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Milestones

& 1783 - 1795: John Michell and Pierre-Simon Laplace hypothesize
existence of “dark stars” or “invisible bodies”

3C 273: A STAR-LIKE OBJECT WITH LARGE RED-SHIFT

1915: Albert Einstein’s General Relativity woumsomor

1916: Karl Schwarzschild finds the ngeniegemtes B OB B |
“black hole” solution for GR equations SRR EEEESE S el

© 1963: Maarten Schmidt, Jesse Greenstein ~ Scnmidt 1963, Nature, 197, 1040
& Thomas Matthews discover Quasars

RED-SHIFT OF THE UNUSUAL RADIO SOURCE: 3C 48
[ E i :J"'.I.-'_:'n.- - ba

© 1964: Edwin Salpeter and Yakov Zel'dovich | =~ " Logan
independently hypothesize mass accretion Lo o =i
onto a supermassive BH for quasars. ey e A
Greenstein & Matthews 1963, Nature, 197, 1041
& 1968: John Wheeler coins the term “Black Hole” NOTES

AVCCRETION OF INTERSTELLAR MATTER
BY MASSIVE OBJECTS

[@ 1970s, beginning of: X-ray source Cygnus X-1 e o ey i ehfocas o Sty Sih fm Tt oatant bots S
is the first BH candidate with Man ~12 Mo

Q 1978: Sargent et al. showed that images and 52 =T E RS
spectra of the central region of M87 indicate L mmawre G xasx e,

dM/di = Qwair® ml’ = ol /Ly

the presence of a BH with Mgh ~ 6 x 10° Mo Salpeter 19{34, ApJ, 140, 796



Black holes

Astrophysical black holes are described by two parameters only:

Life Cycle of a Star

Mass

*Stellar mass black holes
(1-10 M) Cygnus X-1

»Intermediate mass black holes

5
(100-10° M)
SPIN OFF
Some supermassive black holes spin at more than
. 90% of th d of light, which ts that th
*Supermassive black holes e i et B el e
6 10 100 = @agn - @
10°-10 " M, = el I
2 2p . S . s
g 60 ® 0.8
D 60 @ @ . ..
Spin R +*+  Risaliti et al. Nature 2013
g 20 ...........................................................................................
speed ~40-90 %c &
0

% o Image credit: Chris Reynolds

Black hole mass (millions of solar masses)



Co-evolution of BHs and Galaxies

0 E
# stellar dynamics
Oy Gas dynamics
¥ Masers
] Excluded

@ Elliptical
B Sl
@ Spiral

* Common in the centres of
present day galaxies o

*M-Sigma Relation
(Gultekin +09, Debatista+13)
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* Co-evolution of BHs & host
galaxies

Co-evolution or not? |

Review by Kormendy & Ho 2013
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i (km s ':|

McConnell et al +13, Gultekin et al +9
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Quasars

Point-like, or star-like,
i * .+ \_v radio sources which
b X varieS rapidly:‘quasi-

® : Quasar 3C273 - Distance 2.8 Billion Ly

. ‘ stellar’ radio sources or
. sl i .’ quasars.
. , .. ' The quasar 3C273 is
R 640 Mpc~2.6 billion
| - light years away.

e : The luminosity of
. ' 3C273 is more than
o 100 times the
luminosity of our entire
| i galaxy.




High z Quasars

* Supermassive black holes

with ~109 solar masses
have been observed at
z>6.

* The highest-redshift
black hole currently
observed is at z=7.085

and has 2x109M@
(Mortlock et al. 2011).

* The most massive black of

1.3 x 1019 M, at 2z=6.3
(Wu et al. Nature 2015)
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Black hole formation scenarios

* Various ways to form massive
black holes

(Volonteri 2010, Haiman 2012)

* Remnants of Pop III stars

* Collapse of a dense stellar
cluster via stellar dynamical
processes

* Monolithic collapse of a

protogalactic gas cloud (Direct

collapse)

Accretion

Uv/Metals

A

Atomic Cooling

Disc

| Atomic Cooling

Super Massive Star
(Quasi-Star?)

