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A B S T R A C T 

We report on the presence of very rapid hard X-ray variability in the γ -ray binary LS I + 61 303. The results were obtained by 

analysing Nuclear Spectroscopic Telescope Array ( NuSTAR ) data, which show two achromatic strong flares on ks time-scales 
before apastron. The Swift / Burst Alert Telescope orbital X-ray light curve is also presented, and the NuSTAR data are put in the 
context of the system orbit. The spectrum and estimated physical conditions of the emitting region indicate that the radiation is 
synchrotron emission from relativistic electrons, likely produced in a shocked pulsar wind. The achromaticity suggests that losses 
are dominated by escape or adiabatic cooling in a relativistic flow, and the o v erall behaviour in hard X-rays can be explained by 

abrupt changes in the size of the emitting region and/or its motion relative to the line of sight, with Doppler boosting potentially 

being a prominent effect. The rapid changes of the emitter could be the result of different situations such as quick changes in the 
intra-binary shock, variations in the re-accelerated shocked pulsar wind outside the binary, or strong fluctuations in the location 

and size of the Coriolis shock region. Although future multiwavelength observations are needed to further constrain the physical 
properties of the high-energy emitter, this work already provides important insight into the complex dynamics and radiation 

processes in LS I + 61 303. 

Key words: radiation mechanisms: non-thermal – stars: neutron – stars: winds, outflows – X-rays: binaries. 
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 I N T RO D U C T I O N  

nly a relative small number of binary systems have been observed to
mit high-energy (HE; 0.1–100 GeV) and very-high-energy (VHE; >
.1 TeV) gamma rays. Despite their rarity, these systems are valuable
or investig ating astroph ysical mechanisms of particle acceleration
ecause of their proximity, which allows to obtain some knowledge
f the varying ambient conditions and their capability to produce
elativistic populations of particles evolving on short time-scales,
s evidenced by their fast variability across the electromagnetic
pectrum. 

Despite their rarity, various different types of binaries have been
dentified as emitting HE radiation. These systems include at least
hree high-mass X-ray binaries (Cyg X-1, Cyg X-3, and SS 433),
e veral lo w-mass-star/neutron-star binaries, two colliding wind bi-
aries ( η-Car and WR11), and several so-called gamma-ray binaries:
ystems likely formed by a pulsar and a massive star, usually of Be
ype. Among all these objects, with the exception of η-Car and SS
33, only gamma-ray binaries exhibit notable VHE emission (Dubus
013 , 2015 ; Paredes & Bordas 2019 ; Chern yako v a & Malyshe v
020 ). 
LS I + 61 303 is an outstanding example of the group of gamma-

ay binaries (Albert et al. 2006 ). It is a high-mass X-ray binary
ystem that consists of a rapidly rotating B0 Ve star of 10–15 M �,
ccording to Casares et al. ( 2005 ), and a compact object whose
 E-mail: saavedraenz@gmail.com 
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dentity remained unknown for many years (e.g. Bosch-Ramon et al.
006 ; Romero et al. 2007 , 2008 ; Massi & Kaufman Bernad ́o 2009 ).
he recent detection of radio pulses, ho we ver, clearly indicates that

he compact object is a rotating neutron star rather than a black hole
Weng et al. 2022 ). This finding provides new insights into the system
nd the mechanisms operating in this and other gamma-ray binaries.
he orbital period of LS I + 61 303 is P orb = 26.496 ± 0.003 d, the
ccentricity of the orbit is e = 0.72 ± 0.15, and the periastron passage
ccurs at the orbital phase φorb = 0.23 ± 0.03 (Casares et al. 2005 ;
ragona et al. 2009 ). H I measurements indicate that the system is

ituated at a distance of 2.0 ± 0.2 kpc (Frail & Hjellming 1991 ). 
Despite the past uncertainty regarding the nature of the compact

bject, the detection of a couple of soft gamma-ray flares in the
irection of LS I + 61 303 (Dubus & Giebels 2008 ; Burrows et al.
012 ) led to speculation that the primary object in the system might
ot be just a pulsar but a magnetar (see also Papitto, Torres &
ea 2012 ; Torres et al. 2012 ). This hypothesis is further supported
y the measurements of the period obtained with the FAST radio
elescope (Weng et al. 2022 ). The predictions of the magnetic-dipole
raking theory suggest a polar magnetic field strength of B p ≈
 . 4 × 10 19 P Ṗ 

1 / 2 G ∼ 7 × 10 14 G , a value that is among the highest
n the Galactic magnetar population (Suvorov & Glampedakis 2022 ).

