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A B S T R A C T 

We report on the first simultaneous high-time resolution X-ray and infrared (IR) observations of a neutron star low mass X-ray 

binary in its hard state. We performed ≈ 2 h of simultaneous observations of 4U 1728 −34 using HAWK-I@VLT, XMM–
Newton , and NuSTAR . The source displayed significant X-ray and IR variability down to sub-second time-scales. By measuring 

the cross-correlation function between the IR and X-ray lightcurves, we discovered a significant correlation with an IR lead 

of ≈ 30 –40 ms with respect to the X-rays. We analysed the X-ray energy dependence of the lag, finding a marginal increase 
towards higher energies. Given the sign of the lag, we interpret this as possible evidence of Comptonization from external seed 

photons. We discuss the origin of the IR seed photons in terms of cyclo-synchrotron radiation from an extended hot flow . Finally , 
we also observed the IR counterpart of a type-I X-ray burst, with a delay of ≈ 7 . 2 s. Although some additional effects may be 
at play, by assuming that this lag is due to light travel time between the central object and the companion star, we find that 4U 

1728 −34 must have an orbital period longer than 3 h and an inclination higher than 8 

◦. 

Key words: accretion, accretion discs – stars: neutron – X-rays: binaries. 
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 I N T RO D U C T I O N  

ow mass X-ray binaries (LMXBs) are systems in which a neutron 
tar (NS) or a black hole (BH) is accreting mass from a small mass
ompanion star. During their outbursts, they display a broad and 
omplex spectral energy distribution which varies during different 
tages of their activity. Two main states can be identified as (see e.g.
ananbaum et al. 1972 ; Fender, Belloni & Gallo 2004 ; Migliari &
 E-mail: vincentelli.astro@gmail.com 
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ender 2006 ; Done, Gierli ́nski & Kubota 2007 ; Lin, Remillard &
oman 2007 ; Belloni, Motta & Mu ̃ noz-Darias 2011 ; Mu ̃ noz-Darias

t al. 2014 ): a so-called ‘soft state’, in which the emission is mainly
hermal, arising from an optically thick, geometrically thin accretion 
isc (dominating the soft X-ray part of the spectrum); and a ‘hard
tate’, in which the X-ray spectrum is dominated by a cut-offed
ower law, with a typical cut-off value of ≈ 10 –20 keV for NSs
nd ≈ 100 keV for BHs (Burke, Gilfanov & Sunyaev 2017 ). This
omponent is explained in terms of a geometrically thick, optically 
hin inflow (also referred to as ‘corona’), which Comptonizes softer 
-ray photons arising from the disc (in BH; Zdziarski & Gierli ́nski
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004 ; Done et al. 2007 ) or the boundary layer (in NS; Lin et al.
007 ). In the hard state, these systems can also show a flat spectrum
hich extends from radio to optical–infrared wavelengths, usually

ssociated with synchrotron radiation from a compact jet (see e.g.
orbel & Fender 2002 ; Russell, Fender & Jonker 2007 ; Migliari
t al. 2010 ; Baglio et al. 2016 ; D ́ıaz Trigo et al. 2018 ; Tetarenko
t al. 2021 ). 

It is generally accepted that the geometry of the accretion flow
round accreting compact objects evolves during their outbursts (see
.g. Esin, McClintock & Narayan 1997 ; Lin et al. 2007 , 2009 ; Ingram
 Done 2010 ; De Marco et al. 2017 ; Wang et al. 2017 , 2019 ;

an den Eijnden et al. 2020 ; M ́endez et al. 2022 ). Ho we ver, the
xact structure of the inflow and its connection to the jet is still a
atter of debate (Kalemci, Kara & Tomsick 2022 ). A fundamental

roperty of LMXBs that can help answering these key questions is the
resence, during the hard state, of strong stochastic variability across
he electromagnetic spectrum down to sub-second time-scales (see
.g. Motch, Ilo vaisk y & Chevalier 1982 ; van der Klis 1994 ; Belloni
t al. 2005 ; Tetarenko et al. 2021 ). 

The ultraviolet/optical/infrared (UV/O/IR) range contains contri-
utions from three emitting components that vary along the outburst
nd act on different time-scales: irradiated disc, jet, and contribution
rom an extended hot inflow (Corbel & Fender 2002 ; Hynes 2005 ;
ierli ́nski, Done & Page 2009 ; Migliari et al. 2010 ; Chaty, Dubus
 Raichoor 2011 ; Buxton et al. 2012 ; Corbel et al. 2013 ; Poutanen,
eledina & Re vni vtse v 2014 ; Kosenkov et al. 2020 ). Thus, variability
tudies in these bands have proved to be extremely powerful to
onstrain the properties of LMXBs. 

In recent years, the development of new fast O-IR photometers has
llowed for a rapid growth of strictly simultaneous high-time resolu-
ion multiwavelength observations of BH LMXBs. The discovery of

+ 0 . 1 s lag in at least three BHs (GX 339-4, V404 Cyg, and MAXI
1820 + 070) between X-ray and the O-IR emission clearly showed
hat mass accretion rate fluctuations can travel from the inflow to
he jet, where they are re-emitted as synchrotron radiation (Casella
t al. 2010 ; Gandhi et al. 2010 ; Malzac 2014 ; Gandhi et al. 2017 ;
aice et al. 2019 ). This opened a ne w windo w in jet physics studies,
roviding new fundamental constraints on the jet speed (Casella et al.
010 ; Tetarenko et al. 2018 ; Zdziarski, Tetarenk o & Sik ora 2022 ),
he height and extension of the first shock region (Gandhi et al. 2017 ;
incentelli et al. 2018 ; Paice et al. 2019 ) and the launching radius

