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ABSTRACT

We report the detection of an infrared burst lagging a thermonuclear Type I X-ray
burst from the accreting neutron star 4U 1728-34 (GX 354-0). Observations were
performed simultaneously with XMM-Newton (0.7-12 keV), NuSTAR (3-79 keV) and
HAWK-I@VLT (2.2µm). We measure a lag of 4.75 ± 0.5 s between the peaks of the
emission in the two bands. Due to the length of the lag and the shape of the IR
burst, we found that the most plausible cause for such a large delay is reprocessing
of the Type I burst X-rays by the companion star. The inferred distance between the
neutron star and the companion can be used to constrain the orbital period of the
system, which we find to be larger than ∼ 66 minutes (or even & 2 hours, for a realistic
inclination < 75◦ ). This is much larger than the current tentatively estimated period
of ∼ 11 minutes. We discuss the physical implications on the nature of the binary and
conclude that most likely the companion of 4U 1728-34 is a helium star.
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INTRODUCTION

4U 1728-34 (GX 354-0) is one of the most studied neutron star (NS) low mass X-ray binaries (LMXBs) and
shows the classical observational characteristics of this
kind of weakly magnetized sources. The X-ray emission
is known to show a quasi-periodic state transition (every ∼ 40 days) between a soft state and a hard state
(Muñoz-Darias et al. 2014). In the ﬁrst case the X-ray spectrum shows a thermal component modelled with a thin accretion disc (Shakura & Sunyaev 1973); in the latter case
the spectrum can be ﬁtted with a power-law component
with an high-energy cut-oﬀ, and it is usually explained in
terms of inverse Comptonization by a corona of hot electrons close to the NS surface (Ng et al. 2010; Egron et al.
2011; Wang et al. 2019). On shorter timescales the source
presents strong aperiodic variability, quasi-periodic oscillations (Di Salvo et al. 2001), and thermonuclear Type I X-
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ray bursts (Hoﬀman et al. 1976; Basinska et al. 1984, and
Strohmayer et al. 1996 for a review).
Thermonuclear Type I X-ray bursts (Type I X-ray
bursts from now on) are sudden ﬂashes observed from accreting NSs in LMXBs (Lewin et al. 1993). They are usually observed in X-rays where the luminosity can reach up
to the Eddington limit in few seconds. During the burst
the X-ray spectrum is consistent with a black-body spectrum which slowly cools down after the peak (Swank et al.
1977; Hoﬀman et al. 1977a,b, 1978). These sudden ﬂashes
are thought to be the consequence of the ignition and unstable burning of the matter accreted on the NS from the
companion (e.g. Fujimoto et al. 1981, see Galloway & Keek
2017 for a recent review). The ﬂame spreads from the initial
ignition location until it engulfs all the star surface in few
seconds (e.g. Cavecchi & Spitkovsky 2019). The time scales
of the bursts and their recurrence times depend on many factors, among which the most important ones are the accretion
rate and the accreted matter composition. These determine
which nuclear reactions take place. In particular, the dura-
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tion of the tail of the bursts depends signiﬁcantly on the
composition of the accreted matter (e.g. Schatz et al. 2001).
Type I X-ray bursts from 4U 1728-34 have a short
duration and a very high α value (the ratio of the persistent ﬂuence between bursts over the burst ﬂuence1 ).
Such features are expected for helium-only burning bursts
(Galloway et al. 2010). Also, assuming a solar composition
for the accreted matter, the typical burst recurrence time
of ∼3 hr cannot be reproduced without leaving some hydrogen left to burn during the bursts (see Misanovic et al. 2010;
Galloway et al. 2010). This seems to point towards almost
pure helium accretion from an evolved companion. Moreover
Galloway et al. (2010) reported a possible detection of a periodic signal at 11 minutes in the persistent X-ray emission
between the bursts, using Chandra observations taken in
June 2006. Given the helium burning nature of the bursts, it
was proposed that 4U 1728-34 was an ultra-compact binary
with a He white dwarf feeding the neutron star. However,
analysis of other X-ray observations could not ﬁnd further
evidence for a periodic signal at 11 minutes.
Type I X-ray bursts have been often detected also
at UV and optical wavelengths (Grindlay et al. 1978;
McClintock et al. 1979; Pedersen et al. 1982; Hynes et al.
2006b). The observed light curves of the bursts in these
bands diﬀer usually from the X-ray ones, showing, for example, broader shapes (Lawrence et al. 1983). The general
interpretation is that the X-ray light is reprocessed by the
accretion disc and the donor star, giving rise rise to a burst
at lower energies, with a range of delays (Cominsky et al.
1987; O’Brien et al. 2002).
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Figure 1. Light curves of the strictly simultaneous multiwavelength observations of 4U 1728-34 taken on 2018-09-29. Top
panel: the X-ray burst is clearly detected by both NuSTAR and
XMM-Newton. Bottom panel: the IR burst (red) superimposed
on the re-scaled, NuSTAR X-ray burst for comparison (grey).

