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Black Hole Mass Scales with Galaxy Size
Black Hole Mass

NGC 4649

[ NGC 4391

The big
question:

What is the
9. origin of
i supermassive
a . black holes?
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NGC 2798
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10 hydrogen bombs per
second for every grain
of sand on Earth!

A hydrogen bomb produces
024 erg of energy

There are 1022 grains of
sand on Earth



active galactic nucleus (AGN or quasar)

accretion disk
black hole

Luminosity:
L=nm:c?

/ n~0.1
{ (0007 for

relativistic jet : :




- The Eddington limit

Gravity Radiation pressure

N

The Eddington ratio
A = L/LEiq

4rGMgym,c

There is a limit to how fast black Lpgq =
holes can grow, where radiation
pressure equals gravity

%)

Lgaa = 1038 erg s Mpu (M o)



AGN structure

lonization
cone

Adapted from Ramos Almeida & Ricci (2017)



How do we identify AGN?




How do we identify AGN?

Composite AGN and galaxy SEDs and images Hickox & Alexander (2018)
for varying AGN dominance and obscuration "Obscured Active Galactic Nuclei”
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We can use AGN to trace the black hole growth
history of the Universe
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However, most AGN are “hidden” by gas and dust

(e.g. Hickox et al. 2007, Treister et al. 2010, Merloni et al. 2014, Assef et al. 2015, Mateos et al. 2017)

3C 273

25783

»

Schawinski et al. (2012)



Need to understand obscured AGN to:

1. Obtain a complete census of black hole growth in the Universe

2. Determine black hole accretion physics (such as the global

radiative efficiency) and the origin of the cosmic X-ray
background

3. Understand the mechanisms of black hole fueling and galaxy-
black hole co-evolution




Three key questions about obscured AGN

1. How do we identify obscured AGN?

2. How heavily buried and widespread are
obscured AGN?

3. What is the physical nature of the
obscuring material?
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How do we identify
obscured AGN?




Defining obscured AGN NH ~ 1022 Cm—z

Ay > 3

Unobscured
NH — 1024 Cm_2

Compton
thick

Obscured | g

(e.g., Hickox et al. 2007, Treister et al. 2010,
Merloni et al. 2014, Assef et al. 2015)




How do we identify obscured AGN?

Composite AGN and galaxy SEDs and images Hickox & Alexander (2018)
for varying AGN dominance and obscuration 'Obscured Active Galactic Nuclei*
ARA&A, Volume 56
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How do we identify obscured AGN?

UV-Optical-NIR X-rays Mid-IR Far-IR-radio

Spectroscopy

Hard X-rays

Photometry

Obscuration

Photometry

Soft X-rays
Spectroscopy

AGN dominance AGN dominance AGN dominance AGN dominance

Hickox & Alexander (2018)



1.How do we identify obscured AGN?

Obscured AGN show signhatures across a

range of wavelengths, each of which has
different strengths and weaknesses. Much
recent work has focused on mid-IR and X-
ray studies




Three key questions about obscured AGN

2. How heavily buried and widespread are
obscured AGN?



How heavily buried are obscured AGN?

Composite AGN and galaxy SEDs and images
for varying AGN dominance and obscuration

vF  (arbitrary)

Hickox & Alexander (2018)
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ARA&A, Volume 56
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How heavily buried are obscured AGN: SED and

NuSTAR detected hard X-ray source in 10 um 1 um 0.1um 0.1 keV 1keV 10 keV
COSMOS field | | | | | |

A Chandra ® Laigle+16 7
B % NuSTAR

Masini et al. (2018) 10-16
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How heavily buried are obscured AGN: SED and
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Adapted from Ricci et al. (2017)



How heavily buried are obscured AGN?: Cosmic X-ray background

Synthesis model of
the cosmic X-ray
background
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How heavily buried are obscured AGN?: Cosmic X-ray background
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“This new population synthesis model suggests that, intrinsically, 50% * 9%
(56% * 7%) of all AGNs within z = 0.1 (1.0) are Compton-thick.”

