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Black hole formation is an inevitable consequence of relativistic core collapse following the gravother-
mal catastrophe in self-interacting dark matter (SIDM) halos. Very massive SIDM halos form supermas-
sive black holes (SMBHs) *106MØ directly. Smaller halos believed to form by redshift z � 5 produce
seed black holes of �102 103�MØ which can merge and/or accrete to reach the observational SMBH
range. This scenario for SMBH formation requires no baryons, no prior star formation, and no other
black hole seed mechanism.
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Black holes in the centers of galaxies are inferred to
have masses of �106 2 109�MØ, and, to date, dozens of
candidates have been discovered [1]. Black holes in this
mass range are the likely power sources in quasars and
active galactic nuclei [2–4]. Recent observational data
have identified a strong correlation between the inferred
black hole mass and the stellar velocity dispersion in the
host galaxy bulge [5]; a correlation has also been found
between the black hole mass and the mass of the bulge [6].
Both correlations suggest that formation and evolution of
the central black hole and the bulge of the host galaxy may
be closely related.

The origin of these supermassive black holes (SMBHs)
is uncertain. Proposed scenarios include the collapse of
a supermassive star [7], possibly built up by collisions
and mergers of ordinary stars [8]. Another scenario in-
volves the collapse of the core of a dense relativistic cluster
(e.g., neutron stars or stellar mass black holes) following
gravothermal evolution. The cluster core evaporates mass
to an extended halo on a gravitational scattering relaxation
time scale, while the core density and velocity dispersion
grow (the “gravothermal catastrophe” [9,10]). Zel’dovich
and Podurets originally conjectured [11] and Shapiro and
Teukolsky [12] subsequently demonstrated that a nearly
collisionless gas in virial equilibrium like a star cluster ex-
periences a radial instability to collapse on a dynamical
time scale when its core becomes sufficiently relativistic.
As the instability sets in, the core and its immediate sur-
roundings undergo catastrophic collapse to a black hole
and the ambient halo settles into a new dynamical equilib-
rium state around the central hole.

Here we report that the formation of a black hole in the
center of a galactic halo is a natural and inevitable con-
sequence of the gravothermal evolution of self-interacting
dark matter (SIDM) halos. The possibility that dark matter
particles are “self-interacting” has been revived recently
[13]. Studies of SIDM via N-body simulations [14,15]
and via a gravothermal approach [16] have confirmed that
SIDM halos are more consistent with observations: They
exhibit a flat density core, rather than a cuspy one that
1-1 0031-9007�02�88(10)�101301(4)$20.00
arises for cold dark matter [17,18]. An isolated SIDM halo
evolves gravothermally, since the thermal relaxation time
scale due to collisions is shorter than the typical ages of
cosmological halos. Unlike a star cluster, a SIDM halo
retains an appreciable core mass as it evolves towards the
relativistic instability [16].

I. Gravothermal evolution and collapse of a SIDM

halo.—The structure of a relaxed SIDM halo can be de-
fined by the central mass density rc, the (one-dimensional)
velocity dispersion yc, and the total halo mass Mtot. For
a given cosmology, the background density, r̄, is a
function only of redshift. We assume that the central
density contrast x � rc�t � 0��r̄ at halo virialization is
independent of redshift and halo mass, which is consistent
with the simulations of Davè et al. [15] and recent work
on truncated isothermal spheres by Shapiro, Iliev, and
Raga [19]. The independent parameters of a SIDM halo
are then Mtot, x, and z0, the redshift of virialization.
Define mass and radius scales, M0 and R0, respectively,
where M0 � 4pR3

0 rc and y2
c � GM0�R0, and also the

ratio g � Mtot�M0, which is a unique function of x. The
central velocity satisfies

y2
c �t � 0� � �4p�1�3G�Mtot�g�x��2�3�xr̄�z0��1�3. (1)

Evolutionary Stages: The properties in the halo de-
pend critically on the ratio of the collisional mean free
path, l, to the gravitational scale height, H:

l � �rs�21, H �

µ
y2

4pGr

∂1�2

, (2)

where r is the local mass density, y is the local one-
dimensional velocity dispersion, and s is the SIDM cross
section per unit mass. In the long mean free path (lmfp) re-
gion l ¿ H, particles perform several orbits between col-
lisions; in the short mean free path (smfp) region l ø H,
particle motion is severely restrained, and heat transfer pro-
ceeds through diffusion, as in a fluid. Simulations show
that a halo core must form in the lmfp regime [13]; other-
wise the particles generate strong shocks, whereby entropy
loss to the halo destroys the central core structure [20].
© 2002 The American Physical Society 101301-1
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The requirement that at formation the core satisfies
�l�H�c $ 1 yields an upper limit for the halo mass:

Mtot # 4p� r̄�z0�x�22g�x�s23. (3)

Black hole formation: Gravothermal evolution of a
SIDM halo is shown in Fig. 1 [16]. While the extended
halo �r ~ r22.19� remains in the lmfp limit, the core be-
comes increasingly dense. The core eventually bifurcates
into a smfp inner part which is fluidlike �l ø H�, and a
lmfp outer part which is nearly static. The transition re-
gion corresponds to l�H � 1. It is the inner core and
its immediate surroundings which collapse to a black hole
following the onset of the relativistic instability, leaving
the outer core and extended halo in dynamical equilibrium
about the central hole [12].

