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I did my PhD with Tomaso on X-ray 
timing of black-hole transients

He taught me to ask ‘’what is the timescale?’’ 
before asking ‘’what is the spectrum’?’

T. Belloni et al.: Timing GX 339–4 during its 2002/2003 outburst 211
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Fig. 3. Four average power spectra from the right branch and four
from the top branch. From top to bottom, they correspond to obser-
vations #2, 17, 24, 25, 27, 28, 30, 33. The power spectra are plotted in
the νPν representation (Belloni et al. 1997) and are shifted vertically
for clarity. The increasing trend at high frequencies that can be seen
in some power spectra is made of 3σ upper limits, shown as inverted
triangles.

in only two spectra, can be seen in Fig. 4, together with the tight
correlation between ν1 and ν2.

The integrated fractional rms of the L1 component de-
creases smoothly from about 30% to ∼17%, while at the same
time the L2 component goes from 28% to 14%. The fractional
rms of the L3 component, when present, is always 2–3%, and
the few detections of LQ are at a level of 4–7%. The quality
factor Q is always less than unity for L1 and L2, ∼1 for L3 and
typically ∼8 for LQ.

In order to identify the broad components with those pre-
sented by Belloni et al. (2002), we need more detections of the
QPO component. Therefore, this identification will be shown
at the end of the next section. In any case, all the power spec-
tra corresponding to this branch of the HID have a shape that
allows us to classify these observations as belonging to the
low/hard state.

The phase lags for the continuum, for the QPO, and be-
tween 1 and 6 Hz can be seen in Fig. 5. All lags are positive. For
the QPO there are only three points, but the other two show a
clear increase in the value of the hard lag from less than 0.05 ra-
dians at the start to almost 0.15 radians at the top of the right
branch. A representative phase-lag spectrum (from Obs. #8) is
shown in Fig. 6. Hard lags are also typical of the low/hard state
(see e.g. Pottschmidt et al. 2000).
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Fig. 4. First three panels: time evolution of the characteristic frequen-
cies of the L1, L2 and L3 components for the top/right-branch obser-
vations at the beginning of the outburst. Fourth panel: ν2 vs. ν1 corre-
lation. In all panels, the dotted line separates the right-branch points
from the top-branch points.
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Fig. 5. Phase lags for the right and top branches. a) Time evolution
of the lags of the 1–64 Hz continuum. b) Time evolution of the QPO
lags. c) Correlation between the lags of the 1–6 Hz continuum and
the characteristic frequency ν1 of the L1 component. d) Correlation
between the lags of the QPO and its characteristic frequency.

5. The top branch

Starting from Obs. #25, the hardness ratio starts to decrease
more rapidly (see Fig. 2) and a clear QPO with harmonic con-
tent appears in the power spectrum. This can be seen in the
bottom four spectra from Fig. 3, which also shows that the
characteristic frequencies continue to increase. The shape of
the power spectrum is typical of the Very High State (VHS) in
its hard version with band-limited noise (see Miyamoto et al.
1991, 1993, 1994; Homan & Belloni 2005).

In order to fit these power spectra, additional components
such as harmonic peaks and QPO shoulders (see e.g. Belloni
et al. 1997) are needed. We decided not to include the shoul-
ders in our fits in order to use a model consistent with that
used for the previous observations. The only additional com-
ponent is a broad Lorentzian (L0) appearing at low frequencies,
while the L3 component becomes undetectable, likely because
its characteristic frequency increases and leaves the frequency

This talk is that question, 
asked outside the X-ray band
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Where this talk sits in the week
Deliberately narrow: fast (sub-second to ~minutes), non-thermal, mostly jet-focused
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COMING FROM

Vincentelli (Tue) — QPOs, incl. the 
O-IR ones and their HID evolution

De Marco (Tue) — the toolbox - X-
ray spectral-timing, lags, 
reverberation

Fender (this morning) —
accretion–ejection coupling, the 
global picture

Russell (20 min ago) — MW 
correlations on longer timescales

++ many others

THIS TALK

The causal regime — tenths to 
tens of seconds

The jet — lags, stratification, 
filtering — tested in every band 
that can see it

What breaks — and what we 
cannot yet measure

COMING NEXT

Tetarenko (in 45 min) — rapid 
mm/radio timing: the same 
physics, downstream

Veledina, Baglio (Thu) —
polarimetry — the next 
observational axis

Scaringi (Thu) — CVs — scaling 
the mass

++ many others
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Why fast, and why multiwavelength
The rare regime where correlation between two bands likely implies causation

4

Spectra tell you what emits.

Fast timing tells you where, and in what order.

Three things you get for free from a light curve:

1.  A size limit.  Variability at 100 Hz ⇒ emitting region ≲ 3000 
km ≈ 102 RS for a 10 M⊙ BH.

2.  A distance.  A stable lag between two bands is a 
propagation or light-travel time —it can convert into a physical 
separation between two emitting zones.

3.  A causal ordering.  Sign of the lag ⇒ which component 
drives which. Anticorrelation ⇒ a shared, finite energy budget.

L22 P. Casella et al.

Di Matteo & Fabian 2000): magnetic flares happen in an accretion
disc corona where thermal cyclo-synchrotron emission contributes
significantly to the optical emission, while the X-rays are produced
by Comptonization of the soft photons produced by dissipation
in the underlying disc and by the synchrotron process itself. The
two explanations differ substantially in the predictions at IR wave-
lengths, where a jet appears as the most probable origin for the
emission (e.g. Russell et al. 2006).

The BH candidate GX 339−4 is a recurrent X-ray transient
(Markert et al. 1973). It has been detected as a highly variable
source from radio through hard X-rays (see e.g. Makishima et al.
1986; Corbel et al. 2000; Coriat et al. 2009, and references therein).
Optical spectroscopy indicates a mass function of 5.8 ± 0.5 M"
and a minimum distance of 6 kpc (Hynes et al. 2003, 2004). Multi-
wavelength campaigns clearly reveal a non-thermal contribution to
the IR emission in the hard state, most probably arising from a com-
pact jet (Corbel & Fender 2002). It is the first BH XB for which fast
optical/X-ray correlated variability was observed (Motch, Ilovaisky
& Chevalier 1982).

Past variability studies on time-scales of several seconds have
been used to suggest a jet origin for IR emission from XBs
(e.g. Hynes et al. 2003; Eikenberry et al. 2008). In this Letter, we re-
port on the first simultaneous fast (i.e. subsecond) timing IR/X-ray
observations of GX 339−4, during its 2008 low-luminosity hard
state.

2 OBSERVATIONS

2.1 Infrared data

We observed GX 339−4 from European Southern Observatory
(ESO)’s Paranal Observatory on 2008 August 18. We obtained fast
KS-band photometry with the Infrared Spectrometer And Array
Camera (ISAAC; Moorwood et al. 1998) mounted on the 8.2-m
UT1/Antu telescope. The 23 × 23 arcsec2 window used encom-
passed the target, a bright ‘reference’ star (KS = 9.5) located
13.6 arcsec south of our target and a fainter ‘comparison’ star
(KS = 12.8) 8.9 arcsec north-east of GX 339−4.

We used the ‘FastJitter mode’ with a time resolution of 62.5 ms.
This generated cubes of data with 2500 images apiece and with a
3-s deadtime between cubes. The ULTRACAM pipeline1 was used
for the data reduction, after applying a barycentre correction for
Earth motion. We performed fixed-aperture photometry of the three
sources (target, reference and comparison stars) and used the bright
reference star for relative photometry of the target and comparison
stars. The positions of the aperture regions around the target and the
comparison star were linked to the position of the bright reference
star to allow for image motion and were updated at each time-step.
The atmospheric conditions were good and the resulting light curve
for the comparison star was consistent with a constant, as expected.
By combining all 250 000 images, we estimate a dereddened (AV =
3.9, AK = 0.114 × AV = 0.445; Cardelli, Clayton & Mathis 1989)
average magnitude of KS = 12.0 ± 0.2 for GX 339−4, which
corresponds to an average flux of F ∼ 1.5 × 10−11 erg s−1 cm−2. A
sample of the highly variable light curve for GX 339−4 is shown
in the bottom panel of Fig. 1.

1We thank Tom Marsh for the use of the ULTRACAM pipeline software
(http://deneb.astro.warwick.ac.uk/phsaap/software/).
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Figure 1. Top panel: a sample of the X-ray light curve of GX 339−4, ob-
tained with the PCA onboard RXTE. The data are background subtracted, in
the 2–15 keV energy range, at 1-s time resolution. Bottom panel: the simulta-
neous IR light curve, obtained with ISAAC. We show the ratio of the source
(average 4.4 × 105 counts s−1) to the reference-star (6 × 106 counts s−1)
count rates in the KS filter, at 1-s time resolution. The right ordinates show
the dereddened flux. We show the typical error bars in the top left-hand
corner of each panel.

2.2 X-ray data

Simultaneously with the IR observations, GX 339−4 was observed
with the Proportional Counter Array (PCA) onboard the Rossi
X-ray Timing Explorer (RXTE). Two proportional counter units
were active during the whole observation. The X-ray data span
three consecutive satellite orbits, for a total exposure of 4.6 ks. The
BINNED MODE (8-ms time resolution) was used for this analysis, using
the 2–15 keV energy range (channels 0–35). The barycentre correc-
tion for the Earth and the satellite motion was applied. Standard
HEADAS 6.5.1 tools were used for data reduction. In the top panel of
Fig. 1, we show a sample of the light curve corresponding to the
second RXTE orbit. Spectral fitting with a power law with photon
index 1.6 results in a 2–10 keV unabsorbed flux of F X ∼ 1.4 ×
10−10 erg s−1 cm−2.

3 CROSS-CORRELATION FUNCTION

Both data sets have an absolute time accuracy better than the time
resolution used here: ISAAC data have a timing accuracy of about
10 ms (the readout time), while RXTE data have a timing accuracy
of 2.5 µs (Jahoda et al. 2006).

From Fig. 1, a strong correlation between the X-ray and IR flux
is evident. Both long, smooth variability and short, sharper flares
appear with similar relative amplitude in the two energy bands. In
order to measure any time delay, we calculated a cross-correlation
function (CCF) for each of the three RXTE orbits, without applying
any detrending procedure. The results are shown in Fig. 2. The
strong correlation is confirmed. The CCF appears highly symmetric
and relatively stable over the three time intervals, with the change in
amplitude simply reflecting the different variability amplitude in the
light curves themselves. In the inset, we show a zoom on the peak
of the CCF, which shows how the IR emission lags the X-rays by
0.1 s, with which we associate an uncertainty of 30 per cent (which
includes systematics).

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 404, L21–L25
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The toolbox
Nothing here is new: the same Fourier machinery Tomas contributed building for X-rays
– now applied across 10 decades in  ν

The main difficulty is strict simultaneity

two (or more) oversubscribed facilities agreeing to point at the same object on the same night
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Four decades of fast multi-wavelength variability
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The prehistory: an optical flicker that should not exist

Textbook expectation
(van Paradijs & McClintock 1994):
optical from an X-ray-irradiated outer disc 
⇒ delayed, smeared, positive response.

Instead:
1.  Speed — significant power down to tens of ms. Size ≲ 10³ Rₛ
2.  Lag too short — far below the light-crossing time of the

outer disc (binary separation in GX 339−4 ≈ 25 light-seconds)

3.  Wrong ACF ordering — the X-ray ACF is *broader* than the optical/IR ACF.
Reprocessing should smear, not sharpen

4.  Anticorrelation — a negative response is not a linear reprocessing transfer function

So the fast O-IR light is NON-THERMAL

Synchrotron from the jet

Synchrotron from a magnetised hot flow.

Hynes+2003

OR
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Figure 4. A selection of X-ray and ultraviolet autocorrelation functions. In each panel, the smoother ACF is the X-ray one and the noisy one is UV. The 
zero-lag bin (containing noise) was clipped out. Each ACF then had the mean response in the 30-50 s range subtracted to remove the contribution from very 
low frequencies, then was normalized to a peak unbinned value of unity. Each ACF is the average of all the data in that band for each epoch, i.e. no attempt has 
been made to show ACFs from simultaneous data. Note the tendency for the short-wavelength ACF to look more like the X-ray one, with a sharper component 
becoming stronger at long wavelengths. The X-ray ACF itself becomes sharper with time as the PSD evolves. 

We use a variable sized binning in frequency to produce the PSDs 
shown in the figures. The constraints imposed on the binning are: 

(i) a minimum and maximum logarithmic bin width; 
(ii) a minimum signal-to-noise ratio; and 
(iii) a minimum of three points per bin. 

Within each bin, we use the standard deviation of the points to 
estimate the error on the binned power. This is obviously unreliable 
for the lowest frequencies (<0.003 Hz), so we exclude these from 
the fits. Where appropriate, PSDs from several light curve segments 
have been combined before this binning, particularly for the X- 
ray data. PSDs have been plotted with the white-noise contribution 
subtracted and normalized to fractional rms amplitude squared per 
hertz (cf. van der Klis 1995). The white-noise level was determined 
empirically by fitting a red-noise plus white-noise model to the 
high-frequency data. The optical time resolution was not sufficient 
for this approach, so no white-noise subtraction has been done for 
that. 

