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gh redshift SMBH

- A SMBH population has been known to exist at z~6.
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High redshift SMBH

JWST discoveries show that quasars are just the tip of the iceberg...

EPOCHS VII: Discovery of high redshift (6.5 < z < 12) AGN candidates in
JWST ERO and PEARLS data
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gh redshift SMBH

- JWST discoveries show that quasars are just the tip of the iceberg...

- An AGN is found when the universe is only 0.43 Gyr old!

JADES NIRSpec Spectroscopy of GN-z11: Lyman-a emission and
possible enhanced nitrogen abundance in a z = 10.60 luminous
galaxy
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gh redshift SMBH

 The existence of these SMBHs poses a severe challenge in our understanding of
galaxy formation at high redshift:

- If they come from the remnant of the first generation (Pop Ill) stars, the seed
mass is about 107 M,

- They need to grow to 10” M by z-6

- Accretion is Eddington limited: it takes about 0.8 Gyr to grow up /7 orders of
magnitude

- The age of the universe at z=6 is ~0.9 Gyr!



gh redshift SMBH

- Why are they there?

- Light seeds: from Pop Il star remmnant. Requires sustained super-

-ddington accretion — Very difficult

- Primordial seeds: PBHs are already formed before galaxies, with
arbitrary mass.

- Heavy seeds: if the gas cloud can collapse without fragmentation, a
heavy, direct collapse black hole is produced — This talk



Outline

- The mystery of high redshift supermassive black holes
. Direct collapse mechanism
. Recipe I: heating via tiny primordial black holes

 Recipe Il: dissociation via relic particle decay

. Observational signature and SMBH abundance



Direct collapse: overview

- General conditions for direct collapse black holes:

- Halos with mass > 108 M, (virial temperature > 10* K)

- Collapse at high redshift (z ~ 20)

- Primordial metal-free gas: hydrogen (in various forms), ionized electron,
nelium (and lithium)

- Suppression of gas fragmentation



Direct collapse: overview

- Only two channels dominate the cooling
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process: molecular hydrogen (H,), atomic
hydrogen

—_—
[

—
o

0

- Atomic hydrogen cooling is inefficient when
T < 10* K

()]
Temperature {10° K)

B
&
&
L

. H, cooling takes over this regime due to fine
spaced rotational-vibrational energy levels

[Shaw et al., 2005]



Direct collapse: overview
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. Cooling is undesirable for direct
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- The cloud collapses almost

sothermally at T ~ 10* K without
fragmentation

|Becerra et al., 2015]



Direct collapse: overview

- Other important astrophysical processes in direct collapse:

- Angular momentum transport from the central compact object during
collapse

- The formation of supermassive star in the central region and its GR
instability

- See Inayoshi et al., 2019 for an excellent review

- We will only focus on the ‘early stage’ of the evolution.



Direct col

apse: the .

« DM & baryon dynamics:

ey Ingredients

- Adiabatic Contraction

........ Steady, C =0.7

-== Steady, ( = 0.75

- Spherical top-hat (z ~ 1000 — virialization) o e

- Baryon free fall after virialization due to cooling

- DM adiabatic contraction

« Chemical evolution of the baryonic sector

— Collapse model and chemical evolution are combined to track the

temperature



Direct collapse: the one zone model

. In lack of hydrodynamical simulation,
Omukai suggested taking the DM and baryon
density to be uniform [Omukai, 2001}

. This is motivated by the uniform density core
in Penston-Larson solutions

[Larson, 1969]



Direct co.

apse: chemistry

- 12 reactions tracked in the Boltzmann equation:

Net H, production

- Free e ‘ ectron : Indiv. mechanisms

Total H|-2| (new calc.)
2

(old calc.)

- H,: Two step process
H+e - H +vy
H +H—- H,+ e

- Atomic hydrogen is determined from the total
baryon density

100 200 300 500
1+z

' Hirata & Padmanabhan, 2006

- Helium does not contribute significantly (but can
0e incorporated into the network)




Direct collapse: chemistry

Need eV photons (in the Lyman-Werner band )
. How to destroy H,? /

-|Directly dissociate it with photons (photodissociation)

-|Destroy intermediate product H™ with photons (photodetachment)

- Heat the gas to increase collision rates (collisional dissociation)

Need additional heating mechanism



Direct collapse: recipes

. The standard recipe: a nearby star forming galaxy
- LW radiation (11.2 - 13.6 eV) can be produced by star formation process

- Two galaxies has to to get close (for high LW intensity)

- Radiation has to penetrate the cloud into the core region

- Could be polluted by metals due to star formation (and giving much
higher cooling rates)!



Direct collapse: recipes

« OUr recipes:

- Heating by PBH evaporation

- LW radiation from ALP decay (originated from [Friedlander et al, 2022])
. Allow for direct collapse at essentially arbitrary high redshift

. Avoid issues such as penetration depth and metal pollution

. Offer a new window to test/constrain astroparticle physics models!