OBSERVATIONS

We performed a strictly simultaneous X-ray/IR observation of 4U 1727-34 (R.A., DEC : 17:31:57.73 -33:50:02.5)
on 2018-09-29 (MJD 58420). X-ray observations were done
with XMM-Newton and with NuSTAR, while the IR band
was covered by HAWK-I at Very Large Telescope (VLT).
For all instruments, time was set to Dynamical Barycentric
Time (TDB) system using the JPL Earth ephemeridis.

22:13 to 08:49 UTC (Obs. ID 30401020010). The light curve
was extracted using the NuSTAR Data Analysis Software
v1. We used the FTOOL nuproducts from the focal plane
modules A and B (FPMA and FPMB). In particular we
extracted events using a circle of 100” around the source between 3 and 10 keV. Events were binned in a light curve with
60 ms and barycentered through the nuproducts pipeline.

2.1

2.2

2.1.1

X-ray Observations
XMM-Newton

We extracted data from the XMM-Newton Epic-pn camera (Strüder et al. 2001). The satellite observed continuously
between 20:39 and 02:44 UTC in Timing mode (Obs. ID
0824150601). In order to extract the light curve we followed
the procedure described in the SAS manual. In particular we
selected the events with PATTERN <= 4, in the 0.7-10 keV
energy range and using a box of ≈ 86 arcsecond of angular
size (RAWX between 28 and 48). The event ﬁle was barycentred using the command barycen. The X-ray light curve was
extracted with 60 ms time resolution and corrected from
possible instrumental factors with the command epiclccorr.
2.1.2

NuSTAR

Hard X-rays (3-79 keV) were collected with the two focusing
telescopes on board of NuSTAR (Harrison et al. 2013) from
1

The total energy emitted per unit area.

IR Data

We collected IR (Ks band) high time resolution data with
HAWK-I mounted at VLT UT-4/Yepun. HAWK-I is a nearinfrared wide-ﬁeld imager made up of four HAWAII 2RG
2048x2048 pixel detectors (Pirard et al. 2004). Observations
were taken from 23:53 to 00:53 UTC (Program ID 0101.D0935). The observation was performed in Fast-Phot mode,
reading only a stripe of 16 contiguous windows of 128x64 pixels in each quadrant. This allowed us to reach a time resolution of 0.125s. Every 250 exposures the data have a ∼3s long
gap to transfer the data, emptying the instrument buﬀer.
The instrument was pointed in order to put the source and
a bright reference star (Ks = 10.44) in the top-right quadrant
(Q3). Photometric data were extracted using the ULTRACAM data reduction software tools (Dhillon et al. 2007).
Parameters for the extraction were derived from the bright
reference star, to which the position of the target was linked
in each exposure. To account for seeing eﬀects, such as spurious long term trends due to changes in the background,
we took the ratio between the source and the reference star
count rate was used. The time of each frame was then put in
MNRAS 000, 1–6 (2019)
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Figure 2. IR (HAWK-I) vs X-ray (XMM in black, NuSTAR in
blue) cross-correlation function. The average peak is at 4.75 s.