As noted by Revnivtsev, Sunyaev & Borozdin (2000), RATE PSDs 
of XTE J1118+480 closely resemble power spectra of other black- 
hole candidates in the low state (Wijnands & van der Klis 1999), 
exhibiting a flat spectrum at low frequencies and a declining power 

law at higher frequencies (Fig. 5). All of the HST UV PSDs are 
similar (Fig. 6), but with a lower amplitude, as are the optical ones. 
IR PSDs exhibit a white-noise structure with an amplitude similar 
to, but slightly higher than, the X-ray data. The IR PSD does not 
extend to high frequencies, and unfortunately coverage stops around 
the break frequency so we cannot tell if the break is present in the 
IR. QPOs also seem to be present in X-ray, UV, and optical data. 
These are discussed in Section 4.3. 

To characterize the temporal evolution and wavelength depen- 
dence of the PSD better, we fitted them (after subtracting the white- 
noise level which dominates at high frequencies) with a simple 
model comprising a red-noise power law above a variable break 
frequency and white noise below this. Parameters of interest to be 
fit are the break frequency and the red-noise amplitude and slope. 
Regions containing the QPO or a pronounced high-frequency bump 
are masked out from the fits. As the outburst proceeds (Table 2) we 
find the break frequency moving to higher frequencies, in a similar 
way to the QPO, and the high-frequency bump (visible at 1-5 Hz 
in the first three visits; Fig. 5) disappears. The red-noise power and 
slope, however, show little variation. As a function of wavelength 
(Table 3), UV PSDs have a very similar shape to the X-ray ones, 
but appear to break at a slightly higher frequency and have a flatter 

© 2003 RAS, MNRAS 345, 292-310 
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The founding number: ~100–150 ms
GX 339-4. Measured within two years of each other, in two different bands

Gandhi et al. 2008 (optical, ULTRACAM@VLT)
~150 ms optical lag (hard state)
rms spectrum NOT a single power law X-rays-to-optical:
two distinct variable components
Broad anticorrelation dip on ~seconds

Casella et al. 2010 (near-IR, ISAAC@VLT)
Strong Kₛ/X-ray correlated variability
~100 ms IR lag
CCF not consistent with reprocessing
Brightness temperature ~ 2.5 × 10⁶ K ⇒ non-thermal

Positive IR lag à A JET
Standard jet assumptions ⇒ Γ > 2 

A ~0.1 s O-IR lag to X-rays

A travel time from the inflow to the JET

Rapid optical/X-ray correlations in GX 339–4 L31

Figure 1. The r′ versus X-ray full-band PCA cross-correlation for data on all three nights, obtained from simultaneous light-curve sections of 60 s length. A
positive delay (in this case peaked at ≈150 ms) implies that optical lags X-rays. The inset shows a zoom-in average CCF of Nights 1 and 2 interpolated on to
the fastest time-scale of 50 ms in order to clearly illustrate the delay. The shaded region is the average scatter computed in an ensemble of light-curve sections.

Figure 2. Averaged 2–5, 5–20 keV and optical (r′) light curves around full-band PCA X-ray flares (left-hand panel) and dips (right-hand panel). Optical light
curves from Nights 1 and 2 are shown in red and blue; averages from both nights are shown in black. For making this plot, full-band extrema are selected
according to the method of Malzac et al. (2003, cf. their fig. 9). A flare (or dip) must be at least f = 2 times above (or 1/f times below) the local X-ray mean
in a running tm = 32 s long section, and is also required to be the local extremum within a contiguous segment of ± tp = 8 s (this effectively selects significant
flares only). Corresponding light-curve sections in other bands are then normalized to their local means before being averaged. Errorbars show typical Poisson
uncertainties.

others: Merloni, Di Matteo & Fabian (2000), who invoke a
magnetically dominated corona, Esin et al. [2001, a dominant
advection-dominated flow (ADAF) with additional synchrotron],
Markoff, Falcke & Fender (2001, a pure jet), Malzac, Merloni &
Fabian (2004, feedback in a common jet+corona reservoir) and
Yuan, Cui & Narayan (2005, an ADAF and a jet dominating at dif-
ferent energies). Most can explain the averaged broad-band energet-
ics, and provide a qualitative description of the expected variability.
But all agree that the origin and the details of the rapid variability
patterns are likely to be complicated. The case of GX 339−4 may

well be similar, and a full investigation of the parameter space of
the various models is beyond the scope of this Letter. Nevertheless,
several important conclusions can be drawn from our simultaneous
multiwavelength data.

4.1 Reprocessing?

The peak of the CCF time delay (150 ms) corresponds to a light-
travel distance of 5000RG(≡GM/c2) for M ! 6 M%, too small
for reprocessing on the companion star (GX 339−4 has a binary

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 390, L29–L33
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Fast IR variability from a relativistic jet L23
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Figure 2. Cross-correlations of the X-ray and IR light curves of GX 339−4
(positive lags mean IR lags the X-rays). A strong, nearly symmetric corre-
lation is evident in all the three time intervals, corresponding to different
RXTE orbits. In the inset, we show a zoom of the peaks, showing the IR
delay of ∼100 ms with respect to the X-rays. The inset also shows a slight
asymmetry towards positive delays.

4 DISCUSSION

The main result of our work is the discovery of a strong correlation
between the IR and the X-ray variability in GX 339−4. The fact
that the CCF is nearly symmetric and peaks at 100 ms rules out a
reprocessing origin for the IR variability. If the IR radiation arose
from reprocessing of X-rays by the outer disc, the short time delay
would imply a highly inclined disc. This would produce a highly
asymmetric CCF, with a tail at long lags (O’Brien et al. 2002).

Additionally, power spectral analysis shows significant IR vari-
ability (at least 5 per cent fractional rms; see Fig. 3) on time-scales
of ∼200 ms or shorter, which sets an upper limit of ∼6 × 109 cm
to the radius of the IR-emitting region. From (5 per cent of) the
observed IR average flux of F ∼ 1.5 × 10−11 erg s−1 cm−2, we de-
rive a minimum brightness temperature of ∼2.5 × 106 K. Optically
thick thermal emission of the derived size and temperature would
result in a 2–10 keV flux in excess of 10−5 erg s−1 cm−2, which is
not observed in the data. These values represent very conservative
estimates: a smaller region emitting the IR radiation would result
in a higher brightness temperature, which would in turn result in
a higher expected X-ray luminosity. With similar arguments, we
exclude thermal bremsstrahlung emission. The existence of an IR
lag is also inconsistent with the magnetic corona model (Merloni
et al. 2000), in which the same population of electrons produces the
IR synchrotron emission and the X-ray Compton emission. We con-
clude that the most plausible origin for the observed IR variability
is synchrotron emission from the inner jet.2

This result is a new, independent strong indication that jet syn-
chrotron emission contributes significantly to the IR radiation in this

2This is confirmed by nearly simultaneous optical and IR observations,
obtained while the source was in the same low-luminosity state. These data
(Lewis et al., in preparation) show a flat or inverted spectrum (inconsistent
with thermal emission from a disc or a companion star) and a long-time-scale
(approximately minutes) variability stronger in IR than in optical.

0.01 0.1 1 10
0.001

0.01

0.1

1

Figure 3. X-ray (2–15 keV) power spectrum of the second RXTE orbit
(upper curve), together with the power spectrum of the simultaneous IR
light curve (lower curve). The Poissonian noise has been subtracted from
both the spectra. The peak at ∼6 Hz in the IR spectrum is instrumental. The
high-frequency portion of the IR spectrum has yet unmodelled systematics,
which however do not affect the results presented here.

source. This is the first time that hard-state, compact jet emission
has been securely identified to vary on subsecond time-scales in an
XB, although variability on similar dynamical time-scales tDyn (i.e.
scaled to mass) had been already observed in active galactic nuclei
(e.g. Schödel et al. 2007). These data thus represent a further step
forward towards a full unification of the accretion/ejection process
over a broad range of BH masses.

4.1 Emitting regions and jet speed

Our data strongly suggest that the variable IR emission comes from
the jet, although we cannot conclude whether it is optically thick
or thin synchrotron. The X-ray emission is usually interpreted as
Comptonized radiation from energetic plasma in the very inner
regions of the accretion flow, although the actual emitting region
is still an open issue (either a corona or the base of the jet itself;
for a discussion, see Maccarone 2005; Markoff, Nowak & Wilms
2005, Malzac & Belmont 2009). Here we discuss the four possible
scenarios as follows.

(1) IR: optically thick X-ray: inflow emission – the observed
time delay between the IR and the X-ray variability gives an upper
limit (given the unknown time for the ejection to take place) to
the traveltime of the variability – thus presumably the matter –
along the jet. Given a measure of the jet elongation, we could
estimate the jet speed. Such a measure is not available for GX
339−4; however, a jet elongation measurement has been reported
from 8.4 GHz observations of another BH XB, Cyg X-1 (Stirling
et al. 2001). Within the standard model for compact jets (Blandford
& Königl 1979, hereafter BK79), the distance from the BH of an
emitting region in the jet is a function of the observed wavelength,
the viewing angle and the jet physical properties.

Assuming that the main physical properties of the jet do not
change, we can rescale the jet elongation measured at radio wave-
lengths in the BH Cyg X-1 down to the IR wavelengths, obtaining a
measurement of the distance of the IR-emitting region in the jet from

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 404, L21–L25
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The delay ladder
Every band picks out a different distance from the black hole

9P. Casella  ·  Fast multiwavelength variability from X-ray binaries  ·  The many tones of accretion, Cefalù, 9 Sep 2026



Choosing a band: the trade-offs
Wavelength is a lever arm — the band follows the question

Every band buys something and costs 
something:

X-ray — the reference clock; photon 
counting to kHz.  Cost: mixes hot flow, 
disc; unknown geometry

optical — ms cadence; multiple bands 
at once (HiPERCAM).  Cost: three 
comparable components; absorption

near-IR — jet starts dominating; little
absorption.  Cost: (today) a few Hz 
Nyquist

mid-IR — around the jet break.  Cost: 
large atmospheric absorption; cadence 
of sec–min

mm / radio — jet dominated.  Cost: 
strong low-pass filtering; lags of 
minutes

Jet fraction rises to the red

Time resolution rises to the blue.

10P. Casella  ·  Fast multiwavelength variability from X-ray binaries  ·  The many tones of accretion, Cefalù, 9 Sep 2026



The lag as a ruler: 0.1 light-seconds
V404 Cyg, 2015 — the measurement that closed the argument

Gandhi et al. 2017 (optical + radio + X-ray)

The same optical lag ~0.1 s in another BH

It appears together with a brightening jet

⇒ characteristic elevation ≲10³ Rₛ for the 
inner optical emission zone above the BH

Constrains models: the acceleration zone 
cannot be arbitrarily extended.

! 10!

!
Figure#1:#Multiwavelength#light#curves#and#timing#correlations#of#V404#Cygni#on#2015#June#25.#All#times#
have#been#transformed#to#the#common#Solar#System#Barycentre#(BMJD).#(a)#WHT/ULTRACAM#optical#r'#band#light#
curve#at#a#time#resolution#of#35.94#ms.#The#inset#zoom1in#highlights#a#short#fast#flaring#episode,#likely#marking#the#
moment#of#the#serendipitously1caught#state#transition.#(b)#NuSTAR#full#band#X1ray#light#curve.#There#are#two#epochs#
of#strict#simultaneity#with#the#optical,#corresponding#to#two#satellite#orbits,#separated#by#an#Earth#occultation#gap.#
(c)#NuSTAR#hardness#ratio#(HR)#between#bands#10179#keV#and#3110#keV,#lightly#binned#with#a#5#s#kernel#for#display#
purposes.#(d)#AMI#15.4#GHz#light#curve.#Uncertainties#for#panels#(a)#to#(d)#are#typically#smaller#than#symbol#sizes.#(e)#

Radio#spectral#index#between#15.4#GHz#and#13.9#GHz#(Fν∝ν
αradio)#with#errors#denoting#1#std.#dev.#over#the#≈350#s1

long#segments#used#for#binning.#Panels#(f)#and#(g):#Optical#vs.#X1ray#discrete#cross1correlation#functions#(DCF)#
between#lag#times#of#11#to#+1#s,#for#the#two#epochs,#respectively.#Uncertainties#denote#1#std.#error#on#the#mean#for#
each#lag#bin.#A#positive#delay#corresponds#to#the#optical#lagging#the#X1rays.#

Gandhi+2017

Same ~0.1 s O-IR lag as in GX 339-4

10³ Rₛ similar to blazars: mass-scaling?
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The same delay, in Fourier space (and more)
Vincentelli et al. 2018 GX 339−4, Kₛ (Belloni is co-author)

First full characterisation of sub-second IR/X-ray 
variability in an LMXB (w. Tomaso as co-author)

IR lag ≈ 0.1 s appears at around 1 Hz

A changing slope of the flux–flux relation on 16 s 
timescales ⇒ A moving jet break?

Properties of RMS–flux relation for jet emission:

⇒ Non-linear transfer function?
or

⇒ Shock-induced rms-flux relation?

