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Image: NASA, 2022 science.nasa.gov/resource/history-of-the-universe/
Ideal “indirect detection” laboratory



@ f l i p . t a n e d o 2024 MITCHELL CONFERENCE (TAMU)

NASA, ESA and J. Olmsted (STScI) “Quasar Tsunamis Rip Across Galaxies,” NASA/Goddard (2020)

supermassive 
Black holes
How did THEY Get so large? 

big black holes usually come 
from merging little black holes.  

Eddington limit: this cannot 
explain the largest black holes. 

quasar
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Mystery: supermassive black holes at high z

Jeon, Bromm, Liu, Finkelstein 2402.18773 (JWST) 4

3

Figure 1. SMBH growth through cosmic time. Left: Black hole mass versus redshift or age of the Universe. We show select
JWST observations of high-redshift AGN (Larson et al. 2023; Bogdán et al. 2023; Maiolino et al. 2023b), as well as high-redshift
quasars (Wang et al. 2010; Willott et al. 2017; Decarli et al. 2018; Izumi et al. 2018; Pensabene et al. 2020; Inayoshi et al.
2020). We also indicate in shaded regions the initial black hole seed masses predicted for the Pop III stellar seed/stellar cluster
and DCBH models. To form the highest-redshift AGN and the most massive quasars, the stellar seed model requires growth at
super-Eddington rates (1.5 times the Eddington rate for the lines shown in the plot), and the DCBH model at the Eddington
rate if they form at z ⇠ 15 with a typical seed mass. The necessary conditions could be achieved in the most extreme and
dense regions of the Universe. Right: Black hole mass to host stellar mass ratio versus redshift or age of the Universe. We again
show select JWST high-redshift AGN observations in comparison to empirical MBH �M⇤ relations inferred for z ⇠ 0 (Reines &
Volonteri 2015), z ⇠ 1� 2 (Ding et al. 2020), and z ⇠ 4� 7 (Pacucci et al. 2023). An initially overmassive system, as suggested
for some JWST sources, could slowly evolve onto the local relation, experiencing a more rapid stellar than black hole growth.
Alternatively, the overmassive systems could evolve into the local ones through a series of mergers that significantly increase
the stellar mass in short episodes.

nearby environment, forming a galaxy with an overmas-
sive SMBH (Wise et al. 2019; Agarwal et al. 2013). We
schematically summarize the challenge of early SMBH
growth in Fig. 1. Extreme conditions such as DCBH
and Eddington/super-Eddington growth are necessary
to produce high-redshift AGN and quasars, and the
overmassive systems will have to evolve onto the local
empirical relations through rapid stellar growth and/or
mergers with other systems.
We have explored the Pop III seeding channel in pre-

vious work using cosmological simulations (Jeon et al.
2023). However, under the standard seeding and growth
models, the black hole seeds did not grow to the ob-
served large masses but remained as low-mass, faint ob-
jects below current detection thresholds. Other work
also suggested that SMBHs from stellar seeds do exist
at high redshifts (Fragione & Pacucci 2023; Eolyn Evans
et al. 2023), but are too faint to be currently observable.
Therefore, in this study, we aim to reproduce the newly
observed massive high redshift (z ⇠ 8�10) AGN in cos-
mological zoom-in simulations by utilizing the DCBH
seeding model instead. From the growth histories of
the DCBH seeds, we specifically study the environmen-
tal conditions that allow for e�cient SMBH growth to
match observations.

This paper is organized as follows. In Section 2, we de-
scribe the subgrid models of galaxy formation and black
hole evolution, including the new DCBH growth model
employed here, as well as our simulation setup. In Sec-
tion 3, we show the di↵erent classes of DCBH and host
halo evolution histories that we encounter in our simu-
lations, test if such growth trajectories are realistic, and
study the environmental conditions that produce e�-
cient DCBH growth. In Section 4 we present predicted
spectra for our simulated AGN, and discuss their rela-
tion to the high-redshift sources currently observed with
JWST. We summarize our findings in Section 5.