®

UV Metals

Star Formation

‘ Y
Stellar Mass
Black Hole Star Cluster

Super (7)
Eddington
Accretlon

Collisional

Runaway

Masswe Black Hole

Regan et al 2009



Black hole seeds from Pop III stars

& boww mass siBrs —— ¥

Inrtial stellar mass (solar masses)

Heger et al. 2003



Black hole seeds from Pop III stars

+ Form in minihalos of 10° -10° M. \ Q 0

poe

+ Collapse is triggered by molecular
hydrogen cooling

+ Very massive 200-300 M, (Bromm

2000. Abel 2002) 540 AU 540 AU 540 AU
° o \
+ Current simulations propose low
mass stars (Clark+11, Greif +2012 Latif et al APJ 722.3L
Hosokawa +11, Latif +2013, 1 &

Hirano +2014)
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Fragmentation and clumps migration

* Analytical model for disk *
fragmentation

* Assumptions:
Steady state condition
Marginally stable (Q=1)
Embedded in large inflow
rates of 0.01-0.001 M./yr

* Solve for thermal balance

* Viscous Heating

Q_|_ — Q_/ Latif et al. 2013 ApJL

Latif & Schleicher 2015 MNRAS, 449, 77L



Clump masses & time scales comparison
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Formation of low mass stars

* A possible route is enhanced HD
cooling

* Mergering of DM halos leads to
a high ionization degree and
catalyse the formation of HD

* HD molecules cools the gas down
to the CMB temperature ~60 K
at z=12

Bovino, Latif, Schleicher, Grassi 2014 MNRAS
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Black hole seeds from stellar dynamical

Drocesses

1 Collapsing halo
 Metal enrichment ;
thlcﬁt,ﬂ““ ZbZn
ar
* Nuclear star cluster %
PoplII: UV photons for 3 Myr Cooling of the gas --> disc parameters
* Relativistic Instability 050
Cnt
Stable non luminous disc
(wait for next accretion
T 7177717 i = episode)
- . 29 b
150 |— _ — Eg
B _ S8 | Nuclearstar cluster,  Nyclear star cluster‘
E. g Extended SF;
Z,100 [ _ Pair instability == E‘g Y fe‘;‘“’a‘?k
B | o< .
— n -l <:| After 3 Myr: SN BH formation
- I S =]
Q0= B e BH formation
| I N L Devecchi et al +12
500 1000 3000
Mgy (M::if:: )

Also see Portegies Zwart et al. 1999, Omukai et al. 2008 and Latif et al. 2015



Direct collapse scenario

* Provides massive seeds of
10°-10° M,

* Isothermal direct collapse |
T~ 8000 K

* Primordial gas composition

* Requires strong LW flux to
quench H; formation

Accretion

UV/Metals
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Disc
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Atomic Cooling

Super Massive Star
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Star Cluster
Super (7)
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Runaway

Massive Black Hole

Regan et al 2009



Primordial gas chemistry

10°
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Supergiant protostar

10000 "1 —— . —
TH+12 ’_,——" -
o? 0.0 : ————— -="" N\H-b rning starts
— 1000
o O
. e '/
3 100 £ 0.03
xe
o
5 0.006 AN
o 10
7 H-burning starts 0.001 Msun/yr
1 . Sl a e . T
1 10 100 1000

stellar mass: M. ( M)

» The protostar never contracts to reach the ZAMS stage, but
largely expands with very rapid accretion, >0.01 M /yr.
» large radius - low effective temperature - weak UV feedback

Hoskawa et al. 2012, Schleicher, ML et al. A&A 2013



Cosmological simulations

Latif et al. 2013, 2014, 2015



Global properties

of simulated halos

Density [g/cm®]
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Simulations exploring the direct collapse

*Collapse occurs isothermally with T~ 8000 K

*Provides large inflow rates of ~1Ms/yr
Lcmf et al. 2013 MNRAS 433 1607L




Impact of H™ cooling & Realistic opacities
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Latif, Schleicher & Hartwig 2015 (arXiv:1510.02788)



Impact of H™ cooling & Realistic opacities

10710

20000 AU 20000 AU 20000 AU

yZ XZ Xy
3

L]

