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Lecture 6 
The X-ray Corona



Last time

LMC X-3

Flu
xI told you that black hole X-ray binaries do 

have accretion disc spectra, and AGN 
kind of have accretion disc spectra (+ 
other stuff).



Spectral States
But even XRBs only have ~clean disc spectra sometimes: XRBs undergo state 
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Spectral States
But even XRBs only have ~clean disc spectra sometimes: XRBs undergo state 
transitions.
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Spectral States
Hard state X-ray binary spectrum and AGN X-ray spectrum dominated by a 
~power-law component (green). What is this?
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The X-ray Corona

τ
Blackbody disc photons

kT ≲ 1 keV

Thermal electron 
distribution

kTe ∼ 100 keV

• We can reproduce the hard state / AGN X-ray spectrum if there is a hot, τ~1 
plasma close to the black hole.
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The X-ray Corona

τ
Blackbody disc photons

kT ≲ 1 keV

Thermal electron 
distribution

kTe ∼ 100 keV

• We can reproduce the hard state / AGN X-ray spectrum if there is a hot, τ~1 
plasma close to the black hole.


• Comparatively cool disc photons Compton up-scatter off hot electrons in this 
plasma, gaining energy.


• We call this plasma the “corona” (in analogy to the Sun’s corona).

• We are still unsure of the actual shape or physical origin of the corona — we 

just know it needs to be there!
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the acceleration.
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Thomson Scattering
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• Incident EM wave drives electron initially at rest to oscillate with it.


• Acceleration of electron causes dipole emission: polarised in the direction of 
the acceleration.


• Recall that power radiated is:
P = σTcUrad

where       is (by definition) the Thomson cross-section and          is the energy 
density of the incoming radiation field. 

σT Urad

• Thomson scattering is important in a number of situations in HEA, so will 
return to this in later lectures!



Compton Scattering
Quantum effect: If photon has significant momentum,

(i.e.                       is not met), electron recoils and photon 
transfers energy to electron.
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…the average fractional energy transferred from photons 
to electrons per scattering.

Compton Scattering
Quantum effect: If photon has significant momentum,

(i.e.                       is not met), electron recoils and photon 
transfers energy to electron.
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• Net energy transferred from electrons to photons = energy transfer via 
Thomson scattering (“Inverse Compton”) - energy transfer via electron recoil 
(Compton).
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• Net energy transferred from electrons to photons = energy transfer via 
Thomson scattering (“Inverse Compton”) - energy transfer via electron recoil 
(Compton).


• For electron with non-zero velocity, first calculate Thomson power in the 
electron rest frame:


P′� = σTcU′�rad

Inverse Compton Scattering

then (trivially) Lorentz transform to the observer frame (P=P’).
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• Net energy transferred from electrons to photons = energy transfer via 
Thomson scattering (“Inverse Compton”) - energy transfer via electron recoil 
(Compton).


• For electron with non-zero velocity, first calculate Thomson power in the 
electron rest frame:


• So how do we Lorentz transform Urad (observer frame) to Urad’ (electron rest 
frame)?


• So we need to transform frequency (relativistic Doppler shift) and the 
dimension of the volume in the direction of motion of the electron (length 
contraction)

P′� = σTcU′�rad

Inverse Compton Scattering

then (trivially) Lorentz transform to the observer frame (P=P’).

Urad = energy in radiation field / volume:
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• (Special) Relativistic Doppler shift:
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• (Special) Relativistic Doppler shift:


• Length contraction:

Inverse Compton Scattering

θ
vy′� y

x′� x

Electron frame: S’ Observer frame: S

(    as seen by S)θ

ν = δ × ν′� δ = γ−1(1 − (v/c)cos θ)−1
Doppler factor

dx = dx′ �/δ

U′�rad ∝ hν′�
dN
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Therefore:

Inverse Compton Scattering
U′�rad ∝ hν′ �

dN
dV′�

= h
ν
δ

dN
δ dV

=
Urad

δ2

P′� = σTcU′�rad = σTcUrad/δ2

P′� = σTcUradγ2[1 − (v/c)cos θ]2 = P

δ = γ−1(1 − (v/c)cos θ)−1
Doppler factor



• Finally, average over all angles:
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• We have energy per unit time transferred to photon field:
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• We have energy per unit time transferred to photon field:


• Number of scatterings per second is:


⟨P⟩IC =
4
3
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2

γ2

σTNphotc = σT(Urad/hν)c

Inverse Compton Scattering

Nphot = photons / volume
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• We have energy per unit time transferred to photon field:
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• Assume the velocity distribution of electrons in the corona is Maxwellian 
with electron temperature     . In this case:Te
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• Also, since                   , can set            to get:


• Assume the velocity distribution of electrons in the corona is Maxwellian 
with electron temperature     . In this case:

⟨ Δϵ
ϵ ⟩

IC
=

4
3 ( v

c )
2

γ2 = 4
kTe

mec2

Te

1
2

m⟨v2⟩ =
3
2

kTe

γ ∼ 1kTe < mec2

Thermal Comptonisation

∴ ⟨v2⟩/c2 = 3kTe/(mec2)



• Also, since                   , can set            to get:


• The average fractional energy gained by a photon per collision is the (IC) 
energy gained from the electron minus the (recoil) energy transferred to the 
electron:
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• Also, since                   , can set            to get:


• The average fractional energy gained by a photon per collision is the (IC) 
energy gained from the electron minus the (recoil) energy transferred to the 
electron:


• Therefore photons with                    gain energy on average, and photons 
with                    lose energy on average.