A new tool at hand:

the JET is being measured

Vincentelli,PC+2018
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Figure 5. Upper panel: X-ray power spectral density data and best fit using
1024 bin/segment and a geometric (i.e. multiplicative) rebinning factor of
1.2. The blue continuous lines represent the Lorentzian components obtained
by the fit, while the black line is the full model. Central panel: IR power
spectral density data and best fit using 1024 bin/segment and a geometric
rebinning factor of 1.2. Lower panel: Ratio between IR and X-ray power
spectrum. The plot shows clearly that the IR PSD has relative increase
followed by a break at ≈1 Hz.

Table 2. Parameters from the fit with multiple Lorenztian com-
ponent. The fitted function is the following: PSD(ν) = r2 ·"

π /[(ν −
ν0)2 + "2]. When the error is not present, the parameter has been
fixed.

# Comp. ν0 " (Hz) r

X-rays (χ2/dof = 30/24)

1 0 0.03 ± 0.01 0.29 ± 0.02
2 0 0.83+0.01

−0.02 0.24 ± 0.01

IR (χ2/dof = 22.6/18)

1 0 0.02 ± 0.01 0.17 ± 0.01
2 0 0.39+0.09

−0.05 0.19 ± 0.01

3 0.98+0.33
−0.37 0.72+0.08

−0.22 0.12 ± 0.03

Figure 6. Upper Panel: Intrinsic coherence between the X-ray and the
infrared light curves. Blue line represents the expected coherence for two
perfectly coherent signals with same PSD shape and statistics as in our data
set. Middle Panel: Phase lags between the X-ray and the infrared light curve.
Positive lags mean the infrared variability lags the X-ray variability. Lower
Panel: Time lags between the X-ray and the infrared light curve. All are
computed from 1024 bin per segment with a logarithmic binning factor of
1.2.

declines to ∼0.2 at ≈1–2 Hz, while at the highest frequencies no
significant degree of correlation is detectable. We verified whether
the drop in the coherence could be due to bias effects. We therefore
simulated two perfectly coherent signals with the same PSD shape
and statistics as in our data set and then evaluated the coherence.
The resulting coherence (blue line, Fig. 6: top panel) is significantly
higher than the measured one, showing that bias effects cannot be
responsible for the observed decreasing trend.

Phase and time lags are also shown in Fig. 6 (middle and lower
panels, respectively). The phase lags show an increasing trend (con-
sidering the absolute value) between 0.1 and 2 Hz, corresponding to
a roughly constant time lag of 100 ms, consistent with the lag found
with the CCF by Casella et al. (2010).

3.3 rms versus flux relation

A linear relation between the absolute rms and the flux has been
reported in all classes of accreting sources: XRBs, active galactic
nuclei (Uttley & McHardy 2001), ultra-luminous X-ray sources

MNRAS 477, 4524–4533 (2018)
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The benchmark lag: MAXI J1820+070
Paice et al. 2019 HiPERCAM@GTCₛ five optical bands at >100 Hz

The same optical lag ~165 ms, constant
over ~0.3–10 Hz

Lag increases monotonically uₛ → zₛ

A separate feature at the lowest 
frequencies: reprocessing or magnetised
hot flow?

Paice+2019

Same lag , different source

Well resolved in frequency AND colour
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Figure 1. Left: Section of optical (top) and X-ray (bottom) light curves. The left-hand panel shows a longer term trend, binned with a moving average function
over 150 points (0.5 s), while the right-hand panel shows a zoom-in (illustrated by the dotted line, vertical scales are identical) with no binning. The optical
bands are ugrizs (blue/green/red/dark red/black, bottom-to-top at the 4 s mark). Representative error bars on individual time bins are shown. Note the rapid red
flaring of the source, down to ∼10 ms time-scales (e.g. at +3.4 s and at +3.96 s). Right: Optical versus X-ray DCF calculated over 52 segments 30 s in length.
A positive lag here denotes optical emission lagging X-rays. The colours denote which optical band is cross-correlated with X-rays. Around 0 lag, the order of
the bands is (bottom-to-top) zs–us in order of wavelength. Error (in all bands) was calculated from bootstrapping over 10 000 iterations.

Figure 2. Relations between gs and X-rays: (from top to bottom) X-ray
and optical power spectra; intrinsic coherence; phase lags; and time lags.
For the last two panels, positive lags mean that gs lags X-rays. We used a
logarithmic rebinning factor of 1.5, and data were averaged over segments
of 16 384 bins (48 s). The inset on the last panel shows the time lags with
all five bands plotted (over the region shown by the dashed box), with a
logarithmic rebinning of 1.2, and colours the same as in Fig. 1.

broad feature seems to dominate the PSDs as they decline at higher
frequencies. Note that we see significant optical power up beyond
100 Hz.

There are three significant features of the time lags. The first is
between 0.02 and 0.2 Hz, where phase lags of close to +π indicate
that there is some optical component strongly delayed with respect
to the X-rays, or, if they are instead −π , that variations at this
frequency are mainly anticorrelated. Following that, there is a sig-
nificant plateau between 0.5 and 8 Hz at ∼+165 ms, corresponding
to the peak sub-second lag found in the DCFs. Beyond 8 Hz, the time
lag drops with increasing frequency, consistent with the breaking
of the upwards trend in the phase lags.

There are a number of sharp, sudden drops in the coherence; a
particular one at 0.2 Hz corresponds to a curious spike in the phase
lags and the first discontinuity in the time lags. This frequency,
along with frequencies that also feature drops in coherence, tend to
coincide with a change in the dominant PSD Lorentzians in both
bands. As noted in Vaughan & Nowak (1997), this change can
cause a loss of coherence; this is especially true if the origins of the
Lorentzians are independent (Wilkinson & Uttley 2009).

3.3 Wavelength dependence of sub-second lags

This is the first time that a wavelength dependence has been seen
on very short sub-second time-scales. To quantify this, we created
DCFs using 2 s segments of the light curve. We then implemented
bootstrapping, taking (with replacement) 10 000 samples of seg-
ments (with the same sample of segments used for each band). For
each iteration, we calculated a mean DCF, and recorded the peak of
the sub-second lag (±half a lag bin, i.e. ∼3 ms).

A linear trend was then fitted between peak lag and wavelength
for each iteration, and the mean, 16 per cent, and 84 per cent values
were calculated to be 3.15+1.43

−1.57 µs Å−1. Centroids were calculated
using methods similar to Koratkar & Gaskell (1991) and Gandhi
et al. (2017); for each iteration, we summed over all lags where
the DCF coefficients were 80 per cent of peak value. The standard
deviation was calculated for the entire distribution. A linear fit gave
a slope of 3.35 ± 3.03 µs Å−1. The results are shown in Fig. 3.

MNRASL 490, L62–L66 (2019)
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Multiwavelength timing of MAXI J1820+070 L65

Figure 3. Peak (open circles) and centroid (filled circles) lags of the sub-
second correlation peak. Best-fitting lines are shown in violet. Colours are
as described in Fig. 1.

When we plot time lags for each optical band, this same qualita-
tive wavelength dependence is present between Fourier frequencies
of 1 and 5 Hz. This can be seen in Fig. 2.

4 D ISCUSSION

Our observations have highlighted several intriguing features that
any interpretation needs to explain. These include: the sub-second
lag; the wavelength dependence of this lag; the broad anticorrela-
tion; the slow ∼+5 s positive correlation; the phase lags; and the
red flares seen in the light curve.

Many of these features have been seen before in LMXBs; sub-
second correlations have previously been found in XTE J1118+480
(Kanbach et al. 2001), GX 339-4 (Gandhi et al. 2008; Vincen-
telli et al. 2018), V404 Cyg (Gandhi et al. 2017), and Swift
J1357.2−0933 (Paice et al. 2019). XTE J1118+480 also showed
the wavelength dependence of such a feature, albeit on longer
time-scales (Hynes et al. 2003) and between the UV and X-
ray. Meanwhile, broad anticorrelations are common in LMXBs
(Kanbach et al. 2001; Durant et al. 2008; Pahari et al. 2017)
as well as red flares (Gandhi et al. 2008; Gandhi et al. 2016).
The very rapid times associated with these features allow direct
optical probes of processes very close in to the central engines
in LMXBs. The high-time resolution and wavelength coverage
offered by HiPERCAM/GTC, together with the X-ray bright-source
throughput of NICER, is unprecedented, and allows us to investigate
the models suggested for these earlier sources at a greater resolution
than before.

A scenario that explains many of the observed features is
synchrotron emission from internal shocks within a relativistic
compact jet. In this model, infalling matter emits X-rays close to
the black hole, and plasma shells are accelerated along a jet. These
shells, with speeds dependent on the variable inflow of matter, would
then collide and shocked material would emit in the optical and
infrared (Malzac 2013). The +165 ms lag would thus be the average
traveltime for the material between the X-ray corona (analogous
to the jet base, Markoff, Nowak & Wilms 2005) and the optical
emitting regions of the jet; assuming material travelling at light
speed, this corresponds to a maximum distance of roughly 4650 RG

(≡GM/c2) for an ∼7 M$ black hole (Torres et al. 2019). An optical
lag of ≈ 0.1 light-second appears, in fact, to be common in LMXBs
in the hard state (modulo factors of O(1) related to plasma velocity
and viewing geometry), and is likely to be constraining the elevation
of the first plasma acceleration zone above the black hole (Gandhi
et al. 2017).

What can the wavelength dependence tell us? A linear depen-
dence of characteristic emission wavelength with distance from the
central compact object (hence, time lag) is far from a novel result,
and is in fact a key prediction for the optically thick emitting zones
in compact jet theory (Blandford & Königl 1979); however, our
data only show a roughly 12 per cent change in lag over the probed
optical wavelength range; this is too shallow to be explained by such
a linear dependence. Similarly, our slope of ∼3.25 µs Å−1 is a factor
of 50 smaller from that found in XTE J1118+480 by Hynes et al.
(2003, 160 µs Å−1). This is too great a difference to be due to simple
length (and thus mass) scaling, and is consistent with the idea that
there are other factors that affect these lags, such as inner accretion
disc radius and magnetic field strength (Russell et al. 2013).

Instead, we may be seeing the first signs of stratification within
the innermost jet emitting zones. Emission here is expected to be
optically thin (e.g. Markoff et al. 2001; Russell et al. 2018), but
this is likely only true on average; colliding shocks would create
a distribution of velocity shears (Malzac 2013), with faster shocks
peaking at higher spectral frequencies (due to self-absorption) and
at slightly shorter lags than slower shocks – in qualitative agreement
with the wavelength-dependent trends shown in Figs 2 and 3. This
‘first shock dissipation zone’ has been modelled before (Ceccobello
et al. 2018 and references), but the precise time-resolved dissection
of data that we present is new, and further specific modelling of the
physics behind these lags is needed.

Our low-frequency phase lags support multiple models. The
phase lags encompass a range of absolute values between ∼π /2
and π , and are likely to comprise a mix of components. The
magnitudes of the corresponding time lags of ∼few –10 s are
associated with both the anticorrelation seen in the DCFs as well
as the slower positive correlation at ∼+5 s. A phase lag magnitude
of π corresponds to the observed anticorrelation. This could arise
from Doppler Boosting within the jet; for a given inclination, as
the jet Lorentz factor increases, the apparent luminosity of a jet
decreases due to relativistic beaming (see Malzac et al. 2018). This
leads to apparently less jet optical and infrared flux along the line
of sight. Both a high-inclination angle or a high jet Lorentz factor
could play roles here. Alternatively, a hot flow scenario could also
provide a self-consistent explanation (Narayan & Yi 1994); this is
suggested to be present in this source by both Veledina et al. (2019)
and Kajava et al. (2019). Here, an increase in mass accretion rate
would lead to increased X-ray flux, and a higher level of synchrotron
self-absorption. The latter would then lead to a drop in the optical
emission (Veledina, Poutanen & Vurm 2013). Finally, the long
positive correlation on optical lags of ∼+5–15 s could originate
in disc reprocessing, suggested by both Paice et al. (2018) and
Kajava et al. (2019). Multiwavelength modelling and assessment of
this scenario will help to constrain the disc extension, and should
be carried out in future work.

In Section 1, we noted that LMXB emission is considered to
be a mixture of processes. The data are not only consistent with
elements of each of those, but implies multiple components; from
the Fourier analysis, features above 0.2 Hz would be caused by a jet,
while those below would be related to accretion variability from the
hot flow and disc (Churazov; Gilfanov & Revnivtsev 2001; Done;
Gierliński & Kubota 2007; Wilkinson & Uttley 2009).

MAXI J1820+070 was the brightest LMXB transient in 2018,
and studies of its multiwavelength emission will undoubtedly
continue to prove valuable. Here, we have presented a first look
in the richness of information available on millisecond time-scales.
We find a novel multiband time-lag trend with wavelength, but also
noted that many results echo similar findings in systems like GX

MNRASL 490, L62–L66 (2019)
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The jet as a low-pass filter
Vincentelli et al. 2019 GX 339−4, Kₛ

P. Casella  ·  Fast multiwavelength variability from X-ray binaries  ·  The many tones of accretion, Cefalù, 9 Sep 2026

First multi-epoch fast X-ray/IR campaign on GX 339−4 
(2015 decay)

The same ~0.1 s IR lag (‘f course)

The X-ray PSD evolves normally — the break tracks 
the accretion flow.