2. NUMERICAL METHODOLOGY

We run cosmological zoom-in simulations of high-
density regions to produce multiple DCBH seeds and
study their growth. Previous studies have used cosmo-
logical simulations to study AGN growth and evolution
as well (e.g. Somerville & Davé 2015; Gri�n et al. 2019;
Jeon et al. 2023). We use the gizmo code (Hopkins
2015) that inherits the gravity solver from the gadget-
2 framework (Springel 2005) and includes accurate La-
grangian solvers for hydrodynamics. We use the modi-
fied version of gizmo (Liu & Bromm 2020; Jeon et al.
2023) with updated sub-grid models for star formation,
stellar feedback, black hole formation, accretion, and
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Table 1. The observational information and
physical properties of J0313–1806

R.A. (J2000) 03:13:43.84

Decl. (J2000) �18:06:36.4

J 20.92±0.13

Ks 19.96±0.16

W1 20.01±0.11

W2 20.22±0.28

g, r, z > 26.17, > 25.91, > 24.63a

zps1, yps1 > 23.13, > 22.07a

M1450 �26.13±0.05

z[CII] 7.6423±0.0013

zMgII 7.611±0.004

zCIV 7.523±0.009

�vMgII�[CII] 1072±140 km s�1

�vCIV�MgII 3080±332 km s�1

FWHMMgII 3670±405 km s�1

↵� �0.91±0.02

�L
3000Å

(2.7±0.1) ⇥ 1046 erg s�1

Lbol (1.4±0.1) ⇥ 1047 erg s�1

MBH (1.6±0.4) ⇥ 109 M�

Lbol/LEdd 0.67±0.14

FWHM[CII] 312±94 km s�1

F[CII] 0.60±0.16 Jy km s�1

L[CII] (0.80±0.22) ⇥109 L�

S228.4GHz 0.45±0.05 mJy

LTIR (1.5±0.2) ⇥1012 L�

Mdust ⇠ 7 ⇥ 107 M�

SFR[CII] 40�240 M� yr�1

SFRTIR 225±25 M� yr�1

texp,ALMA 29 min

texp,FIRE,Longslit 15 min

texp,Flamingos,JH 30 min

texp,FIRE,Echelle 362 min

texp,Flamingos,HK 184 min

texp,GNIRS 485 min

texp,NIRES 264 min

aIn these undetected bands, we report the 2�
limiting magnitudes measured from a 3.000 aper-
ture centered at the quasar position.

star remnant (e.g. Madau & Rees 2001) or the product of
dynamical processes in dense star clusters (e.g. Portegies
Zwart et al. 2004). Instead, direct-collapse black holes
(DCBH) forming in pre-galactic dark matter halos (e.g.
Begelman et al. 2006) is the preferred seeding scenario.
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Figure 3. Black hole growth track of z � 7 quasars with
the assumption of Eddington accretion and a radiative ef-
ficiency of 0.1 at all times. The curve gives the mass of
seed black hole required to grow it to the observed mass
of each SMBH in these quasars. The new quasar, J0313–
0318, puts the strongest constraint on the seed black hole
mass, compared to other z > 7 quasars, including J0252–
0503, J0038–1527, J1243+0100, J1120+0641, J1007+2125,
and J1342+0928 (see legends, Yang et al. 2019; Wang et al.
2018; Matsuoka et al. 2019b; Mortlock et al. 2011; Yang et
al. 2020a; Bañados et al. 2018). The masses of the central
SMBHs in the previously known quasars are collected from
Matsuoka et al. (2019b), Wang et al. (2018, 2020a,b), and
Yang et al. (2020a). The blue, green and yellow shaded re-
gions define the rough mass ranges of the seed black hole
produced by Pop III stars, dense star clusters, and direct-
collapse black holes (DCBH), respectively.

