PHYSICAL REVIEW LETTERS 133, 091001 (2024)

Direct Collapse Supermassive Black Holes from Relic Particle Decay
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We investigate the formation of high-redshift supermassive black holes (SMBHs) via the direct collapse
of baryonic clouds, where the unwanted formation of molecular hydrogen is successfully suppressed by a
Lyman-Werner (LW) photon background from relic particle decay. We improve on existing studies by
dynamically simulating the collapse, accounting for the adiabatic contraction of the DM halo, as well as the
in situ production of the LW photons within the cloud which reduce the impact of the cloud’s shielding. We
find a viable parameter space where the decay of either some of the dark matter or all of a subdominant
decaying species successfully allows direct collapse of the cloud to a SMBH.
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The formation of the supermassive black holes (SMBHs)
which reside in active galactic nuclei (AGN) and distant
quasars remains an open question [1-6], dramatically
reignited by recent observations from the James Webb
Space Telescope (JWST) [7] of high-redshift (z = 6) active
galactic nuclei [8—15]. In light of these discoveries, many
proposals were made for the creation of these SMBHs,
including from the death of Pop III stars [16-18], grav-
othermal collapse of self-interacting dark matter halos
[19-23], primordial black holes (PBHs) [24-37], and,
finally, the direct collapse of gas clouds [1,6,38—48].

The latter “direct collapse” scenario succeeds if the gas
collapses and forms one central black hole instead of
fragmenting into disjoint smaller clouds. Cooling by
molecular hydrogen (H,) leads to this fragmentation
[49,50] and therefore suppression of H, formation ensures
the direct collapse [38-40,51-55]. This can be achieved
either by direct dissociation [1,40-47,56—-63] or by excess
heating [6,48]. The formation of a supermassive black hole
from this successful collapse, including the resolution of
the angular momentum transport problem [1,64—79] and
the formation and collapse of a supermassive star as an
intermediate phase [73-79], has been studied extensively
and is now well established.

It is natural to ask if either the excess heating or the
required Lyman-Werner (LW) background for dissociation
could be provided by the decay of a relatively light particle.
This particle could either make up all of the dark matter
(DM), in which case the decay rate must be small on the
cosmological timescales, or it could be a subdominant
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component of DM that decays entirely around the epoch of
reionization. Notably, the abundance of SMBH produced
via this mechanism can be adequately explained by the
expected mass function of halos at early times [46].

In this Letter, we extend the formalism developed in
Ref. [46], and show that there is a viable parameter space
where relic decaying particles [80-86] could lead to direct
collapse. Specifically, these could be axionlike particles
(ALPs) [87-98] which comprise all of the DM, or it could
be a generic particle decaying at high redshifts, for example,
one of the many particles in a string axiverse [95]. We model
the direct collapse by a self-consistent dynamical evolution
model of the DM halo’s adiabatic contraction and chemical
evolution, which is highly coupled and features significant
feedback. On top of this, we reexamine the effect of the
baryons’ self-shielding of the LW radiation, arguing that the
in situ production of radiation should significantly (if not
completely) suppress the effect of shielding. When this is
taken into account, we find that this mechanism of direct
collapse is indeed viable for fractions of decaying dark matter
well below observational constraints [99—-101].

Cloud collapse—The direct collapse of abaryon cloud is a
complex dynamical process and hydrodynamic simulation
is often needed to study the evolution of the system.
However, it has been demonstrated that a simpler approach,
the one-zone model [53], can capture the essential ingre-
dients of the direct collapse and offer accurate estimations of
key quantities such as the photodissociation rate ky, and
photodetachment rate ky- [60,102,103]. In the traditional
one-zone model, the baryon cloud collapses inside a
virialized DM halo that remains constant after the initial
top-hat collapse phase. This approximation is acceptable
for tracking the temperature and chemical evolution of the
cloud only when the LW radiation is treated as a constant
background.

© 2024 American Physical Society
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The density evolution of the cloud must be supplemented
with Boltzmann equations which track H, and other
chemical components during the collapse. In particular,
the dominant H, formation channel requires an intermedi-
ate product H™:

H+e - H +v, (1)
H+H - H,+e". (2)

The destruction of H, can be accomplished by either
directly dissociating H, with LW photons (photodissocia-
tion), or suppression of the formation of H™ via photons of
energy 20.76 eV (photodetachment) [104]. The success of
direct collapse to SMBHs critically depends on the specific
radiation intensity J(E) in these energy ranges and,
consequently, the reaction rates ky, and ky-.