Vincentelli et al. 2019 ). 
Further observations lead to the disco v ery of a non-linear corre-

ation between the two bands (Kanbach et al. 2001 ; Durant et al.
011 ; Veledina et al. 2017 ; Paice et al. 2021 ; Vincentelli et al.
021 ), as well as O-IR quasi-periodic oscillations (Motch et al. 1983 ;
alamkar et al. 2016 ; Vincentelli et al. 2019 , 2021 ). This indicated

he contribution of more than one variable component to the O-IR
mission (as also suggested by long term O-IR studies; Kosenkov
t al. 2020 ). One of the most promising candidates to explain these
ntriguing features is synchrotron radiation from the external regions
f a hot magnetized inflow (Veledina, Poutanen & Vurm 2011 ). Few
MXBs, including both BH and NS, have shown possible evidence
f this component, but it is not clear under which conditions it can
ominate o v er the jet (Degenaar et al. 2014 ; Veledina et al. 2017 ;
aice et al. 2021 ; Shahbaz et al. 2023 ). 
Despite the richness of O-IR phenomenology in BH LMXBs,

elati vely fe w studies focused on the fast multiwavelength properties
f NS LMXBs, mainly because of their lower luminosity. 1 Due
NRAS 525, 2509–2518 (2023) 

 The average X-ray peak luminosity of BH LMXBs is ≈7 × 10 37 erg s −1 

gainst the ≈3.8 × 10 37 erg s −1 NS LMXBs (Yan & Yu 2015 ). Further- 
m
×

o their strong flaring and non-stationary variability, most of the
ttention focused on objects persistently accreting at high rates (i.e.
he so-called ‘Z sources’; McGowan et al. 2003 ; Dubus et al. 2004 ;
urant et al. 2011 ; Shahbaz et al. 2023 ; Vincentelli et al. 2023 ), or

ransitional millisecond pulsars (Shahbaz et al. 2015 , 2018 ; Baglio
t al. 2019 ; Papitto et al. 2019 ; Baglio et al. 2023 ). Yet, no study has
een done for NS LMXBs in their ‘canonical’ hard state. 

Here, we present the first simultaneous fast IR/X-ray observation
f the accreting NS 4U 1728 −34 (or GX 354 −0, RA: 17 31 57.73,
ec. : −33 50 02.5) during its hard state. This system is a well-
nown weakly magnetized NS inferred to accrete from a H-poor
onor (Shaposhnikov, Titarchuk & Haberl 2003 ; Galloway et al.
010 ). It is classified as a persistent atoll-type LMXB with high
alactic hydrogen column density, N H = 2.4 − 4.5 × 10 22 cm 

−2 

Piraino, Santangelo & Kaaret 2000 ; D’A ́ı et al. 2006 ; D ́ıaz Trigo
t al. 2018 ). Atoll-type systems are X-ray sources which can undergo
ransitions between a soft and a hard state. When they do, they
race typical tracks in the X-ray colour–colour diagram (i.e. the
o called “Island” and “Banana” branches), associated also to an
volution of timing properties (see, e.g. Hasinger & van der Klis
989 ; van der Klis 2006 ). As observed in BH LMXBs, the broad-
and noise components of the X-ray power spectrum, along with its
uasi-periodic oscillations, evolve towards high frequencies as the
ource approaches a softer, higher luminosity phase (see e.g. Psaltis,
elloni & van der Klis 1999 ; Homan et al. 2007 ; Altamirano et al.
008 ). While the duration of these state can vary significantly from
ource to source (see e.g. van der Klis 2006 ; Mu ̃ noz-Darias et al.
014 , and references therein), 4U 1728 −34 undergoes regular state
ransitions every ∼40–60 d (Mu ̃ noz-Darias et al. 2014 ; for previous
etection of these periodicities see also: Kong, Charles & Kuulkers
998 ; Galloway et al. 2003 ) 
Recent X-ray/IR observations in the soft state have detected the

rst infrared counterpart of a type-I burst (Vincentelli et al. 2020 ).
hese rapid X-ray flashes of light arise from a thermonuclear runway
n the surface of the NS (Hansen & van Horn 1975 ; Woosley
 Taam 1976 ). The low energy counterpart (detected at UV/O/IR
avelengths) of these events is usually associated to the reprocessed

mission from the disc and the companion star. Thus, the delay
etween the X-ray and the UV/O/IR emission can be used to constrain
he orbital parameters of these systems (see e.g. Hynes et al. 2006 ;

u ̃ noz-Darias et al. 2007 ; Vincentelli et al. 2020 ). 

 DATA  

.1 Infrared: HAWK-I@VLT 

e performed high time-resolution photometric observations of 4U
728 −34 with HAWK-I (Pirard et al. 2004 ), mounted at the UT4 at
he Very Large Telescope in Cerro Paranal, Chile. Observations were
arried out on the 2019-03-23 (MJD 58565) between 06:34 and 08:34
TC in FastPhot mode (program ID: 0102.D-0182) using a window of
28 × 64 bins, allowing us to reach a time resolution of 0.125 s. Data
ere recorded in N = 200 data cubes of 250 frames each, separated by
3 s gaps. We then measured the back ground subtracted lightcurve

rom the target, a bright reference and a comparison star using the
LTRACAM software (Dhillon et al. 2007 ). In order not to lose the

racking of the stars, the relative position of the target and comparison
tar was fixed with respect to the reference star. Within one cube the
osition of the aperture was able to tweak its position, following
ore, stellar mass BHs are also brighter at O-IR wavelengths ( L O –IR , BH ≈
10 34 erg s −1 , against L O –IR , NS ≈ ×10 33 erg s −1 ; Russell et al. 2006 ). 
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Figure 1. IR PDS of our target (4U 1728 −34; red points) and the chosen 
comparison star (blue points). While the former shows clear red noise, the 
latter is consistent with Poissonian noise. The comparison star PDS has been 
rescaled for clarity. The grey line represents a constant fit to the comparison 
star PDS, while the orange line represents the best constant fit in the range 
between 3 and 4 Hz. 
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he stars. One set of aperture radii of the extraction was defined for
ach cube in order to take into account long term seeing variations. To
emo v e an y additional spurious effects, we then normalized the target
ightcurve to the reference star (VVV J173159.32-335001.92, K s = 