• Assume the velocity distribution of electrons in the corona is Maxwellian 
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• Photons from disc have                       , therefore:

kTe ∼ 100 keV
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kT ≲ 1 keV

hν ≪ mec2

Δϵ/ϵ ≈ 4(kTe/mec2)
• Same fractional energy gain per scattering, therefore frequency after n 

scatterings:

• Probability of staying in corona for n scatterings: 

• Number of photons that had n scatterings:

ν = ν0(1 + 4kTe/mec2)n

p = (1 − e−τ)n ≈ τn

τ

N ≈ N0τn

Thermal Comptonisation
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• But higher orders will have                    and therefore subsequent scatterings 
don’t increase energy further.


• Therefore high frequency break at 

• Low frequency break at 

Therefore build up power-law spectrum via multiple scatterings

hν ∼ 4kTe

hν ∼ 3kTe

hν ∼ 3kTe
hν ∼ 3kT

Thermal Comptonisation
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• Thermal Comptonisation can explain hard state XRB 
spectrum and AGN X-ray spectrum: 


• What about the ~6.4 keV iron line?

τ ∼ 1 − 3, kTe ∼ 100 keV

Thermal Comptonisation
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Reflection spectrum
• In rest frame of disc patch, emergent spectrum includes fluorescence lines, 

absorption edges and the ~30 keV “Compton hump”.

• Absorption cross-section decreases with photon energy, plus iron has 

highest fluorescence yield of the astrophysical abundant elements.

• Electron scattering dominates at high energies — Compton hump therefore 

peaks at ~3kTe of disc electrons, but disc electron temperature set by heating 
from irradiation.
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Reflection spectrum
• Ionisation state of the disc important for setting absorption cross-section, 

fluorescence yields etc

Ionization parameter:
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Reflection spectrum
• Ionisation doesn’t really affect high energies because they are dominated 

by electron scattering anyway.

ξ = 1000
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Line profile
• Spectrum we see is distorted by Doppler shifts and general relativistic 

effects.

• Iron line narrow, so line profile is diagnostic of disc dynamics.



Iν = δ3 I′�ν′�

Line profile
• Specific intensity in observer frame:


• Therefore blue shifted wing of the line is brighter:
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Iν =
hν dN

dν dt dΩ dA⊥

Can show this from 
relativistic aberration 
formula
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Iν = δ3 I′�ν′�

Line profile
• Specific intensity in observer frame:

• Where do these three factors come from?


• Two from adjustment to solid angle, one from time dilation
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dΩ = dΩ′�/δ2

Iν =
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=

δ hν′� dN
δ dν′� dt′�/δ dΩ′�/δ2 dA⊥

= δ3I′�ν′ �

Can show this from 
relativistic aberration 
formula



Iron Line Profile
• In GR, δ includes gravitational redshift as well as Doppler shifts: photon 

loses energy leaving the gravitational potential well.

• For orbital angular frequency    , in the Schwarzschild metric (non-spinning 

black hole) and ignoring light-bending:


• Recover SR formula for 


δ ≈
1 − 2rg/r − (ωr/c)2

1 + (ωr/c)sin φ sin i

ω

v = ωr

i
θ

r ≫ rg

φ



Iron Line Profile
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Their amplitude distribution is severely cut-off by current instrumental limitations (Belloni et al. 2012), but 
this will be remedied by LOFT (§2.2.3.1).  In both BH and NS, QPOs have also been observed in the range 
predicted for Lense-Thirring precession in the strong field region (0.1-60 Hz), and with the predicted quadratic 
dependence on orbital frequency (Stella et al. 1999).  