20000 AU 20000 AU 20000 AU
Latif, Schleicher & Hartwig 2015 (arXiv:1510.02788)




Impact of H™ cooling & Realistic opacities

10 1072 10° 102 10* 10°

Radius [AU]

Latif, Schleicher & Hartwig 2015 (arXiv:1510.02788)



Masses of protostars/sinks

50 PC 50 PC 50 PC

Number of sinks
|—I
o
(]

50000 100000 150000 200000 250000 300000
Mass [M )

+ Employed sink particles and followed
the evolution for 200,000 yrs

+ Massive pl“O"’OS"’GI“S of about 1()5 M@ Latif et al. 2013 MNRAS 436 2989L

are formed



Fraction of metal free halos
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Latif et al. 2015 submitted, Habouzit, ML et al 2016



Estimates of J.it from 3D simulations

5
—
QN ,
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7 x Xray
|
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Latif et al 2014 Trad [K]
ArXiv:1408.3061L

Latif et al. MNRAS 2015 446 3136, Also see Hartwig, ML et al. MNRAS 2015




Number density of DCBHs
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What if there is a trace amount of H:>

|

10

— 1 - 1T D
Ay J21=100 | - >
=1 J21=500 | R4
[| == ]21=1000 *
| — - Jeans length !

* Massive stars up to 1000 M,
can be formed in minihalos
(Hirano et al 2014, Latif &
Schleicher 2015)

el

Temperature [K]
=
o

+* LW flux helps in suppressing e

M ML |
n J21=100

H2 formation and keeps the B | e
gas warm with 8000 K down to === ' 7 - ‘-7

~ pc scales

InflowRate [M /yr]

* Key requirement for the |
formation of supermassive

star is mass inflow rate of e "
O .1 M@ / Yr‘ Radius [pc]

S Latif & Volonteri 2015
; MNRAS 452 10261




AccretionRate [M
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Sink Masses & accretion rates
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What if fragmentation occurs at smaller scales

* Analytical model for disk
fragmentation

* Assumptions:
Steady state condition
Marginally stable (Q=1)
Embedded in large inflow
rates of 0.1 My/yr

* Solve for thermal balance

* Viscous Heating .Q+ = Q-

Latif & Schleicher 2015 A&A 578 A 118 L



Thermal properties of disk

YTy s e e Y

EESENIAENEEEEEERENEEN F
r— "Il|IIIIIIlgl|l|lll|l|l|l|l|l||l|l; “m“Tnlulnn\.h-..'.-.l...l.: :
! z i ““\“m“mumm“I = = i
Z e = = =
- = - =
- = - -
D = = = =
S : : - :
\ J = - -
© ‘e, Z - =
4 “Z ‘N, =
lay 7 ‘, v
® ’ /// 'I "
f ‘o, ’ 75
(/] A
///, 'l
I, "I
3 [ /I//// 'lll _
P I' ////// l"
,'I /////,,/ "
_1 "/ /I/,/I/
(@)) 1 OOOO M M r E— *, Uy,
© ‘e, “n,
O —1 '/ //,,//
9 10000 M, ow VI .,

-1 /'/"o /%’//,
100 M M@ yr (NRRRRRRRRNNT '0,'/ ///”///,
100 MGi\/I% OOT M@ yr::: NI '/"4

10 M@,% oowl Mg yr! s

-1 0 1 2 3
Log Radius [AU]

Schleicher, ML et al. A&A 2016



Disk properties for central star of 10 M

1.5 2.0 2.5
Log[Radius/au]
Latif & Schleicher 2015 A&A 578 A 118 L




Clump masses & time scales comparison

0.0
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Key findings of this model

* Temperature of the disk increases due to viscous heating
for higher accretion rates

* Hz gets collisionally dissociated (Also see Schleicher et al
2016)

* Clumps are able to migrate inward on short time scales,
even tidally disrupted within central 10 AU

* Feedback from the central star only becomes
important at later stages for 10* M _

Latif & Schleicher 2015 A&A 578 A 118 L



Number density of DCBHs
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Observational tests

* ATHENA X-ray
observatory

* Expected to probe a few
hundred low luminosity
AGNs at z>6

* Provide direct constraints
on BH seed formation
mechanisms

* Expected launch in late
2020s

z=6—8

| I I I |
Poplll seeds, Edd. limit

Massive seeds, 30% Edd.
Athena+ predicted

10= 7

] ]I]IIIlI

10

] Il]]I

N(>flux) [deg2]

0.1 '
- 17 —16.5 - 16 —15.5

log flux [erg/s/cm?]