Ananna et al. (2019)



How heavily buried are obscured AGN?: X-ray and mid-IR luminosity
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How heavily buried are obscured AGN?: X-ray and mid-IR luminosity

X-ray luminosity

log L, 1okevi(ergs)
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How heavily buried are obscured AGN?: X-ray and mid-IR luminosity

X-ray luminosity

log L, 1okevi(ergs)
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How heavily buried are obscured AGN?: X-ray and mid-IR luminosity

X-ray luminosity
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How widespread are heavily obscured AGN?: X-ray and mid-IR luminosity
Select AGN across much of the sky! (WISE, SDSS, UKIDSS)
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2.How heavily buried and widespread are
obscured AGN?

Obscured AGN can be extremely heavily
buried and make up the majority of
growing black holes. They may be missed In
most studies (for example with X-rays) of the
AGN population



Three key questions about obscured AGN

3. What is the physical nature of the
obscuring material?



Does obscuration happen on small or large scales?
Unobscured

~10 pC

Obscured | g

~10 kpcC




Level of obscuration depends on scale

Host galaxy Nuclear torus
(R>1kpc, M4< 1019 M) (R < 10 pc, My < 108 M)

N < 1023 cm-2 Nu < 102 cm-2

Circumnuclear starburst MH X R2 NH
(R ~10—100 pc, Mk < 10° Me)

N < 1024 cm-2

Hickox & Alexander, ARA&A (2018)



Evidence for “torus" obscuration




Simulation by Wada,
Schartmann & Meijerink (2016)



The Circinus Galaxy with VLTI/MIDI




The Circinus Galaxy with VLTI/MIDI Stalevski, Tristram & Asmus (2019)
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The “torus”. Radiation regulation of obscuration Ricci et al. (2017)

Local hard X-ray selected AGN - higher Eddington
ratio systems are less obscured

Low Eddington ratio High Eddington ratio
(102 Ay < 107) (107> €2y < 10°)
Covering factor, ~85% Covering factor, ~40% + outflows

Fraction of obscured sources




Evidence for host galaxy obscuration




Simulations: Obscuration in galaxy mergers
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Blecha et al. (2018)




Credit: P. Hopkins




Observations: Obscuration along the merger sequence

X-ray AGN
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Highly star-forming quasars are more obscured! Chen et al. (2015)

See also Andonie

H et al. (2022, 2023)
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Star-forming gas can reach Compton-thick obscuration!

Host galaxy Nuclear torus IO ( N / 2
R > 1kpc, Mk < 1010 Me R < 10 pc, Mh< 108 Me ism/CM )
e L : 05 o8 P sy O 25 g LIM™S08 T s

Nu < 1023 cm2 Ny < 1025 cm-2 22

Circumnuclear starburst MH x K
(R ~10—100 pc, Mh < 10° Mo)
Nu < 1024 cm-2

siesenb y|-wwgns

100 500 1000 2000
SFR [Mg yr—1]

Andonie et al. (2023)



Host galaxy obscuration is expected to increase with redshift

20

See also e.g., Buchner & Bauer
(2017), Circosta et al. (2019)

Gilli et al. (2022)
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What are the dark matter halos that host obscured AGN?

-

»
unified model “torus™ galaxy-scale structures and
no difference in clustering interactions: possible difference

in clustering

Measuring halo masses with clustering and CMB lensing



Stronger clustering means higher halo mass for mid-IR selected
obscured AGN
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But not seen In X-ray selected samples! A puzzle...
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3.What is the physical nature of the obscuring
material”?

The nuclear torus is a key component of
obscuration, but some must come from
material on the scale of the host galaxy that
IS assoclated with galaxy evolution

processes and Is Increasingly important at
high redshift



Looking forward: the high-redshift frontier
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LOOking fOrward: the hlgh-red5h|ft frontier AGN obscuration in the BlueTides simulation
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Looking forward: the high-redshift frontier
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X-ray detected obscured AGN at z=10!
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Obscured AGN are
a critical component
to the evolution of
supermassive black
holes and galaxies -
with lots of
discovery for the
future!

Thanks to NASA, the NSF,
and ultimately taxpayers for
enabling these remarkable
discoveries

DARTMOUTH




