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ABSTRACT

We report on two epochs of simultaneous near-infrared (IR) and X-ray observations with a sub-second time resolution of the low mass
X-ray binary black hole candidate Swift J1753.5–0127 during its long 2005–2016 outburst. Data were collected strictly simultaneously
with VLT/ISAAC (KS band, 2.2 µm) and RXTE (2-15 keV) or XMM-Newton (0.7-10 keV). A clear correlation between the X-ray
and the IR variable emission is found during both epochs but with very different properties. In the first epoch, the near-IR variability
leads the X-ray by ∼ 130 ms. This is the opposite of what is usually observed in similar systems. The correlation is more complex
in the second epoch, with both anti-correlation and correlations at negative and positive lags. Frequency-resolved Fourier analysis
allows us to identify two main components in the complex structure of the phase lags: the first component, characterised by a few
seconds near-IR lag at low frequencies, is consistent with a combination of disc reprocessing and a magnetised hot flow; the second
component is identified at high frequencies by a near-IR lag of ≈0.7 s. Given the similarities of this second component with the well-
known constant optical/near-IR jet lag observed in other black hole transients, we tentatively interpret this feature as a signature of a
longer-than-usual jet lag. We discuss the possible implications of measuring such a long jet lag in a radio-quiet black hole transient.

Key words. black hole physics – X-ray: binaries – jet – outflows – accretion

1. Introduction

Black hole transients (BHTs) are low-mass X-ray binaries
(LMXBs) that show long periods of quiescence interrupted by
shorter periods of activity (weeks to years) called outbursts
(Remillard & McClintock 2006). During such events, these sys-
tems show strong and variable emission over a large part of the
electromagnetic spectrum, from the radio to the hard X-rays.
Three main components have been identified to contribute to this
multi-wavelength emission. Thermal emission from an irradi-
ated accretion disc is believed to be responsible for the emission
from soft X-rays to the optical-infrared (O-IR) band. (Shakura
& Sunyaev 1973). Hard X-ray photons are associated with in-

verse Compton scattering by a population of energetic electrons,
often referred to as a "corona" (Esin et al. 1997; Poutanen et al.
1997). Arguments involving the energetics of the corona indicate
it must be located in the innermost regions of the accretion flow,
although its actual geometry is still a matter of debate (Done
et al. 2007; Poutanen et al. 2018; Bambi et al. 2021). Some mod-
els assume the corona is magnetised, which causes further emis-
sion at lower energy, e.g. in the optical or even infrared band,
via synchrotron emission (Merloni et al. 2000). Finally, steady,
compact jets – collimated streams of matter ejected in the direc-
tion orthogonal to the accretion plane at nearly relativistic speeds
(Blandford & Königl 1979; Fender 2001) - are also observed
with a typical synchrotron flat spectrum which extends from ra-

Article number, page 1 of 10

ar
X

iv
:2

40
7.

00
19

5v
1 

 [
as

tr
o-

ph
.H

E
] 

 2
8 

Ju
n 

20
24



A&A proofs: manuscript no. main

dio to O-IR wavelength (Hjellming & Johnston 1988; Corbel &
Fender 2002).

During their outbursts, BHTs show two main spectral states:
an X-ray hard state, where the highly variable emission is dom-
inated by the high-energy X-ray photons emitted by the corona,
and an X-ray soft state, where the stable low-energy X-ray ther-
mal emission from the disc dominates the X-ray spectrum (Bel-
loni et al. 2011). A jet is always observed when a source is in
its hard state, while no compact radio source has ever been de-
tected in the soft state (Maccarone et al. 2020), suggesting that
the jet is quenched, unless it has changed drastically its emissiv-
ity properties (Casella & Pe’er 2009;Drappeau et al. 2017; but
see Koljonen et al. 2018)