4. EXTREMELY HIGH VELOCITY OUTFLOW

Another notable feature of J0313–1806 is that the
spectrum contains several broad absorption line (BAL)
features. The BAL features are thought to be produced
by strong outflows launched from the accretion disk of
the accreting SMBH. In Figure 4, we show the normal-
ized spectra in the velocity space of the Si IV, C IV, and
Mg II emission lines. The composite spectrum (blue line
in Figure 1) that was used for normalizing the observed
spectrum was constructed from the spectra of a sample
of low-redshift quasars with similar relative blueshifts
between C IV and Mg II lines and similar equivalent
widths of C IV to those of J0313–1806, following the al-
gorithm developed by Wang et al. (2020a). It was scaled
to match the observed spectrum in the observed-frame
2.0 � 2.2 µm. Using the normalized spectrum shown
in Figure 4, we identified two C IV absorption troughs
(highlighted orange regions in the middle panel of Figure
4) at extremely high velocities of (0.171–0.186)c (trough
A) and (0.109–0.155)c (trough B). We use the “balnic-

2101.03179 Wang et al. “A 
luminous quasar at z=7.2
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Figure 1. Upper panel: image cutouts (2000 ⇥ 2000, north is up and east is to the left) for J0313–1806 in PS1 z, PS1 y,
DELS z, VISTA J , VISTA Ks, WISE W1 and WISE W2 bands. The photometry is given in Table 1. Lower panel: the final
stacked spectrum of J0313–1806. In the figure, we re-binned the spectrum by two spectral pixels (⇠ 173 km s�1) for illustration
purposes. The black and gray lines represent the Galactic extinction-corrected spectrum and the error vector, respectively. The
blue line denotes the quasar composite spectrum constructed with SDSS z ⇠ 2 quasars having similar C IV blueshifts and line
strengths. The purple dashed line denotes the power-law continuum. The orange points are flux densities determined from
photometry in the J and Ks-bands. The inset panel shows the Mg II line fitting with the purple dot-dashed line denoting
the power-law continuum, the green dashed line denoting the pseudo-continuum model (the sum of power law continuum, Fe II

emission, and Balmer continuum), the orange line representing the Gaussian fitting of the Mg II line and the red line representing
the total fit of pseudo-continuum and Mg II line. The thin grey lines in the insert panel represent the spectral fitting of 100
mock spectra as described in §3.

the dust map of Schlegel et al. (1998) and extinction
law of Cardelli et al. (1989) is shown in Figure 1.

2.2. ALMA Observations

In order to determine the systemic redshift and inves-
tigate the host galaxy properties, we observed J0313–
1806 with the Atacama Large Millimeter/submillimeter
Array (ALMA) in the C43-4 configuration (program ID:
2019.A.00017.S, PI: F. Wang). We tuned two spectral
windows centered at the expected frequency of the [C II]
line and the other two spectral windows centered at
about 15 GHz away from the expected [C II] line. The
observations were taken in 2020 March 02 with 29 min-
utes of on-source integration time.

The ALMA data were reduced using the CASA 5.6.1
pipeline (McMullin et al. 2007) following the standard
calibration procedures. The continuum map was im-
aged by averaging over all the line-free channels using
Briggs cleaning via the CASA task tclean with robust-

ness parameter r = 2.0, corresponding to natural visibil-
ity weights, to maximize the signal-to-noise ratio (S/N)
of our observations. The beam size for the continuum
image is 0.0070 ⇥ 0.0056. We subtracted the continuum us-
ing the uvcontsub before imaging the [C II] line. The
[C II] map was collapsed over ±1.4�line to maximize
the S/N of the intensity map. Since both the contin-
uum and [C II] emissions are marginally resolved, we
extracted the 1D spectrum with an 1.005 diameter aper-
ture centered on the emission. The fully calibrated con-
tinuum map, [C II] map and [C II]+continuum spectrum
are shown in Figure 2. From the spectral fitting of the
[C II]+continuum spectrum, we derive a [C II] redshift
of z[CII] = 7.6423 ± 0.0013.

3. A 1.6 BILLION SOLAR MASS BLACK HOLE

The most reliable tool for measuring the mass of
SMBHs at high redshift is the Mg II virial estimator
(Vestergaard & Osmer 2009). We first de-redshift the

… not from ordinary black hole formation (Pop III Eddington)

TIME

ALMA
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Amanda Montañez, “Puzzle of the First Black Holes,” P. Natarajan, Scientific American 318, 2, 24-29 (2018)

The usual story
Galaxies form in a bubble of 
dark matter. As stars run 
through their lifecycle, some 
can produce black holes. 