the TDB system using the barycentering software developed
by Eastman et al. (2010).
3
3.1

ANALYSIS AND RESULTS
Detection of an IR Burst

Both X-ray satellites detected a Type I burst at 23:53:13
TDB. Fig. 1 shows the strictly simultaneous light curves
in the two bands (0.7-12 and 3-79 kev). The observations
show the typical behaviour for this kind of phenomenon,
with a steep rise followed by a slower decay. HAWK-I observations started at 23:53:15.5 TDB. A sudden and sharp rise
in the light curve, followed again by a slower decay is seen at
23:53:19. We measured a peak magnitude of Ks = 14.23±0.03
(not de-reddened ﬂux of ≃ 0.135 mJy). For the rest of the observation the light curve remained approximately constant
at Ks = 14.516±0.001 (≃ 0.104 mJy). We computed the crosscorrelation function (CCF) between the X-ray and IR light
curves using data from both satellites. Light curves were rebinned with a time bin of 0.5 s. The CCF was computed
following the formalism described in Gandhi et al. (2010).
While the XMM CCF has a maximum at 4.5±0.25 s, the
NuSTAR one peaks at 5±0.25 s. We investigated the origin
of this marginal diﬀerence by using the same energy band
for both satellites (3-10 keV). Given that the results did not
change signiﬁcantly in this case, we ascribe the origin of the
marginally diﬀerent peaks to the non-identical eﬀective areas
of the satellites coupled with the evolution of the X-ray spectrum during the burst. Pile-up eﬀects could also marginally
modify the burst proﬁle observed by XMM. However, the
two measurement of the lag are consistent, suggesting that
also this eﬀect is negligible. We also note that the slightly
asymmetric shaped CCF suggests that the characteristic
decay-timescale of the IR burst is shorter than the X-ray
one. An exponential ﬁt (A e−t/τ +C) gives τIR = 3.3±0.4s versus τX = 4.4 ± 0.2s: thus the diﬀerence in length is marginal.
We note however that the observed e-folding time τ can be
aﬀected by the level of the persistent emission, especially in
the IR case, as the amplitude of the peak is only ≈ 30% of
the level of the persistent.
3.2