Most BHTs show a similar evolution: they begin their out-
burst in the hard state (Belloni et al. 2005), and keep roughly the
same hardness as the luminosity increases. Then they undergo
a transition from hard to soft state. During this transition, the
source goes through a so-called hard-intermediate state, in which
most of the characteristic timescales of the X-ray variability de-
crease, and the emission from the steady compact jet is observed
to quench, and then through a short-lived soft-intermediate state,
to which discrete, powerful ejections are often associated, right
before entering the soft state (e.g. Fender et al. 2009). When in
the soft state the source luminosity declines nearly steadily un-
til a transition back to the hard state is observed, during which
the emission from the compact jet reappears and increases un-
til, eventually, the source heads back to quiescence at all wave-
lengths (Corbel et al. 2013). While this pattern is observed regu-
larly in most BHTs, some outbursts do not go through the com-
plete cycle, as they never reach the soft state (or even leave their
hard state), before starting their decline towards quiescence (the
so-called "failed-transition outbursts", see e.g. Brocksopp et al.
2004; Alabarta et al. 2021, and references therein).

Large-amplitude variability can be observed at all wave-
lengths on different timescales, depending on the state. The
different emitting components are necessarily inter-connected
through the inflowing/outflowing matter itself and through ir-
radiation, thus studying the correlation between the variability
at different wavelengths plays a key role in understanding the
emission mechanisms, in measuring the physical parameters of
the system and investigating the links between the various emit-
ting regions. In particular, the study of the correlation between
the multi-wavelength emissions at high time resolution allows us
to probe the regions in the immediate vicinity of the compact ob-
ject (Zdziarski & Gierliński 2004; Gilfanov 2009; Remillard &
McClintock 2006; Belloni & Stella 2014; Poutanen & Veledina
2014).

The development of high quantum efficiency fast optical-
infrared photometers opened the possibility of studying the fast
variability from these systems at lower energies and linking it
to the behaviour in X-rays. After a handful of pioneering works
in the 1980s (Motch et al. 1982, 1983), the first X-ray optical
cross-correlation study of XTE J1118+480 revealed the pres-
ence of a complex connection between the two bands (Kanbach
et al. 2001). The shape of the cross-correlation function showed
an anti-correlation at negative lags (the so-called precognition
dip) followed by a long response at ∼ 8 s, which was inter-
preted with the presence of a common energy reservoir between
the (X-ray emitting) corona and the (optical) jet (Malzac et al.
2004). The presence of an anti-correlation between X-ray and
O-IR as well as long optical responses (∼few s) have been ob-
served in a handful of other sources, e.g. Swift J1753.5–0127
(Durant et al. 2008, 2011), MAXI J1535–571 (Vincentelli et al.
2021), MAXI J1820+070 (Paice et al. 2021). Alternative models

have been proposed to explain this behaviour. One of the most
successful is the so-called “extended hot flow model”, which as-
sumes that the optical arises from synchrotron radiation from the
external regions of a magnetised corona, while the X-rays arise
from synchrotron self-Compton emission (Veledina et al. 2011).

Another common feature which has been observed in these
systems is a narrow, symmetric ≈0.1 s lag between the X-ray
and the O-IR emission (Casella et al. 2010; Gandhi et al. 2010,
2017). Given its properties, it is commonly accepted that such a
feature is the result of mass accretion rate fluctuations (emitted
in X-ray) injected in the jet and re-emitted as synchrotron radi-
ation, possibly through the formation of shocks (Malzac 2014;
Malzac et al. 2018; Vincentelli et al. 2018, 2019; Paice et al.
2019; Tetarenko et al. 2021).