Black holes grow by eating 
its neighbors. 

… this is too slow to 
produce the supermassive 
black holes seen in quasars.
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Amanda Montañez, “Puzzle of the First Black Holes,” P. Natarajan, Scientific American 318, 2, 24-29 (2018)

Direct collapse
Recent hypothesis: maybe 
proto-galaxy’s dust directly 
collapses into a black hole 
without first forming stars. 

Quickly produces black holes 
that can grow very large. 

However, gas is unstable: it 
wants to collapse into stars. 
Direct collapse seems unlikely.
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The game: do not let molecular hydrogen H2  cool the gas

7hyperphysics.phy-astr.gsu.edu/hbase/molecule/hmol.html

unbound

ground

Vibrational modes: efficient cooling (only channel in low temp protogalaxy)

Dissociation: need O(10 eV) excitation to Lyman/Werner bands, then 
probability to de-exciting into unbound state (no direct E. dipole transition)
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Can dark matter induce direct collapse black holes 
in pre-star forming halos?

8

00
He

Hz 8 2H

Ega e

mn JCMB
Q.gg edema eyew

e

xx see

z~15

GAS

HALO

DM ANNIHILATION

H2 DISSOCIATION

CMB INVERSE 
COMPTON

I am not sure… maybe. 
 
Current focus is clarifying 
the challenge relative to a 
simple benchmark model 
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Recent Work: SMBH and dark matter
SMBH seeds from sub-keV dark matter 
Avi Friedlander, Sarah Schon, Aaron C. Vincent 
arXiv:2212.11100


Feeding plankton to whales: high-z SMBH from 
tiny black hole explosions 
Yifan Lu, Zachary S. C. Picker, Alexander Kusenko 
arXiv:2312.15062


Direct collapse SMBH from relic decay 
Yifan Lu, Zachary Picker, Alexander Kusenko 
arXiv:2404.03909


SMBH Seeds from Dissipative Dark Matter 
H. Xiao, X. Shen, P. Hopkins, K. Zurek 
arXiv:2103.13407 
 
Primordial seeds of supermassive black holes 
M. Kawasaki, A. Kusenko, T. Yanagida 
arXiv:1202.3848

SMBH: Super Massive Black Hole; SIDM: Self-Interacting Dark Matter 9

Seeding SMBH with SIDM 
Wei-Xiang Feng, Hai-Bo Yu, Yi-Ming Zhong 
arXiv:2010.15132


SMBH from Ultra-Strongly SIDM 
Jason Pollack, David Spergel, Paul Steinhardt 
arXiv:1501.00017 


DM and the 1st stars: a new phase of stellar evolution 
Douglas Spolyar, Katherine Freese, Paolo Gondolo 
arXiv:0705.0521 
 
DM Annihilation and Primordial Star Formation 
Aravind Natarajan, Jonathan Tan, Brian O'Shea  
arXiv:0807.3769

Please let me know if there are missing references!
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Mapping to Dark Matter
Friedlander, Schon, Vincent

First ‘diagnosis’ of new particle physics, 
identifies self shielding as a challenge. 
 
Direct production of multiple photons. 
(Broad Ly-Wer band)

arXiv:2212.11100; A. Vincent’s talk at Dark Matter First Light (Feb 2024, PI) 10
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FIG. 1. Direct collapse critical curves from previous papers. Photodetachment and photodissociation rates above the critical
curve results in H2 suppression whereas reaction rates below the critical curve allow H2 to cool the gas e�ciently. Line colour
indicates the simulation method and line style indicates the H2 self-shielding approximation used to find the critical curve.
Orange critical curves were found using a one-zone model which tracks gas density and temperature in the centre of the cloud
[31, 32]. The light blue curves were found using a 3D hydrodynamic simulation [33]. The dashed lines use the Jeans length as
the self-shielding characteristic length in Eq. 11 whereas the solid curves use one quarter of the Jeans length and the dotted
curve uses a Sobolev-like length. The gray and black lines indicate the photodetachment and photoionization rates that would
be produced by a blackbody photon spectrum with temperature of 104 K and 105 K respectively.