Orbital Period

The detection of an IR burst and its lag with the X-ray
one can be used to put geometrical constraints to the sysMNRAS 000, 1–6 (2019)
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tem. In particular, the Optical-IR counterparts of an X-ray
burst are expected to arise from the reprocessed emission
by the disc and the donor star (O’Brien et al. 2002). The
lag between the two lightcurves would then be due to the
diﬀerence in path between the direct burst emission and the
reprocessed light. In the following, we will assume an average lag of 4.75 ± 0.5s, noting that the results presented here
are insensitive to small changes of this value. Converting the
measured lag in light travel-time distance, we obtain a distance of ≃ 106 km. Such large distance could still arise from
both the outer edge of the disc or from the companion star.
We note, however, that past observations of optical bursts
show always a rise starting almost simultaneously to the Xray burst (Hynes et al. 2006a; Paul et al. 2012), as expected
from the response of a disc (O’Brien et al. 2002). On the
contrary, we observe the IR rise taking place a few seconds
after the X-rays. We also notice that, contrarily to what is
expected from a burst reprocessed by an extended disc, the
length of the reprocessed burst is comparable with the Xray one. We conclude that the IR burst arises most probably
from the companion star, and not from the disc.
Under this hypothesis, the measured lag can be interpreted as the light-travel time diﬀerence between the two
bodies of the system, and it can be therefore used to constrain the period of the binary. The conversion into distance,
however, depends on the orbital phase and the inclination.
Assuming a circular orbit, and neglecting the size of the
companion star, the dependence of the lag on the orbital
phase is the following (O’Brien et al. 2002):
a
(1)
τ = (1 + sin i cos φ)
c
Where a is the binary separation, i is the inclination, and φ
is the orbital phase2 . This means that if the system is faceon (i = 0◦ ), the measured lag would coincide (in light travel
time) with the semi-major axis. For inclinations > 0◦ , the
measured lag would correspond to a range of possible binary
separations, depending on the orbital phase at the time of
the burst.
In the most extreme case of i = 90◦ and φ = 0 (i.e., if the
system is “edge-on” and the companion is behind the NS),
the actual orbital separation (in light travel time) would be
half the measured X-ray/IR lag: this is the smallest a allowed
for the system. Given that the period P ∝ a3/2 , this sets a
lower limit to the orbital period. In order to be conservative,
we also take into account the possible extra delay due to
the reprocessing time. It has been shown that the typical
reprocessing time of an X-ray type I burst illuminating a
star is ≤ 0.2 s (Cominsky et al. 1987). This means that the
minimum orbital separation for a 4.75 s lag will be given
(in light travel time) by half the measured lag minus the
maximum reprocessing time. To be conservative we set such
distance as 2 light seconds (amin /c = 2s).
Through the Keplerian law we then computed the orbital period. Fig. 3 shows the orbital periods as a function
of the companion mass for diﬀerent orbital separations (in
light-travel time) and for neutron star masses ranging from
1.4 and 2 M ⊙ 3 . We ﬁnd that also in the extreme case of
2 We adopt the convention that at phase φ = π the companion is
between the neutron star and the observer.
3 P ∝ M −1/2 : higher M
N S will give lower orbital periods.
t ot
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90 degrees. For each combination of a, q and i we sampled 10
orbital phases between 0 and π. In Fig. 4 we show the orbital
phase that would give a lag of 4.75 s as a function of a, i and
q. If we do not include the disc, once we account for the ﬁnite
size of the Roche lobe using a ′ = a − RL , the delays are well
described by Eq. (1). RL is the equivalent Roche lobe radius:
the radius giving the volume of the Roche Lobe centered on
the companion. An approximate formula is (Eggleton 1983):
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Figure 3. Expected periods for a binary system with a neutron
star of a mass between 1.4 and 2 M⊙ as a function of the mass of
the donor star. The five curves correspond to five different orbital
separations (from bottom to top: 2, 3, 4 and 5 light seconds).

a 2 M ⊙ NS (lower limit of the ﬁlled curves), the orbital period of the system will always be & 1.1 h (≈66 min). We
note that this limit is extremely conservative. For example,
X-ray spectral measurements indicate that the inclination
should be between 23◦ and 53◦ (Wang et al. 2019), while
the fact that 4U1728-34 does not show dips or eclipses, implies that the inclination must be . 75◦ (Frank et al. 1987).
For instance at i = 75◦ the orbital separation would be ≈ 2.5
light seconds, which means that we do not expect a period
. 2 hr. We also note that this limit is still valid even in the
case the reprocessed burst originated from the outer edge
of the disc: the orbital separation (and therefore the orbital
period) in this scenario would be in any case larger than the
one measured with our assumptions.
3.3

Preliminary Modelling

The considerations discussed in Sec. 3.2 and Eq. (1) neglect
the ﬁnite size of the companion and the presence of the disc.
To include these we have written a code to calculate synthetic light curves of bursts in X-rays and IR. We followed
O’Brien et al. (2002) and the references therein. Our code
includes the NS, assumed to be spherical, a disc and the companion, assumed to be in circular orbit and ﬁlling its Roche
lobe. We neglect the stream from the lagrangian point L1 to
the disc. For the disc height we use H ∝ (R/Rout )β , so that
the disc can have a ﬁnite thickness at the star surface. The
data available do not allow a full ﬁt of the parameters. So
we run exploratory models, under some reasonable assumptions, in order to constrain the lowest orbital period. The
outer edge thickness is Hout = 0.016 ∗ Rout . We set β = 1.1
and the outer radius Rout is given by the circularization radius (see e.g. Maccarone & Patruno 2012). The code follows
O’Brien et al. (2002) in accounting for the illumination and
heating of the companion and disc, and computes directly
the observed light curves summing the emission from all the
components. The base temperature of the companion is set
to T = 5.5 × 103 K, based on the persistent IR emission
(Marti et al. 1998).
We ran two sets of simulations: including the disc or not.
We explored a range of 19 values for the orbital separation
a from 2 to 10 light seconds, a range in mass ratio q of 10
values from 0.1 to 1 and 10 values of inclination i from 0 to