Evaporation of mass due to collisions from a lmfp core
into the halo is rapid with d logMc�d log�y2

c � � 24.27
[16]. Once the core becomes very dense, with central
l�H * 100, evaporation is limited to a surface effect,
which is much less efficient. We find [16] that, if the
core of a SIDM halo forms with l�H $ 1, its mass
decreases by about 1 order of magnitude prior to reach-
ing the smfp limit (while the central velocity hardly
changes), after which the core mass decreases according
to d logMc�d log�y2

c � � 20.85. This estimate gives the
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FIG. 1. Snapshots of the (a) density and (b) velocity dispersion
profiles of a SIDM halo with s � 0.674pR2

0 �M0 (for a � 2.26)
at selected times during gravothermal evolution [16]. The bot-
tom line corresponds to the profile at t � 0. Subsequent pro-
files correspond to t�tr�0� � 264.0, 287, 289.5, 289.90, 290.12,
290.30, 290.49, and 290.63.
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inner core mass Mcoll at the onset of relativistic instability
�yc � c�3�:

log10

µ
Mcoll

Mc�0�

∂
� 21 1 0.85 log10

µ
y2

c �0�
1010 km2 s22

∂
. (4)

Core lifetime: The lifetime of the core until collapse is
[16] tcoll � 290tr�0�, where tr�0� is the collision relaxation
time scale in the core at formation,

tr �
1
a

�rc�t � 0�yc�t � 0�s�21, (5)

and a 	 2.26 for purely elastic, hard-sphere collisions and
a Maxwell-Boltzmann velocity distribution. Requiring that
the core of a halo formed at redshift z0 collapses by redshift
z1 yields a lower limit on the mass of the SIDM halo:

Mtot $

µ
290
a

∂3

�4pG3�21�2 �r̄�z�x�27�2g�x�s23

�t�z1� 2 t�z0��3 . (6)

II. A direct scenario for SMBH formation.—Since
the core virializes with nonrelativistic velocities, yc #
�102 103� km s21, the core mass at collapse will be sev-
eral orders of magnitude smaller than Mc�0� � 1022Mtot
according to Eq. (4). Consequently, gravothermal evolu-
tion directly culminating in a SMBH with a mass above
106MØ requires that the total mass of the progenitor
SIDM halo exceeds 1012MØ. Equations (3) and (6)
determine the range of halo masses formed at redshift z0
that undergo core collapse by redshift z1. These masses
increase for smaller values of the ratio x, i.e., for smaller
central density contrasts at halo formation.

We examine this scenario by setting x to the relatively
small value of x � 1.8 3 104, which leads to g � 206.
This is the value derived for a truncated isothermal sphere
of dark matter [19] for an Einstein–de Sitter universe,
and also applies for all but very small redshifts for a flat
universe with a finite cosmological constant [21]. In Fig. 2
we show the range of halo masses which experience core
collapse (upper frame) as a function of formation redshift
z0. Since the lower limit depends also on the desired
redshift at collapse, z1, we show three variations: z1 �
6, 3, and 0. The lower frame shows the corresponding
core (� black hole) masses at collapse, using Eqs. (1) and
(4). The cosmological model is Vm � 0.3, VL � 0.7, and
h � 0.65, and we set s � 5 cm2 g21 [15].

We find that SMBHs of �106 107�MØ can form in mas-
sive halos which experience core collapse at intermediate
and low redshifts. At redshift z1 � 6, our model limits
the initial black hole mass to M � 5 3 105MØ. Subse-
quent accretion onto the black hole must be invoked to
reach masses of 109MØ [22], especially to reconcile with
recent observations of high redshift quasars [23]. Very
young halos are practically excluded as candidates for
reaching core collapse by redshift z � 0: Halos formed
later than z � 1.5 will not have reached core collapse, re-
gardless of mass, and only cores of extremely massive ha-
los �Mtot $ 1014MØ� could have collapsed if formed after
z � 3.
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FIG. 2. Masses of SIDM halos that can undergo core col-
lapse by redshifts z1 � 6, 3, and 0 (upper frame), and the cor-
responding core mass at collapse (lower frame), as functions
of formation redshift z0. Dashed curve corresponds to the up-
per limt [Eq. (3)] and solid curves to the lower limits [Eq. (6)]
as functions of z0 and z1. In this model the density contrast
x � rc�t � 0��r̄ � 1.8 3 104.

