Direct Collapse Black Holes

from Dark Matter Annihilation

Flip Tanedo

Work with Anson

[T RIVERSIDE

. PHYSICS &
/\STRONOMY

edo

i
l
|
1
.
S ».'.

D'Aloisio & Yash Aggarwal

25 May 2024

2024 MITCHELL CONFERENCE (TAMU)




10732 seconds 1 microsecond 3 minutes 380,000 years 200 million years | 40@ million years 12 billion years 13.8 billion years

Inflation First Particles First Nuclei First Light First Stars Galaxies & Dark Energy Today
Initial Neutrons, protons, Helium and The first Gas and dust Dark Matter Expansion Humans observe
expansion and electrons form  hydrogen form atoms form condense into stars Galaxies form in accelerates the universe

cark matter cradles

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

HOW DID THEY GET SO LARGE?

BIG BLACK HOLES USUALLY COME

FROM MERGING LITTLE BLACK HOLES. %
o
EDDINGTON LIMIT: THIS CANNOT b M. T

D e
h”.}“‘

EXPLAIN THE LARGEST BLACK HOLES. b

NASA, ESA and J. Olmsted (STscl) “Quasar Tsunamis Rip Across Galaxies,” NASA/Goddard (2020)
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Mystery: supermassive black holes at high z
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Early galaxy contains .. leaving behind a black hole seed
TH E U s U AI_ STU RY massive Population |l stars
» s »

Py ?. »
Galaxies form in a bubble of » J
dark matter. As stars run L .‘.'
through their lifecycle, some _

can produce black holes.

Black hole grows by “feeding” on
surrounding galactic material

Black holes grow by eating
ItS ﬂeigthrS. Faint quasar
... this Is too slow to
poroduce the supermassive
black holes seen In quasars.

Amanda Montanez, "Puzzle of the First Black Holes,” P. Natarajan, Scientific American 318, 2, 24-29 (2018)
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Massive gas disk forms
D I RE T I_I_AP E In a starless galaxy
Galaxy B 4 .o. .

boundary .- . »
N . » » »
Recent hypothesis: maybe Gas disk aes -
) ' rl \\ \‘ . ‘: ..
proto-galaxy’s dust directly 1 < g ,: AN P
collapses into a black hole -

without first forming stars.

\
Gas disk collapses, forming Black hole grows rapidly, and an obese

Quick\y prool uces black holes a direct-collapse black hole (DCBH) black hole galaxy (OBG) forms

that can grow very large. ARy

However, gas Is unstable: It
wants to collapse into stars.
Direct collapse seems unlikely.

Amanda Montanez, "Puzzle of the First Black Holes,” P. Natarajan, Scientific American 318, 2, 24-29 (2018)
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Symmetric

Anti-symmetric
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Bonding

Anti-bonding

The game: do not let molecular hydrogen H; cool the gas

I“PSM ground

\\\ unbound

Vibrational modes: efficient cooling (on/y channel in low temp protogalaxy)

Dissociation: need O(10 eV) excitation to Lymnr

probabllity to de-exciting into unbound state (1

hyperphysics.phy-astr.gsu.edu/hbase/molecule/hmol.htm

an/Werner bands, ther
ition)

O direct

—. dipole tra

1S
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Can dark matter induce direct collapse black holes
In pre-star forming halos?

| am not sure... maybe. =
Current focus Is clarifying “ Q

the challenge relative 1o a

simple benchmark model O/ Yo
HALO elp>e
CMB INVERSE

COMPTON

LA ee
DM ANNIHILATION
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Recent Work:

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, 1. Yanagida
arXiv:1202.3848

@flip.tanedo

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!

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

First ‘diagnosis’ of new particle physics,

identifies self shielding as a challenge.

Direct production of multiple photons.
(Broad Ly-Wer band)

- %3 i

am ~ tens of eV

Supermassive black hole seeds from sub-keV dark matter

Avi Friedlander,m? * Sarah Schon,*? 7 and Aaron C. Vincent ?®
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—— T=10*K Blackbody

—— T=10°K Blackbody
Z1 I Z I I |

14 —12 —10 —8 —6
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“The [Ly-Wer] call is coming from
iInside the house”

arXiv:2212.11100; A. Vincent's talk at Dark Matter First Light (Feb 2024, Pl
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HELLO, '™

AWESOME,
Collapsing Proto-Galaxy v _J
L N
Tvir 2 107 K JLW > Jcrit

N No H2 Cooling

Atomic cooling halo S

Tyir S10* K Mini-halo JLy Wer < Jerit

® 10" M ® o

Pop Il black holes H2 cooling, Pop Il stars

Adapted from Inayoshi, Visbal, Haiman; Ann. Rev. Astro, 1911.05791 Cham & Whiteson , We Have No ldea 11
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Want to follow the
red curve (DCBH)

temperature (K)

Avolid blue curve:

10°

104

—
-
W
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o
N

Pop lll star formation

Inayoshi, Visbal, Haiman: Ann. Rev. Astro, 1911.05791

@flip.tanedo

Conditions for direct collapse

Nearly isothermal collapse
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Conditions for direct collapse

10° e
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Conditions for direct collapse

 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.

e Suppress Hz formation

Molecular cooling leads to a rapid temperature drop
and gas fragmentation (leads to Pop Il stars).

1L

astrophysics

Inayoshi, Visbal, Haiman; Ann. Rev. Astro, 1911.05791
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Conditions for direct collapse

 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.

e Suppress Hz formation

Molecular cooling leads to a rapid temperature drop
and gas fragmentation (leads to Pop Ill stars).

o %
1L %y

astrophysics Dark matter?