High-cadence, evenly-sampled data permits Fourier domain
(cross-)spectral analysis on these systems, leading to the dis-
covery of O-IR quasi-periodic oscillations (QPOs, Motch et al.
1983; Gandhi et al. 2010; Kalamkar et al. 2016; Vincentelli
et al. 2019). QPOs from LMXBs have been studied in X-rays
for decades, but their origin is still debated (see e.g. Ingram &
Motta 2019, and references therein). The properties of the most
commonly observed QPOs (also known as type C, see Casella
et al. 2005, and references therein) have been found to depend
on binary inclination (Motta et al. 2015). This supports their
interpretation in terms of a precessing inflow. In this scenario,
the optical-infrared counterparts of type-C QPOs have been de-
scribed in terms of synchrotron emission from a jet precessing
together with the hot flow, or from the (magnetised) hot flow
itself.

Most of the interpretative efforts for the observed O-IR/X-
ray fast variability of LMXBs have been based so far on single
observing epochs, given the scarcity of multi-epoch campaigns.
This has limited the possibility of linking together the different
observed behaviours in a single interpretative scenario. One of
the best exceptions to this is represented by Swift J1753.5–0127.
This transient was discovered in June 2005 when it started its
first outburst, lasting about 10 years (Soleri et al. 2010, 2013;
Plotkin et al. 2017; Debnath et al. 2017; Bu et al. 2019, and
references therein; Fig. 1). The source remained most of the
time in the hard state, with occasional excursions into the hard-
intermediate state, and a short-lived reported excursion into the
soft state (Shaw et al. 2016, Fig. 1, left panel). The discovery
of a 3.24hr likely super-hump modulation (Zurita et al. 2008)
suggests that the system has one of the shortest orbital periods
among BHTs (Corral-Santana et al. 2016; Tetarenko et al. 2016).

Given its long and peculiar outburst, this system has been the
target of several O-IR and X-ray observations (Veledina et al.
2017, and references therein), which permitted the study of the
evolution of the X-ray/optical fast variability. Such evolution
was well reproduced by the aforementioned hot-inflow model,
suggesting an evolution of the flow structure during the outburst
(Veledina et al. 2017). In this work, we report on two epochs of
simultaneous X-ray/IR photometry at high time resolution (i.e.
sub-second) for this source.

2. Observations

2.1. Infrared data

We observed Swift J1753.5-0127 in the IR band for ∼ 10 ks
from ESO’s Very Large Telescope at Paranal Observatory on 15
August 2008 (ESO program 281.D-5034) and during the night
between the 10 and 11 September 2012 (ESO program 089.C-
0996): we will refer to these dates as the first and second epoch
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Fig. 1. Hardness-intensity diagram (HID, 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 be considered only 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. 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

respectively. The data were acquired using the KS filter with the
Infrared Spectrometer And Array Camera (ISAAC) (Moorwood
et al. 1998) mounted on the 8.2-m UT1/Antu telescope. The de-
tector was windowed to 256 × 256 pixels to reduce the time res-
olution to 62.5 ms. The data acquired by the instrument were
stored in cubes, i.e. groups of frames (Nframes = 995) collected
consecutively over a given time interval (i.e. ∼62 s), with ∼3 s-
long gaps in between. The weather conditions of both observa-
tions were similar, with an average seeing around 0.7“. The abso-
lute time accuracy is of the order of 10 milliseconds (the readout
time of the detector).

The chosen 38′′ × 38′′ field of view contains the target, a
brighter ‘reference’ star (KS = 13.19±0.03), located 28.2′′ 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 15′′
south-west and south-east of our target, respectively) which we
used to optimize the extraction parameters. The ULTRACAM
pipeline1 was used for the data reduction.

1 http://deneb.astro.warwick.ac.uk/phsaap/software/.

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 a custom
MATLAB software (Ambrosino et al., in prep.). Given the rel-
evance of this correction and the possible impact on our results
of any inaccuracy, we cross-checked our barycentric correction
with another software 2 and found no significant differences.