0.562 ± 0.001). The lightcurv e e xtracted from a nearby comparison 
tar (VVV J173200.33-335005.87, K s = 14.58 ± 0.04) showed a 
table lightcurve without long term trends. The average magnitude 
f 4U 1728 −34 was 14.5 ± 0.02 ( ≈ 1 . 1 mJy, a similar flux to past
easurements by D ́ıaz Trigo et al. 2018 ). A fraction of the cubes

uffered from a few frame losses. Therefore, when considering the 
ross-correlation with the X-rays, these cubes were discarded from 

he analysis. During a few cubes, the source ended up too close to
he edge of the detector, distorting the obtained lightcurve: also these 
ubes were excluded from the overall analysis. After extracting the 
ightcurve, we put the times stamps in the Dynamical Barycentric 
ime system using the JPL DE405 Earth ephemerides adopting the 
ethod described in Eastman, Siverd & Gaudi ( 2010 ). 

.2 Soft X-rays: XMM–Newton 

e observed 4U 1728 −34 with the EPIC-pn camera onboard of
he X-ray (0.5–10 keV) telescope XMM–Newton in Timing mode 
Str ̈uder et al. 2001 ). Observations were carried out on the same
ight between 05:37 and 13:32 UTC ( OBSID: 0831791401 ). After 
pplying the barycentric correction (through the BARYCEN tool 
dopting the JPL DE405 Earth ephemeris), we extracted the events 
etween column RAWX 27 and 47, selecting only events with 
ATTERN < = 4 and FLAG == 0. The data also show a clear
-ray burst during the HAWK-I time window: for the analysis 
f the stochastic variability (and the correlation with the IR fast
ariability, see Section 3.1 and 3.2 ), this feature was discarded 
rom the data. We excluded events in a window between 4200 
nd 4400 s from the beginning of the observation. The selected X-
ay events were binned to the IR lightcurve. Due to the very high
ount rate of this event, which distorts the shape of the lightcurve,
or the analysis of the burst signal (see Section 3.3 ) we obtained
he lightcurve using the command EPICLCCORR with 0 . 5 s time
esolution. 

.3 Hard X-rays: NuSTAR 

uSTAR (Harrison et al. 2013 ) observed 4U 1728 −34 from the
019-03-22 22:26:09 to 2019-03-23 12:11:09 UTC for a total on- 
ource exposure time of 19.3 ks ( OBSID: 90501312002 ) with both
ocal plane module A and B (FPMA and FPMB, hereafter). We 
rocessed the event lists, filtered photons between 3 and 79 keV, 
xcluded the passages of the satellite through the South Atlantic 
nomaly using the tool nupipeline . Barycentric correction was 

lso applied through the FTOOL command BARYOCRR (also in 
his case we used JPL DE405 Earth ephemeris). Both source and 
ackground counts were accumulated within a circular region of 
adius 150 arcsec. We then extracted the barycenter source light 
urves for both FPMs and inspected them for the presence of bursts.
e detected one burst with a duration ≈ 100 s before the strictly

imultaneous XMM–Newton /HAWK-I campaign. The burst detected 
n the XMM–Newton /HAWK-I campaign, instead, took place dur- 
ng a visibility gap. After excluding the identified burst, spectra 
nd response files were generated applying the script nuprod- 
cts . We binned the spectra to obtain at least a signal-to-noise

atio of 20. 
 DATA  ANALYSI S  A N D  RESULTS  

.1 Stochastic variability 

hanks to HAWK-I’s sub-second time resolution we measured the 
ower density spectrum (PDS) in the IR band using the recipe
escribed by Uttley et al. ( 2014 ). We first investigated if the target was
ignificantly variable computing the PDS with 64 bins (i.e. segment 
ength = 8 s) per segment for both our target and the comparison
tar (see Fig. 1 ). While the first shows clear red noise, typically
bserved in accreting systems (see e.g. Press 1978 ; Uttley, McHardy
 Vaughan 2005 ; Scaringi et al. 2015 , and references therein), the

atter shows a flat spectrum, consistent with just uncorrelated noise. 
ome deviations from the constant are seen (see e.g. around 2 and
 Hz). We note, ho we v er, that the y lie within 2 σ from our constant
est fit, and thus they are unlikely due to instrumental artefacts that
ould affect the signal. 

We then computed a PDS with a better frequency resolution and
o v erage (i.e. going at lower frequencies): to do this we filled the
aps by adding log-normally distributed points which kept the same 
ux, and high frequency PDS of our IR lightcurve. The PDS was
omputed using 128 bins per segment (i.e. segment length = 16 s) and
 geometrical rebinning of 1.2 (see Fig. 2 ). While at low frequencies
he PDS shows a break around 0.3 Hz, it shows an upturn abo v e

1 Hz. Given the trend at frequencies below 1 Hz, such a change in
lope is unlikely to be only aliasing. Ho we ver, such an ef fect could
e caused by an underestimation of the white noise level, which
as computed following the recipe in Vaughan et al. ( 2003 ). Thus,
e also computed the PDS by estimating the noise by fitting the

onstant level between 3 and 4 Hz. Although this represents the most
onserv ati ve estimate, we still measure significant variability above 
 Hz (yellow empty points in Fig. 2 ). The integrated rms computed
n the former case is ≈ 2 per cent. 