Since the integrand in (13) depends on both the dark matter halo and microphysics model, we must now turn to the
details of this modelling.

C. Dark Matter Halos

Energy injection from dark matter depends on the abundance and distribution of dark matter throughout the gas
cloud. However, there are no observations of gas clouds or their dark matter halos at early redshifts of z � 10. We
therefore rely on cosmological simulations to estimate the expected shape and size of these halos. In this section we
discuss how we parameterise the dark matter distribution and what we expect the shape of the halos to be based on
previous cosmological simulations.

To avoid the central divergence, we parameterise the dark matter distribution with an Einasto profile [57]

⇢dm(r) = ⇢0 exp

 
�2

↵

✓
r

r0

◆↵

� 1

�!
. (14)

“The [Ly-Wer] call is coming from 
inside the house”
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Dark matter is not even in our current mathematical or physical models of the
universe. There is a large amount of stuff out there silently pulling on us, and
we don’t know what it is. We can’t possibly claim to understand our universe
without understanding this huge part of it.

Now, before you start feeling paranoid about weird, dark, mysterious
stuff floating all around you, consider this: what if dark matter is something
awesome?

Dark matter is made of something that we have no direct experience with.
It’s something we haven’t seen before, and it might behave in ways we
haven’t imagined.

Think of the amazing potential that exists here.

What if dark matter is made of some new kind of particle that we are able
to produce and harness in high-energy colliders? Or what if in discovering
what it is, we figure out something about the laws of physics we didn’t know
about before, such as a new fundamental interaction or a new way that the
existing interactions can work? And what if this new discovery lets us
manipulate regular matter in new ways?

Imagine you’ve been playing a game your whole life, and suddenly you
realize that there are special rules or special new pieces you could be playing
with. What amazing technology or understanding could be unlocked by
figuring out what dark matter is and how it works?

We can’t stay in the dark about it forever. Just because it’s dark doesn’t
mean it doesn’t matter.

Adapted from Inayoshi, Visbal, Haiman; Ann. Rev. Astro, 1911.05791 11

Collapsing Proto-Galaxy

Pristine Gas

No H2 Cooling

Supermassive StarAtomic cooling halo

Mini-halo

Pop III black holes H2 cooling, Pop III stars

Cham & Whiteson , We Have No Idea
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Conditions for direct collapse
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Inayoshi, Visbal, Haiman; Ann. Rev. Astro, 1911.05791

Temperature drop, 
fragmentation

Want to follow the

red curve (DCBH) 

Avoid blue curve: 
Pop III star formation
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Conditions for direct collapse

13Inayoshi, Visbal, Haiman; Ann. Rev. Astro, 1911.05791

Want to follow the

red curve (DCBH) 

Avoid blue curve: 
Pop III star formation
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Conditions for direct collapse

14Inayoshi, Visbal, Haiman; Ann. Rev. Astro, 1911.05791
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• No metals (pre-stellar halo) 

Metals are the usual gas coolants in modern halos.


• Atomic cooling at 104 K 
Gas near virial temperature, allows collapse but not 
fragmentation. 

• Suppress H2 formation 
Molecular cooling leads to a rapid temperature drop 
and gas fragmentation (leads to Pop III stars).

astrophysics
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Conditions for direct collapse

15Inayoshi, Visbal, Haiman; Ann. Rev. Astro, 1911.05791
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• No metals (pre-stellar halo) 

Metals are the usual gas coolants in modern halos.


• Atomic cooling at 104 K 
Gas near virial temperature, allows collapse but not 
fragmentation. 

• Suppress H2 formation 
Molecular cooling leads to a rapid temperature drop 
and gas fragmentation (leads to Pop III stars).