Aird et al. Athena white paper, Volonteri & Begelman 2010



CR7: Potential host for a DCBH

= The brightest Lyman alpha
emitter at z=6.6 (CR7)

= Shows strong Lyman alpha &
Hel640 emission

= No metal lines detected from
UV to infrared

= Such strong line emission can
be explained either via 107
M. in Pop III stars with top
heavy IMF or a massive BH
of 10° M, residing in metal
poor environment

Sobral et al. 2015, Matthee et al 2014
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"Left over” seeds in low mass galaxies

Track the growth of

500 Myr
black holes and

1 Gyr Few halos are seeded, but seeds
are ~10" solar masses

via merging.

halos
‘ % Most halos are seeded but
‘ seeds are ~100 solar masses
Halos grow

Some black holes are
ejected by gravitational

e e - - —— - -~ ——— — —

()
§ wave radiation. 8
S Black holes grow S
3 Gyr > via accretion and =
3 merging. 0
< c
8 S
< T
< c
2 O
IS T
6 Gyr e g
P 0
Q Q
o o)
— = Today virtually all >10' solar mass —
X - . galaxies contain supermassive . . 'Q
136Gyr | black holes > ’
~60% of ~10° solar mass ~100% of ~10 Solarsmass
galaxies contain >10° solar galaxies contain ~10™ solar
Q mass black holes mass black holes I‘O
|

Greene & Ho 2005, Greene 2012, Volonteri +08



"Left over” seeds in low mass galaxies

T T TTTIT T T TTTTT] T T TTTTT] T 1
Theory: Stellar death ﬁ

|
[
|
|
: Theory: Direct collapse
|
|
[
|

Fraction of galaxies with black holes
o
O3
|

| | IIIIII| | | IIIIII| | | IIIIII| | L1
108 10° 1010
M ga1 (Mo)

gal

Greene 2012, Volonteri +08



Future plans

* The formation and evolution of supermassive BHs at high
redshift

* The formation of earliest quasars
* Lyman alpha emission from first galaxies

* Formation of the first and second generation of stars



= Direct isothermal collapse provides massive seeds of about 10°
M _ but sites are rare

=Large accretion rates of ~0.1 M _/yr are found in
simulations with moderate UV flux

=Fragmentation occurs occasionally but clumps migrate
inwards

=Viscous heating leads to collisional dissociation of H:
and help in stabilising the disk.

=Complete isothermal collapse may always not be

necessary to form supermassive stars of about ~10°
M



Thank you it



The formation and evolution of supermassive BHs at high

redshift

* Derive mass distribution of BHs to provide constraints on their
masses and growth mechanisms

* Make predictions for JWST, ATHENA, WFIRST and SKA
* Provide recipes for BH formation in large cosmological simulations

* Compute scaling relations between properties of hosting halo and
BH mass

* Build a statistical sample of high resolution simulations

* Self-consistently investigate the impact of UV feedback from a
supermassive star and X-ray feedback from BH itself by
employing MORAY ray tracer



The formation of earliest quasars

* Investigate in detail the origin of the first quasars

* Compute typical black hole masses in high-z galaxies
(z>=5) and understand under what conditions BHs can grow
more efficiently (environment, mergers etc)

* Derive Magorrian relation at high redshift

* High resolution simulations of DM halos of 10!1-1013 M@

including AGN feedback, In-situ star formation, supernova
feedback, metal and dust cooling

* Employing the MORAY ray tracer for AGN feedback



Lyman alpha emission from first galaxies

* Compute observational signatures of Lyman alpha emitting
galaxies

* Explore the origin of Lyman alpha emission

* Investigate the number density of peculiar sources like
CR7

* Post-process cosmological simulations with and without
AGN feedback with Lyman alpha radiative transfer code