We compared the IR PDS to the PDS of the XMM–Newton data
ith 16 348 bins per segment and a geometrical rebinning factor
f 1.1. The X-ray PDS shows strong broad-band noise as typically
bserved in NS LMXBs in their hard state, with a peak (in νP ν units)
t around few Hz and an integrated rms of 20 per cent. This value
s consistent with typical expectations from the hard state (Mu ̃ noz-
arias et al. 2014 ). 
MNRAS 525, 2509–2518 (2023) 



2512 F. M. Vincentelli et al. 

M

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). 
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We characterized the origin of this noise by measuring the discrete
ross-correlation function (CCF) between the X-ray (0.5–10 keV)
nd IR using the same procedure described by Gandhi et al. ( 2010 ).
s in all previous studies, we use the X-ray as a reference band: i.e.
ositive lag implies that the IR lags the X-rays. All plots follow this
onvention, unless specified otherwise. The XMM–Newton /HAWK-
 CCF has a poorly resolved peak around ≈0, which seems to be
lightly asymmetric around ne gativ e lags (Fig. 3 ). By computing the
ag 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

alue with the Fourier lags: i.e. using the phase of the IR/X-ray cross-
pectrum. This was computed following the steps described in Uttley
t al. ( 2014 ). A comparable value is also obtained when computing
he Fourier time lag between the X-ray and IR lightcurves at high
requencies: −32 ± 15 ms in the 1–4 Hz range and −42 ± 20 ms
etween 2 and 4 Hz. 
NRAS 525, 2509–2518 (2023) 
In order to verify the significance of the observed correlation, we
erformed two tests. We first e v aluated the CCF between XMM–
ewton and the IR lightcurves of the comparison star: the absence
f correlation shown in Fig. 3 (grey curve) demonstrates that the
eak is not spurious. Secondly, we checked whether the peak was
ue to uncorrelated noise fluctuations. To do so, we simulated N =
0 3 synthetic lightcurves with the same PDS of the XMM–Newton
ightcurve and random phases, and cross-correlated them with the IR
ightcurve. From the width of the obtained distribution, we found that
ur peak is significant at ≈8 σ . Finally, we also verified if the shape
as affected by counting statistics, correcting the normalization from

he excess variance (Vaughan et al. 2003 ). However, we did not find
 significant variation in the shape of the CCF, nor of its inferred lag.
herefore, we can conclude that the asymmetry of the CCF, and thus

he IR lead, is real. 

.2 CCF energy dependence 

e investigated the CCF energy dependence by using XMM–Newton
ightcurv es e xtracted in the 0.5–4 and 4–10 keV bands. The resulting
lots (see Fig. 4 , Top panels) show a possible evolution between the
wo bands. To exclude that this is an effect due to the normalization,
e e v aluated the Fourier domain phase lags between the IR and the

wo X-ray bands by using 64 bins per segment and a geometrical
ebinning factor of 1.4. Although the statistics is poor, the bottom
anels of Fig. 4 show that the resulting lag-frequency spectra appear
o marginally deviate from each other abo v e 1 Hz (where the lag in
he 4–10 keV band becomes longer). 

In order to investigate further this result, we computed the lag-
nergy spectrum by integrating the cross-spectrum between 1 and
 Hz for four X-ray energy bands (0.5–2, 2–4, 4–6, and 6–10 keV).
iven the IR lead, we used the IR bands as reference. We caution

he reader that this inverts the convention used so far: i.e. positive
ag means that the X-rays lag the IR . The resulting time-lag versus
nergy-spectrum is shown in Fig. 5 . While the IR lead (or X-
ay delay) does not evolve significantly between 0.5 and 6 keV,
 marginal increase can be seen in the 6–10 keV band. We also
ttempted to measure the lags using broader bands (0.5–4 and 4–
0 keV, i.e. as for the analysis shown in Fig. 4 ) and we found only
 marginal difference of ≈1.5 σ : 17 ± 15 to 62 ± 27 ms. We note
hat, as expected from the lag-frequency spectrum, by performing
he same analysis at lower frequencies (i.e. 0.1–1 Hz), all lags are
onsistent with zero. 

.3 Type-I burst 

s mentioned abo v e, the XMM–Ne wton lightcurv e presented a clear
-ray burst simultaneous with the HAWK-I cubes. Ho we ver, due to

he presence of stochastic variability, the IR lightcurve does not show
 clear excess as in the previous burst reported by Vincentelli et al.
 2020 ). Nonetheless, by measuring the CCF including the burst, we
ound a broad peak which suggests that the IR does respond to the X-
ay burst also in the hard state (see Fig. 6 , right panel). Interestingly,
he CCF seems also to show a weak anticorrelation at ≈ −5 s. By
nspecting the IR lighcurve with lower time resolution, we found
he presence of a marginal dip during the initial phase of the burst
ollowed by a positive response to the X-ray burst (see Fig. 6 , left
anel), which could explain the weak anticorrelation at ne gativ e lags.
e estimated the significance of this correlation by cross-correlating

he XMM lightcurve including the burst with an uncorrelated signal
ith the same properties of the IR lightcurve. We simulated 10 3 

ightcurves with the same signal-to-noise ratio and power spectrum
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Figure 4. Top panel : X-ray/IR CCF using different X-ray energies: 0.5–4 keV (red squares on the left) and 4–10 keV (blue circles on the right). Bottom panel : 
X-ray/IR phase lags using the same bands (and colour code). To ease comparison, on the left panels grey lines represent measurements done with the 4–10 keV 

band and on the right panels grey lines reproduce the calculations using the 0.5–4 keV band. 

Figur e 5. Lag-ener gy spectrum using the IR as a reference band: i.e. positive 
lag means X-ray lagging the IR. The plot sho ws ho w the lag seems to become 
larger at energies abo v e 6 keV. 
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2 https:// heasarc.gsfc.nasa.gov/ cgi-bin/ Tools/ w3nh/w3nh.pl 
3 P ast studies hav e found a better spectral fit by leaving the absorption free, 
finding N H ≈ 2 . 5 × 10 22 cm 

−2 (Piraino et al. 2000 ; D’A ́ı et al. 2006 ; D ́ıaz 
Trigo et al. 2018 ). We note that we also performed the analysis with this 
value and (probably due to the energy band pass) did not find any significant 
variations in the inferred parameters. 
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easured by HAWK-I, aligned them to the XMM lightcurve and 
omputed the CCF for all the possible shifts. The 1 σ threshold 
btained from the distribution is plotted in Fig. 6 (right panel). The
eak of the CCF is highly significant ( ≈ 4 . 4 σ ), while, as expected,
he dip at ne gativ e lag is just around ≈ 3 σ . 