From TAMU visitor 
guide

astrophysics Dark matter?
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Strategy

16
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Start with: 106 M☉ halo at z ~ 25 
20 MeV dark matter annihilates to e+e-.

e- Inverse Compton scatters off CMB; produces 
~10 eV photons (Ly-Wer) that dissociate H2.

Atomic cooling kicks in at z ~ 12.5, expect DCBH.
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Strategy

17
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Tie annihilation rate to χ abundance

1
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Select χ mass to 
produce LW photons

Intergalactic medium is optically thick to 
heating and ionization

e at this energy leave halo

Intergalactic medium is transparent to  
LW radiation, so this returns to the halo

Good: this stuff would change the gas chemistry 
and could cause more H2 formation.

… so halo is a point source; radial trajectory 
solve transport equation for E spectrum

Good: this stuff breaks down H2!
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Challenge: 
self-shielding 
 
If H2 does build 
up, then our 
efforts fail because 
electrons catalyze 
H2 formation 

Solve rate eqns.
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Hypothetical plot

Based on Cirelli, Fornengo, Kavanah, Pinetti; Fig. 52007.11493 20

CMB p-wave

X-ray

Integral
Voyager-1
CMB s-wave

.

p-wave target

s-wave target

thermal relic

“Resonant Sub-GeV Dirac Dark 
Matter“ Bernreuther, et al.
(2010.14522); see also Feng 
(1707.03835)

v = 220 km/s

bag of 
tricks?
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Thanks!
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Extra Slides
… mainly for those looking at the slides afterward

• See also talks & discussion at Dark Matter, First Light (Feb 2024) 
https://pirsa.org/c24015

22

https://pirsa.org/c24015


@ f l i p . t a n e d o 2024 MITCHELL CONFERENCE (TAMU) 20

Molecular Hydrogen H2 
Formation of Molecular Hydrogen

23

e- is a catalyst for H2 
formation; ionizing interactions 
tend to create H2


(Difficult to form H2 from simply 
colliding H+H; no dipole so does 
not radiate energy easily)
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& photodetachment for lower energies.
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Idea: Don’t let self-shielding build up

BBC Frozen Planet, “Criminal Penguins” (2011 [do check out this clip if you haven’t seen it before]BBC Frozen Planet, “Criminal Penguins” (2011)
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Model gas as isothermal halo. Valid in the absence of 
H2 cooling. If you leave this regime, then there’s no hope for DCBH.

25

Pick a slow growing halo
Some Assumptions

Conservative (slow) halo growth rate; faster growth 
can cause dynamical heating (which helps)
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Halo contribution dominates annihilation (vs IGM) 
by four orders of magnitude; not the case for decay

26

“Birth of the first stars amidst decaying and annihilating dark matter” 
Wenzer Qin, Julian B. Munoz, Hongwan Liu, Tracy R. Slatyer (2308.12992)

Halo + Transport

IGM, 0.8 eV
IGM, 12.5 eV

Halo, 12.5 eV
Halo, 0.8 eV

PRELIMINARY
expected (bug)

free streaming
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Solve electron transport: linear regime; solvable analytically

diffusion; no B fields radiative energy loss source (DM)

Halo + Transport
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20 MeV electrons escape our pristine protogalaxy,  
halo is essentially a point source of electrons

28
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Ionization History
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Model building attempts
… from the guy who kept bringing up Lagrangians yesterday

We want a large annihilation rate at 
later times; can we use an s-channel 
resonance to boost it?

“Resonant Sub-GeV Dirac Dark Matter“ Bernreuther, Heeba, Kahlhoefer (2010.14522); see also Feng (1707.03835) 30

Playing limbo on BBN, CMB bounds.

“spectral tuning”
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Fast halo growth (dynamical heating)
Move the finish line 

31
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Abstract

We present a simple dark matter model where resonant annihilation can 
dissociate molecular hydrogen and induce direct collapse black holes in 
proto-galaxies. In these models, O(10 MeV) dark matter annihilates into 
electron-positron pairs which, in turn, inverse Compton scatter CMB light to 
produce a flux of Lyman-Werner radiation. This mechanism could help 
explain observed supermassive black holes at high redshift.
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