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 was ∼ 3.5 ks, obtained with the Propor-
tional Counter Array (PCA) on board the Rossi X-ray Timing
Explorer (RXTE) satellite (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 (cor-
responding to a luminosity LX ∼ 7.7 × 1036 ergs/s at 8 kpc). A
light curve was extracted in the 2 − 15 keV energy range with
15.625 ms (1/64 s) time resolution, 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

2 https://astroutils.astronomy.osu.edu/time/utc2bjd.
html
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Science Analysis Software (SAS, Gabriel et al. 2004) v. 19.0.0
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
we 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 barycen-
tred the PN photon arrival times using the barycen tool and
adopting DE-405 solar system ephemeris. Spectral fitting with a
simple power-law model results in a 2–10 keV unabsorbed flux
of FX ∼ 4 × 10−10 ergs/s/cm2 (corresponding to a luminosity
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
checked that extracting the light curve only above 2 keV does
not affect the results significantly, thus 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 simulta-
neous 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 ms. The two CCFs (Fig. 2) reveal a clear difference between
the two epochs. The first epoch has a single peak structure that is
similar to the ones observed in other sources (e.g. Casella et al.
2010), except for the fact that it peaks at slightly negative lags,
indicating an infrared 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 sub-peaks.
A more careful look reveals that these sub-peaks are consistent
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 corre-
lated quasi-periodic oscillation at about 0.25 Hz, which is con-
firmed by the power spectral analysis of the infrared time series
(see next sub-section). In both epochs, we assessed stationarity
by dividing each exposure into two halves. The CCFs calculated
independently for the two halves of each epoch do not reveal any
significant difference, confirming that the time series are station-
ary.

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
segment 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. 4. Counting noise was subtracted from the X-
ray PDSs but not from the IR PDSs. This is because we found
in the PDS of both target and comparison star a blue noise com-
ponent, along with spurious instrumental spikes, at frequencies
higher than ≈ 1Hz (see Fig. A.1 and the discussion in the Ap-
pendix A). Because of this, and also owing to their low statistics,
we do not model the PDSs. Nevertheless, we note that an uncor-
related noise component will not affect 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. 4 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 feature by fitting
it with a Lorentzian and modelling the surrounding continuum
with a simple power-law. We found that the QPO is significant
at a ≈ 2.5σ level, with a fractional rms of 2.0±0.4%. We note the
possible presence of a modulation in the CCF that would be con-
sistent with being associated with the QPO. We did not perform
any deeper statistical analysis of the significance of this feature,
as it would go 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-, phase-lags and
raw coherence for the two epochs, shown in Fig. 4. 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 differences observed in the CCFs of the
two epochs are reflected also in the frequency domain.

During the first epoch (Fig. 4, left panel) the phase lags are
negative over nearly the whole frequency range, albeit with large
uncertainties that make almost all data points compatible with
zero lag. We note however that the centroid and width of the CCF
peak are roughly consistent with the IR lead that is observable at
ν ∼ 1 Hz, as expected.

During the second epoch (Fig. 4, right panel), instead, the
phase lag spectrum has a different 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 shift-
ing by 2π the phase lags above 0.7 Hz (grey points in the figure),
which reveals a smooth evolution up to at least 2 Hz, where prob-
ably further phase wrapping appears and randomizes the lags.