In our model, the LW radiation is directly coupled to the
cloud evolution since it comes from the DM halo itself, and
it is no longer a constant background. To calculate the DM
density during this phase, we adopt a modified one-zone
model which is supplemented with an explicit modeling of
the adiabatic contraction of the DM halo [48,105-110],
where the DM halo contracts in response to the collapse of
the baryonic cloud. We follow the notations and conven-
tions used in Ref. [48] with the following exceptions: the
photodetachment rate k, in Ref. [48] only comes from the
cosmic microwave background (CMB) spectrum, whereas
we replace it here with the rate k, + ky-. Consequently, this
leads to the modification of the equilibrium H™ fraction:

B koxpx,.n
ok, + ke 4 (ks 4 kio)xon 4 (ki 4 kag)xun

Xp- (3)

In addition, we now must include the photodissociation rate
from the LW radiation in the xy, equation:

dtz i
ar 10XHXH- 11— leXHtzn - leXeXHzn - kHszz- (4)
Particle decay—Let us consider two particle models:
a slowly decaying DM particle (as in the ALP scenario),
and a subdominant component of an extended dark sector
which is more rapidly decaying at the epoch of interest.
We will refer to the former as DM and the latter as
particle X. The decay of the particle produces a time
dependent radiation-specific intensity J(E, z) (in units of
J/em?/s/Hz/sr) in the gas cloud given by [46]

E
J(?,E,Z) _E/dv

This expresssion—although completely general—is com-
putationally intensive since keeping track of the spatial
dependence is highly impractical. In addition, we take the

dn, — 1
/ |4 /,E, - 5
dEdt ( d Z) (7 _ ,7)2 ( )

DM halo and the baryon cloud to have uniform density in
the one-zone model, so the reaction rates are also position
independent. This motivates us to simplify the specific
intensity by using a spherically symmetric halo and
computing its value at the center:

dny

J(E,z) zE/dr/dEdt(r/,E,z). (6)

The one-zone differential injection rate, dn,/dEdt is
given by

dn fx(2)Tppm dN
Y _JX DM @
T T A ———T

(E), (7)

where fy is the time-dependent energy fraction of X
compared to the total DM (if our decaying particle is all
of the DM, fy = 1). In Eq. (7), we assume that photons are
the only decay products and neglect other possibilities,
such as neutrinos or dark radiation (if they were to be
included, our results will simply scale with the branching
ratio of the photon decay channel). Our one-zone approxi-
mation contrasts with the “critical curve” approach
where J(E, z) is calculated using a nontrivial halo density
profile [46]. We will map our results to the critical curve
plot for comparison.

The shape of the decay spectrum dN/dE depends on the
number of decay products. For ALPs, it is well motivated to
consider two-body decay:

dN 2F
E—=25(1—-——.
dE ( mx) (8)

Following Ref. [46], we also consider three-body decay
with an energy-independent decay amplitude, modeled
with the so-called “parabola spectrum’:

dN E E\? E
E—=6——(—) |®O(1-——]. 9)
dE my my my
The chemical rates ky- and ky, can be computed using
the specific intensity [102]:

13.6 eV J(E.7) dE
@ = [ o () B E,
0.76 eV
ky,(z) &~ 1.39 x 10712 57! JLJW—(Z), (10)
21

where we take the cross section oy- given in Ref. [104] and
Jyy = 1072 ergsT'Hz ' ecm™2 sr~!. Here, Jyw is calcu-
lated by taking the average of J(E,z) in the LW band
due to the complex structure of the rotational-vibrational
states of H,.

We note regarding Eq. (10) that previous studies used
either constant spectra or black body spectra with
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temperatures 10* or 10° K [53,60-63]. While the three-
body decay spectrum is still continuous and will not deviate
far from the approximations in Eq. (10), two-body decay
could potentially alter the dissociation rate, as photons from
the decay are monochromatic, and the absorption spectrum
of H, is discrete. This does not present a problem: the
typical timescale for the collapse is Az ~ 1, during which
the photon energy is redshifted by ~0.5 eV if the halos
collapse around z =20. The redshift and the thermal
Doppler broadening allow the radiation to cover the fine
spaced rotational-vibrational energy levels [111]. The
spectral energy distribution (SED) in our model is different
from the black body SED widely studied in the literature.
This fact, together with the dynamic nature of the radiation
intensity, makes a direct comparison with the critical
intensity found in previous simulations impractical.

Shielding—The rate given in Eq. (10) is valid only in the
optically thin regime, and additional treatment is necessary
when the column density of H, reaches the critical value of
10'* cm™2. Beyond this density, the H, becomes optically
thick to LW radiation and the gas is self-shielding, reducing
the dissociation rate by a fraction fcia(Ny,, 7). We adopt
a shielding fraction as in Ref. [112] that takes into account
thermal broadening effects. The full density-dependent
dissociation rate is then

kHz (NHz’ T) = kHZfshield(NHz’ T)- (11)

In practice, computing the H, column density is intractable
in cosmological simulations. In Ref. [113], it was shown
that the column density is best approximated by

1
NHZ = ZnHzﬂJeanw (12)
where )., 1 the Jeans length. We will use this equation to
calculate the column density and the shield fraction.