III. A bottom-up scenario for SMBH formation.—Large
values of Mcoll require very massive halos in the direct
scenario. Virialization of massive halos, especially at high
redshift, is not favored in the currently accepted picture
of structure formation [24,25]. The smaller mass halos
formed preferentially in current theory can undergo core
collapse in a Hubble time provided the fiducial value of x
is larger [see Eqs. (3) and (6)]. In Fig. 3 we show similar
results to those of Fig. 2, except that now x � 106 (and
g � 902). This value appears to be in better agreement
with the numerical simulations of Ref. [15], at least for
low redshifts.

The relations Mmin ~ x27�2 and Mmax ~ x22 show why
core collapse shifts to relatively low mass halos for x �
106. For this x, any halo which virializes at redshift z $ 5
will have undergone core collapse. However, young halos
formed at low redshifts will still be safe from core collapse,
as we found also for x � 1.8 3 104. In this scenario, core
collapse even by redshift z � 6 is quite possible, for ha-
los with masses in the range �107 1010�MØ virialized at
redshifts z � 7 10. The masses of the collapsed cores
are small, and, for halo masses considered realistic in the
Press-Schechter formalism [24], Mcoll # �102 103�MØ.
In this case, gravothermal core collapse does not lead di-
rectly to the formation of SMBHs found in the centers of
galaxies, but the resulting intermediate mass black holes
can serve as seeds for SMBH buildup through mergers
[3,22], or accretion.
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FIG. 3. Same as Fig. 2, except that x � rc�t � 0��r̄ � 106.

IV. Discussion.— Gravothermal core collapse in a
SIDM halo triggers the formation of a SMBH at its
center. The black hole forms when the inner core becomes
relativistic and dynamically unstable. The mass of the
collapsing core will be 1028 1026 times the total mass of
the halo. Forming SMBHs by core collapse in SIDM halos
requires no baryons, no prior epoch of star formation, and
no other black hole seed mechanism.

For massive �.1013MØ� halos which virialize at mod-
est overdensities, SMBHs with masses of �106 107�MØ

form directly through gravothermal collapse. An alterna-
tive scenario where the smaller SIDM halos preferred in
current cosmological models reach core collapse in a Hub-
ble time is also possible and arises if the typical overden-
sity of the halos at virialization is large. In this case, any
halo which forms prior to redshift z � 5 produces a black
hole by z � 0, and black hole formation at high redshift is
also possible. However, these halos give rise only to low
and intermediate mass black holes, #�102 103�MØ. These
might be seeds of SMBHs through multiple halo mergers
[22]. Even if only a few percent of the halos achieve core
collapse by z � 5, this initial black hole population is suf-
ficient to generate the observed SMBH spectrum eventu-
ally [26]. Coalescence of black holes in halo mergers is a
likely source of gravitational waves, potentially detectable
with the Laser Interferometer Gravitational Wave Obser-
vatory (LIGO) as well as the planned Laser Inferometer
Space Antenna (LISA). If most of the SMBH population
arises through multiple mergers of lower mass seed black
holes, the rate may be as large as several per year [26].

The newly formed black hole may grow through accre-
tion of SIDM from the halo. The main reservoir for accre-
tion is the outer core, which is characterized by l�H . 1,
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and includes a mass *1023Mtot. If the ambient SIDM
halo eventually dominates the spherical bulge of galaxies,
then the accretion of the entire outer core would provide
a natural means of producing the ratio MBH�Mbulge ob-
served in nearby galaxies. It would also explain the origin
of the most massive �.109MØ� central black holes. The
possibility that SIDM accretion onto seed black holes is the
origin of SMBHs was also proposed in [27], but there it
is assumed that the seeds arise from supernova explosions
in massive stars rather than the gravothermal scenario dis-
cussed here. Their quantitative results depend crucially
on an assumed singular power-law density profile of the
SIDM, which has yet to be verified self-consistently.

Young halos, especially low mass ones, could not have
reached core collapse by z � 0. This allows SIDM ha-
los to explain the flat density cores observed in some
dwarf and low-surface-brightness galaxies, where the in-
ferred values of central density and velocity dispersion
are rc � 0.02MØ pc23 and yc & 107 cm s21, yielding a
gravothermal core lifetime that greatly exceeds the Hubble
time.

To identify the main route for SMBH formation, it
would be useful to determine the SMBH population as a
function of redshift. More data about the presence or ab-
sence of central black holes in dwarf galaxies would also
be useful.
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