The IR PSD stays there: high-frequency break 
consistent with being CONSTANT ~0.6 Hz

The jet imposes its own characteristic timescales

Vincentelli,PC+2019
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from that of the X-ray high-frequency component. At the same
time, the time lags show that the variability in the two bands is
correlated over a broad range of frequencies, including those
above the IR high-frequency break (Figure 2), which implies
the two signals are not independent.

We note that, so far, all the reported fast-photometry O-IR
observations of GX 339–4 have revealed a high-frequency
component at similar frequencies as reported here, although
never in the same outburst (Casella et al. 2010; Gandhi et al.
2010; Kalamkar et al. 2016; Vincentelli et al. 2018). This might
suggest that this frequency is indeed constant, but further
observations, especially longer monitoring campaigns, will be
needed to confirm this.

In the following, we discuss the implications of these results
in the context of possible physical scenarios.

4.1. Outer Disk

The observed stability of the IR high-frequency component
could be easily explained if the observed IR variability were
dominated by reprocessing of the X-ray emission from the
outer disk. The maximum IR frequency would be then related
to the disk response function, which is not expected to change
with time.
However, the lags we measure are too small to be consistent

with the travel time from the X-ray-emitting inner regions of
the flow to the IR-emitting outer regions of the disk (or even
negative; see Figure 2, lower panel). Additionally, the same
0.1 s delay has been already reported a few times for this
source, and in those cases a thermal origin (Gandhi et al.
2008, 2017; Casella et al. 2010) had been robustly excluded.
Thus, we conclude that the reprocessing scenario can be
securely discarded.

4.2. Hot Inflow

We consider here the hypothesis that the whole IR variable
emission comes from a magnetized inflow, and that the
evolution of the X-ray PSD is interpreted in terms of
interference between two Comptonization continua (Veledina
et al. 2013; Veledina 2016). The observed IR variable emission
would then correspond to the seed synchrotron photons emitted
before the Comptonization takes place in the hot inflow, and
therefore can be interpreted as a proxy for the mass accretion
rate. A slow decay of all the IR characteristic frequencies could
then be associated with a slowly evolving geometry of the
accretion inflow (Ingram & Done 2012; Ingram et al. 2016). To
maintain a constant O-IR high-frequency component within
this scenario would require that the magnetized inflow extends
beyond ≈50 Schwarzschild radii (or 100 gravitational radii,
RG=GM/c2) during the entire re-brightening phase. Most of
the IR flux as well as variability in the magnetized inflow
model originate within a region of this size (Veledina et al.
2013). On the other hand, we clearly see a rise in IR flux as the
source evolves through our hard state observations (see
Figure 1). Therefore, under this same scenario, O-IR flux
changes cannot be attributed solely to a change in the size of
the hot inflow (see, e.g., Poutanen et al. 2014).
It is also relevant that in the hard state of GX339–4 and

other BHXRBs, the soft X-ray blackbody-like emission
thought to originate from the geometrically thin, optically
thick accretion disk is seen to vary significantly and also lead
the correlated X-ray power-law variations, over the timescale
range covered by the low- and high-frequency breaks observed
here (Wilkinson & Uttley 2009; De Marco et al. 2015; De
Marco et al. 2017). For geometrically thin disks, such relatively
short (seconds) timescales of large-amplitude (tens of percent)
disk continuum variability, presumably generated on the local
viscous timescale, would be difficult to explain if the disk
emission originates at >100 RG, as would be implied by the
hot-inflow model as presented in Veledina et al. (2013). On the
other hand, on even shorter variability timescales (>1 Hz),
blackbody “reverberation lags” are seen, some of which, if
simply interpreted as light-travel times, could be consistent
with such large radii (De Marco et al. 2017), but interpretation
of such lags is complex, as their combination with the
continuum lags is not simply additive (e.g., see Mastroserio
et al. 2019 for the case of Fe K reverberation plus continuum
lags in BHXRBs).

Figure 2. Results from the Fourier analysis of the strictly simultaneous
observation on 2015 September 17. Top panels: PSDs computed with 1024
(IR) and 16384 (X-ray) bins per segments. The dotted lines indicate the
Lorentzian components used to model the PSDs. The gray curves represent the
PSDs measured on the last epochs of the campaign, namely, on 2015 October 3
(X-rays) and September 30 (IR), for comparison. Bottom panel: frequency-
dependent time lags, computed with 128 bins per segment. Positive lags imply
IR lagging the X-rays.
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Model I: internal shocks in the jet

ISHEM — Malzac+2013, 2014, 2018

X-rays from inflow

Accretion rate fluctuations enter the jet

Differential shell speed    ⇒ internal shocks

⇒ Variable synchrotron emission (optical à radio)
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First detections -> fluctuations from the inflow go into the jet

New model for jet in LMXBs: internal shocks!

O-IR QPOs and fast variability

0.1s lag translates to 10³⁻⁴ Rg in the jet

A jet model for the IR variability of GX 339-4 2065

Figure 9. Panel (a): Comparison of the PSD of model B to the observation
of K16. The blue curve shows the X-ray PSD which also corresponds to
the PSD of the jet Lorentz factor fluctuations with QPO features subtracted.
The red curve shows the model IR PSD. The data are shown in black. The
normalization of the observed IR PSD is multiplied by a factor of 10. The
other panels display a comparison of the X-ray versus IR coherence and lags
spectra of the fiducial model to the observation of K16. The red curve shows
the model coherence (panel b), phase lags (panel c), and absolute value of
time lags (panel d). The data are shown in black.

Figure 10. Dependence of the synthetic PSD on the photon frequency. The
parameters are those of the fiducial model B also shown in Fig. 9. The
various curves show the synthetic PSD calculated at photon frequencies of
1.4 × 1011 Hz, 4.3 × 1011 Hz, 1.4 × 1012 Hz, 4.3 × 1012 Hz, 1.4 × 1013

Hz, 4.3 × 1013, 1.4 × 1014 Hz, and 1.4 × 1014 Hz as labelled.

Figure 11. Dependence of the synthetic QPOs on the quality factor param-
eter Q. The other model parameters are those of the fiducial model B also
shown in Fig. 9.

energy density in the jet increases. However, changing the jet ki-
netic power has negligible effects on the shell collisions and the
(normalized) shock dissipation profile along the jet is practically
unchanged. The only difference is that our reference band (let us
say the IR band) now probes larger distances in the jet. Therefore,
we will observe longer time-scales in the IR PSD and lags. In the
end, in terms of timing properties, the effect of changing the jet
power and observing at a fixed frequency is almost equivalent to
observing the jet at different frequencies (as in Fig 10). The same
can be said for most of the model parameters such as the jet opening
angle, for example. Indeed, when these parameters are varied, the
fixed observed frequency will probe radiation coming from different
regions of the jet and this will affect the timing properties.

Let us now consider a different set of these parameters that pro-
duce exactly the same model SED. This is the situation that we have
with GX 339-4: we have a fixed observed SED that the model can
fit with many different combinations of parameters. In general, the
changes in the different parameters combine so that the IR band al-
ways probes the same region of the jet and the IR timing properties

MNRAS 480, 2054–2071 (2018)
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Model II: the magnetised hot flow
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Veledina+ 2011, 2013, 2017

The Astrophysical Journal Letters, 737:L17 (5pp), 2011 August 10 Veledina, Poutanen, & Vurm
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Figure 2. Results of simulations for the model with the exponential disk response function with τ1 = 0.1 and τ2 = 1.0, and rds = 1.3. (a) The PSDs of the X-ray
(double-broken PSD, thick solid line) and optical light curves (thin solid line). Three terms contributing to the optical PSD (see Equation (8)) are also shown:
synchrotron (dashed line), disk (dotted line), and the cross term (positive contribution is shown by the dot-dashed line and the negative contribution by the long-dashed
line). (b) The CCFs, (c) the phase lags, and (d) the time lags corresponding to the synchrotron/X-rays (rds = 0, dashed line), reprocessed disk component/X-rays
(rds → ∞, dotted line), and the combined optical/X-rays (solid line).
(A color version of this figure is available in the online journal.)

optical light curve can be represented as

δo(t) = rmss

rmsx

s̄

ō



−δx(t) + rds

t∫

−∞

δx(t ′)r(t − t ′)dt ′



 , (4)

where we introduced the ratio of the absolute contributions of
the disk and the synchrotron to the variable optical component
(with the assumption of a δ-function response):

rds = rmsx

rmss

d̄

s̄
. (5)

As follows from Equation (4), the optical/X-ray CCF contains
two terms: one arising from synchrotron (it is just an ACF of
the X-rays with a negative sign) and another from the disk.

The Fourier transforms4 for the optical light curves are
the sum of the synchrotron S(f ) ∝ −X(f ) and the disk
D(f ) = X(f )R(f ) transforms, and according to Equation (4)
can be represented as

O(f ) = S(f ) + D(f ) ∝ X(f ) [−1 + rdsR(f )] . (6)

The optical/X-ray cross-spectrum is proportional to the X-ray
power spectral density (PSD, PX)

C(f ) = X∗(f )O(f ) ∝ PX(f ) [−1 + rdsR(f )] . (7)

Its phase is the phase lag ∆φ(f ) and the time lag is ∆t(f ) =
∆φ(f )/2πf . The optical PSD consists of three terms: the
synchrotron term, the disk term, and a cross term

PO(f ) ∝ PX(f )
{
1 + r2

ds |R(f )|2 − 2rdsRe [R(f )]
}
. (8)

4 The Fourier transforms corresponding to δx(t), δo(t), δs(t), δd(t), and r(t)
are denoted as X(f ), O(f ), S(f ), D(f ), and R(f ), respectively, with f being
the Fourier frequency.

The model is fully determined by the rms in the X-ray and
optical bands (rmsx and rmso), the ratio rds, the disk response
function r(t), and the shape of the X-ray PSD.5

3.2. Examples

For an illustration, we choose the double-broken power-law
X-ray PSD, PX(f ) ∝ f 0, f −1, and f −2 with the breaks at 0.1
and 1.0 Hz. This shape is typical for BHBs in their hard state
(Gilfanov et al. 1999; Revnivtsev et al. 2001; Axelsson et al.
2005; Gandhi et al. 2008). We take rmsx = 1.0 and rmso = 0.3
and consider a simple exponential response function

r(t) =
{

exp [−(t − τ1)/τ2] /τ2, t ! τ1,
0, t < τ1,

(9)

where τ1 corresponds to the delay time of the disk response
and τ2 is the response width. The corresponding Fourier image
is R(f ) = exp(ix1)/(1 − ix2), where xk = 2πf τk . We take
τ1 = 0.1 s and τ2 = 1 s. The results of simulations are shown
in Figure 2.

Contributions of different terms and the total PSDs are
shown in Figure 2(a). The synchrotron term (the first term
in Equation (8)) has the same shape as the X-ray PSD, the
disk (the second term in Equation (8)) acts as a low-pass filter,
and the cross term (the last term in Equation (8)) changes
sign, giving positive contribution to the high-frequency part and
negative contribution to the low-frequency part. The combined
contribution of the two (synchrotron and disk) components to the
optical light curve strongly suppresses the low-frequency power
(as they vary in anti-phase) and increases the high-frequency

5 We choose such a PSD normalization so that the integral over positive
frequencies gives the square of relative rms of the light curve (Miyamoto &
Kitamoto 1989)

∫
PX(f )df = rms2

x.
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Figure 3. (a) Optical/X-ray CCFs (shifted vertically for clarity), arbitrary normalized (b) X-ray and (c) optical PSDs, (d) optical/X-ray phase lags from
different outburst stages top to bottom: 2005 July 6 (epoch 1, black lines, dotted line in panel d), July 7 (epoch 2, red, short-dashed), August 9 (epoch 3, green,
solid), 2007 June 13 (epoch 4, blue, long-dashed) and 2008 August 10 (epoch 5, magenta, dot–dashed). Positive time lags in panel (a) correspond to lag of
optical photons and dotted lines indicate zero level for each CCF. We subtract 2π from the 2005 August 9 phase lag spectrum in panel (d) at frequencies below
∼0.07 Hz for clarity. The evolution of CCF shape is apparent.

The change of the seed photon source can explain substantial
spectral hardening at the initial stages of the outburst, together with
almost constant hardness at later stages (see Fig. 2). The truncated
disc scenario is also supported by the lack of the broad iron line
component and weak reflection (Kolehmainen, Done & Dı́az Trigo
2014; Tomsick et al. 2015). Spectral fitting reveals a weak soft
component, referred to as the soft excess, in almost all spectra
(Chiang et al. 2010), which could be attributed to the standard
accretion disc going down to innermost stable circular orbit. Its
spectral properties, however, were found to contradict this picture,
in particular its temperature is found to be stable throughout the
outburst (Kajava et al. 2016).

Infrared/optical spectral energy distribution is well described by
a power law with Fν ∝ ν1 (Froning et al. 2014; Rahoui et al. 2015;
Tomsick et al. 2015), which is consistent with the synchrotron emis-
sion from the stratified hot flow (Veledina, Poutanen & Vurm 2013a;
Poutanen, Veledina & Revnivtsev 2014). Interestingly, the object re-
cently demonstrated several short incursions into the soft state at
very low luminosities (Yoshikawa et al. 2015; Shaw et al. 2016a),
challenging the simple one-to-one relation of the disc truncation
radius and the X-ray luminosity. The accretion history is likely an
important factor in such relations.