Following the procedure described by Gandhi et al. ( 2017 ) and
eterson et al. ( 1998 ), we e v aluated the X-ray/IR delay through the
eighted average (and its standard error) of the CCF within its full
idth half maximum, finding a lag of 7 . 2 ± 1 . 4 s. Past observations

n the soft state showed a delay associated to the burst of 4 . 5 ± 0 . 25 s
Vincentelli et al. 2020 ), thus smaller with a ≈2 σ confidence level. 

.4 X-ray spectral analysis 

e also characterized the X-ray spectral state of the source, by
nalysing the NuSTAR spectrum between 3 and 79 keV (Fig. 7 ).
ollowing past spectral studies of NS LMXBs (Wang et al. 2017 ,
019 ; Ludlam et al. 2019 ; van den Eijnden et al. 2020 ) we used a
odel with four components: interstellar absorption, a black body 

omponent, a cut-off power law, and reflection. In details, we used a
omptonization model ( THCOMP ; Zdziarski et al. 2020 ) convoluted
ith a black body component ( BBODYRAD ) and a relativistic reflec-

ion model ( RELXILLCP ; Garc ́ıa et al. 2014 ). We fixed the hydrogen
olumn density N H to the value reported in the Heasarc 2 database for
he source coordinates, i.e. 1 . 35 × 10 22 cm 

−2 3 

The model can reproduce with good agreement the data ( χ2 / dof
1.07) and the best-fitting values are reported in Table 1 . We found
MNRAS 525, 2509–2518 (2023) 

https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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M

Figure 6. Left Panel: XMM–Newton (blue line) and HAWK-I lightcurve (red points, rebinned to 0 . 75 s for clarity) during the type-I burst. The dashed line 
was placed at the rise of the burst (i.e. between the first bin with a clear rise, and the last consistent with the persistent). The IR lightcurve shows a marginal 
anticorrelation around the peak of the X-ray burst followed by a clear rise. The gap at the end of the XMM–Newton burst is due to telemetry drop-out. Right 
Panel: CCF of the hard state (HS, blue points) compared with the one measured in the soft state (SS, grey curve; Vincentelli et al. 2020 ). The latter was computed 
only up to a lag of ±15 s because of the limited duration of the simultaneous data. Nonetheless, a clear difference between the two epochs is present. The 
dashed–dotted lines represent the 1 σ confidence noise level for the hard state observations. 

Figure 7. Top Panel: NuSTAR spectra of 4U 1728 −34. Black and red 
points represent the data from FPMA and FPMB detectors, respectively. The 
continuous line represents the o v erall model, while the dashed lines indicate 
the individual components. Bottom Panel: Residuals of the fit. 
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Table 1. Best-fitting parameters for the NuSTAR FPMA + FPMB spectral 
analysis. The data were well reproduced assuming an absorbed Comptoniza- 
tion model + reflection: specifically, we used the model PHABS × ( THCOMP 

� BBODYRAD + RELXILLCP ). N H was fixed to 1 . 35 × 10 22 cm 

−2 , a = 0 and 
both emissivity profile indices to 3. All errors are reported with 90 per cent 
confidence level. 

Component Parameter Value 

THCOMP 

� τ 1.9 ± 0.01 
kT e (keV) 15.4 + 0 . 3 −0 . 6 

cov frac 0.99 + 0 . 01 
−0 . 09 

BBODYRAD 

kT (keV) 0.96 + 0 . 07 
−0 . 01 

norm 154 + 28 
40 

RELXILLCP 

inc ( ◦) 23 + 13 
−9 

R in ( ×6 GM c −2 ) 6 + 9 −2 

log ξ 3.5 ± 0.1 
log ρ (cm 

−3 ) 18.4 + 0 . 7 −0 . 5 

norm ( ×10 −3 ) 1.8 ± 0.4 
χ2 /dof (FMPA) 491/485 
χ2 /dof (FMPB) 546/466 
χ2 /dof (total) 1037/961 
Flux 3–79 keV (erg cm 

−2 s −1 ) 3.6 × 10 −9 

Flux 3–6 keV (erg cm 

−2 s −1 ) 7.3 × 10 −10 

Flux 6–9 keV (erg cm 

−2 s −1 ) 5.5 × 10 −10 
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he presence of a thermal component at kT ≈ 1 keV, associated most
robably the boundary layer (see e.g. Lin et al. 2007 ; Armas Padilla
t al. 2017 ). The temperature of the hot Comptonizing medium was
ound to be kT e ≈ 15 keV. Both these values are consistent with
ast measurements of NS LMXBs X-ray spectra during the hard
tate (Lin et al. 2007 ; Burke et al. 2017 ). The value of the co v ering
raction is consistent with 1, which indicates that all the seed photons
re Comptonized. Regarding the reflection component, the spectrum
s consistent with a highly ionized, (log ξ ≈ 3.5), truncated ( R in ≈
0 7 cm) disc with a low inclination ( i between ≈20 and 30 ◦). The
eflection model allows us to define two disc emissivity profile indices
nd a radius for the transition between the two indices. Since the fit
oes not require strong relativistic effects (the disc is truncated), we
xed both indices to 3 which is what is predicted in the Newtonian
ase. The spin was also fixed to 0, for the same reason. Furthermore,
y leaving the density ( ρ) of the disc as a free parameter, we find a
alue of ρ ≈ 2 . 5 × 10 18 cm 