Several models have been proposed for these QPOs in terms of strong-field orbital and epicyclic motion in the 
disk flow, and interpretations along these lines have received support from large-scale simulations and from 
observational results; alternatives have been considered as well (§2.2.1.3).  The frequencies observed in NS 
are close to, but not exactly, the relativistic ones, and some observations remain unexplained (van Straaten et 
al. 2003; Altamirano et al. 2012).  This has been attributed to more prominent non-gravitational stresses in NS 
(due to magnetic field and surface radiation), than in BH, which are predicted to be fundamentally simpler (no-
hair theorem).  In support of this, the BH GRO J1655-40, at the edge of detectability with RXTE, has shown 
one set of 3 simultaneous QPO frequencies consistent with those predicted by GR at 5.7rg (Motta et al. 2013). 
For this reason the LOFT SFG objectives focus on BH, with, however, comparative observations of NS 
providing an important benchmark. NS spin rates can be measured directly, and there are various ways to 
reliably estimate mass and radius (see §2.1) and hence angular momentum, allowing calibration of  the frame 
dragging effects of spin on the accretion flow in NS, that in BH are used to measure spin. These studies of NS 
disks also in principle constrain the NS mass-radius relation, providing a cross-check on the techniques of 
§2.1. In AGN, correlated QPOs analogous to those in XRB have not yet been found, with upper limits on their 
amplitudes of a few percent (Vaughan et al. 2011), but LOFT might find them, as it will be more sensitive to 
them than any previous mission (§2.2.3.1). AGN spectral timing is not affected by this, as broad lines and 
strong aperiodic variability abound (§2.2.2.2, 2.2.2.3).  LOFT will also study QPOs in bright ultraluminous X-
ray sources (ULX) such as M82 X-1 (Strohmayer & Mushotzky 2003) at high signal to noise (§2.2.3.1).  

The transformative nature of LOFT’s strong field gravity studies described in §2.3.2 and 2.3.3 comes from the 
LAD’s breakthrough capabilities, which enable the collection of qualitatively new types of information: (i) 
precise measurement of Fe line variations on relativistic orbital, epicyclic and precession, and light-crossing 
time scales (SFG2,4,5), and (ii) QPO-phase spectroscopy and waveform detection of dynamical time scale 
QPOs (SFG3,4,5).  These powerful new techniques to probe accretion flows close to the event horizon are 
currently photon-starved, but with LOFT they will flourish.  LOFT will also obtain exceedingly precise time 
averaged Fe line profiles and power spectra, to precisely measure black hole spins (SFG4,5) and reveal the 
epicyclic and combination frequencies (SFG1). 

Box 8: Relativistic Fe line profiles. 

Relativistic Doppler shifts, gravitational redshift, photon 
bending and beaming affect the spectral shape and the flux 
observed from each point in the accretion disk flow, leading to 
a variety of quantifiable distortions of the Fe line profile. 
Redshift z from a point on the disk at radius  and azimuthal 
angle  is given in Schwarzschild geometry by   

 
where i is the disk inclination and b the impact parameter at 
infinity of the photon relative to the BH. An equivalent (more 
complex) calculation can be performed for Kerr (Cunningham 
1975). Coloured disk map (Dauser 2010) illustrates the red- and 
blueshifts as seen from the observer that result from these 
effects.  Fe line profiles contributed by different orbital radii in 
the accretion disk are illustrated. Realistic models for the Fe 
line profile include a description of geometry and ionization 
state of the disk plasma (Miller 2007) and can constrain 
gravitational potential, plasma motions, and BH spin. 

• Integrating flux along    , obtain line profile from each disc annulus.

• But what is the r-dependence of the reflected flux?

• Can either parameterise (e.g.                   ) or make assumption about coronal 

geometry.

I′�ν′�(r) ∝ r−q

φ



Iron Line Profile
• Simplest possible model is “lamppost” model: isotropically emitting point-

like corona with luminosity     .

• For illustration, ignore relativistic effects.
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Iron Line Profile
• Simplest possible model is “lamppost” model: isotropically emitting point-

like corona with luminosity     .

• For illustration, ignore relativistic effects.
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Iron Line Profile
• Simplest possible model is “lamppost” model: isotropically emitting point-

like corona with luminosity     .

• For illustration, ignore relativistic effects.

• Luminosity crossing disc patch at r with area dA:


h

r

dψ

L0

dL = L0
dA cos ψ

4πd2

d = (h2 + r2)1/2

cos ψ = h/d

• Flux crossing disc patch through it’s upper surface:


F(r) =
dL
dA

= L0
cos ψ
4πd2

= L0
h/(4π)

(h2 + r2)3/2

ψ



• Light-bending and other GR effects make flux more centrally peaked.

• Most extreme for low source

• Grey lines ignore GR: h=1.8 rg (dashed), h=100 rg (dotted).

Iron Line Profile
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Observations
AGN X-ray binaries

We see relativistically blurred reflection features for accreting black holes and 
neutron stars.

Plots from Fabian (2016)



Observations
• Can use observed line profile to measure rin/rg, and therefore get estimate of 

black hole spin if rin=ISCO!

• Lots of systematics though, particularly for AGN!



Observations
• Most AGN studies infer high spin — but higher spin black holes lead to 

brighter AGN, so there is a selection effect!

Plot from Reynolds (2013)



Observations
• In X-ray binaries, the disc seems to move in from the lowest hard states to 

the soft state, but lots of systematics so we don’t know when the disc inner 
radius hits the ISCO.

Garcia et al (2015)
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