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e.g. Fabian et al. (1989); Reynolds et al. (1999);
Zoghbi et al. (2012); Uttley et al. (2014);
Chainakun et al. (2016)
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e.g. Fabian et al. (1989); Reynolds et al. (1999); (Effective Corona®)
Zoghbi et al. (2012); Uttley et al. (2014);
Chainakun et al. (2016)
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in different energy bands and at different Fourier frequencies.

X-ray reverberation is the time-lag between the direct and reflected components
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X-ray reverberation e

e.g. Fabian et al. (1989); Reynolds et al. (1999); (Effective Corona®)
Zoghbi et al. (2012); Uttley et al. (2014);
Chainakun et al. (2016)
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[ Black Hole j

X-ray reverberation is the time-lag between the direct and reflected components
in different energy bands and at different Fourier frequencies.

Modelled self-consistently in Reltrans (Ingram et al. 2019, Mastroserio et al. 2021).
« Also modelled by others, e.g. Caballero-Garcia et al. (2019)
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X-ray reverberation e

e.g. Fabian et al. (1989); Reynolds et al. (1999); (Effective Corona®)
Zoghbi et al. (2012); Uttley et al. (2014);
Chainakun et al. (2016)

Direct
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Seed Photons

Reflected

[ Accretion disc j

[ Black Hole j

X-ray reverberation is the time-lag between the direct and reflected components
in different energy bands and at different Fourier frequencies.

Modelled self-consistently in Reltrans (Ingram et al. 2019, Mastroserio et al. 2021).
« Also modelled by others, e.g. Caballero-Garcia et al. (2019)

Applications, see e.g. mass estimate of Cygnus X-1 in O'Neill et al. (2025)
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How does geometry influence lag?

Geometry principally changes the light travel time and the illumination profile.
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See e.g. Wilkins and Fabian (2012), Gonzalez et al.
(2017), Baker (2025)
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How does geometry influence lag?

Geometry principally changes the light travel time and the illumination profile.

See e.g. Wilkins and Fabian (2012), Gonzalez et al. _
(2017), Baker (2025) 10
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How does geometry influence lag?

Geometry principally changes the light travel time and the illumination profile.
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See e.g. Wilkins and Fabian (2012), Gonzalez et al. R
(2017), Baker (2025) 10!

Extended geometries explored as:

« Double lamppost models Lucchini et al.
(2023) and Chainakun and Young (2017) 107 |

 Snapshots of extended coronal
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How does geometry influence lag?

Geometry principally changes the light travel time and the illumination profile.
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See e.g. Wilkins and Fabian (2012), Gonzalez et al. R
(2017), Baker (2025) 10!

Extended geometries explored as:

« Double lamppost models Lucchini et al.
(2023) and Chainakun and Young (2017) 107 |

 Snapshots of extended coronal
models Wilkins et al. (2016)

For nearly all models capable of T
parameter inference, the lamppost =
coronal geometry is used. =
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[s the lamppost model really so bad?
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[s the lamppost model really so bad?

Polarisation results disfavour vertically
extended / lamppost geometry Krawczynski et al. - N
(2022); Tagliacozzo et al. (2023); Gianolli et al. (2023). \ 20° -20°

- Radially extended geometry is preferred.

60°

80° -80°

~“Lamp-post

0 1 2 3 4
Polarization degree (%)
NLR 5 .

\ 20° -20°

Wedge
60°

80° -80°

0 1 2 3 4
Polarization degree (%)

Figure from Tagliacozzo et al. (2023)
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[s the lamppost model really so bad?

Polarisation results disfavour vertically
extended / lamppost geometry Krawczynski et al. - N
(2022); Tagliacozzo et al. (2023); Gianolli et al. (2023). \ 20° -20°

- Radially extended geometry is preferred.
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High fraction of lost photons when lamppost ‘Polarization degree (%)

height is small see also e.g. Dovciak and Done (2016).
Figure from Tagliacozzo et al. (2023)

o Ad-hoc “boost” needed to increase reflection
fraction Dauser et al. (2010); Ingram et al. (2019).
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---------------------------- A lamppost at height h = R has an equivalence class
of extended geometries.

.
e

—>" « The “umbrella” coronal model e.g. Baker (2025).
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A lamppost at height h = X has an equivalence class
of extended geometries.

——————
- ~.
- ~o

« The “umbrella” coronal model e.g. Baker (2025).

Time-averaged umbrella is practically
indistinguishable from a lamppost (Baker et al., in prep).

R=50rm,

— 30°
— 40°

—— lamppost

Fergus Baker
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g=E/E,
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A ring-like corona

Still axisymmetric, but the illumining source is now off-axis.

Parameters:

- Height h (eqv. Offset R)
- Radius z (eqv. Angle )
- Velocity factor v,

v, = 0 = stationary
v, < 1 = corotating with disc
v, > 1 = corotating faster than disc
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A ring-like corona

Still axisymmetric, but the illumining source is now off-axis.