The magnitude of fg;q 1S a crucial bottleneck in
previous studies of the LW radiation required for direct
collapse [60,102,113,114] since in the case where the LW
flux is anisotropic and sourced exterior to the cloud, the
success of direct collapse to SMBHs crucially depends on
the ability of the radiation to penetrate the outer shell of
molecular hydrogen to reach the core region. Our scenario
is different: the baryon cloud is immersed in the nearly
homogeneous and isotropic background of LW photons
from the relic particle decay, and the core region with the
highest DM density experiences the strongest radiation
intensity. Therefore, the LW radiation can reach the H,
molecules in the core region even in the optically thick
regime. Since the radiation no longer needs to penetrate
through the cloud, the shield fraction is greatly reduced.
Furthermore, as the shielding is reduced, the LW photons
can dissociate H, more effectively, further decreasing the
shielding. In addition, since the DM halo is larger than the

baryonic cloud, the exterior region of the baryonic cloud is
irradiated by the exterior portion of the halo as well as
in situ photons. Even if the DM is less dense in this region,
the significant exterior flux makes it unlikely that the cloud
could fragment in the exterior regions but not the interior,
as was suggested in Ref. [46].

To quantify the uncertainty in the shielding, we introduce
a new parameter &g, to track how much radiation is being
shielded. We parametrize the in situ shield fraction by

finsitu =1- Esh<1 _fshield>’ (13)

so that &5, =1 corresponds to full self-shielding and
&g = 0 corresponds to no shielding. We present our results
for several values of this shielding parameter, although we
expect that it should be very close to 0.

FParticle decay constraints—For both these mechanisms,
we must tune the mass of the decaying particle so that they
produce LW photons. In addition, the fraction of decaying
dark matter must satisfy observational constraints [99-101]
which require no more than ~1% of dark matter to decay in
the early universe, although as we will see the decay
fractions we require here for a successful collapse fall
easily shy of this mark.

A natural candidate for decaying DM in the LW mass
range are ALPS [87-97,115,116] since they are well-
motivated dark matter candidates which naturally decay
to two photons. In this scenario, we must restrict the mass
to range from 22.4 to 27.2 eV. Although this region cannot
contain the QCD axion [115,116], the parameter space
is still available for the more generic ALPs, with the
strongest constraints from cosmic optical background
(COB) observations [80,81].
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FIG. 1. ALP parameter space and relevant constraints

[80-86,115-117] for successful direct collapse at z ~20. We
demonstrate the results for three choices of &g,.
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FIG. 2. Temperature and H, fraction during the collapse in the
case of DM undergoing two-body decay. We see a clear
bifurcation behavior here: if the DM lifetime is below a threshold
value ~6 x 10%* s, the formation of H, is inhibited and, con-
sequently, the temperature stays at 10* K during collapse. The
DM mass is chosen to be 25 eV and the halo collapses at z ~ 20.

The parameter space in the conventional axion-photon
coupling g,, and dark matter mass Mpy; is shown in Fig. 1,
where the minimum decay rates for the successful collapse
are shown for different shielding assumptions and will be
discussed in more detail in the following section. We
include the constraints from the Hubble Space Telescope
(HST) observation of cosmic optical background (COB)
anisotropy [80,81] and gamma-ray attenuation [82,83,86].
In addition, if the ALP mass exceeds the hydrogen
ionization threshold, it is strongly constrained by CMB
anisotropies [84,117] and the heating of the dwarf galaxy
Leo T [85]. Notably, in Ref. [84], the constraint is derived
assuming a photon injection spectrum with a narrow but
finite width, leading to constraints that saturate below the
ionization threshold at 27.2 eV. This assumption is not valid
in the case of ALP decay, so we cut off this constraint at the
ionization threshold. We emphasize that the available
parameter space for ¢4, = 1 is not eliminated even if we
use the CMB anisotropy constraint without the cutoff.

For the more generic short-lived particle, a well-moti-
vated scenario is the string axiverse [95], in which there are
naturally many BSM particles over a wide range of masses.
Just one of these particles would need to have the
appropriate mass to accommodate our proposed mecha-
nism. In this scenario, the relevant constraints are those
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FIG. 3. Energy fractions of particle decay required to trigger

direct collapse in the case of early decaying X and DM, where the
three curves on each plot are for different amounts of shielding.
We show the parameter space for three-body decay (left panels)
and two-body decay (right panels). The DM lifetime is chosen to
be 2 x 10%* s and X is set to decay at z = 22. The only relevant
constraint is from the CMB anisotropy for X decay [84], which is
plotted on the bottom left panel. The halo is set to collapse at
z ~ 20 here.

which constrain the maximum evaporating fraction of dark
matter [84,99-101].