4. Discussion

We have analysed two epochs of simultaneous IR and X-ray fast
photometry of the black-hole transient Swift J1753.5–0127 dur-
ing 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 different properties. During the
first epoch, we find that the IR variability leads the X-ray vari-
ability by ∼ 130 ms, as evident both in the CCF and in the
frequency-dependent lags. In the second epoch, instead, the cor-
relation between the time series is more complex, with different
lags appearing at different frequencies, suggesting the presence
of multiple components.
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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 was 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 observe the infrared variability to lead over the X-ray vari-
ability, thus we can safely rule out a jet and a reprocessing ori-
gin for the IR variable emission in this epoch, as in both cases
an infrared 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), thus we can safely assume
the physical and geometrical conditions did not change substan-
tially. However, their CCF is very different from ours (see Fig. 3,
bottom panel): they measure an anti-correlation at negative lags
and a correlation at positive lags, while we observe a correla-
tion at negative lags. Veledina et al. (2017) interpret the corre-
lation at positive lags in terms of disc reprocessing, while the
anti-correlation at negative lags is interpreted in terms of a syn-
chrotron (optical) self-Compton (X-ray) scenario from a magne-
tised corona. In this scenario, the anti-correlation between syn-
chrotron and self-Compton emission originates in fluctuations in
the magnetic field causing a pivoting 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 in-
frared, which is perhaps not surprising given the different wave-
lengths (the infrared-emitting region of the disc is expected to
be much further away than the optical-emitting region). We do
not observe any anti-correlation either, predicted by the magne-
tised corona scenario because of the pivoting of the spectrum.
However, in that scenario, another pivoting is predicted (see Fig.
1 in Poutanen & Vurm 2009): below the self-absorption break,
the synchrotron emission from the corona is expected to corre-
late with the self-Compton emission. Thus, a positive correla-
tion between IR and X-ray emission could be expected as long
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as the self-absorption break is at a shorter wavelength than IR
(thus λ ≲ 2µm, as we performed our observations with the KS
filter). This is in principle feasible, although it requires a surpris-
ing fine-tuning: the break must also be at a longer wavelength
than optical (thus λ ≳ 0.7µm, as the observation in the fifth op-
tical epoch was performed with the r filter), to explain the anti-
correlation found in Veledina et al. (2017) only five days earlier.
This leaves a very narrow wavelength range. Breaks are often
observed in the spectral energy distributions in the OIR wave-
length range, and existing models for the magnetised inflow do
predict a break at least around those wavelengths. On the other
hand, the OIR spectral energy distribution of Swift J1753.5-0127
(or at least its non-variable component) has been well fitted by a
(non-irradiated) disc thermal spectrum, with evidence for an IR
excess component that takes over at longer wavelengths than H-
band (Froning et al. 2014; Wang & Wang 2014). Given the lack
of a perfect simultaneity between our observation and those of
Veledina et al. (2017), it is difficult to draw more definite con-
clusions.

4.2. Second Epoch

The CCF in our second epoch has a complex shape, which is
more difficult to interpret. We observe multiple anti-correlations
at negative lags and an equally structured correlation at positive
lags. The CCF is somewhat similar to the CCF observed in the
third and fifth optical epochs by Veledina et al. (2017) (see Fig.
3), about seven and four years earlier respectively. Both CCFs
were modelled by Veledina et al. (2017) in the context of the
expanding hot flow model described above. Thus, it is natural
to expect that the same model might succeed in describing our
CCF. However, some of the complex structures we observe are
most probably caused by the presence of a QPO (Fig. 2), which
was not present in the fifth optical epoch. A QPO at a very sim-
ilar frequency was instead present in the third epoch and appar-
ent in the CCF, which looks surprisingly similar to the one we
measured in our second epoch, although it was shifted by 2 sec-
onds toward positive (optical) lags. As a result of these and fur-
ther differences (including the X-ray brightness), the two epochs
were modelled with two rather different sets of parameters. The
phase lags of those two epochs are completely different from
each other, demonstrating that the CCFs alone are not always
sufficiently informative. A QPO at lower frequencies was present
in the fourth optical epoch, and apparent in the CCF (Veledina
et al. 2015).

Given the limitation of the technique and the complexity of
our CCF, cross-spectral analysis here can help us separate dif-
ferent components at different timescales, revealing the possible
role of different processes. Looking at Fig. 4 we can identify two
different behaviours/regimes in the lags: at low frequencies, the
phase lags are consistent with being constant at around ∼ 2 radi-
ans, corresponding to a lag of a few seconds decreasing with fre-
quency. The amplitude of these lags and the frequency intervals
in which they appear suggest they could be consistent with the
model proposed by Veledina et al. (2017). At high frequencies
instead, above ∼ 0.4 Hz, the phase lags increase with frequency,
corresponding to a constant lag at ∼ 0.7 s. By integrating the
phase lag between 0.4-0.9 Hz (i.e. where the phase-wrapping ef-
fect is still not dominant) we obtain an IR lag of 0.72±0.16s.
A constant lag at these frequencies, albeit at a shorter value of
the order of 0.1 s, has been observed in other BHTs and asso-
ciated with the jet (see the following Subsection). For frequen-
cies above ∼ 2 Hz, there is evidence for intense phase wrap-
ping that makes it impossible to extract useful information. No