Outline

. Recipe |: heating via tiny primordial black holes



Feeding plankton to whales: high-redshift supermassive black holes from tiny black
hole explosions

. p 1.+ < . 1.1 > 1.2 1
Yifan Lu,'* Zachary S. C. Picker,!"" and Alexander Kusenko!:?: *




"BH heating

- PBHs are capable of injecting energy into the
baryon sector by evaporation:

d*N, 1 « ['(E,M,a*)

l

didE ~ 2rx eEIT + 1
dof

« Higher injection rate near the end of litfetime:
ideal litfetime ends near collapse redshift

- Heating from attenuated secondary spectra ‘Mosbech & Picker 20221
(electrons, photons, protons)



PBH heating
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Monochromatic

PBH clustering

- PBH abundance is strongly C
% - - CMB, ay =0
constrained in this mass range from 21 . ? O

—21-cm, ag =0

cm and CMB observations. N — om0y =03

—21-cm, ag = 0.999

- But PBH clustering is a feature in
many formation scenarios:

- Primordial non-Gaussianity in
critical collapse

-
&
‘S

Biocal/Bo

- Yukawa structure formation in the
dark sector (no explicit calculation
as far as | know)

Young & Byrnes, 2019]



Outline

 Recipe ll: dissociation via relic particle decay
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Di1ssociation o1

- Photodissociation & photodetachment require a LW radiation background.

- ALP decay can produce such a background! (Ruled out for QCD axions)

« They can be ALL of the DM (with a low decay rate), or a fraction of DM
(particle X, with higher decay rate)

- Two body decay: monochromatic (relevant for ALP)

- Three body decay: parabola (generic for energy independent
amplitudes)



Bifurcation
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X decay

DM - 3 body decay DM - 2 body decay

. The required decay fraction is much
lower compared to heating.

[onization

threshold

» Only very weak constraints (CMB
- - - 14 22 24 26
spectral distortion) exist below the X decay - 3 body X decay - 2 body _

jonization thresholo oM

anisotropy

 The decay redshift does not need to
be fine tuned! (Span from z=50 ~ 5 if
the halo collapses at z=20)




Outline

- Observational signature and SMBH abundance



SMBH abundance

- ALP decay can trigger direct collapse in all eligible halos

. |In the case of PBH heating, direct collapse happens in rare, highly clustered
Nalos

- Clustering is model dependent

- Uncertainty in AGN/quasar density

Halos: MQ()() > Mmin, z =17
Halos: Msgg > Mpyin, 2 = 10
Observed quasars: 6 < z < 7.65

- Observed quasars: 7 < z < 7.65
Reference Halo I
1010 1011 1012 1013
[Fried\dnder et O‘., 2022] Minimum Halo Mass, M ;, [Solar Masses|
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Opservational signature

- PBH evaporation with local clustering can create ‘hot
SPOtS’:

- Point-like X-ray/gamma-ray sources?

- Small scale infrared background excess by PBH
heating? (Could be overwhelmed by collapsing BH

itsell)

- Constraints have not been studied in this scenario
- ALP decay in our mass range produces UV—optical light

- Future HST measurements can probe/constrain the
oarameter space [Carenza et al., 2023]




Summary

- Our current understanding of the origin of high redshift SMBH is not complete, and
this is a topic with increasing importance given JWST observations.

. Traditional direct collapse mechanisms may face challenges.

- Well motivated astroparticle physics models can be incorporated into the direct
collapse process, alleviating tensions with observations.

- Hydrodynamic simulation can test our model beyond the one-zone regime.

. Direct collapse black holes have

many sig

Natu

emission...) that can be tested wit

and LISA.

N curren

es (gravitational waves, X ray, IR

L ANO

near future instruments such as JWST

Thank you.’
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Densities in the one zone modael

T , 0 L p)
Sefore virialization: 1+§= 2 2=5n®)

2 (1 —cosa)?
. . . - Adiabatic Contraction
DM undergoes adiabatic contraction due Steady, ¢ = 0.7
. . . . ---- Steady, ( =0.75
to the changing gravitational potential: ~= Steady, ¢ =08

- Steady, ¢ = 0.85

r(M,(r) + Mpy,(r)) = ri;M(r;)

SAryon

SAryon

e




Cooling channels

. Adiabatic cooling (heating)
. Inverse Compton: L, (T) = 1.017 X 107**T¢, (T — Teppp)x.0

- Hydrogen line:
A
10° K

0.5\ ~!
L,(T)=79x107%° (1 + ( ) ) X exp(—118348 K/T)n ny

- Molecular hydrogen: taken from Hollenbach & McKee, 1979



Heating/Cooling channels

Direct collapse Fragmentation
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PBH clustering

- Primordial non-Gaussianity: ¢ = Co + %fNL (Ccz; = <5c2;>)

[Young & Byrnes, 2019]



LW intensity

- The one-zone intensity:

; dn,
J(E, 7 =E[ r’ r',E,z
(£:2) dEdt( )
dn,
ST IS given by the particle physics model, some spectra we considered:

- Two body decay: monochromatic (relevant for ALP)

- Three body decay: parabola (generic for energy independent amplitudes)

.+ kpy and k- can be calculated from J



LW rates

ky-(2) = [ 4droy-(E)

0.76eV L h

ki, (2) ~ 1.39 x 10712 5-1 Jw2)
]21

J,, = 107%lerg s-1 Hz™! cm2 sr-!



[njection rate
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Shielding

- Not all LW radiation can penetrate the cloud (at least in the traditional scenario)

- Modeling column density is intractable even in hydrodynamic simulations!

kHz(NHz’ I) = kHz shield(NH29 I) fin—situ =1 - 8sh(1 _fshield)

Baryon cloud




Comparison to critica

. The critical curve for LW background:

- Only works for a constant
backgrounc

- Only exterior source
- No dynamics

- No simulation available with
consistent shield fraction

. Fven a moderate reduction increases
the rates by orders of magnitude!

= X decay g5, =1
X decay €4, = 0.5

* DM decay g5, = 1
DM decay €45, = 0.5

Hydrodynamic
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