−3 . 
NRAS 525, 2509–2518 (2023) 
As mentioned abo v e, this observation has a much harder spectrum
ompared to the first burst detection reported in Vincentelli et al.
 2020 ). In particular, the previous observation is dominated by a
trong thermal component, which can be fitted with a disc black
ody emission with a temperature of ≈3 keV. We also find evidence
f reflection features as well as a hard tail abo v e 50 keV. This is in line
ith the previous studies of the source (see e.g. Kajava et al. 2017 ;
ang et al. 2019 ), and a more detailed analysis on the evolution of

he spectrum, beyond the aim of this paper, is ongoing (Vincentelli
t al., in preperation). 
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 DISCUSSION  

.1 Stochastic variability and lags 

ur strictly simultaneous XMM–Newton /HAWK-I observations of 
U 1728 −34 show a strong correlated signal with an infrared lead
f ≈ 40 ms. Given that the CCF structure is unresolved, it is not
traightforward to give a physical explanation to this delay. It is the
rst time that the sub-second IR domain is explored for a weakly
agnetized NS LMXB in the hard state and there are currently no
odels which can predict this feature. Given the similarity between 
H LMXBs and these systems (see e.g. Psaltis et al. 1999 ; Mu ̃ noz-
arias et al. 2014 ; Vincentelli et al. 2023 ), we attempted to interpret

his signal through models recently developed for stellar mass BHs. 
Historically, broad-band spectral studies of LMXBs have usually 

nterpreted the presence of an IR excess in the hard state as a jet
omponent (Corbel & Fender 2002 ; Russell et al. 2006 ; Migliari
t al. 2010 ; Gandhi et al. 2011 ; Corbel et al. 2013 ; Baglio et al.
016 ; D ́ıaz Trigo et al. 2018 ; Marino et al. 2020 ). From a timing
oint of view, this scenario has been confirmed only for BH LMXBs
hanks to the detection of a 0.1 s lag between the X-ray and O-IR
ariability (Gandhi et al. 2008 ; Casella et al. 2010 ; Malzac 2014 ).
ccording to this model, accretion-rate fluctuations from the inflow 

which are observed in X-rays) are injected in the jet, where they
re re-emitted in the form of synchrotron radiation at lower energies 
from O-IR to radio) through the collisions of internal shocks (Jamil,
ender & Kaiser 2010 ; Malzac 2013 ): therefore the IR responds to

he variations in X-rays with a positive lag. 
The IR lead found in our analysis seems to disfa v our a pure

et model. Ho we ver, it is important to recall that due to the poor
esolution of the CCF, we cannot rule out completely the presence of
 jet. A component with a (positive) lag, smaller than half the time
esolution of our CCF, could still be present. On this regard, it is also
nteresting to notice that the X-ray/IR delay from internal shocks is
xpected to scale with the mass of the central object (Malzac 2013 ).
hus, if the jet properties are similar between BHs and NSs, we
xpect a lag associated to the jet of ≈ 10 ms. Our observations set
n upper limit to this lag of ≈ 60 ms (i.e. half the time resolution of
he CCF). This scenario can be tested with higher time resolution IR
nstruments (see e.g. ERIS@VLT; Davies et al. 2018 ). 

Another scenario which has been invoked to explain the O-IR 

ux excess in the hard state, is the production of cyclo-synchrotron 
adiation from an extended hot inflow (Veledina et al. 2011 , 2013 ).
ccording to these models, the X-rays would be then produced by 

he Comptonization of these photons (Wardzi ́nski & Zdziarski 2000 ; 
outanen & Vurm 2009 ). The sign of the lag, seems to suggest

hat Comptonization may be involved. Depending on the energy 
istribution of the electrons and/or the variability of some parameters 
f the system, a positive correlation with an O-IR lead can be
eproduced (Poutanen & Vurm 2009 ; Veledina et al. 2017 ; Paice
t al. 2021 ). 

In the following paragraphs, we discuss the possible implications 
e garding a c yclo-synchrotron emitting re gion. These calculations 
eed the value of the IR luminosity, which depends on distance and
 xtinction. Re garding the distance, we will use the value obtained
hrough photospheric radius expansion burst measurements (i.e. ≈
 kpc; Galloway et al. 2003 ). The extinction is more uncertain as
here is no direct measurement of the N H . For the spectral analysis,
e found a good fit using 1 . 35 × 10 22 cm 

2 (see Table 1 ), ho we ver
ast works have also found good fits using a higher N H (roughly
y a factor of 2). Using the relation found by G ̈uver & Özel ( 2009 )
uch values of N H lead to A V ranging between ≈6 and 11. Following
t  
ardelli, Clayton & Mathis ( 1989 ) law, these in turn translate into
 K between ≈ 0.7 and 1.3. For our calculations we kept consistent
ith our spectral fit, and adopted the lower value of A K . We caution,
o we ver, that the discussed values may change by a factor of a few
epending on the extinction. 
If the IR emission coincides with the peak of the cyclotron

pectrum, it is possible to constrain the geometry of the emitting
egion. In details, adapting the equations described in Masters et al.
 1977 ) for accreting white dwarfs, the radius of a slab emitting
yclotron radiation can be written as: 

 = 

√ 

12 c 2 

32 π2 

L cyc 

kT ν3 
(1) 

where L cyc is the observed luminosity at the electromagnetic 
requency ν (1 . 5 × 10 14 Hz), and T is the temperature of the slab.
he exact temperature of the cyclotron emitting region is not known.
o we ver, we can assume that its temperature will not be higher

han the coronal temperature inferred from the X-ray spectral fit 
 kT e ≈ 15 keV). Therefore, this will give us a lower limit to
he radius. We note that this is valid under the assumption of a
hermal Maxwellian distribution for the electrons, and the value of 
he ef fecti ve temperature could change depending on the energy
istribution of the electrons. We obtain a de-reddened K S band 
uminosity L cyc of ≈ 10 33 erg s −1 ; gi ven, ho we ver gi ven an IR rms of
pproximately few percent, the luminosity of the variable component 
responsible for the CCF) could be lower as ≈ 10 31 erg s −1 . By
lugging in these values in equation ( 1 ), we find that R has to be at
east of the order of 10 8 –10 9 cm. Such values seem unlikely, as they
ould be marginally consistent with the light travel time distance 
etween the X-ray and the IR emitting region ( ≈10 −2 light seconds,
.e. 10 8 cm). 

