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Correlations Between M;,-Host Galaxy Properties
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HIGH-z QUASARS & THE TIMING CRUNCH TO ASSEMBLE SMBHSs

Bright quasars host 102- 10190 M, . BHSs

L =0.001L

n

Age of the universe 1 Gyr
Eddington limit growth rate of mass B Misierm Licoiood SFR Hiskory

ML SFR History Without r Constraint
/ \ . § SFR Density from UV Luminosity Density
@ SFR Density from IR Luminosity Density

LATEST PLANCK RESULTS: first stars
form even later!




MASS GROWTH OF BH SEEDS: TIME CRUNCH

Mg, =5%10° M, ons)y = teaa € " (A,]BH)
vororrnm vdd/t — .

tubpe(2) 1 — € M,

Iy 2 2
L=eM,c" = f EaalEaaC s

108  10¢ 10  10°
M, (Mo)

AGE OF THE UNIVERSE AT z =7 [ 771 Myr]; z= 4[1.57 Gyr]; z= 3 [2.9 Gyr]



MASSIVE SEEDS Pre-galactic disk

DCBHs Bars within bars
supress H, cooling Super-Eddington growth
> >
Quasi-star?
During Mergers
Mayer+ 104 108 Msun

@z~10-12

B

Super-Eddington growth

S

Stone & Ostriker 16




LIGHT SEEDS MASSIVE SEEDS
Direct collapse

Popll| |
Nuclear star cluster Supermassive Star
~1012 Meun ~103 Meur Quasi star

~ 104_6 Msun




Pop Ill remnants : Simulations suggest that the first stars have a range of
masses (Bromm+ 02 ; Abel+ 02" Abel+ 00; Alvarez+ 08; Hirano+ 14) Metal

free Pop Il stars leave remnant BHs

Supra-exponential early growth boost: Super-Eddington growth in nuclear star
clusters at high-z (Alexander & PN 14)

Direct Collapse — efficient viscous transport, H2 cooling supgressed Lyman-Werner
radiation, formation of central concentration (Eisenstein & Loeb 95; Koushiappas
+ 04)+ proper dynamical treatment of disk stablllty (Lodato & PN 06, 07)

Supermassive star (Haehnelt & Rees 93)

Quasli-star - Bar unstable self-gravitating gas + large quasi-star (Begelman 08; 10;

Post-Inflation formation of black holes during the phase transition that
ends expansion (Khlopov+ 07; 09)
Unresolved CIRB, XRB Excess? CMBR distortions, no stringent constraints



HOW MASSIVE ARE POP Il STARS?

Hirano+ 15
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Tracking the fate of Poplll seeds in 2.5-sigma peaks

z=8.2 still no further growth. Halo: 2x108 solar mass
3 solar masses total on 25 black holes
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BH seed formation at high z

e

0.01pc

!

FINAL DCBH MASS
Lodato & PN 06; O7; PN 11; Regan+ 12; 14; Latif & Ferrara 16




Choi, Shlosman and Begelman

0.02pc 400AU

Regan+ 08; 13; Hirano+ 14; Davis & PN 12; Bournaud |
+; Habuzit+ 14, 15; 13; Hirano+ 14 Choi, Shlosman & Begelman 13



Low spin DM halos; satellite halos; Lyman-Werner radiation from nearby
halos with star formation to dissociate mol H and prevent fragmentation

Outflows

Outflow

Agarwal+ 15



Direct Collapse Black Holes

Metal Free gas in atomic cooling halos (Tvir>104K ):
predominantly atomic H Avoid fragmentation into stars: high densities Prevent Hz formation (molecular
hydrogen) in central region of halo; High level of LW radiation to dissociate Ho; SMS/Quasi-star followed
by black hole of mass ~ 104 Msolar: N ~1% of ~ 107-108 Msun DM halos at z=15 form such seeds

“QUASISTAR”

. Resembles a red giant
. Radiation-supported convective envelope
. Photosnheric temperature drops as black hole grows

Radius ~ 100
e —y = — —

T hot ATOPS
as BH
grows

Oh & Haiman 2002; Bromm & Loeb 2003; Begelman et al. 2006; Lodato
& PN 2006; 2007, Spaans & Silk 2006; Latif+; Johnson+



Merger induced accretion + CDM merger trees + BH seeds

DCBH SEED PEAK MASS

Volonteri, Lodato & PN 08



Standard Accretion Slim Disk Accretion

Steady trickle throughout cosmic time

' LOCM = X hl(M )




Understanding what limits growth rates by accretion

Growth is faster
for larger
black hole masses

FEEDBACK LIMITED MODE
Inefticient growth, outflows,

~ 15% of gas accreted
LOW MASS SEEDS

GAS SUPPLY LIMITED MODE
Super-Eddington growth, outflows
unimportant, low radiative efficiency

~ 80% of gas accreted
MASSIVE SEEDS

Alexander & PN 14: Park+15; Pacucci+15
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Assembly History of Black Holes over cosmic time