clear feature can be seen in the lags at the frequency of the QPO
(≃ 0.25 Hz), owing to the low significance of the QPO in the
PDSs. For the same reason, we cannot quantify the QPO lag
from the modulation apparent in the CCF, considering also the
complexity of the CCF itself. We note however that qualitatively
the modulation in the CCF suggests that the lag is small, per-
haps consistent with the zero QPO lag measured by Veledina
et al. (2015) in the optical band.

4.3. A jet in a radio-quiet source?

The most evident property of the correlated variability in Swift
J1753.5–0127 is its complex evolution. Only two of the five
epochs of X-ray/optical variability reported by Durant et al.
(2008); Hynes et al. (2009); Durant et al. (2009, 2011) and dis-
cussed by Veledina et al. (2017) are similar to each other, while
the others show remarkably different features. This complexity
is confirmed by our results. Not only do our two epochs of X-
ray/IR variability differ enormously from each other, but they
are also rather different from all the optical epochs, even when
they are very close in time. Even when the CCFs show some
similarities, the time lags reveal important differences.

While in our first epoch, there is no evidence of any jet con-
tribution to the infrared emission, our second epoch shows time
lags somewhat similar to those observed in other BHTs, where
they were interpreted as a jet signature. If we compare the time
lags from our second epoch (Fig. 5) with those reported for
GX 339–4 in Gandhi et al. (2010, Fig. 18) and Vincentelli et al.
(2019, Fig. 2), for V404 Cyg in Gandhi et al. (2017, Fig. S2) and
for MAXI J1820+070 in Paice et al. (2019, Fig. 2), the similari-
ties are striking. In all cases, a clear component with a constant
lag at ∼ 0.1−0.2 seconds can be identified at frequencies around
1 Hz. This component has been associated, very securely in some
cases, by analogy in others, with a compact jet. Thus, it is nat-
ural to consider the possibility that we have detected variable
jet emission also in Swift J1753.5–0127. If this is the case, the
questions remain of why is the measured lag 0.7 s instead of the
“usual” 0.1–0.2 s, and why no jet contribution is detected in our
first epoch, despite the very similar X-ray hardness. We note that
the X-ray luminosity during our second epoch was very similar
to (a factor of ∼ 2 brighter than) the X-ray luminosity at which
the 0.1-s lag was measured in GX 339-4 (Casella et al. 2010).