We also considered the case of an IR emitting synchrotron 
egion. In detail, similarly to Chaty et al. ( 2011 ), we used a one-
one c ylindrical re gion emitting IR synchrotron radiation. Although 
 more realistic description should include a stratified hot flow 

Veledina, Poutanen & Vurm 2013 ), we adopt this approximation as it
llows us to find a relatively simple relation between the fundamental
uantities such as radius ( R ) and height of the slab ( h ), magnetic
eld ( B ), break of the synchrotron radiation, and flux. Thus, we can
onstrain the parameters of the system as well as the geometry of the
orona. In details, assuming equipartition ( ξ = 1), and the distance
f 4U 1728 −34, equations 1 and 2 from Chaty et al. ( 2011 ) can be
ritten as follows: 

 = C B ν

(
h 

S 

)β

[G] (2) 

 = 

C R 

ν

(
S 

h 

)α

[ cm ] (3) 

here ν is the break of the synchrotron spectrum expressed in units
f 10 14 Hz, S is the flux in units of 10 mJy, h is the height expressed
n units of R (i.e. H / R ), while C R and C B are constants (respectively,
.5 × 10 8 and 5 × 10 5 ). The values of the indices α and β are,
espectively, 17/36 and 1/9. 

D ́ıaz Trigo et al. ( 2018 ) measured the broad-band spectral energy
istribution of 4U 1728 −34 in a similar spectral state, finding a break
requency between 1 . 3 − 11 . 0 × 10 13 Hz ( ν ≈ 1.3 − 11.0 × 10 −1 ).

oreo v er, giv en the sign of the lag it is implausible that most of the
ariability arises from the jet. Thus, we can assume that the height of
he cylinder is smaller than the radius (i.e. h max = 1). Finally, given
 rms of a few percent, we can place a lower limit to the (variable)
ynchrotron flux of ≈ 10 −2 mJy ( S min ≈ 10 −3 ). By combining these
hree quantities we can constrain the magnetic field and radius of the
MNRAS 525, 2509–2518 (2023) 
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4 The maximum orbital period which can be sustained with a stable outburst 
according to the disc-instability model for 4U1728 −34’s mass accretion rate 
is ≈10–20 h (Dubus et al. 2019 ). 
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lab. For the former, this translates into: 

 < B max = C B νmax 

(
h max 

S min 

)β

≈ 10 6 G (4) 

Such a value is in line with the expectations from weakly
agnetized sources, such as 4U 1728 −34 (see e.g. Casella et al.

008 ; Ludlam et al. 2019 ). When considering the radius, instead, we
btain: 

 > R min = 

C R 

νmax 

(
S min 

h max 

)α

≈ 9 × 10 6 cm (5) 

Such a value is consistent with the value inferred through our X-ray
pectral fitting ( R in = 5 − 19 × 10 6 cm). Thus, if we now consider
he upper limit placed by the NuSTAR data analysis (i.e. fixing R =
 max = 1.9 × 10 7 cm) we can also rearrange the equations and place
onstraints on h min and νmin . Regarding h we obtain: 

 > h min = 

(
C R 

νmax R max 

) 1 
α

S min ≈ 0 . 2 (6) 

hich would point towards a thick wedge. We note that recent
-ray polarimetric measurements on other low magnetic field NS
MXBs at higher accretion rates have pointed towards a spherical
eometry, with a smaller truncation radius (Capitanio et al. 2023 ;
hatterjee et al. 2023 ; Farinelli et al. 2023 ). Thus, the lack of fast IR

tochastic variability in the soft states (Vincentelli et al. 2020 ) could
e explained with a contracting hot flow as the source approaches
igher accretion rates (see e.g. Esin et al. 1997 ; Wijnands & van
er Klis 1999 ; Ingram & Done 2010 ; Mu ̃ noz-Darias et al. 2014 ; van
en Eijnden et al. 2020 ). More data of these sources with both fast
ultiwavelength timing and polarimetric observations may thus be

sed in the future to place stronger constraints on the evolution of
his component as a function of luminosity. 

Regarding the synchrotron break we obtain: 

> νmin = 

C R 

R max 

(
S min 

h max 

)α

≈ 0 . 5 [ ×10 14 GHz ] (7) 

This is consistent with the results obtained by D ́ıaz Trigo et al.
 2018 ) and suggests that the turn-o v er between optically thin and
ptically thick region is in the near-IR band. New multiwavelength
bservations, with mid-IR co v erage are required to confirm this
cenario. 

.2 Type-I burst 

e have measured for the second time the delayed IR counterpart of
n X-ray type-I burst in 4U 1728 −34. It is generally accepted that
hese X-ray flashes occur because of a thermonuclear runway on the
urface of the accreting NS (Hansen & van Horn 1975 ; Woosley &
aam 1976 ). The presence of UV/O/IR counterparts in these systems

s usually interpreted as reprocessing from the outer disc and the
ompanion star (O’Brien et al. 2002 ; Hynes et al. 2006 ). 