In this paper, we present the study of the evolution of the variabil-
ity properties in SWIFT J1753.5−0127. We show that the temporal
characteristics of the source can be explained by the expanding
hot accretion flow, which emits in the optical through X-rays. We
investigate the evolution of power spectral densities (PSDs), cross-
correlation functions (CCFs) and phase lag spectra and find that the
optical emission can arise from simple reprocessing at the outburst
peak, that it has an additional synchrotron component in the out-
burst tail, and that the decline stage can also be reproduced if the
X-rays are produced by both synchrotron and disc Comptonization.
Our findings support a picture where the cold accretion disc is re-
ceding towards the tail of the outburst, and a hot accretion flow is
developing within its truncation radius.

2 DATA

We reanalyse the optical data obtained on 2005 July 6 and 7 with
the Argos CCD photometer on the McDonald Observatory 2.1-m
telescope (Nather & Mukadam 2004), on 2005 August 9 with
the FORS2 instrument on the Very Large Telescope/UT2 tele-
scope using High Time Resolution fast imaging mode (O’Brien
2008) and on 2007 June 13 and 2008 August 10 with
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Figure 3. Optical/X-ray cross-correlation functions (i.e. a peak/trough at 
positive lags means that the optical flux lags the X-ray flux). The CCFs 
shown are the average CCF computed from multiple 10-s segments. The light 
curves were binned to roughly match the lowest time resolution (epoch 5, 
43 Hz) in order to better compare CCF coefficient values (except for u s in 
epochs 1–3 and 5, due to their significantly lower time resolution). Standard 
errors, av eraged o v er the plotted range, are shown. Far left : Timeline of the 
outburst – see Fig. 2 caption. 

Figure 4. Same as in Fig. 3 , but the CCFs are created from 2-s segments 
instead. This allows us to better compare the rapid variability and shows that 
the sub-second peak at positive lags is present in a similar place in every 
single band and epoch. 
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Fig. 2. Infrared/X-ray cross-correlation functions for the first (left) and second (right) epoch, both calculated and plotted with a 62.5 ms time
resolution. Positive lags mean that IR lag X-rays. A clear correlation is detected in the first epoch, with a peak at ⇡�0.13 s. The CCF of the second
epoch shows a complex structure, with multiple anti-correlation and correlation features. As shown by the sinusoidal wave (with a period of 4 s),
most of the peaks seem to be associated with the QPO at 0.25 Hz visible in the IR PDS (Fig. 3)

with the up-to-date calibration files. We searched for possible
intervals of flaring particle background by extracting the single
event (pattern=0) high-energy (10.0–12.0 keV) light curve, but
found none. We then filtered the PN data by retaining only events
with pattern 4 (single and double pixel pattern only) and falling
in the region RAWX range [30:46]. Finally, we barycentred the
PN photon-arrival times using the barycen tool and adopting
DE-405 Solar System ephemeris. Spectral fitting with a sim-
ple power-law model results in a 2–10 keV unabsorbed flux of
FX ⇠ 4 ⇥ 10�10 ergs/s/cm2 (corresponding to a luminosity of
LX ⇠ 3 ⇥ 1036 ergs/s at 8 kpc). A light curve was extracted with
a time resolution of 1 ms in the 0.5�10 keV energy range. We
verified that extracting the light curve only above 2 keV does not
significantly a↵ect the results, and therefore we decided to retain
the full energy selection to optimise the throughput.

Both X-ray light curves were barycentred to the Solar Sys-
tem barycentre using standard HEASoft tools. The resulting
curves were then rebinned to match and align to the simultane-
ous IR time series. The absolute time accuracy of RXTE and
XMM-Newton is 2.5 and 48 µs, respectively (Jahoda et al. 2006;
Martin-Carrillo et al. 2012).

3. Analysis

3.1. Cross-correlation function

To quantify the correlation between the X-ray and IR bands, we
computed the cross-correlation function (CCF) between the two
time series –normalized by the product of standard deviation in
each band– using the procedure described in Gandhi et al. (2010)
at the maximum available time resolution of 62.5 ms. The instru-
ments and the barycentre-correction method used for this work
allow us to measure lags with a timing accuracy of a few tens
of milliseconds. The two CCFs (Fig. 2) reveal a clear di↵er-
ence between the two epochs. The first epoch has a single peak
structure that is similar to that observed in other sources (e.g.
Casella et al. 2010), except for the fact that it peaks at slightly
negative lags, indicating an IR lead. We quantify the position
of the peak of the lag fitting a single Lorenztian function to the
CCF between �2 s and 2 s, obtaining a peak lag of �0.13±0.03 s.

The second CCF instead has a more complex structure: an anti-
correlation dip at negative lags between about �6 s and 0 s is
followed by a peak of correlation between ⇠0 s and ⇠10 s. Both
the dip and the peak are structured in what appear to be multiple
subpeaks. Closer inspection reveals that these subpeaks are con-
sistent with being equally spaced, with a periodicity of 4 s. We
tested this by fitting a sinusoidal function to the CCF, shown in
Fig. 2. This is consistent with the presence in the two bands of
a correlated quasi-periodic oscillation at about 0.25 Hz, which
is confirmed by the power spectral analysis of the IR time series
(see the following subsection). In both epochs, we assessed sta-
tionarity by dividing each exposure into two halves. The CCFs
calculated independently for the two halves of each epoch do not
reveal any significant di↵erence, confirming that the time series
are stationary.

3.2. Power spectral analysis

To evaluate the Fourier cross-spectral products, we followed the
procedure described by Uttley et al. (2014). For both epochs, we
computed the discrete Fourier transform using 512 bins per seg-
ment and a rebinning logarithmic factor of 1.2 (each bin is 20%
longer than the previous one).

The X-ray and IR power density spectra (PDSs) in frac-
tional squared root-mean-square units (Miyamoto et al. 1991)
are shown in Fig. 3. Counting noise was subtracted from the X-
ray PDSs but not from the IR PDSs. This is because we found
a blue noise component in the PDS of both the target and com-
parison star, along with spurious instrumental spikes, at frequen-
cies higher than ⇡1 Hz (see Fig. A.1 and the discussion in the
Appendix A). Because of this, and also owing to their low statis-
tics, we do not model the PDSs. Nevertheless, we note that an
uncorrelated noise component will not a↵ect the measurement
of the lags, only the amplitude of the CCF (or equivalently the
Fourier cross-spectral coherence). We note however that the IR
PDS of the second epoch (Fig. 3 top right panel) shows an excess
at 0.25 Hz. This frequency is consistent with the periodicity
observed in the CCF (Fig. 2, right panel). We quantify this fea-
ture by fitting it with a Lorentzian and modelling the surround-
ing continuum with a simple power law. We find that the QPO is
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Fig. 2. Infrared/X-ray cross-correlation functions for the first (left) and second (right) epoch, both calculated and plotted with a 62.5 ms time
resolution. Positive lags mean that IR lag X-rays. A clear correlation is detected in the first epoch, with a peak at ⇡�0.13 s. The CCF of the second
epoch shows a complex structure, with multiple anti-correlation and correlation features. As shown by the sinusoidal wave (with a period of 4 s),
most of the peaks seem to be associated with the QPO at 0.25 Hz visible in the IR PDS (Fig. 3)

with the up-to-date calibration files. We searched for possible
intervals of flaring particle background by extracting the single
event (pattern=0) high-energy (10.0–12.0 keV) light curve, but
found none. We then filtered the PN data by retaining only events
with pattern 4 (single and double pixel pattern only) and falling
in the region RAWX range [30:46]. Finally, we barycentred the
PN photon-arrival times using the barycen tool and adopting
DE-405 Solar System ephemeris. Spectral fitting with a sim-
ple power-law model results in a 2–10 keV unabsorbed flux of
FX ⇠ 4 ⇥ 10�10 ergs/s/cm2 (corresponding to a luminosity of
LX ⇠ 3 ⇥ 1036 ergs/s at 8 kpc). A light curve was extracted with
a time resolution of 1 ms in the 0.5�10 keV energy range. We
verified that extracting the light curve only above 2 keV does not
significantly a↵ect the results, and therefore we decided to retain
the full energy selection to optimise the throughput.

Both X-ray light curves were barycentred to the Solar Sys-
tem barycentre using standard HEASoft tools. The resulting
curves were then rebinned to match and align to the simultane-
ous IR time series. The absolute time accuracy of RXTE and
XMM-Newton is 2.5 and 48 µs, respectively (Jahoda et al. 2006;
Martin-Carrillo et al. 2012).

3. Analysis

3.1. Cross-correlation function

To quantify the correlation between the X-ray and IR bands, we
computed the cross-correlation function (CCF) between the two
time series –normalized by the product of standard deviation in
each band– using the procedure described in Gandhi et al. (2010)
at the maximum available time resolution of 62.5 ms. The instru-
ments and the barycentre-correction method used for this work
allow us to measure lags with a timing accuracy of a few tens
of milliseconds. The two CCFs (Fig. 2) reveal a clear di↵er-
ence between the two epochs. The first epoch has a single peak
structure that is similar to that observed in other sources (e.g.
Casella et al. 2010), except for the fact that it peaks at slightly
negative lags, indicating an IR lead. We quantify the position
of the peak of the lag fitting a single Lorenztian function to the
CCF between �2 s and 2 s, obtaining a peak lag of �0.13±0.03 s.

The second CCF instead has a more complex structure: an anti-
correlation dip at negative lags between about �6 s and 0 s is
followed by a peak of correlation between ⇠0 s and ⇠10 s. Both
the dip and the peak are structured in what appear to be multiple
subpeaks. Closer inspection reveals that these subpeaks are con-
sistent with being equally spaced, with a periodicity of 4 s. We
tested this by fitting a sinusoidal function to the CCF, shown in
Fig. 2. This is consistent with the presence in the two bands of
a correlated quasi-periodic oscillation at about 0.25 Hz, which
is confirmed by the power spectral analysis of the IR time series
(see the following subsection). In both epochs, we assessed sta-
tionarity by dividing each exposure into two halves. The CCFs
calculated independently for the two halves of each epoch do not
reveal any significant di↵erence, confirming that the time series
are stationary.

3.2. Power spectral analysis

To evaluate the Fourier cross-spectral products, we followed the
procedure described by Uttley et al. (2014). For both epochs, we
computed the discrete Fourier transform using 512 bins per seg-
ment and a rebinning logarithmic factor of 1.2 (each bin is 20%
longer than the previous one).

The X-ray and IR power density spectra (PDSs) in frac-
tional squared root-mean-square units (Miyamoto et al. 1991)
are shown in Fig. 3. Counting noise was subtracted from the X-
ray PDSs but not from the IR PDSs. This is because we found
a blue noise component in the PDS of both the target and com-
parison star, along with spurious instrumental spikes, at frequen-
cies higher than ⇡1 Hz (see Fig. A.1 and the discussion in the
Appendix A). Because of this, and also owing to their low statis-
tics, we do not model the PDSs. Nevertheless, we note that an
uncorrelated noise component will not a↵ect the measurement
of the lags, only the amplitude of the CCF (or equivalently the
Fourier cross-spectral coherence). We note however that the IR
PDS of the second epoch (Fig. 3 top right panel) shows an excess
at 0.25 Hz. This frequency is consistent with the periodicity
observed in the CCF (Fig. 2, right panel). We quantify this fea-
ture by fitting it with a Lorentzian and modelling the surround-
ing continuum with a simple power law. We find that the QPO is
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Fig. 2. Infrared/X-ray cross-correlation functions for the first (left) and second (right) epoch, both calculated and plotted with a 62.5 ms time
resolution. Positive lags mean that IR lag X-rays. A clear correlation is detected in the first epoch, with a peak at ⇡�0.13 s. The CCF of the second
epoch shows a complex structure, with multiple anti-correlation and correlation features. As shown by the sinusoidal wave (with a period of 4 s),
most of the peaks seem to be associated with the QPO at 0.25 Hz visible in the IR PDS (Fig. 3)

with the up-to-date calibration files. We searched for possible
intervals of flaring particle background by extracting the single
event (pattern=0) high-energy (10.0–12.0 keV) light curve, but
found none. We then filtered the PN data by retaining only events
with pattern 4 (single and double pixel pattern only) and falling
in the region RAWX range [30:46]. Finally, we barycentred the
PN photon-arrival times using the barycen tool and adopting
DE-405 Solar System ephemeris. Spectral fitting with a sim-
ple power-law model results in a 2–10 keV unabsorbed flux of
FX ⇠ 4 ⇥ 10�10 ergs/s/cm2 (corresponding to a luminosity of
LX ⇠ 3 ⇥ 1036 ergs/s at 8 kpc). A light curve was extracted with
a time resolution of 1 ms in the 0.5�10 keV energy range. We
verified that extracting the light curve only above 2 keV does not
significantly a↵ect the results, and therefore we decided to retain
the full energy selection to optimise the throughput.

Both X-ray light curves were barycentred to the Solar Sys-
tem barycentre using standard HEASoft tools. The resulting
curves were then rebinned to match and align to the simultane-
ous IR time series. The absolute time accuracy of RXTE and
XMM-Newton is 2.5 and 48 µs, respectively (Jahoda et al. 2006;
Martin-Carrillo et al. 2012).