Results and discussion—An example of the temperature
and chemical evolution during the collapse is shown in
Fig. 2, where one can understand the forward progress of
time as moving to the right on the curves. We observe a
bifurcation behavior between the successful and failed
collapse process: a successful direct collapse is character-
ized by a final temperature near 10* K with H, fraction
< 107>, These criteria are used to check the collapse
outcome in our parameter space search.

In the case of the X particle decaying early (around
z ~ 20 here), only a small fraction of the total DM density is
required to allow direct-collapse SMBH formation. We
show the viability of this scenario, together with the DM
decay, in Fig. 3. As seen from the top left panel of Fig. 3, if
self shielding is not reduced, DM with three-body decay
cannot produce enough LW radiation for direct collapse.
This is consistent with the critical curve results obtained in
Ref. [46]. For photons below the hydrogen ionization
threshold, the fraction fy (at a time long before the epoch
of decay) is constrained to be <1072 from CMB spectral
distortion observed by COBE/FIRAS. Above the threshold,
however, the injection is subject to strong constraints from
CMB anisotropies, and we include this constraint on the
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FIG. 4. Comparison of the critical curves with the reaction rates
(in a successful direct collapse) calculated in our dynamical one-
zone approach. The critical curves are taken from Ref. [102]
(one-zone model) and Ref. [114] (hydrodynamic simulation).
Both critical curves take Aj..,s/4 as the characteristic length for
computing the H, column density. For a moderate reduction of
the shield fraction, the final rates go beyond the critical values
required even in hydrodynamic simulations. The rates are
calculated for an early decayed particle (three-body decay) with
mass 13 eV and fy = 1077 that decays at 7 = 25, and for DM
(two-body decay) with mass 25 eV and lifetime 2 x 10%* s.

bottom left panel for a particle with lifetime 10'* s. For
comparison, we are interested in lifetimes around 10'3 s,
reducing the plotted constraints. We do not need to tune the
particle lifetime to exactly coincide with the collapse time.
For a halo to collapse at z = 20, viable choices for the X
lifetime span a wide range from z ~ 50 to z ~ 4, because
decay is a stochastic process.

When the LW radiation is constant, it is convenient to
derive the critical dissociation and detachment rates
required as a simple check for successful direct collapse.
Such requirement, plotted on the ky, — ky- plane, forms the
so called critical curve [102,103,114]. However, a direct
comparison between our results and the critical curve is not
straightforward. Firstly, the LW produced by particle decay
is no longer a single point on the ky, — ky- plane, with
lower reaction rates (due to lower specific intensity) at the
beginning of the collapse but increasing significantly at
later stage. Another obstruction comes from the fact that all
previous critical curve results [102,103,114] assumed an
external source of LW radiation with full self-shielding
(¢sn = 1). In our case, the shield fraction is expected to be
heavily reduced due to the in situ emission of LW photons.
Nevertheless, we present the critical curves in Fig. 4 as a
useful check. Naively, it would seem that the LW radiation
cannot reach the critical value required from hydrodynamic
simulations when ¢y, = 1, but even a moderate reduction of
the shield fraction can increase the final rates by several

orders of magnitude, exceeding the threshold required for
successful collapse.

Conclusion—We have shown that the decay of DM or a
short-lived particle X can effectively halt the production of
molecular hydrogen, allowing direct collapse to a SMBH to
occur. While previous studies found that particle decay may
not lead to collapse, we found that dynamically including
the adiabatic contraction of the DM halo, as well as
considering lower shielding than in the case where the
LW background comes from an exterior source, allowed
our model to be successful. To go beyond the one-zone
approach that we adopt in this work, a full-scale simulation
that takes into account a realistic halo profile and in situ
effects—similar to the one in Ref. [118]—is needed to
confirm our result.

The decay of ALPs in our mass range of interest can
produce light in the optical and UV range. Interestingly, as
pointed out in Ref. [119], such decay could explain the
COB excess observed by New Horizons’ Long Range
Reconnaisance Imager (LORRI) [120]. Later studies, how-
ever, concluded that ALP decay is unlikely to produce such
an excess due to the COB anisotropy at 606 nm and gamma
ray attenuation [80,81,86,121]. Probing these so called
“blue axions” offers an opportunity to test our proposed
mechanism. With future HST measurements at higher
frequencies, a large portion of our parameter space could
be explored [81]. It would be of great interest if the mystery
of high redshift SMBHs and the question of DM can be
answered simultaneously.
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