In 1978, Gregory and Taylor first reported that LS I + 61 303
xhibited high radio variability during a surv e y for highly variable
adio sources in the Galactic plane. Shortly after the disco v ery,
aylor & Gregory ( 1982 ) and Gregory ( 2002 ) found a periodic
odulation of its radio emission with the orbital period of the

ystem. The zero-phase epoch used today dates back to the first radio
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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etection made by Gregory & Taylor ( 1978 ). Additionally, Paredes 
 1987 ) observed super-orbital radio variability with a modulation of
he radio outburst peak occurring approximately every 4 yr. Peracaula 
 Bosch ( 1997 ) detected small-amplitude radio variability on time- 
cales as short as 1.4 h during the flux decay immediately following
he expected periodic radio outburst. The soft X-ray emission of LS
 + 61 303 is also modulated by the orbit and exhibits outbursts
etween the orbital phases 0.4 and 0.8 (Abdo et al. 2009 ; Li et al.
012 ; Zamanov et al. 2014 ). The MAGIC collaboration has reported
orrelated X-ray and VHE gamma-ray emission from the source 
uring ∼ 60 per cent of one orbit, suggesting a single particle 
opulation as the origin of the emission (Anderhub et al. 2009 ;
abalza, Paredes & Bosch-Ramon 2011 ). 
The orbital modulation of LS I + 61 303 is also observed at other

av elengths. P aredes & Figueras ( 1986 ) initially reported optical
ariability, which was later found by Mendelson & Mazeh ( 1989 )
o follow the orbital period. Paredes et al. ( 1997 ) observed a similar
attern in X-rays. At X-rays, the source was first identified using the
instein satellite (Bignami et al. 1981 ) and has since been monitored
t various energies with different instruments, including ROSAT , 
SCA , RXTE , XMM-Newton , INTEGRAL , Swift/XRT , and Chandra

Sidoli et al. 2006 ; Paredes et al. 2007 ; Chern yako va et al. 2012 ;
orres et al. 2012 ). The X-ray flux was found to fluctuate o v er time-
cales of days (Goldoni & Mereghetti 1995 ) or even shorter (Li
t al. 2012 ). Fermi-LAT detected the emission of the source at HE
amma rays. This emission consists of periodic outbursts occurring 
hortly after periastron passage ( φorb ∼ 0.3–0.45; Hadasch et al. 
012 ), so it appears before the VHE radiation detected by Cherenk o v
elescopes. 

Mestre et al. ( 2022 ) found that LS I + 61 303 exhibits optical
icro-flares with time-scales of one day and that these micro-flares 

re correlated with gamma-ray emission. Rapid fluctuations in the 
mission have been frequently associated with the possible presence 
f a magnetar (Torres et al. 2012 ; Zamanov et al. 2014 ; Suvorov &
lampedakis 2022 ). 
Regarding the X-ray energy range, the source was observed with 

wift (Esposito et al. 2007 ; Acciari et al. 2009 ; D’A ̀ı et al. 2016 ;
hern yako va et al. 2017 ) and INTEGRAL (Chern yako va, Nerono v &
alter 2006 ; Zhang et al. 2010 ; Li, Torres & Zhang 2014 ) satellites.

NTEGRAL data in the range 20–60 keV show a hard spectrum 

ith index � ∼ 1.5 when the compact object is around apastron 
Chern yako va et al. 2006 ), with fluxes in the range ∼2–4 × 10 −11 

rg s −1 cm 

−2 . Around phases 0.4–0.6, the spectrum is somewhat 
ofter with values of 1.7 ± 0.4 (Chern yako va et al. 2006 ) or 1.9 ± 0.2
Zhang et al. 2010 ), with similar flux es. F or the phase range 0.0–0.4,
hich includes the periastron passage, Li et al. ( 2014 ) found an X-

ay photon index in the 18–60 keV band of 1 . 9 + 0 . 47 
−0 . 40 , with a flux

f 1.6 ± 0.3 × 10 −11 erg s −1 cm 

−2 . In the case of Swift / XRT , a
umulative spectrum through five orbits was obtained by Esposito 
t al. ( 2007 ). It is well described by an absorbed power-law model
ith an average index � = 1.78 ± 0.05. Acciari et al. ( 2009 ) reported
bservations with both Swift and RXTE with a variable X-ray flux in
he 2006/2007 season, in the range ∼0.5–3.0 × 10 −11 erg cm 

−2 s −1 

 v er the orbit, with a variable spectrum. These data are restricted to
he energy band of 2–10 keV. 