3. Analysis

3.1. Cross-correlation function

To quantify the correlation between the X-ray and IR bands, we
computed the cross-correlation function (CCF) between the two
time series –normalized by the product of standard deviation in
each band– using the procedure described in Gandhi et al. (2010)
at the maximum available time resolution of 62.5 ms. The instru-
ments and the barycentre-correction method used for this work
allow us to measure lags with a timing accuracy of a few tens
of milliseconds. The two CCFs (Fig. 2) reveal a clear di↵er-
ence between the two epochs. The first epoch has a single peak
structure that is similar to that observed in other sources (e.g.
Casella et al. 2010), except for the fact that it peaks at slightly
negative lags, indicating an IR lead. We quantify the position
of the peak of the lag fitting a single Lorenztian function to the
CCF between �2 s and 2 s, obtaining a peak lag of �0.13±0.03 s.

The second CCF instead has a more complex structure: an anti-
correlation dip at negative lags between about �6 s and 0 s is
followed by a peak of correlation between ⇠0 s and ⇠10 s. Both
the dip and the peak are structured in what appear to be multiple
subpeaks. Closer inspection reveals that these subpeaks are con-
sistent with being equally spaced, with a periodicity of 4 s. We
tested this by fitting a sinusoidal function to the CCF, shown in
Fig. 2. This is consistent with the presence in the two bands of
a correlated quasi-periodic oscillation at about 0.25 Hz, which
is confirmed by the power spectral analysis of the IR time series
(see the following subsection). In both epochs, we assessed sta-
tionarity by dividing each exposure into two halves. The CCFs
calculated independently for the two halves of each epoch do not
reveal any significant di↵erence, confirming that the time series
are stationary.

3.2. Power spectral analysis

To evaluate the Fourier cross-spectral products, we followed the
procedure described by Uttley et al. (2014). For both epochs, we
computed the discrete Fourier transform using 512 bins per seg-
ment and a rebinning logarithmic factor of 1.2 (each bin is 20%
longer than the previous one).

The X-ray and IR power density spectra (PDSs) in frac-
tional squared root-mean-square units (Miyamoto et al. 1991)
are shown in Fig. 3. Counting noise was subtracted from the X-
ray PDSs but not from the IR PDSs. This is because we found
a blue noise component in the PDS of both the target and com-
parison star, along with spurious instrumental spikes, at frequen-
cies higher than ⇡1 Hz (see Fig. A.1 and the discussion in the
Appendix A). Because of this, and also owing to their low statis-
tics, we do not model the PDSs. Nevertheless, we note that an
uncorrelated noise component will not a↵ect the measurement
of the lags, only the amplitude of the CCF (or equivalently the
Fourier cross-spectral coherence). We note however that the IR
PDS of the second epoch (Fig. 3 top right panel) shows an excess
at 0.25 Hz. This frequency is consistent with the periodicity
observed in the CCF (Fig. 2, right panel). We quantify this fea-
ture by fitting it with a Lorentzian and modelling the surround-
ing continuum with a simple power law. We find that the QPO is
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Fig. 1. Hardness-intensity diagram (left) and light curve (right) of the BHT Swift J1753.5–0127 during its ⇠10 year-long outburst that started in
2005. The black points represent the RXTE/PCA data: the count rate is in the energy range 2 � 15 keV, while the hardness is the ratio between
the rates in the 4 � 9 keV and the rates in the 2 � 4 keV energy ranges. The grey points represent the MAXI data (2 � 15 keV). The blue points
indicate the five epochs of optical fast photometry considered in Veledina et al. (2017), while the red triangles indicate the two epochs of IR fast
photometry reported in this work. The position of the second IR epoch in the HID and its error bars were estimated from the MAXI scaled count
rate and from the ratio (not reported here) between the Swift/BAT and the MAXI scaled count rates and should only be considered as indicative of
the approximate position of the source in the HID in that epoch, given the low signal-to-noise ratio of both the MAXI and BAT data. We note that
the soft excursions of the source in the HID (reaching values as low as 0.3) have not been plotted for clarity of visualization (see Bu et al. 2019,
for a full-scale representation of the HID).

Table 1. Infrared and X-rays observations of SWIFT J1753.5–0127

MJD Date Time Interval (UT)
Infrared X-rays

54693 15 Aug 2008 02:40 – 05:35 02:50 – 04:58
56180-1 10–11 Sep 2012 23:54 – 02:43 17:52 – 04:24

089.C-0996): we refer to these dates as the first and second
epoch, respectively. The data were acquired using the KS fil-
ter with the Infrared Spectrometer And Array Camera (ISAAC)
(Moorwood et al. 1998) mounted on the 8.2 m UT1/Antu tele-
scope. The detector was windowed to 256 ⇥ 256 pixels to
reduce the time resolution to 62.5 ms. The data acquired by
the instrument were stored in cubes, that is, groups of frames
(Nframes = 995) collected consecutively over a given time inter-
val (i.e. ⇠62 s), with ⇠3 s gaps in between. The weather condi-
tions of both observations were similar, with an average seeing
of around 0.700. The absolute time accuracy is of the order of 10
milliseconds (the readout time of the detector).

The chosen 3800 ⇥ 3800 field of view contains the target, a
brighter ‘reference’ star (KS = 13.19±0.03), located 28.200 south
of our target (which we used to reduce the impact of atmospheric
turbulence on our light curves), and two faint ‘comparison’ stars
(KS = 16.12 ± 0.07 and KS = 16.68 ± 0.11) located about 1500
southwest and southeast of our target, respectively, which we
used to optimise the extraction parameters. The ULTRACAM
pipeline1 was used for the data reduction.

1 https://cygnus.astro.warwick.ac.uk/phsaap/software/
ultracam/html/index.html.

We found an average magnitude for our target during the first
(second) epoch of KS = 14.95 ± 0.05 mag (15.05 ± 0.06 mag),
corresponding to a flux of F = 0.70±0.03 (0.64±0.04) mJy. We
did not correct these values for interstellar absorption.

Before performing the timing analysis, the IR light curves
were barycentred to the Solar System barycentre using custom-
developed MATLAB software (Ambrosino et al., in prep.).
Given the relevance of this correction and the possible impact
on our results of any inaccuracy, we cross-checked our barycen-
tric correction with another software package 2 and found no
significant di↵erences.

2.2. X-ray data

We observed Swift J1753.5–0127 in the X-ray band simultane-
ously with the IR data in both epochs. The total exposure of the
first observation obtained with the Proportional Counter Array
(PCA) on board the Rossi X-ray Timing Explorer (RXTE) satel-
lite was ⇠3.5 ks (ObsIds: 93105-01-57-00, 93105-01-57-01).
Spectral fitting with a simple power-law model results in a 2–
10 keV unabsorbed flux of FX ⇠ 10�9 ergs/s/cm2 (corresponding
to a luminosity of LX ⇠ 7.7⇥ 1036 ergs/s at 8 kpc). A light curve
was extracted in the 2� 15 keV energy range with a time resolu-
tion of 15.625 ms (1/64 s) using standard HEADAS 6.5.1 tools.

In the second epoch, the source was observed for 36 ks
with the Epic-pn (PN in the following) camera on board the
XMM-Newton satellite operated in TIMING mode (ObsID:
0691740201). We filtered and screened the PN data using the
Science Analysis Software (SAS, Gabriel et al. 2004) v. 19.0.0

2 https://astroutils.astronomy.osu.edu/time/utc2bjd.
html
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Fig. 4. Optical/X-ray cross-correlation functions for the third (top) and
fifth (bottom) optical epoch (from Veledina et al. 2017).

significant at the ⇡2.5� level, with a fractional rms of 2.0±0.4%.
We note the possible presence of a modulation in the CCF that
would be consistent with being associated with the QPO. We did
not perform any deeper statistical analysis of the significance of
this feature, as this is beyond the scope of this work.

3.3. Cross-spectral analysis

We computed the cross-spectrum for both epochs using the
recipe reported in Uttley et al. (2014), keeping the same num-
ber of segments and rebinning factor as for the PDS described in
the previous section. We then extracted the time-lags, phase-lags,
and raw coherence for the two epochs, shown in Fig. 3. Positive
lags imply that the IR band lags the X-rays. We did not attempt
to compute the intrinsic coherence owing to the presence of a
blue component in the PDS, which prevents a reliable estimate
of the overall noise. The strong di↵erences observed in the CCFs
of the two epochs are also reflected in the frequency domain.

During the first epoch (Fig. 3, left panel), the phase lags are
negative over almost the entire frequency range, albeit with large
uncertainties that make almost all data points compatible with
zero lag. However, we note that the centroid and width of the
CCF peak are roughly consistent with the IR lead that is observ-
able at ⌫ ⇠ 1 Hz, as expected.

During the second epoch (Fig. 3, right panel), the phase lag
spectrum instead has a di↵erent structure. The lags are nearly
constant at ⇠2 rad at low frequencies, up to ⇠0.7 Hz where the
lags change sign abruptly. Such a discontinuity suggests that the
signal underwent phase wrapping. This is confirmed by shifting
the phase lags above 0.7 Hz by 2⇡ (grey points in the figure),

which reveals a smooth evolution up to at least 2 Hz, where fur-
ther phase wrapping probably appears and randomises the lags.

4. Discussion

We analysed two epochs of simultaneous IR and X-ray fast pho-
tometry of the black-hole transient Swift J1753.5–0127 during
the late stages of its very long 2005 discovery outburst. In both
epochs we detect correlated variability between the two time
series, but with remarkably di↵erent properties. During the first
epoch, we find that the IR variability leads the X-ray variability
by ⇠130 ms, as evident both in the CCF and in the frequency-
dependent lags. In the second epoch, the correlation between the
time series is more complex, with di↵erent lags appearing at dif-
ferent frequencies, suggesting the presence of multiple compo-
nents.

Multiple epochs of simultaneous optical and X-ray fast pho-
tometry of Swift J1753–0127 were reported by several authors
(Durant et al. 2008; Hynes et al. 2009; Durant et al. 2009, 2011),
and their complex behaviour is summarised and discussed in
Veledina et al. (2017) in the context of a self-consistent physi-
cal scenario with multiple components and several parameters:
an expanding hot accretion flow with multiple synchrotron and
Comptonization components, a variable contribution from ther-
mal disc reprocessing and –whenever present– a contribution
from a QPO. The five epochs discussed by these authors are
shown in Fig. 1. In the following, we discuss possible interpreta-
tions of the newly found behaviour and test the hot-flow scenario
against the new data.

4.1. First epoch

We find the IR variability to lead over the X-ray variability,
and therefore we can safely rule out a jet and a reprocessing
origin for the IR variable emission in this epoch, as in both
cases an IR lag would be expected. Our first epoch occurred
only five days after the fifth epoch considered in Veledina et al.
(2017). The position of the source in the hardness-intensity dia-
gram in the two epochs did not change significantly between
the two epochs (see Fig. 1, left panel), and therefore we can
safely assume the physical and geometrical conditions did not
change substantially. However, the CCF found by these latter
authors is very di↵erent from ours (see Fig. 4, bottom panel):
they measure an anti-correlation at negative lags and a corre-
lation at positive lags, while we observe a correlation at nega-
tive lags. Veledina et al. (2017) interpret the correlation at posi-
tive lags in terms of disc reprocessing, while the anti-correlation
at negative lags is interpreted in terms of a synchrotron (opti-
cal) self-Compton (X-ray) scenario from a magnetised corona.
In this scenario, the anti-correlation between synchrotron and
self-Compton emission originates in fluctuations in the mag-
netic field causing a pivot in the spectrum around the energy that
divides the two physical processes (Veledina et al. 2011). We do
not observe any sign of disc reprocessing in the IR, which is
perhaps not surprising given the di↵erent wavelengths (the IR-
emitting region of the disc is expected to be much further away
than the optical-emitting region). Also, we do not observe any of
the anti-correlation predicted by the magnetised corona scenario
because of the pivoting of the spectrum. However, in that sce-
nario, another pivot is predicted (see Fig. 1 in Poutanen & Vurm
2009): below the self-absorption break, the synchrotron emission
from the corona is expected to correlate with the self-Compton
emission. Thus, a positive correlation between IR and X-ray
emission could be expected as long as the self-absorption break
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Fig. 3. Fourier domain analysis for the first (left) and second (right) epochs. Top Panels: X-ray (blue) and IR (red) PDS. Counting noise was
subtracted from the X-ray PDSs but not from the IR, owing to the instrumental features present in the IR PDS (see Appendix A). Evidence for a
quasi-periodic oscillation can be seen at ⇡0.25 Hz in the PDS of the second epoch, marked by the vertical dotted line. Second Panels: Phase-lag
spectrum. Positive lags mean that IR lags X-rays. While the first epoch generally has a negative lag, the second is dominated by a strong positive
lag component. A clear discontinuity caused by phase wrapping is seen in the second epoch. The correction for phase wrapping is shown with
grey points. The curved lines mark the estimated constant time lag (with and without phase-wrapping correction). It is apparent that at ⇠2 Hz,
further phase wrapping occurs, randomising the lags at higher frequencies (grey area). Third Panels: Time lags as a function of Fourier frequency.
The horizontal dotted line marks the estimated constant time lag of ⇠ 0.7 seconds between 0.4 and 2 Hz, after correcting for phase wrapping (grey
points). Bottom Panels: Raw coherence as a function of the Fourier frequency.
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Fig. 3. Fourier domain analysis for the first (left) and second (right) epochs. Top Panels: X-ray (blue) and IR (red) PDS. Counting noise was
subtracted from the X-ray PDSs but not from the IR, owing to the instrumental features present in the IR PDS (see Appendix A). Evidence for a
quasi-periodic oscillation can be seen at ⇡0.25 Hz in the PDS of the second epoch, marked by the vertical dotted line. Second Panels: Phase-lag
spectrum. Positive lags mean that IR lags X-rays. While the first epoch generally has a negative lag, the second is dominated by a strong positive
lag component. A clear discontinuity caused by phase wrapping is seen in the second epoch. The correction for phase wrapping is shown with
grey points. The curved lines mark the estimated constant time lag (with and without phase-wrapping correction). It is apparent that at ⇠2 Hz,
further phase wrapping occurs, randomising the lags at higher frequencies (grey area). Third Panels: Time lags as a function of Fourier frequency.
The horizontal dotted line marks the estimated constant time lag of ⇠ 0.7 seconds between 0.4 and 2 Hz, after correcting for phase wrapping (grey
points). Bottom Panels: Raw coherence as a function of the Fourier frequency.
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A new window: the mid-infrared
JWST adds what no band had before: time-resolved lines

Gandhi+2025 — GRS 1915+105 with JWST/MIRI
›  The Pfund (6–5) LINE lags the continuum 
(~150s) — line reverberation, consistent with 
light travel across the outer disc or with 
recombination timescales.