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

g,
\
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Strategy
Start with: 106 Mg halo at z ~ 25
20 MeV dark matter annihilates to ete-.

YCMB NS
T\ e- Inverse Compton scatters off CMB; produces

= ~10 eV photons (Ly-Wer) that dissociate Ho.
¢

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

16
20,
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Strategy

Tie annihilation rate to x abundance

e at this energy leave halo
... SO halo Is a point source; radial trajectory

_ solve transport equation for E spectrum
€
7\ 2

Select x mass to
/ &
by ~ 4 (me) £y produce LW photons

— Intergalactic medium is optically thick to

heating and ionization

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

YCMB

Intergalactic medium is transparent to

LW radiation, so this returns to the halo
(Good: this stuff breaks down H2!

17
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H, fraction

Molecular H»> fraction fuo
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Jeans collapse
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—
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H, fraction o

-

S

shielding & ionization

L}
-
—

= shielding

—

Molecular H»> fraction fup
=
[q

Critical curve
stay be\ovv this

Cha"enge: (.j) lonization onlv"‘“ ~ O/—:f/‘,
self-shielding No shielding, T\

| 10-6+- No Ionization N
f Ho does build
Up, then our
efforts fail because
electrons catalyze 8| 230 3 )
H, formation 107 {oy) =107 em™/s N

10 15 20 25 30 35 i
Solve rate egns. o redshift
PR
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Hypothetical plot

v =220 km/s

X-ray

Integral

CMB s-wave

thermal relic
"Resonant Sub-GeV Dirac Dark

10 (o0 o
: mxh’b\ﬂ Matter” Bernreuther, et al.
(2010.14522); see also Feng
Based on Cirelll, Fornengo, Kavanah, Pinetti; Fig. 52007.11493 (1707.03835)
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Thanks!
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" Yemg
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Extra Slides

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

Molecular Hydrogen H> H+e — H +7,

H +H — Ho+e .

e- Is a catalyst for Hz

+ & — +
® ten

Formation
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+ ® not radiate energy eas
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e SO does
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Dissoclation

Ly Wer radiation
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Photodissociation
® Ho +vw — H +H

& photodetachment for lower energies.
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BBC Frozen Planet, “Criminal Penguins” (2011)
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Some Assumptions

Pick a slow growing halo

Mhyaio(z = 25) = 10° Mg

Mhiaio(2) = 1.4 x 103 Mg, e V27 Thas(z = 12) = 10* K

Conservative (slow) halo growth rate; faster growth
can cause dynamical heating (which helps)

Model gas as isothermal halo. Valid in t
thCOCMﬂg.Hy@J@a&ﬂh@nxﬂmatmyrmaeérm

2024 MITCHELL CONFERENCE (TAMU)
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nope -

nsence of

or DCBH.
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Halo + Transport

YCMB

Halo contribution dominates annihilation (vs IGM)
oy four orders of magnitude; not the case for decay

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

PRELH\/HNARY S

" expecﬁgq_(bug)---i ---------------- S— Halo, 0.8 eV
£ T | Halo, 12.5 eV
:‘m 10-22. R
A IGM, 12.5 eV
g 107 R ™ N e R . IGM, 0.8 eV

10-28| free streaming

20 40 60 80 100

Z
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Halo + Transport
Solve electron transport: near regime: solvable analticaly

IN, —V - [E=NAL] + 05 |E(E, x) N, | = Q.(FE,x)

e — diffusion: no B fields radiative energy loss source (DM)
- 4 E L ppu (%)
/YCMB ((:(E7 X) _ _§O-Thompsonfy2ﬁ2 U(T) fy — Qe — 2 Dl\;[ <O-U>N€
Me Mpm

2/
20,
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Electron energy [MeV]
S

On

Halo radius

104 pC . 10° pc 106 pC
Distance from center of halo

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

28
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lonization History

lonization fraction Xxe

5.x107™°F

2.x107° 1

5.x1074+

2.x1074+

1.x1074}

accretes
ionized stutr

T
—’_
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Jeans collapse

l 1 1 Ll l

With DM annihilation -

No DM annihilation

(ov) = 107°" cm? /s

20

40 60

80  redshift
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Model building attempts

----- Non-Relativistic - == Resonant - Full Calculation
We want a large annihilation rate at 107 —— £ =0.001
later times; can we use an s-channel  10-%; _ .
resonance to boost it? 10-25 l' 'spectral tuning’

(OV)s - wave

- '
- {
-
26
— é
- *
— ?
"1+ L/
L)
- ..
- =

10—28 5 |
Playing imbo on BBN, CMB bounds. 1024 | O et
10730 - o E
o | BBEN  CMB
10—31 L - :
10°1 101 107 10° 107
1/T[MeV~1]
"Resonant sub-GeV Dirac Dark Matter® Bernreuther, Heeba, Kanlhoefer (2010.14522); see also Feng (1/07.03839)
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Fast halo growth (dynamical heating)

GOAL: STAY BELOW PURPLE LINE
WHEN YOU CROSS DASHED LINE

TM KTOM\C eoolIN( xﬂL \ | \
0N / | \
\o' R ‘ ‘
‘, | |
| | : : DM
I l
| \ SLOW | \
| | | |
\ c \ c
| FAST ' | JEANS
£, £, z Z, Z, 2
SLOW  FAST
FINISH LINE
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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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