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Giacconi et al. (1962)

1960s: Discovery of the X-ray background



Origin of the cosmic X-ray background

Hard spectrum of the CXB, with 
peak at ~30 keV, requires a 
combination of unobscured and 
obscured AGN 
(e.g., Gilli, Comastri & Hasinger 2007; 
Treister et al. 2009; Ballantyne et al. 2011; 
Ueda et al. 2014, Ananna et al. 2019)

Text

Treister et al. (2009)

The answer: 
The CXB is 
produced by 
growing black 
holes



1963 proposal 
to NASA

“The telescope was of sufficient area 
and angular resolution to determine 
the nature of the unresolved X-ray 
background.” (Weisskopf 2010)



QUIZ TIME!  
 

Go to pollev.com/blackhole 
 

OR 

text  BLACKHOLE to 37607

http://pollev.com/blackhole
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Focus on the 
deepest 
Chandra 
surveys



XBoötes/CDWFS (9 deg2, 5-50 ks)

Murray et al. (2005), Masini et al. in prep

for scale
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XBoötes/CDWFS (9 deg2, 5-50 ks)

Murray et al. (2005), Masini et al. in prep

for scale

COSMOS Legacy Survey (2.2 deg2, 80-160 ks)

Civano et al. (2016)

for scale

Chandra Deep Field South (0.1 deg2,7 Ms)

Luo et al. (2017)

Faintest sources ~ 6 x10-18 erg cm-2 s-1 
(0.5-2 keV)

50,000 sources deg-2

Approximately one X-ray photon every 
ten days!



What is the absolute 
unresolved background?  

Requires careful subtraction 
of instrumental background 

~80-90% of 0.5-8 keV 
background is resolved 
by Chandra

Hickox & Markevitch (2006)
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Evolution of black 
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galaxies in X-rays
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Hubble Ultra Deep Field



Hubble Ultra Deep Field

Where are the growing
black holes?



opticalX-rays identify weak or obscured 
AGN that are not detectable in 

the UV/optical/IR

Chandra Deep Field South

X-ray



opticalX-rays identify weak or obscured 
AGN that are not detectable in 

the UV/optical/IR

Chandra Deep Field South

X-ray



Ueda et al. (2014)
Aird et al. (2015)

Chandra

ROSAT

XMM

Eddington limit for 
~106 M⦿ black hole



HST images of Chandra X-ray AGN hosts

Kocevski et al. (2012)

X-ray selected AGN are 
found in all kinds of 
galaxies



Hickox et al. (2014), Schawinski et al. 
(2015), Jones et al. (2016, 2018, 2019)

Aird et al. (2012)

log (Eddington ratio)

AGN “flicker” over a wide dynamic range in Eddington ratio



Hickox et al. (2014), Schawinski et al. 
(2015), Jones et al. (2016, 2018, 2019)

Aird et al. (2012)

log (Eddington ratio)

AGN “flicker” over a wide dynamic range in Eddington ratio
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Chen et al. (2013)

On average, black hole growth follows star formation in galaxies



Bulge-dominated

Typical galaxies

Bulge-dominated

Typical galaxies

Yang et al. 
(2019)



CID-947: A 1010 
M⦿ black hole in a 

1011 M⦿ galaxy!

Trakthenbrot et al. (2015)

CID-42: A black 
hole that has left 

its galaxy?

Civano et al. (2010, 2012)
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Direct constraints on 
obscuration from deep 
Chandra spectra
(Liu et al. 2017)



del Moro et al. (2016)

Infrared (6 micron) luminosity
X-

ra
y 

lu
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ity

Powerful Compton-
thick AGN
not detected in even 
the deepest Chandra 
surveys



Ananna et al. (2019)
Updated modeling of the cosmic X-ray background

~50% of AGN are 
Compton-thick?



Worsley et al. (2005)

What about higher 
energies?
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NuSTAR/COSMOS 
(Civano et al. 2015)
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Lehmer et al. (2012)
Lehmer et al. (2012)

LMXBs

HMXBs
Lehmer et al. (2016)

Fragos et al. (2013)
Population Synthesis
(Best of 288 Models)

[see also Aird et al. 2017; 
Fornasini et al. 2018]

Evidence for metallicity dependence on 
HMXB luminosity? (Fornasini et al. 2019)



Black holes in 
the early 
Universe

Evolution of black 
holes and galaxies

galaxies in X-rays

Unveiling hidden 
black holes

The realm of 
“normal” galaxies

br
ig

ht
er

fa
in

te
r



Vito et al. (2018)

Star formation
Black hole accretion

Black hole growth lags star formation at high z or is 
heavily obscured?





The Future ChandraXMM

NuSTAR

HEX-P



Typical exposure depth:  
Sensitivity (8-24 keV): 

# detections (8-24 keV):

60 ks 
3x10-15 erg s-1 cm-2 

~1300

Hickox et al. (2019) Astro2020 White Paper

HEX-P



Typical exposure depth:  
Sensitivity (8-24 keV): 

# detections (8-24 keV):

60 ks 
3x10-15 erg s-1 cm-2 

~1300

Hickox et al. (2019) Astro2020 White Paper

NuSTAR stacking 
of Chandra sources

Directly resolved 
by HEX-P

Directly resolved 
by NuSTAR

Only accessible with next 
generation high-resolution 

hard X-ray observatory

Directly 
resolved by 

Chandra
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Chandra

Chandra (7 Ms, Luo et al. 2017)



Chandra

Lynx HDXI (~1 Ms)

Chandra (7 Ms, Luo et al. 2017)



Civano et al. (2019) Astro2020 White Paper



Civano et al. (2019) Astro2020 White Paper

Probing the growth of the 
first black holes at z > 10(!) 

through accretion



Summary

Thanks to everyone involved with the Chandra mission, as well as NASA, the NSF, and ultimately the U.S. taxpayers for enabling these 
remarkable discoveries. Work by the author was supported by NASA through grants NNX15AP24G, NNX15AU32H, and NNX16AN48G, 
Chandra program GO7-18130X, and the NSF through CAREER award 1554584.

The deepest Chandra surveys have resolved the X-ray 
background, uncovered the co-evolution of galaxies and 
black holes, unveiled heavily obscured AGN, traced X-
ray emission from normal galaxies across cosmic time, 
and tracked the growth of black holes at high redshift

The future is bright!