Gandhi+2026, — GX 339−4 in the SOFT state
› Compact-jet MIR suppressed by ≳300× relative 
to the hard state — as expected.
› Yet 5–10 µm emission is detected AND 
variable.
›  Best explained by synchrotron from hot flow 
⇒ MIR as a probe of the soft-state 
corona/atmosphere.

This paper is dedicated to 
Tomaso's memory.

(2025)
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MNRAS 537, 1385–1403 (2025) 

Figure 7. Results from the MCMC lag fitting. (Top) Emission-line light 
curve (red), continuum light curve (black), and the smeared and delayed 
response of the continuum curve (blue; 100 randomly chosen best-fitting 
samples). (Bottom) Corner plot, showing the distribution of fitted convolution 
parameters τ (mean lag), σ (smearing width), and the factor characterizing 
the time-scale o v er which the response becomes non-stationary ( τabs ). 
the de generac y between τ and σ ), but with a shorter smearing length 
by a factor of about 2. The increased r.m.s. in the red region of the 
spectrum (Section 2 ) almost certainly impacts accurate estimation of 
uncertainties for this line. 
4  DISCUSSION  
4.1 Mid-infrared luminosity 
The observed MIRI continuum is at a flux density F ν ≈ 70 mJy 
at 8 µm, corresponding to a monochromatic MIR luminosity 
λL λ (8 µm) = 2.8 ( ±0.7) × 10 35 erg s −1 , or an integrated luminosity 
o v er the full MIRI spectral range of L 4 −14 = 4.1 × 10 35 erg s −1 . 

The optical extinction to GRS 1915 + 105 has been estimated by 
Chapuis & Corbel ( 2004 ) based upon CO observations of interstellar 
molecular clouds along the line of sight and assuming standard 
conversions between CO and H column densities’ observations 

(Rodriguez et al. 1995 ; Strong & Mattox 1996 ), together with known 
correlations between interstellar visual extinction and X-ray dust 
scattering optical depth (Predehl & Schmitt 1995 ). The estimated 
interstellar extinction is A V = 19.6 ± 1.7 mag, which can be used to 
deredden the observed spectrum, if an extinction curve spanning the 
optical to MIR wavelength range is known. To achieve this, we follow 
Rahoui et al. ( 2010 ), who combined a standard selective extinction 
R V = 3.1 mag value with the optical–NIR (Fitzpatrick & Massa 
2009 ) and NIR–MIR (Chiar & Tielens 2006 ) extinction curves. 
The resultant A λ/A V values co v ering the MIRI spectral range are 
listed in Appendix C . For reference, A 8 = 0.8 mag at 8 µm, and MIR 
extinction peaks around A 10 ≈ 2.1 mag within the silicate absorption 
feature. 

Applying these extinction corrections results in an integrated 
intrinsic luminosity L int 

4 −14 = 1.1 × 10 36 erg s −1 . The Eddington lu- 
minosity of the source for radiation impinging on ionized gas 
is L Edd = 1.4 × 10 39 erg s −1 , using M BH = 11.2 M $ (Table 1 ). So, 
a significant fraction L int 

4 −14 / L Edd = 7 × 10 −4 of the Eddington 
power is being radiated in the MIRI spectral range during our 
observations. 

Correcting the entire MIRI range for extinction with the abo v e 
prescription will ef fecti vely correct the curvature arising from silicate 
absorption. This is shown in Fig. 8 , where several dereddened spectra 
are plotted together with an average dereddened spectrum (assuming 
a range of extinction values, sampled assuming a normal distribution 
using the known A V uncertainty). We discuss the shape of this 
intrinsic spectrum below. 

Pre vious MIR spectral observ ations of the source have included 
several by the Spitzer mission (Werner et al. 2004 ), with the source 
being detected by the IRS instrument (Houck et al. 2004 ) during 
eight observations spanning the years 2004–2006. Their detailed 
analysis has been published by Rahoui et al. ( 2010 ), and three 
representative epochs are plotted in Fig. 8 . These were downloaded 
from the Spitzer IRS Enhanced Products archive, which provides 
background-subtracted, flux-calibrated, and merged spectra for each 
observation epoch. 5 

The continuum profiles of all the IRS spectra approximately match 
the MIRI data, albeit with much lower S/N. The median observed 
IRS flux density was 4 mJy with all the historical flux levels being 
nearly identical, except for one epoch on MJD 53851.41175 when the 
source was found to be closer to 7 mJy (this is the brightest Spitzer 
epoch shown in Fig. 8 ). Going further back, the mean flux of the 
source when it was observed photometrically in 1996–1997 with the 
ISO mission was ∼5–10 mJy (Fuchs, Mirabel & Claret 2003 ), very 
similar to the Spitzer era. By contrast, the median flux observed with 
JWST in 2023 is close to 50 mJy, a factor of ≈5–13 × brighter than 
historical values. We will discuss the implications of these long-term 
changes in Section 4.9 . 
4.2 Narrow emission lines 
In Fig. 9 , several model spectra are o v erplotted together with our 
median dereddened source spectrum. The models are recombination 
line spectra for H and He, for a range of annotated temperatures 
( T = 10 000–20 000 K) and densities ( n H = 10 3 –10 8 cm −3 ). The 
spectra were produced with the NEBULAR code (Schirmer 2016 ), 
assuming Case B recombination and 10 per cent He abundance by 
part. The models have been convolved with a Gaussian kernel of 
5 https:// irsa.ipac.caltech.edu/ data/ SPITZER/ docs/ irs/ 
irsinstrumenthandbook/84 
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Ten bands at once
MAXI J1820+070, 7 hours, hard state: VLA + ALMA + VLT + NTT + NICER + XMM

Ten electromagnetic bands, strictly
simultaneous, radio → X-rays.

Lags from hundreds of ms (X-ray/optical) to 
minutes (radio/sub-mm) — the delay ladder, 
measured.

Neat demonstration that the PSD evolves 
with wavelength.

Jet physics

20P. Casella  ·  Fast multiwavelength variability from X-ray binaries  ·  The many tones of accretion, Cefalù, 9 Sep 2026

Tetarenko+21

MAXI J1820+070 Jet variability 3867

Figure 2. Time-averaged broad-band spectrum of our radio–X-ray data of
MAXI J1820+070 (see Table 1 and Sections 2.3–2.5). The colours of the
data points correspond to the same colours of the electromagnetic frequency
bands in Fig. 1. The radio through sub-mm data appear to lie on the slightly
inverted optically thick portion of the jet spectrum (spectral index αthick ∼
0.25), while the infrared and optical data appear to lie on the steep optically
thin portion of the jet spectrum (spectral index αthin ∼ −0.5).

(∼100 mJy), when compared to the lower frequency radio bands
(∼5–20 mJy). Further, the sub-mm band shows a higher average flux
level when compared to the radio bands (∼125 mJy in the sub-mm
versus ∼46–60 mJy in the radio bands; see Table 1), indicating an
inverted optically thick radio through sub-mm spectrum. The infrared
and optical bands appear to not lie on the extension of the radio–sub-
mm spectrum, but rather on the steep optically thin portion of the
jet spectrum, indicating the jet spectral break lies between the sub-
mm and infrared bands (see Fig. 2). This result is consistent with
previous reports of bright mid-IR emission in excess of the optical
emission during the hard state of the outburst (Russell et al. 2018).
All of these emission patterns are consistent with the radio, sub-mm,
infrared, and optical emission originating in a compact jet, where the
higher electromagnetic frequency emission is emitted from a region
closer to the black hole (with a smaller cross-section), while the
lower electromagnetic frequency emission is emitted from regions
further downstream in the jet flow (with larger cross-sections).

3.2 Fourier power spectra

To characterize the variability we observe in the light curves of MAXI
J1820+070, we opted to perform a Fourier analysis on the data.
We use the STINGRAY software package10 for this Fourier analysis
(Huppenkothen et al. 2016, 2019), and Figs 3 and 4 display the
resulting power spectral densities (PSDs).

As our light curves contain gaps, to build the PSDs over a wide
range of Fourier frequencies we stitch together PSD segments created
from light curves imaged/extracted with different time-bin sizes. In
particular, by building light curves on time-scales larger than the
gaps, we can manufacture a continuous time-series with which we
are able to probe a lower Fourier frequency range. For the radio
frequency VLA data, we use three PSD segments, built from light
curves with 5 s (final PSD segment is an average over 100 s chunks),
60 s (final PSD segment is an average over 15 min chunks), and

10https://stingray.readthedocs.io/en/latest/

Figure 3. Fourier power spectra (PSDs) of optical (0.7711 µm; ULTRA-
CAM), infrared (2.2 µm; HAWK-I), sub-mm (343.5 GHz; ALMA) and radio
(5.25–25.9 GHz; VLA) emission from MAXI J1820+070. Note that PSDs
of the X-ray bands are shown separately in Fig. 4 for clarity. The PSDs
shown here were built by stitching together PSD segments created from data
imaged/extracted with different time-bin sizes (with the shortest time-scales
sampled being 0.01/0.065/2/5 s for the optical/infrared/sub-mm/radio bands;
see Section 3.2 for details), in order to circumvent the gaps in the light curves
and sample the lower Fourier frequencies. In these PSDs, we observe a clear
trend in the shape of the PSDs with electromagnetic frequency band, where
the break in the PSDs moves to lower Fourier frequencies as we shift to lower
electromagnetic frequency bands. Note that all PSDs shown here have been
white-noise subtracted, and the pre-white noise subtracted PSDs are shown
in Appendix B.

Figure 4. Fourier power spectra (PSDs) of the NICER and XMM–Newton
X-ray emission from MAXI J1820+070. Note that the X-ray PSDs shown
here have been white-noise subtracted, and the pre-white noise subtracted
PSDs are shown in Appendix B.

MNRAS 504, 3862–3883 (2021)
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A jet model for the IR variability of GX 339-4 2065

Figure 9. Panel (a): Comparison of the PSD of model B to the observation
of K16. The blue curve shows the X-ray PSD which also corresponds to
the PSD of the jet Lorentz factor fluctuations with QPO features subtracted.
The red curve shows the model IR PSD. The data are shown in black. The
normalization of the observed IR PSD is multiplied by a factor of 10. The
other panels display a comparison of the X-ray versus IR coherence and lags
spectra of the fiducial model to the observation of K16. The red curve shows
the model coherence (panel b), phase lags (panel c), and absolute value of
time lags (panel d). The data are shown in black.

Figure 10. Dependence of the synthetic PSD on the photon frequency. The
parameters are those of the fiducial model B also shown in Fig. 9. The
various curves show the synthetic PSD calculated at photon frequencies of
1.4 × 1011 Hz, 4.3 × 1011 Hz, 1.4 × 1012 Hz, 4.3 × 1012 Hz, 1.4 × 1013

Hz, 4.3 × 1013, 1.4 × 1014 Hz, and 1.4 × 1014 Hz as labelled.

Figure 11. Dependence of the synthetic QPOs on the quality factor param-
eter Q. The other model parameters are those of the fiducial model B also
shown in Fig. 9.

energy density in the jet increases. However, changing the jet ki-
netic power has negligible effects on the shell collisions and the
(normalized) shock dissipation profile along the jet is practically
unchanged. The only difference is that our reference band (let us
say the IR band) now probes larger distances in the jet. Therefore,
we will observe longer time-scales in the IR PSD and lags. In the
end, in terms of timing properties, the effect of changing the jet
power and observing at a fixed frequency is almost equivalent to
observing the jet at different frequencies (as in Fig 10). The same
can be said for most of the model parameters such as the jet opening
angle, for example. Indeed, when these parameters are varied, the
fixed observed frequency will probe radiation coming from different
regions of the jet and this will affect the timing properties.