First galaxies

= Formed in massive halos at
z=10 with T, > 10% K

= First galaxies likely comprise
both Pop ITI and Pop II
stars

= Observed at z >7 Bouwens +
2011, Ellis+13, Oesch +14

= First galaxies are known to -
be strong Lyman alpha Modern

NEHEE

13.7 1.0 0/7-04

: : 42
emlﬁ'er's typlcal Lum~ 1 O Age of the universe (billions of years)
erg/s, sizes ~ few kpc.

= Source & origin not
completely known.



Origin of Lyman Alpha emission

= Baryons fall intfo the center of
the galaxy through cold streams

(~10% K, n=0.01-1 em3)

= Accretion flows and virialization
shocks are the potential drivers
of the observed LAEs

“Lyman alpha flux of 5x10~17

6

-2 -1. % A

ergcm ~ s ~ is emerged from E | F
the envelope of the halo s Lot
% 20} ’ -

= Emission of Lyman alpha photons £ ;| : ]

is extended Such flux can be 2 |
= oAl

pr'obed with JWST o 20 21 2-2

Latif etal 2011 b & c Log10 Radius [cm]



Primordial gas chemistry

* At T> 10% K, Lyman
alpha is the main coolant
in primordial gas

* H2 cooling becomes
efficient at T<8000 K

* In the presence of
strong LW flux, Hz gets
dissociated

Cooling function [erg cm™ s7']
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1 D-EE r
1 D-E# r
109k

1 D-EE L

|
f

.

10°  10° 10’
Temperature [K]

109 | }
10 | |




My work on BH formation

+ Explored thermal, dynamical and physical
properties

+ Investigated the role of turbulence and magnetic
fields

+ Computed the expected masses of supermassive
stars which later may collapse into mass black
hole.

+ Assessed the feasibility of direct collapse black
holes by comparing their number density against
quasars abundance at z=6



Global properties of simulated halos
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Impact of H™ cooling & Realistic opacities
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Simulation setup

Comoving period box of 1 Mpc/h in size
Cosmological Initial conditions at z=100

6 Million MD particles
Two nested grids + 27 refinement le
Halo masses of ~ 107 Mg

UV flux of various strengths
In units of J,,

X-rays

First high resolution studies to explore
the formation of seed BHs

Perform Cosmological simulations using AMR code
ENZO



CR 7: Potential detection of DCBH

Sobral et al. 2015



Black holes mass distribution

1011

1010

® --¢
= i
(— F

7108 |

107

| | | | | | |
108 === == T T T T T T T T T T T T TS
:F:::::::::::]:::::::::::]::::::::::::]:::::::::::]::::::::::::]:::::::::::]::::::::::]:::::::::

q'l'l’i’l’l’i]'l'i1'|'|’i’|’|’i’|'|'|'1'|'|'i’|’|’i’|'|'|'1|||||||||1|||||||||1|||||||||1||||||||| L1 I001]]
o) 1 2 3 4 o 6 7 8

Z
Mirziani & Sulentic 2012




M.Volonteri,
Brera 2013
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BLACK HOLES ARE CREATED BY A
FEW MEN'S EXTREMELY INTENSE

BITTERNESS
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Brief Introduction

+ Marie Curie fellow at IAP, France (2015-present)
Project:The formation of supermassive black holes in the early universe

+ Postdoc at IAP, France (2014-2015)
Project: The formation and evolution of black holes across the cosmic time

+ Postdoc at University of Goettingen, Germany (2012-2014)
Project: MHD turbulence and the formation of supermassive BHs

+ Postdoc at Kapteyn Astronomical Institute
Project:The end of darkness: How the universe ionised its gas

+ PhD in Astrophysics from Kapteyn Astronomical Institute, University of
Groningen, The Netherlands (2007-2011)
Thesis title: Cosmological Simulations of the first galaxies

+ Teaching Assistant at PIEAS, Islamabad, Pakistan (2003-2005)



