrict �̂  0.1.

[HBY: add transition, discuss the collapse
timescale with cooling, shorten the discussion,
we should focus on the results shown in figure
2. (right), move the discussion on the cooling ef-
fect on di↵erent stages to Sec III. ] Bulk cooling
takes place throughout the entire volume of the halo if
it is optically thin to dark radiation. As DM particles
cool, they flow inward and get compressed. This in turn
enhances the conductivity in the Kn � 1 epoch and re-
duces the duration of stage 2, which forms almost the en-
tirety of the gravothermal evolution. We call this scenario
“gravothermal evolution with mild cooling”. We distin-
guish the mild cooling regime from the “strong cooling”
regime in Appendix B.

The red curves in Fig. 1 (left) present an example with
�̂
0 = �̂ = 10�2, ⌫̂2loss = 10�3. In addition, we simulate �̂

from 10�3 to 0.1, the ratio between elastic and inelastic
scattering �

0
/� from 10�3 to 1, and the cooling velocity

⌫̂loss from 10�3 to 5. We define ⇠ to be the ratio of
the collapse time with the cooling to the time without
cooling, for the same �̂. Its dependence on ⌫̂loss and �

0
/�

is shown in Fig. 2 (right). We report several findings
from the simulation:

1. ⇠ decreases as ⌫loss increases up to ⇠ 0.3. This
is because ⌫loss sets a kinetic energy threshold for
upscattering (as well as yielding the cooling per col-
lision). Through stage 2, the velocity dispersion of
the inner halo stays around ⇠ 0.3 and evolves very
slowly (see Fig. 1 (right)). For ⌫̂loss > 0.3, cooling
occurs very late or only for particles in the high-
velocity tail of the Maxwell distribution. There-
fore, although energy loss per collision is large, the
cooling becomes less likely and thus less significant
for the evolution of the halo. It is e↵ectively shut
o↵ for ⌫̂loss & 1.

2. ⇠ is a function of ⌫̂2loss and �̂
0
/�̂, but is insensitive

to �̂. Given a fixed value of ⌫̂loss, the relative time
reduction becomes insignificant as �

0
/� decreases

and negligible as �
0
/� . 10�3. A fixed value of ⇠

corresponds to a fixed product ⌫̂
2
loss(�̂

0
/�̂) (if ⌫̂ is

not a↵ected by the cooling threshold).

3. During stage 2, the density evolution is very similar
with or without cooling. This happens despite the
fact that conduction and cooling are two di↵erent
e↵ects. This can be understood as following: sup-
pose in the mild cooling scenario, the density profile
follows ⇢ ⇠ r

�2.2. We then have a velocity disper-
sion ⌫ ⇠ r

�0.1, a luminosity L ⇠ r
2
⇢⌫

3
@⌫

2
/@r ⇠

r
�1.7, and a surface conduction (4⇡r2)�1

@L/@r ⇠

r
�4.7 [SDM: not sure I understand this – I
would think L ⇠ n ⇠ ⇢ =) @rL/r

2
r
�5.2][YZ:

added] and a bulk cooling rate C ⇠ r
�4.5 (if it is

active). This illustrates the self-similar evolution
is indeed broken (the two term acts di↵erently on
RHS of Eq. (2)), but the breaking is mild and per-
mits quasi-self-similar behavior.

4. During stage 3, the density and temperature of
the inner part of the halo increases substantially
and the nature of the dark matter may change.
For example, in atomic dark matter (ADM), we
may assume dark atoms are bound at stage 1 and
2 but ionized in stage 3. The transition changes
self-interaction from a geometric interaction to a
Rutherford-like interaction. Also, as the secondary
core becomes dramatically denser, the very inner
region may no longer be optically thin for the dark
radiation; a dark photon may experience multiple
scattering before escaping the inner region, or dark
atoms may collisionally de-excite. Therefore the
bulk cooling term may self-consistently shut o↵.
The fate of the singular state with these compli-
cating factors is under investigation [14]. Never-
theless, these e↵ects only turn on in the last stage
of the evolution, which is extremely. Hence, our
conclusions about the overall time scale of collapse
are robust against these uncertainties. [HBY: re-
move this point, or shorten it and move to
discussions]

[HBY: add a transition, we are going to apply
the results to halos]

V. ASTROPHYSICAL IMPLICATIONS

[HBY: consider the halo parameters at z=0,
argue this is a valid approach] To interpret the di-
mensionless results from our semi-analytic simulation in
terms of cosmology, we need to reinsert the fiducial val-
ues. The characteristic density and radius for a NFW
halo are associated with the critical density. They are
respectively given by [HBY: add the equations in
line]

