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Outline
• X-ray reverberation mapping of the inner 

accretion flows around black holes 

• The Gaussian process framework 

• Measuring reverberation around high-mass black 
holes in radio galaxies 

• X-ray reverberation in Chandra observations of 
gravitationally lensed quasars
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Fourier Timing

• Requires high signal-to-noise light curves 

• Longest measurable time lag limited by longest continuous segments
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X-ray reverberation 
in radio galaxies



Statistical frameworks for modelling time lags



Gaussian Processes (Wilkins 2019)

• Data vector containing the time series (N bins)
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Gaussian Processes (Wilkins 2019)

• Data vector containing the time series (N bins)

• Assume data vector is a random draw from an N-
dimensional Gaussian – gives the likelihood function

<latexit sha1_base64="XPO3NfQPVf58s3EZB+aAzMJzoPs="></latexit>

p(x|⌃xx) =
1

(2⇡)N |⌃xx|
exp

✓
�1

2
xT⌃�1

xxx

◆

<latexit sha1_base64="/b7YUDiT3s0lm11DVPdy9z52E5w="></latexit>

x =

0

BBB@

x1

x2
...

xN

1

CCCA



Gaussian Processes (Wilkins 2019)

• Data vector containing the time series (N bins)

• Assume data vector is a random draw from an N-
dimensional Gaussian – gives the likelihood function
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• Covariance matrix encodes autocorrelation (i.e. 
covariances between pairs of time bins) 

• Analytic form for             — the kernel function
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Filling in the gaps
Adopt simple analytic function 
for covariances 

Fit hyper-parameters to observed 
time bins 

Draw samples from  
with these parameters to predict 
missing time bins 

Average predictions over many 
samples

Input	Data
Gaussian	Process	Sample
Gaussian	Process	Prediction
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X-ray Reverberation in 3C 120
Broad line radio galaxy 

MBH = 5.7 x 107 M☉ 

Gaussian process fit to light curve 
in each energy bin 

Predict missing time bins and 
calculate time lag using 
conventional Fourier method 

Produces posterior distribution 
of time lag in each energy bin
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X-ray reverberation 
in gravitationally 
lensed quasars



Reverberation in lensed quasars

Chandra observations of lensed quasars 
show broad iron K lines, reflected from 
inner accretion disk  — Reis et al. 2014, 
Reynolds et al. 2014, Walton et al. 2015 

Lower count rates – direct lag 
measurement difficult 

What range of time lags are consistent 
with the data?
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Fitting the lag between two energy bands (Zoghbi et al. 2013)

• Stacked data vector of the two time series, x and y 
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Fitting the lag between two energy bands (Zoghbi et al. 2013)

• Stacked data vector of the two time series, x and y 
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• Covariance matrix encodes autocorrelation of each time 
series, and the cross-correlation 

• Time lag a parameter of cross-correlation model 

• Use MCMC to obtain
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Reverberation in the Einstein Cross

Auto-correlation model: power 
law PSD 

Cross-correlation model: power 
law PSD with constant time lag 

Posterior distribution of time lag 
between iron K and continuum 
band in the Einstein Cross

Iron	K	Lag	~1600s
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Timing between images

Fit time lag between continuum 
in image 3 and iron K in image 1  

Need to account for lensing time 
delay between images 

Simultaneously fit broadband lag 
between images 1 and 3
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Reverberation in the Einstein Cross

Lag	~1500s

FeK	Band

Continuum	Band

w.r.t.		continuum
Iron	K	line	delayed
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Reverberation in the Einstein Cross
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• Statistical frameworks based on Gaussian processes 
extend measurements of X-ray reverberation beyond 
Seyfert galaxies in the local Universe 

• Gaussian processes probe longer reverberation time 
scales around high mass black holes in radio galaxies 

• Obtain posterior distributions of time lags in low 
signal-to-noise observations of gravitationally lensed 
quasars 

• Leverage large collecting area, high spatial resolution 
X-ray missions (Lynx) to probe accretion physics onto 
growing black holes in high(er)-z quasars


