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To observerDirect Power-law 

“Reflection” spectrum

Accretion disc
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Reflection from ionized gas Ross+Fabian93,05; Garcia+13

𝐼𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝜉 = L/nr2

𝐸𝑐𝑢𝑡 = 300 𝑘𝑒𝑉



Schwarzschild

Kerr

Fabian+89, Laor 91…

Relativistically Broadened Line



Tanaka+95

ASCA



Probing Black Hole Spin
No spin

Max spin

a=Jc/GM2



Spin  a

Miller+Miller15
Spin   a

SPIN from Innermost Stable Circular Orbit (ISCO)



NuSTAR Band

Observer sees blurred reflection spectrum + irradiating power-law
(horizontal line in this plot if photon index=2)

Ratio of components depends on geometry, GR, SR (if corona outflowing)
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Reflection in AGN with NuSTAR
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Parker, Matt+

Spectra show ratio of data to model power-law



Dauser+
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IRON LINE

Mkn 335   Parker+14

COMPTON HUMP

Sometimes most emission from within 2rg

Reflection-dominated spectrum
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and Galactic sources too
Parker, Tomsick+, JMiller+13,15



V404 Cyg Flare NuSTAR
Walton+16



Tomsick19
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SwiftJ1910.2-0546
GS1124-683
M31ULX-2
A0620-00
LMCX-3
XTEJ1550-564
XTEJ1652-453
XTEJ1752-223
4U1543-475
SAXJ1711.6-3608
XTEJ1908+094
SwiftJ1753.5-0127
XTEJ1650-500
GRS1739-278
M33X-7
MAXIJ1535-571
GROJ1655-40
MAXIJ1836-194
LMCX-1
CygnusX-1
GX339-4
GRS1915+105
GS1354-645
V404Cyg
4U1630-472

Reflection (pre-NuSTAR) Thermal NuSTAR

Thermal model relies 
on blackbody emission
from disc in soft state



Active Galactic Nuclei    AGN

Vasudevan+16,  Reynolds20





Soltan (1982)  Argument for radiatively efficient accretion <a> >0.5 

See e.g. Shankar+20



1H0707-495

Gallo+04



PPs

To observerDirect Power-law 

“Reflection” spectrum
Corona

Path difference leads to 
Reverberation

(Time lags)



So far all lengthscales are in units of rg (=GM/c2),
i.e. depend on BH mass.

Time lags give lengths in cm. 



Observations of Reverberation complicated 
since see both Direct and Reflection 
components together

Separate spectrally 
(contributions vary with energy)

Need Spectral Timing



X-ray Reverberation
Fabian+09

Reflection
dominated Power-law

dominated

1H0707-495



Powerlaw leads 
reflection:
Reverberation

Coronal Variations

1H0707-495     Fabian+09     TIME LAGS between 0.5-1 and 1-3 keV



Kara+13



Kara+16 3-4 keV  vs 5-7 keV

from e.g. optical



IRAS13224-3809 – MOST VARIABLE AGN IN X-RAYS
             XMM + NuSTAR PROGRAMME 1.5Ms



Quantifying the dynamics of the corona with
2 Ms of IRAS 13224-3809

Alston+20
ky models by Michal Dovciak

6-12 rg



Spin

i

Rin

M

hlow

hh

All observations  
except lower right

a=0.98+0.01
-0.13

i=68+6
-6 deg

Rin=1.7+1.1
-0.4 rg

M=1.9±0.2 x 106 Msun



What is the Corona?



CORONAL GEOMETRY?



CORONAL GEOMETRY?

L<5x1027 erg/s L>1037-1045+erg/s



How to constrain geometry of corona
• Variability
• Reflection
• Reverberation
• Emissivity profiles
• Gravitational microlensing
• Occultations
• Soltan argument

• Brightest parts of the Universe 
immediately next to the darkest parts



Blurred 
Unblurred

Re
la

tiv
e F

lu
x

0.75

1

1.25

1.5

1.75

2

2.25

10
Energy (keV)

5 20 50

VARIABILITY X-RAY 
REVERBERATION

X-RAY REFLECTION

MICROLENSING

CORONAL SIZE CONSTRAINTS



Microlensing confirms that 
Corona is compact

Chartas+



Coronal properties

• 15<kT<150 keV, most 50-100 keV
• R<10 rg for much of the power
• Some could be outflowing (Beloborodov99, 

Malzac+01, Wilkins+14)
• Probably not static!
• Lowest part of corona dominates reflection, 

outflowing upper part dominates observed 
powerlaw



WHAT DETERMINES CORONAL 
TEMPERATURE?





Rieger





Compton cooling 
time



Coronae are magnetically-dominated 

Ricci+18

Merloni&Fabian-01)



Major papers on pair production in compact hot 
plasmas by Svensson 82,84, Zdziarski 84 and 
many others in the 80s and 90s.

Concept of Pair Thermostat introduced



Fabian94 (Schematic plot)
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Fabian94 (Schematic plot)
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CORONAL PHYSICS

Fabian+15

Compactness

Temperature

Catastrophic 
Pair Production



NuSTAR results

Blue AGN, Red BHB
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Effect of addition of nonthermal particles
- Hybrid Plasma

Fabian, Lohfink, Belmont, Malzac, Coppi 2017

Uses BELM, similar results for EQPAIR

lh/ls=1 lh/ls=0.1
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2022

SMSSJ1144





MAXI 1820+070    NuSTAR + Integral

2021



Pair Annihilation and 511 keV line 
Purely  thermal pair plasmas don’t show distinct lines but
hybrid plasmas can (see discussion in Zdziarski+21).
Luminous coronae are superEddington for pairs, which 
can create pair wind with v~0.5c (rad. pressure vs 
Compton drag: Beloborodov99). 