Interestingly, we found a variation in the X-ray/IR delay, passing
rom 4.5 to 7.2 s compared to a previous observation (Vincentelli
t al. 2020 ). Such a marked difference suggests that the IR burst
riginates from thermal reprocessed emission of the donor star. If
his is due only to a change in the orbital phase (i.e. the change of hot
nflow geometry does not affect the delay between the driving and
eprocessed burst), this measurement can be used to further constrain
he period of the system and put a limit on the inclination. 
NRAS 525, 2509–2518 (2023) 
.2.1 Geometrical interpretation: limits on the orbital period 

imilarly, to Vincentelli et al. ( 2020 ), by simply considering the
onor star as a point source and assuming that the 7.2 s is measured
t superior conjunction with i = 90 ◦, we can set a lower limit to the
rbital period. In that case the delay ( τ ) would correspond to τ =
 a / c (where a is the orbital separation and c is the speed of light),
lus the reprocessing time (which is expected to be less than a few
00 ms; Cominsky, London & Klein 1987 ). Even considering a more
ealistic case, where the star occupies a significant fraction of the
rbital separation, or if the IR emission arises from a large fraction
f the star, this limit would still hold. Thus, given a delay of 7.2 s,
e can say that a = 3.5 c . According to Kepler’s third law (for a

anonical NS mass of 1.4 M �), this yields a minimum orbital period
3 h, ruling out the ultra-compact nature of the source proposed by

alloway et al. ( 2010 ). This would also be in line with the period
erived from recent transient pulsations searches ( P orb between 2 
nd 8 h; Bahar, Chakraborty & G ̈o ̆g ̈u s ¸ 2021 ). 

.2.2 Geometrical interpretation: limits on the inclination 

nder the hypothesis that the IR burst arises from reprocessing, the
easurement of the delays from two different events can be used to

ut the first lower limit to the inclination of the source. The light
ravel time distance between the central and donor star in an orbiting
ystem with a semimajor axis a , with an inclination i at an orbital
hase φ is (O’Brien et al. 2002 ): 

= 

a 

c 
· [1 + sin i · cos φ] (8) 

Thus, if we have two bursts of the same system measured at
ifferent phases, we will observe a difference in the lag between the
riving and reprocessed burst. We can express the difference between
he measured reprocessed lags as: 

τ = τ2 − τ1 = 

a 

c 
sin i · [ cos φ2 − cos φ1 ] (9) 

F or a giv en inclination, the maximum observ able time dif ference
etween two delays will be seen when the phases of the two bursts
re 0 and π , thus: 

τ < 

2 a max 

c 
sin i (10) 

By assuming a maximum a max / c = 10 (i.e. the value of semimajor
xis for an orbital period of ≈ 20 h 4 ), this gives i > 8 ◦. This is
onsistent with previous modelling of the source (Vincentelli et al.
020 ) and sets the first geometrical constraint on the inclination of
U 1728 −34. 

.2.3 Additional effects 

t is interesting to notice that the observed IR burst shows also some
roperties that are not fully consistent with the reprocessing scenario.
ts duration is significantly shorter than that of the X-ray burst, and
he shape does not fully resemble the observed one at high energy
opposite to the soft state case; Vincentelli et al. 2020 ). The shorter
uration could be explained by assuming a high continuum level
see e.g. Vincentelli et al. 2020 ) and that we observe only a small
raction of the star reprocessing the X-rays (i.e. if the star is between
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s and the NS; O’Brien et al. 2002 ). A different reprocessed burst
rofile, ho we ver, could also arise if the burst observed by the outer
egions of the system is different from the observed X-ray burst.
 possible explanation for this could come from the effect of an

xtended hot flow, which is present during this state (a similar
rgument has been invoked also to explain the lack of correlation 
etween AGN X-ray and optical/UV lightcurves; see e.g. Gardner & 

one 2017 ). For example, if the corona is depleted during the type-I
urst (as suggested by high energy observations and simulations) and 
eappears during its decay, it may scatter the X-ray flux in a complex
ay, partially obscuring the NS surface to the companion. This would 

ead to a ‘truncated’ driving signal, explaining the different shape of
he reprocessed burst. 

An additional signature of the corona is the presence of a marginal
dip’ in the IR lightcurve at the peak of the X-ray burst. Further
bservations are required to confirm this feature; however, it is 
nteresting to note that such an anticorrelation would be expected 
f the IR arose from synchrotron radiation by the corona (Degenaar 
t al. 2018 ). If the corona cools down due to the dramatic increase of
oft seed photons from the thermonuclear flash (as supported by high 
nergy observations of type-I X-ray bursters; see e.g. Maccarone 
 Coppi 2003 ; Chen et al. 2013 ; Ji et al. 2013 , 2014a , b ; Kajava

t al. 2017 ; Chen et al. 2018 ; S ́anchez-Fern ́andez et al. 2020 ), then
he synchrotron radiation is also expected to then the synchrotron 
adiation is also expected to drop. Consolidation of this dip with 
urther observations may lead to new independent constraints on the 
volution of the accretion flow during these extreme events. 

 C O N C L U S I O N S  

e have performed the first simultaneous, sub-second IR/X-ray 
bservations of an accreting NS in the low hard state. We found
wo main results: 

(i) We disco v ered a correlated signal between X-ray and infrared 
n millisecond time-scales with an IR lead of ≈ 30 –40 ms. There
re no specific models that can explain this feature. Ho we ver, gi ven
he energy dependence of the lag, we propose a scenario in which IR
yclotron or (more likely) synchrotron photons are produced by an 
xtended hot inflow, and then Comptonized by the more energetic 
lectrons responsible for the X-ray non-thermal emission. 

(ii) We detected the IR counterpart of a type-I burst with lag of
7 . 2 s with respect to the X-ray one. By combining this result with

ast measurements, and assuming that the change is not affected by 
he spectral state, we obtain a minimum orbital period of ≈ 3 h and a
ower limit to the inclination of ≈8 ◦. However, we also note that the
hape of the IR burst suggests that some interaction with the corona
s at play. 

These results confirm the strength of fast multiwavelength vari- 
bility for studying accretion processes. Moreo v er, the disco v ery of
orrelated X-ray/IR sub-second variability 4U 1728 −34 opens a new 

indow in the study of NS LMXBs. Further observations with new 

R instruments with higher time resolution (e.g. ERIS@VLT; Davies 
t al. 2018 ) may be able to resolve the observed peak in the CCF,
eading to unprecedented constraints on the geometry of the accretion 
ow and jet’s physical conditions in NS LMXBs. 
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