0.49q 3
2

(2)

1

0.6q 3 + ln(1 + q 3 )

where the mass ratio q = Mc /MNS . When the disc is included, the phase space where a solution is possible is heavily reduced. One important reason for this is that the disc
obscures part of the companion. We note that we did not
ﬁnd solutions for a . 2.9 light seconds within the parameter
space we explored here. For q = 1, the minimum a is ∼ 3.3
light seconds when the disc is accounted for, suggesting that
a white dwarf (WD) on 11 minutes orbit is unlikely.

4

DISCUSSION AND CONCLUSIONS

We discovered an IR burst taking place 4.75 s after an Xray Type I burst in the accreting NS 4U 1728-34. Due to
the length of the lag, and the similar duration of the two
bursts, we interpret the IR burst as reprocessing from the
companion star. Under this hypothesis, we found that the orbital period of 4U 1728-34 must be greater than ∼ 1.1 hours.
Such an estimate is in contradiction with the proposed ultracompact nature of the system and the implication that the
companion must be an evolved star, in particular a WD.
The main arguments in favour of an evolved donor star
in a short binary system were: the evidence of hydrogen poor
Type I bursts; the marginal detection of a periodicity of ∼ 11
minutes (Galloway et al. 2010); and the fact that the mass
transfer rate estimated for 4U 1728-34 suggests a period of
∼20 minutes according to the period- MÛ correlation observed
in the systems with an evolved donor (Heinke et al. 2013).
Comparing the radius of a WD from its mass-radius
relation to a Roche lobe radius with 2s . a/c . 4s, we found
that to have a WD as a donor star, it has to have a mass of
a few 10−3 M ⊙ . Our modelling indicates that the parameter
space allowed for low q becomes very small and for q ∼
10−3 only a neglible part of the parameter space is allowed.
Such low q NS-WD system would also have an accretion
rate of order 10−13 M ⊙ /yr or less (see e.g. Deloye & Bildsten
2003) , which is much lower than the reported accretion
rates (Galloway et al. 2010; Heinke et al. 2013). All these
considerations imply that a WD companion seems unlikely.
On the other hand, hydrogen-poor bursts could also occur if the donor is a helium star. These systems are believed
to originate from Be-Xray binaries and thought to evolve
into WD-NS systems (Dewi et al. 2002). Numerical simulations have shown that during their evolution, these systems
can reach orbital periods of few hours (Dewi et al. 2002) and
therefore would be consistent with our lag measurement.
In conclusion, we note that this result is based only on
one single detection, thus we can place only a lower limit to
the orbital period. More observations of this kind, with several measurements as a function of the orbital phase can be
used to obtain a precise estimate of the orbital parameters.
MNRAS 000, 1–6 (2019)
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Figure 4. Phases at which the observed lag between X-ray and IR is 4.75 s for the case including a disc and the case without. The color
of the surfaces corresponds to the orbital phase, as indicated by the color bar. Red dots mean no possible phase, all lags < 4.75 s, blue
dots mean no possible phase, all lags > 4.75 s. Black dots mean no Type I burst detected in X-ray (because the disc is eclipsing the NS).
Some parameter combinations lead to an IR profile with two comparable peaks due to the disc response. Using the first of these peaks
would not be consistent with the observations and therefore we exclude these cases.
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