Feedback Limit
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Ricarte, PN+ 16; Volonteri & PN 09




MODEL GROWT

1013 M_ halo

standara
accretion
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HIGH REDSHIFT SIGNATURE OF MASSIVE BH SEEDING MODELS

=

01, 2,=6.18 -
02, 2,=8.93

08, z =7.34 -
04, z2,=6.55 _

PREDICT NEW TRANSIENT STAGE FOR GALAXIES
OBESE BH GALAXIES (OBGs)




DIRECT COLLAPSE BHs AND THEIR OBESE BH HOST GALAXIES

Pop 11
Cluster

Pop 11
Cluster
Poplll BH+Pop Il
Miniquasar




SCHEMATIC OF RHIGH-Z JWST SOURCES

Pop Il Remnant

Low-Z Galaxy High-Z Galaxy Low-Z Galaxy High-Z Galaxy

Low-Z OBG High-Z OBG High-Z Host

PN, Pacucci, Ferrara, Agarwal+ 16



MULTI-WAVELENGTH SPECTRAL PREDICTIONS

Energy (rest frame) [keV]
10> 10* 102 102 10%' 10° 10! 10° 103

108 F I I | | | | | _]
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10° | slim Disk accretion 1 Myr
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Pacucci+ 15; 16; PN 16; PN, Pacucci, Ferrara, Agarwal+ 16




OBSERVATIONAL SIGNATURES OF DCBHs
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DCBH, Standard (z=9) -+ Dusty, Old (z=2.5)
DCBH, Slim Disk (z=9) ¢+ JWST Limits

Pop Ill Remnant (z=9)
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PN, Pacucci, Ferrara, Agarwal+ 16



SELECTION CRITERIA FOR CANDIDATES
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F200W - F444W

Drop-outs in FO70W
that are detected In
both F200W anad
F444\N
(selecting for high z)

X-ray Flux/IR Flux > 1

F200W - F444W



AVE WE FOUND EVIDENCE FOR MASSIVE SEEDS/DCB

GOODS-S 6 <z <10

GOODS-S X-ray detected (z >6)

ULAS J1120+0641 (2=7.1)

SDSS J1148+5251 (2=6.4) )

SDSS J1048+4637 (226.3) ®a-" °
." a A

GN-z11 (2=11.1) % :3 o*

a

-
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a ©
-,

o

. >
Selection forH < 28 @~

Color IRAC2-H
Initial Black Hole Mass (M _ |

-30 -25 -20 -15 -1.0 -0.5 0.0
Color IRAC1-H

Pacucci+ 15; 16



Masses of initial BH seeds
Early accretion history of seed BHs
Contribution to Re-ionization
Observational signatures of Super-Eddington flows
Importance of mergers
Detection of signature of mergers — gravitational waves
When do the correlations between BHs and their hosts
get set-up

T 3;*‘ TCAN- MBH -

g % - ,,.;:'i* The multscale physics of mssive black hole = ""*




AVE WE FOUND EVIDENCE FOR MASSIVE SEEDS/DCB

Agarwal+ 16; Smith+ 16; Hartwig+ 15; Pallotini+ 15; Sobral+15



} I first prog. 10.00 first prog.
next prog | f
|

next prog

DCO at z=10.50 DC2alz=965 |

LogiM,.) M)

Example from the FIBY simulation
Khochfar; Agarwal

Hopkins+ Hernquist+ Capelo+ 15



Tracing the growth history of black holes in the universe

' - Lum. Fungt. evoluti
- Cosmological - MBH evolution - Xlir':yft!).l;tc;g:;znudlon

Ini. Conditions o - Growth Modes - Gravitational Waves
- BH Seeding - Dynamics - Occupation fraction

Eddington
Super-Eddington
Sub-Eddington

Ricarte, PN+ 16



On the smallest scales On the largest scales CHANDRA

AL MA data of NGC 1433 data of the Perseus cluster
outflows & molecular disk outflows & shells



BHMF FOR BLQSOs FROM SDSS 1<z < 4.5

Kelly et al.
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9 10
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Fic. 3.— BLQSO BHMF (thin solid lines) obtained using our Bayesian approach, compared with the local BHMF fo all SMBHs (dashed
line), and the BHMF from Vestergaard et all (2008, solid red line with points); as in Figure[I] each thin solid line denotes a random draw
of the BHMF from its probability distribution. The thick green line is the median of the BHMF random draws, and may be considered
our ‘best-fit’ estimate. The vertical line marks the mass at which the SDSS DR3 sample becomes 10% complete.




How do BHs and the host galaxy know about each other

Do these scaling relations evolve through cosmic time

When are these correlations set up

Initial conditions? accretion physics? merger dynamics?
self-regulated feedback?

How do seed BHs grow

How do seed BHs form



| MIIARC SEC

Merging galaxies ‘ A T

~ Obscured quasar :

Treister+ 11; Hopkins & Quateart+ 11; Ballantyne+ 12; Hirschmann+12; Villforth+14