Let us now consider a different set of these parameters that pro-
duce exactly the same model SED. This is the situation that we have
with GX 339-4: we have a fixed observed SED that the model can
fit with many different combinations of parameters. In general, the
changes in the different parameters combine so that the IR band al-
ways probes the same region of the jet and the IR timing properties
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The missing half: neutron stars
4U 1728-34 , 2 hours, hard state, HAWK-I@VLT + XMM + NuSTAR

So far only black holes.

X-rays lead IR by 30-40ms

The lag increases with X-ray energy

A magnetised hot flow?

If a jet lag is present, constrained <60ms
(10ms expected from mass scaling)

Neutron stars are feasible

but challenging

(fainter, faster)
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Figure 2. X-ray (blue points) and IR (red filled points) noise-subtracted PDS 
(in νP ν units) of 4U 1728 −34 during our observ ations. The yello w empty 
circles represent the IR PDS estimating the Poissonian noise fitting a constant 
between 3 and 4 Hz (see orange line in Fig. 1 ). The IR PDS has significantly 
lo wer v ariability and sho ws a break at lo wer frequencies. 

Figure 3. CCF computed between XMM–Newton and HAWK-I for 4U 
1728 −34 (red points) and the comparison star (grey curve). 

We characterized the origin of this noise by measuring the discrete 
cross-correlation function (CCF) between the X-ray (0.5–10 keV) 
and IR using the same procedure described by Gandhi et al. ( 2010 ). 
As in all previous studies, we use the X-ray as a reference band: i.e. 
positive lag implies that the IR lags the X-rays. All plots follow this 
convention, unless specified otherwise. The XMM–Newton /HAWK- 
I CCF has a poorly resolved peak around ≈0, which seems to be 
slightly asymmetric around ne gativ e lags (Fig. 3 ). By computing the 
lag as the weighted average of the cross-correlation lags between 
±0 . 5 s and propagating the errors accordingly, we obtain a lag of 
−41 ± 11 ms: i.e. IR leads the X-ray variability. We compared this 
value with the Fourier lags: i.e. using the phase of the IR/X-ray cross- 
spectrum. This was computed following the steps described in Uttley 
et al. ( 2014 ). A comparable value is also obtained when computing 
the Fourier time lag between the X-ray and IR lightcurves at high 
frequencies: −32 ± 15 ms in the 1–4 Hz range and −42 ± 20 ms 
between 2 and 4 Hz. 

In order to verify the significance of the observed correlation, we 
performed two tests. We first e v aluated the CCF between XMM–
Newton and the IR lightcurves of the comparison star: the absence 
of correlation shown in Fig. 3 (grey curve) demonstrates that the 
peak is not spurious. Secondly, we checked whether the peak was 
due to uncorrelated noise fluctuations. To do so, we simulated N = 
10 3 synthetic lightcurves with the same PDS of the XMM–Newton 
lightcurve and random phases, and cross-correlated them with the IR 
lightcurve. From the width of the obtained distribution, we found that 
our peak is significant at ≈8 σ . Finally, we also verified if the shape 
was affected by counting statistics, correcting the normalization from 
the excess variance (Vaughan et al. 2003 ). However, we did not find 
a significant variation in the shape of the CCF, nor of its inferred lag. 
Therefore, we can conclude that the asymmetry of the CCF, and thus 
the IR lead, is real. 
3.2 CCF energy dependence 
We investigated the CCF energy dependence by using XMM–Newton 
lightcurv es e xtracted in the 0.5–4 and 4–10 keV bands. The resulting 
plots (see Fig. 4 , Top panels) show a possible evolution between the 
two bands. To exclude that this is an effect due to the normalization, 
we e v aluated the Fourier domain phase lags between the IR and the 
two X-ray bands by using 64 bins per segment and a geometrical 
rebinning factor of 1.4. Although the statistics is poor, the bottom 
panels of Fig. 4 show that the resulting lag-frequency spectra appear 
to marginally deviate from each other abo v e 1 Hz (where the lag in 
the 4–10 keV band becomes longer). 

In order to investigate further this result, we computed the lag- 
energy spectrum by integrating the cross-spectrum between 1 and 
4 Hz for four X-ray energy bands (0.5–2, 2–4, 4–6, and 6–10 keV). 
Given the IR lead, we used the IR bands as reference. We caution 
the reader that this inverts the convention used so far: i.e. positive 
lag means that the X-rays lag the IR . The resulting time-lag versus 
energy-spectrum is shown in Fig. 5 . While the IR lead (or X- 
ray delay) does not evolve significantly between 0.5 and 6 keV, 
a marginal increase can be seen in the 6–10 keV band. We also 
attempted to measure the lags using broader bands (0.5–4 and 4–
10 keV, i.e. as for the analysis shown in Fig. 4 ) and we found only 
a marginal difference of ≈1.5 σ : 17 ± 15 to 62 ± 27 ms. We note 
that, as expected from the lag-frequency spectrum, by performing 
the same analysis at lower frequencies (i.e. 0.1–1 Hz), all lags are 
consistent with zero. 
3.3 Type-I burst 
As mentioned abo v e, the XMM–Ne wton lightcurv e presented a clear 
X-ray burst simultaneous with the HAWK-I cubes. Ho we ver, due to 
the presence of stochastic variability, the IR lightcurve does not show 
a clear excess as in the previous burst reported by Vincentelli et al. 
( 2020 ). Nonetheless, by measuring the CCF including the burst, we 
found a broad peak which suggests that the IR does respond to the X- 
ray burst also in the hard state (see Fig. 6 , right panel). Interestingly, 
the CCF seems also to show a weak anticorrelation at ≈ −5 s. By 
inspecting the IR lighcurve with lower time resolution, we found 
the presence of a marginal dip during the initial phase of the burst 
followed by a positive response to the X-ray burst (see Fig. 6 , left 
panel), which could explain the weak anticorrelation at ne gativ e lags. 
We estimated the significance of this correlation by cross-correlating 
the XMM lightcurve including the burst with an uncorrelated signal 
with the same properties of the IR lightcurve. We simulated 10 3 
lightcurves with the same signal-to-noise ratio and power spectrum 
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cross-correlation function (CCF) between the X-ray (0.5–10 keV) 
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As in all previous studies, we use the X-ray as a reference band: i.e. 
positive lag implies that the IR lags the X-rays. All plots follow this 
convention, unless specified otherwise. The XMM–Newton /HAWK- 
I CCF has a poorly resolved peak around ≈0, which seems to be 
slightly asymmetric around ne gativ e lags (Fig. 3 ). By computing the 
lag as the weighted average of the cross-correlation lags between 
±0 . 5 s and propagating the errors accordingly, we obtain a lag of 
−41 ± 11 ms: i.e. IR leads the X-ray variability. We compared this 
value with the Fourier lags: i.e. using the phase of the IR/X-ray cross- 
spectrum. This was computed following the steps described in Uttley 
et al. ( 2014 ). A comparable value is also obtained when computing 
the Fourier time lag between the X-ray and IR lightcurves at high 
frequencies: −32 ± 15 ms in the 1–4 Hz range and −42 ± 20 ms 
between 2 and 4 Hz. 

In order to verify the significance of the observed correlation, we 
performed two tests. We first e v aluated the CCF between XMM–
Newton and the IR lightcurves of the comparison star: the absence 
of correlation shown in Fig. 3 (grey curve) demonstrates that the 
peak is not spurious. Secondly, we checked whether the peak was 
due to uncorrelated noise fluctuations. To do so, we simulated N = 
10 3 synthetic lightcurves with the same PDS of the XMM–Newton 
lightcurve and random phases, and cross-correlated them with the IR 
lightcurve. From the width of the obtained distribution, we found that 
our peak is significant at ≈8 σ . Finally, we also verified if the shape 
was affected by counting statistics, correcting the normalization from 
the excess variance (Vaughan et al. 2003 ). However, we did not find 
a significant variation in the shape of the CCF, nor of its inferred lag. 
Therefore, we can conclude that the asymmetry of the CCF, and thus 
the IR lead, is real. 
3.2 CCF energy dependence 
We investigated the CCF energy dependence by using XMM–Newton 
lightcurv es e xtracted in the 0.5–4 and 4–10 keV bands. The resulting 
plots (see Fig. 4 , Top panels) show a possible evolution between the 
two bands. To exclude that this is an effect due to the normalization, 
we e v aluated the Fourier domain phase lags between the IR and the 
two X-ray bands by using 64 bins per segment and a geometrical 
rebinning factor of 1.4. Although the statistics is poor, the bottom 
panels of Fig. 4 show that the resulting lag-frequency spectra appear 
to marginally deviate from each other abo v e 1 Hz (where the lag in 
the 4–10 keV band becomes longer). 

In order to investigate further this result, we computed the lag- 
energy spectrum by integrating the cross-spectrum between 1 and 
4 Hz for four X-ray energy bands (0.5–2, 2–4, 4–6, and 6–10 keV). 
Given the IR lead, we used the IR bands as reference. We caution 
the reader that this inverts the convention used so far: i.e. positive 
lag means that the X-rays lag the IR . The resulting time-lag versus 
energy-spectrum is shown in Fig. 5 . While the IR lead (or X- 
ray delay) does not evolve significantly between 0.5 and 6 keV, 
a marginal increase can be seen in the 6–10 keV band. We also 
attempted to measure the lags using broader bands (0.5–4 and 4–
10 keV, i.e. as for the analysis shown in Fig. 4 ) and we found only 
a marginal difference of ≈1.5 σ : 17 ± 15 to 62 ± 27 ms. We note 
that, as expected from the lag-frequency spectrum, by performing 
the same analysis at lower frequencies (i.e. 0.1–1 Hz), all lags are 
consistent with zero. 
3.3 Type-I burst 
As mentioned abo v e, the XMM–Ne wton lightcurv e presented a clear 
X-ray burst simultaneous with the HAWK-I cubes. Ho we ver, due to 
the presence of stochastic variability, the IR lightcurve does not show 
a clear excess as in the previous burst reported by Vincentelli et al. 
( 2020 ). Nonetheless, by measuring the CCF including the burst, we 
found a broad peak which suggests that the IR does respond to the X- 
ray burst also in the hard state (see Fig. 6 , right panel). Interestingly, 
the CCF seems also to show a weak anticorrelation at ≈ −5 s. By 
inspecting the IR lighcurve with lower time resolution, we found 
the presence of a marginal dip during the initial phase of the burst 
followed by a positive response to the X-ray burst (see Fig. 6 , left 
panel), which could explain the weak anticorrelation at ne gativ e lags. 
We estimated the significance of this correlation by cross-correlating 
the XMM lightcurve including the burst with an uncorrelated signal 
with the same properties of the IR lightcurve. We simulated 10 3 
lightcurves with the same signal-to-noise ratio and power spectrum 
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Where do we stand – What do we need

Simultaneity and scheduling   — Transient sources. Oversubscription and rigid 
scheduling routinely lose them.

Multi-wavelength — Multiple O-IR bands are key. More telescopes à more jeopardy.
We need fast instruments instruments with multiple bands from  IR to optical

Detectors  — Currently read-noise and integration-time limited in O-IR. We need 
true photon-counting arrays with µs time-tagging and effectively zero read noise. Like
X-ray astronomy since the 70s.

Sample size   — ~6 black holes have a proper fast O-IR/X-ray dataset, often single epochs. We are 
drawing population conclusions from single objects.

Vincentelli,PC+25 — ESO white paper, “Expanding Horizons: Transforming Astronomy in the 2040s”.
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Time resolution   — Neutron stars need 100–1000 Hz. The optical reaches (tens of) ms, 
near-IR does not. Southern IR imaging: ~0.125 s.
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Coming up: eSiFAP@TNG (4-m class)

Extended SiFAP2@TNG, including:

Simultaneous opt/nIR photometry
(ugriJH filters) at microsecond speed

Aperture photometry with opt/nIR cameras
at sub-millisecond speed

Linear fast optical polarimetry
(4 simultaneous Stokes parameters)

Better than 100ns absolute time accuracy

Timing/spatial specs for cameras (Vis/nIR)
• 120 fps full frame, 0.3 e- read-out noise, int. time 7 

us – 1800 s (Vis)
• FoV: 6.2’ x 3.5’ (Vis)
• 600 fps full frame, <20 e- read-out noise, int. time 

100 ns – 1800 s (nIR)
• FoV: 3.14’ x 2.52’ (nIR)

Timing/spatial specs for fast sensors (Vis/nIR)
• 5 ps relative time resolution (Vis)
• FoV: 7’’ x 7’’ (Vis)
• 200 ns (TBC) relative time resolution (nIR)
• FoV: 5’’ x 5’’ (nIR)

Instrument PI:
F. Ambrosino (INAF – OA-Roma)

many involved in (and some outside) OA-Roma
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Coming up: eSiFAP@TNG (4-m class)

First tests performed with a sub-system:

- 1 MPPC (80 ns, time tag) + J camera (10 ms)
- April 21st 2026
- Her X-1  (1.24 spin, J ~ 14)

Instrument PI:
F. Ambrosino (INAF – OA-Roma)

many involved in (and some outside) OA-Roma

Sum of 2000 J images – 20 seconds total

Visible (320 – 900 nm)

nIR (J band)

Very
preli

mina
ry!



Tomaso taught a generation of us that a light curve is a 
measurement, not a picture

We are taking that seriously at other wavelengths

Grazie
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