⇢s =
200⇢cc3200
3Kc200

, rs =

✓
3M200

800⇡c3200⇢c

◆1/3

(8)

where c200 ⌘ r200/rs is the concentration and Kc200 ⌘

ln(1+c200)�c200/(1+c200) is an order one number. The
critical density is given by

⇢c =
3H2

0

8⇡G

⇥
⌦m,0(1 + z)3 + ⌦⇤

⇤
(9)

where the matter abundance today ⌦m,0 = 0.142h�2,
the dark energy abundance ⌦⇤ = 1 � ⌦m,0, and the di-
mensionless present-day Hubble constant is h = 0.676.
The concentration c200 is a distribution with mean val-
ues depend on the halo mass M200 and the redshift z.

Halos with higher concentrations  
collapse faster  

More complicated dependence 
on halo mass
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Name c200 M200 [M�]

UGC 4483 6.4 1.5⇥ 109

DDO 126 16.1 9⇥ 109

DDO 133 10.4 1.2⇥ 1010

DDO 154 16.8 1.3⇥ 1010

NGC 2366 14.7 2.3⇥ 1010

UGCA 442 11.2 3⇥ 1010

UGC 1281 12.2 3⇥ 1010

DDO 52 8 3⇥ 1010

DDO 87 15.3 3.5⇥ 1010

NGC 3109 11.9 5.5⇥ 1010

NGC 1560 11.9 6⇥ 1010

UGC 3371 7.4 8⇥ 1010

LSB F583-1 11.1 8⇥ 1010

UGC 5750 13.9 8⇥ 1010

IC 2574 7.4 9⇥ 1010

UGC 3371 6.4 9⇥ 1010

UGC 5750 7.3 9⇥ 1010

UGC 11707 5.4 1011

IC 2574 10.5 1.5⇥ 1011

UGC 5005 7.7 1.8⇥ 1011

UGC 128 9.2 3.8⇥ 1011

TABLE II: Parameters of dark matter halos for 21 dwarf/low
surface luminosity galaxies with low baryon content used
in Fig. 4.
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Discussions

• Environment effects: 

• Major merger ⇒  re-virialize the merger halo ⇒  
reset the clock of the evolution 

• Continuous infall/minor merger ⇒ heat the halo if 
significant 

• Baryonic effects 

• Spin
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Give birth to the first 
SMBHs
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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.: 

• J1342+0928: M = 7.8 × 108 M☉, z = 7.54 

• J1120+0641: M = 2.0 × 109 M☉, z = 7.09  

• J0100+2802: M = 1.2 × 1010 M☉, z = 6.33 

• So massive & so ancient. How do they form?? 

 47

Bañados et al, ‘17

Mortlock et al, ‘11

Wu et al, ‘15



Yi-Ming Zhong (BU)

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: 
BH merger… 

2. Larger seed BH:  
 
gravothermal collapse 
of SIDM halos, 
 
direct collapse of pre-
galactic gas discs… 

 49
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Brief history of SMBH
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1. Take an initial halo from  
cosmological density perturbation  

(e.g. 3σ fluctuation from Press-Schechter)
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2. Collapse according to  
gravothermal evolution 

Brief history of SMBH
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3. Eddington accretion  
(tEdd = 450 Myr, ϵ = 0.1)

Brief history of SMBH
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Preliminary result
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�0/� ⌫loss [km/s] M200 [M�] c200
1 0.1 20 9.1⇥ 107 7
2 0.2 10 1.5⇥ 107 6
3 0.7 3 2.6⇥ 106 5
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Discussions

• Environment effects: 

• Major merger ⇒  re-virialize the merger halo ⇒  
reset the clock of the evolution 

• Continuous infall/minor merger ⇒ heat the halo if 
significant 

• Baryonic effects 

• Spin
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Observation

• Look into the position of SMBH (at the halo center) and 
the inner density profile of the host halos (cuspy w/ log-
slope ~-2)  
[different from “SIDM accretion”] 

• James Webb Space Telescope has the capacity to 
discover more SMBH’s  
⇒ sharpen the SMBH puzzle 

• Discover SMBHs in ultra-diffuse dwarfs  
⇒ strong support for SMBH from collapsed DM halo
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Summary

• DM self-interactions (elastic/dissipative) may change halos’ 
evolution. They can be probed by astronomical 
observations. 

• The collapsed halo provide new ways to form the SMBH’s. 
(SMBH’s are likely surrounded by cuspy inner profiles.)
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Calibration
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Koda & Shapiro, '11