The longer jet lag in Swift J1753.5–0127 might be related
to the well-known peculiar properties of the jet in this source,
which is one of the so-called radio-quiet black-hole transients
(Soleri & Fender 2011; Gallo et al. 2012; Espinasse & Fender
2018; Motta et al. 2018). This definition comes from the be-
haviour of this source in the radio/X-ray plane, where it lies be-
low the “standard” track (Soleri et al. 2010), and suggests that
the jets in these sources have different radiative properties, and
are perhaps weaker than in “standard” sources. Thus, it would
not be too surprising if the jet in Swift J1753.5–0127 also had
different variability properties. This could be somewhat con-
firmed by the fact that, in at least one case, the jet break in
Swift J1753.5-0127 has been constrained to be at frequencies
lower than 3.6 × 1012 Hz (Tomsick et al. 2015), at least an or-
der of magnitude lower than in GX 339-4 (Gandhi et al. 2011)
and in several other BHTs (Russell et al. 2013). The differences
between the two epochs could be due to two different reasons:
on the one hand, the second epoch has a lower count rate than
the first epoch. The jet could have appeared as the source was
heading towards quiescence, while it was not present years ear-
lier in a brighter state. Several radio-quiet black-hole transients
have shown a transition back from the radio-quiet branch to the
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standard branch in the radio/X-ray plane when heading towards
quiescence (e.g. Coriat et al. 2011), suggesting the jet becomes
stronger at low accretion rates. Evidence for this happening also
in Swift J1753.5–0127 was reported (Kolehmainen et al. 2016).
On the other hand, the X-ray variability in the two epochs dif-
fers substantially (Fig. 6), with a clear change in the slope of the
power spectrum below the high-frequency break. The two shapes
are consistent with the typical PDS observed in the hard states
(Belloni et al. 2005). A link between the shape of the X-ray PDS
and the radio properties have been recently suggested for GRS
1915+105 (Méndez et al. 2022) and GX 339-4 (Zhang et al.
2024). In the context of the jet internal-shock model (Malzac
et al. 2018), it has been shown that such a difference in the slope
of the PDS would correspond to different jet spectral properties
in the two epochs, with the self-absorption break shifting by as
much as four orders of magnitude in wavelength (Malzac 2014).
Thus, again it would not be too surprising if, in the second epoch,
the jet is much brighter in the infrared than in the first epoch.
This could in principle also be related to a variable jet speed with
luminosity, as it has been suggested by Russell et al. (2015) to
explain the peculiar behaviour in the radio/X-ray plane of MAXI
J1836-194 (a system though with most probably a lower inclina-
tion than Swift J1753.5-0127). As the IR flux was similar in the
two epochs, a different jet brightness in the IR would imply also
a variable contribution from a different component.

5. Conclusions

We have observed a complex behaviour in the correlated IR/X-
ray fast variability of the BHT Swift J1753.5-0127 during its 10-
year-long 2005 discovery outburst. In the first of our two epochs,
the data can be interpreted in terms of synchrotron-self-Compton
emission from a magnetised hot flow. In the second epoch, the
data reveal a more complex context. The low-frequency be-
haviour is consistent with a combination of disc reprocessing
and a magnetised hot flow. However, the constant lags at ∼0.7
seconds at high frequencies are reminiscent of the constant lags
observed in a similar frequency range at ∼0.1 seconds in other
sources. These constant lags are usually considered a signature
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Fig. 6. Comparison between the X-ray PDSs measured during our 2008
and 2012 observations. A clear change of the slope is observed below
the high-frequency break.

of O-IR synchrotron emission from a compact jet lagging by 0.1
seconds the X-ray emission from the inflow, which suggests a
similar interpretation for SWIFT J1753.5-0127. The longer lag
we measure could be due to the different radiative properties
of the jet in this source. The complexity of the behaviour, the
lack of broader multi-wavelength data and the overall paucity
of datasets make these interpretations only tentative. These re-
sults underline the need for denser campaigns of strictly simul-
taneous multi-wavelength fast photometry to reach a broader and
deeper understanding of the complex variable spectral properties
of black-hole transients.
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Fig. A.1. Infrared power spectral density of the brighter comparison star
during the two epochs of observation.

Appendix A: Comparison star’s power spectrum

To understand the nature of the blue noise present in the IR
power spectrum of our target, we also checked the power spec-
trum obtained from the comparison star. The results for both
epochs are shown in Fig. A.1. It is clear that in both cases there
is a source of blue noise which starts dominating above a few
Hz. We also notice the presence of spurious peaks at around 4
and 6 Hz (somewhat visible also in the target PDSs in Fig.4, top
panels). Similar features had already been detected in ISAAC
data (Casella et al. 2010; Vincentelli et al. 2018). These peaks
are clearly instrumental, while the blue noise is most probably
caused by readout noise. No additional feature is observed at
lower frequencies, indicating that power measurements below ∼
1 Hz are safe.
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