Parameters:

- Height h (eqv. Offset R)
- Radius z (eqv. Angle )
- Velocity factor v,

v, = 0 = stationary
v, < 1 = corotating with disc
v, > 1 = corotating faster than disc
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Time-averaged reflection
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Time-averaged reflection

102 r——————————————— A ring-like flavour of relxill
i (relxill ring) developed and fitted in
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Tlme-averaged reflection

10? 1 - A ring-like flavour of relxill
i (relxill ring) developed and fitted in
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Contours are umbrella shells!
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Time-averaged reflection
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Treating the continuum

For a point-like source:

ol ! ! ! v ! ! ! !
L2f ; s(t, E) = a(t)c(E)
- +a(t) @ r(7, E),
1.0 - .
- where s(t, F) is the observed light curve, a(?) is
I ] the common driving process, c(F) is the
- 0.8 | O — T0° - continuum spectrum, and r(7, E) is the disc
D A G —— ] impulse response.
e I I 1 For an extended source:
| 5(t, E) = a(t) ® ¢(7, E)
04 F _
| b b e b b | ._ _+_CL(ii)(§§ 71(7_7'l;)7

28 29 30 31 32 33 34 39

, where a convolution with a continuum impulse
tso — rol)s/c [GM/C ]

response is also needed.
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Treating the continuum

1.2 |
: h = 1.5Tg
1.0 i Y — 3'rg
: hLP — 3.35Tg
é 0.8 __ “-ﬁi)bs =70°
06 [/ IS
0.4 —
I | | | | L | | | |

Ay~

Stationary (all g equal)

For a point-like source:
s(t,F) =a(t)c(F)
+a(t) ® r(r, E),

where s(t, F) is the observed light curve, a(?) is
the common driving process, c(F) is the

continuum spectrum, and r(7, E) is the disc
impulse response.

For an extended source:
s(t,F) =a(t) @ c(7, F)
+a(t) ® r(r, E),

where a convolution with a continuum impulse
response is also needed.
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Treating the continuum

For a point-like source:

12 ] s(t,E) = a(t)c(E)
_ h=1.5r, +a(t) @ r(r, E),
1.0 _ ]
: L= 3’rg where s(t, F) is the observed light curve, a(?) is
I hLP — 3.35Tg ] the common driving process, c(F) is the
- 0.8 | - continuum spectrum, and r(7, E) is the disc
D R e S G —— ] impulse response.
R I L TN e e T 1  For an extended source:
0.4} s(t, E) = a(t) ® ¢(7, E)
-.|....|....|....|....|....|....|....|._ +a’(t>®r(T7E)7

i 2 sl o . = o 332 where a convolution with a continuum impulse

response is also needed.

&/Z T

Stationary (all g equal) Boosted (g gradient)

0
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Time-resolved reverberation

— 0=10°

|3 e Degeneracy in the time-average is lifted
L by time-resolved spectra.
— 0 =250°
— 0 =80

 The equivalence class in the time-
average is not equivalent in the
reverberation lag.

lamppost

¢ [GM/ &)

10° 10!
E [keV]
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Time-resolved reverberation

— 0=10°

|3 e Degeneracy in the time-average is lifted
L by time-resolved spectra.
— 0 =250°
— 0 =80

 The equivalence class in the time-
average is not equivalent in the
reverberation lag.

lamppost

¢ [GM/ &)

100 10!

Two expansion modes:

i1 -« Fixed R, increase ¥/
1] (Low-frequency) lag increases
then decreases.

o Fixed h, increase x
(Low-frequency) lag increases.

Increasing R or h

11 AR | et MR AR W il Ll - ";'Hl - ""“: increases the lag (analogous
10+ 103 1072 0.1 1 10 103 1072 0.1 1
f [Fourier frequency] f [Fourier frequency] to lamppost).
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Sens t1v1ty to the velocity profile

¢ [GM/ &)

Although velocity does not change ¢, it
changes g and flux F o g°.

 Can be made to dilute the lag entirely™:

) R Im [@(v)
o(v) = arctan(l 7 Re [CID(V)])’

where R is the reflection fraction.

Fergus Baker

* This is our current understanding but we are still
investigating.

E [keV]
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Sensitivity to the velocity profile
— 7 — 7 1 Although velocity does not change ¢, it
changes g and flux F o g°.

v. = 0.0

40

 Can be made to dilute the lag entirely™:

_ R Im [®(v)]
d(v) = arctan(l T Re [@(V)])’

¢ [GM/ &)

where R is the reflection fraction.

* This is our current understanding but we are still
investigating.
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kerrz

A new, open-source (GPL 3.0) general relativistic ray-tracing library and command
line tool for X-ray spectra, timing, and polarimetry:

oip install kerrz Replaced YNOGK ... in Reltrans with a 10% performance
# Optional: alias kerrz=kerrzcli improvement on model evaluation!

« Uses Gralla and Lupsasca (2020) with automatic differentiation for fast and efficient gradients.

Source mirror: https://codeberg.org/astro-group/kerrz
Homepage: https://cosroe.com/kerrz

# Ring-like emissivity profiles
kerrz emissivity --ring-like h:4,x:3 --velocity corotate --nphotons 500000 -o emissivity.fits

# Reverberation impulse response
kerrz impulse --spin 0.8 --incl 60 --emissivity-profile ./emissivity.fits

# Image of a black hole from a point along the ring
kerrz sky --position h:4,x:3 --velocity corotate --map redshift

CLI is FITS in and FITS out.

Written in Zig, but distributed with C / C++,
Python, and Fortran bindings.

Baker, Nekrasov, Ingram (in prep.)
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Summary

Ring angle Ring radius Ring velocity  GitHub Reltrans Org:
Lag Lag Lag github.com/reltrans/reltrans
/\ Codeberg kerrz:
codeberg.org/astro-group/kerrz
Angle Radius Velocity

Reltrans has a new ring-like coronal model that
you can fit to data (soon!).

« Three parameters for the coronal geometry: height,
radius, and velocity profile.

Contact:

 Assumed velocity profile can dramatically change fergus.j.baker@durham.ac.uk
spectra and lags. https://cosroe.com
Slides and material:

Combined spectral-timing will be able https://codeberg.org/fjebaker/cetalu-2026

to constrain coronal geometry.
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