What does the Heating? Magnetic Reconnection?
See recent discussions by Beloborov18, Sironi+B..20



Lubinski+10

OSSE, Comptel 
INTEGRAL/PICsIT SPI

see also Keck+15, 
Beuchert+17

INTEGRAL

NGC4151



V404 Cyg NuSTAR



100

1000
ℓ th ℓn t h /ℓ t h  =  0.0 
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10 100

V404 Cyg (GR corrections included)

D Walton+17



Siegert+16





Cautionary Notes
• Most hard X-ray spectra cover many dynamical times 

and many many cooling times
• Characterizing a corona by a single T, tau etc could 

be misleading
• Measured compactness values are probably 

underestimates
• Converting Ecut (exponential cutoff) to kT 

unreliable
• Outflowing corona will have anisotropic 

emission (Beloborodov99, Malzac+01)
• Some reflection viewed through corona 

(Petrucci+01, Wilkins+Gallo15, Steiner+17)



Luminous Coronae are
• Compact
• Highly magnetized
• Close to the black hole along spin axis
• Dynamic, possibly outflowing
• Probably contain electron-positron pairs
• Controls ~10-50% of the power
• Related to jets?

• Generate outer optically thin atmosphere which can 
affect polarization measurements







Garcia+16

Density

1 keVHigh Density Reflection Spectra



X-ray	Binaries
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Jiang+19, 20 in prep    using modified SS equations (Svensson&Zdziarski93)
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Dominated

IRAS13224



Jingyi Wang+22



MAXI1820

Systematic behaviour seen in Hard State BHB

Jingyi Wang+ 

Soft Lag



Destruction followed by formation of AGN Corona 
in 1ES 1927+654

Ricci+21, Masterson+22



1ES 1927

M.Masterson



Compact corona 
(<10rg) also

inferred from eclipses 
and

gravitational lensing 

Dauser+



1993



X-ray Background Spectrum

Vasudevan+16, Gandhi+07



IRAS	09149-6206
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a > 0.96

log MBH=8
a=0.94
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O

Fe

4U1543-624  Ludlam+20

18 min binary composed of CO WD + NS



Chartas15

Coronal Size from Microlensing:    Coronae are Compact



Kamraj+22



Cyg X-1 2015

NUSTAR + SUZAKU

also Gilfanov+00, Wilms+06, Novak+11

REMINDER



Summary of New Results
• Relativistic reflection and reverberation common in 

luminous accreting BH
• First X-ray reverberation AGN BH mass from IRAS13224 

(10% uncertainty; Alston+20)
• Possible absorption lines from disc surface
• Measuring surface disc density for objects with BH mass < 

2 x 107 Msun (Jiang+19a,b,c,20)
• Approximate agreement between height as measured by 

reverberation and through the  ionization parameter 
• Obtaining geometry of innermost 5rg around BH – the 

heart of the AGN
                           



The Future

• More objects and outbursts followed more closely 
• eROSITA, XRISM, eXTP, ATHENA
• Polarization (IXPE)
• Understand the corona 
• Links to jets?
• Links to optical, UV etc
• Evolution of AGN BH spin with redshift
• ….



10−4 10−3 0.01 0.1 1 10 100 100010
−1

3
10

−1
2

10
−1

1
10

−1
0

ke
V

2  (
Ph

ot
on

s c
m

−2
 s−

1  k
eV

−1
)

Energy (keV)

NH = 0, 1020, 1022, 1024 cm−2

Opt       UV                    X−ray

SCHEMATIC AGN SED, shifted up in E but similar shape in BHB



10−4 10−3 0.01 0.1 1 10 100 100010
−1

3
10

−1
2

10
−1

1
10

−1
0

ke
V

2  (
Ph

ot
on

s c
m

−2
 s−

1  k
eV

−1
)

Energy (keV)

NH = 0, 1020, 1022, 1024 cm−2

Opt       UV                    X−ray
DISK

CORONA



1H0707-495

Gallo+04

Rapid variability is mostly associated with the Corona, not the Disc



IRAS13224-3809
XMM

J. Jiang
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Power law
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𝜉 = L/nh0
2

Use Ionization Parameter to infer “Euclidean” coronal height h0

BUT need to include effects of strong gravity 
(light bending, blueshifts etc)



Concept of Compactness (L/R) introduced in 1980

L/R is proportional to the column density of photons
 in the source



Γ = 2.4
Γ = 2.2
a = 0.998
a = 0.995
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Coronal Height Measurement

• Euclidean estimate   h0 ~ 0.4 - 1.7 rg

• Flux boosted height  h ~ 2 – 5 rg

• Reverberation height h ~ 6 – 12 rg

   Other Considerations
• Returning radiation?
• Size of corona Wilkins+20



Brightest objects seen 
should be high spin

Vasudevan+16



Vasudevan+15

High spin objects can 
dominate XRB



Further selection effect

• ISCO needs to be well-illuminated to be measured. 
• Implies that coronal height less than about 12rg.
• More difficult to measure in objects of low spin.
• Analysis of 199 AGN X-ray spectra from deep fields 

shows broad FeK line in 2/3 with preference for high 
spin (Baronchelli+18,20)