In addition to the abo v e mentioned studies in the hard X-ray band,
hern yako va et al. ( 2006 ) conducted an e xtensiv e inv estigation at

ower energies using multiple XMM –Newton observations. Through- 
ut these observations, they consistently found an index � ∼ 1.5 in 
he phase range 0.2–1, regardless of whether the flux was high or
ow. 
b

Sharma et al. ( 2021 ) analysed the variability of radio and X-ray
mission through simultaneous observations. In radio, they used the 
MI Large Array Telescope in the frequency ranges 13–15.5 GHz and
5.5–18 GHz. The X-ray emission was observed by XMM –Newton 
n the energy range of 0.3–10 keV. The observations focused on the
rbital phase range 0.696–0.711. They found that the radio and X-ray
mission are correlated up to 40 per cent once the long term trends
re remo v ed. 

Rea et al. ( 2010 ) performed an observation using the Chandra
elescope in the energy band of 0.3–8 keV. The observation was
entred on phases 0.94–0.98 and unveiled a moderate spectral 
ariation ( � ∼ 1.70–1.83). Two minor flares (with � ∼ 1.70 ± 0.02)
ere also detected. The objective of these observations was to detect
-ray pulsations, but no periodic signals were found in the observed

requency range. The low X-ray pulsed fraction ( � 10 per cent )
uggests that the X-ray emission likely originates from the inter- 
ind shock or inner-pulsar wind zone. 
Lopez-Miralles et al. ( 2023 ) recently analysed the RXTE historical

rchive to determine the orbital period, which they found to be
6.6 ± 0.3 d, consistent with what was found previously. They also
onducted a timing study but found no evidence of a possible periodic 
ulse at X-rays. 
Very rapid variability was reported by Smith et al. ( 2009 ) using

XTE in the energy band of 3–10 keV. They detected an exceptionally 
arge X-ray flare, with a peak flux of 7.2 × 10 −11 erg cm 

−2 s −1 and
 duration of ∼100 s. During this time, the flux increased by a
actor of 6, which was (aside from the more contro v ersial magnetar-
ike activity mentioned abo v e) the strongest X-ray flare observed so
ar in this source. The event occurred toward the apastron, with an
ntegrated luminosity, assuming a distance of 2 kpc, of ∼3.4 × 10 34 

rg s −1 . The spectral index during this flare was hard: � = 1.4 ± 0.1.
ther two smaller flares were also observed soon afterwards. 
In this paper, we investigate the hard X-ray behaviour of the

ource using recent Swift / Burst Alert Telescope ( BAT ) and Nuclear
pectroscopic Telescope Array ( NuSTAR ) data. We found the usual
rbital variability in the Swift / BAT data and disco v ered two fast
ares before apastron passage with NuSTAR , each presenting internal 
tructure and typical variability time-scales of ∼1 ks with a total
uration of ∼10 ks. These flares are the most prominent reported at
ard X-rays (3–79 keV). They occurred in similar phases as the flares
ound by Smith et al. ( 2009 ) with RXTE at lower energies but with
 softer spectrum. The spectrum found here is, ho we ver, compatible
ith that derived from INTEGRAL data, although with somewhat 

ower fluxes. 
The article is structured as follows. Section 2 describes the data set

nd the corresponding analysis. The results are presented in Section 3 .
e then provide a discussion on the interpretation of these rapid flares

nd the possible underlying physical mechanisms in Section 4 . In the
nal section (Section 5 ), we offer our conclusions. 

 OBSERVATI ONS  A N D  DATA  ANALYSI S  

.1 Swift / BAT data 

ASA launched the Swift satellite in 2004, which includes the BAT
s part of its multiwavelength observatory (Gehrels et al. 2004 ).
AT uses a coded aperture mask to detect and locate gamma-ray
ursts in the 15–150 keV energy range. Its wide field of view and
igh sensitivity allow it to provide initial positions for follow-up 
bservations by other instruments on the Swift satellite and ground- 
ased telescopes in less than 20 s. 
MNRAS 525, 1848–1855 (2023) 
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Figure 1. Swift / BAT folded light curve using 24 bins, an orbital period of 
26.496 d, and the reference epoch 43366.275 MJD (Gregory 2002 ). The 
NuSTAR observation of LS I + 61 303 analysed in this work occurred at 
the orbital phase indicated by the orange stripe, spanning ∼2.4 per cent of 
the orbital period, ranging from 0.544 to 0.568 in orbital phase. Note that 
the apastron passage takes place at phase ∼0.73 [Casares et al. ( 2005 ); or at 
phase ∼0.775 when adopting the results from Aragona et al. ( 2009 )]. 
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B AT has se veral technical capabilities that make it useful for a
ange of astronomical studies. Its large field of vie w allo ws it to
urv e y a significant fraction of the sky each day, which is useful for
tudies of the cosmic X-ray background and the large-scale structure
f the Universe. Additionally, its high angular resolution enables it
o accurately locate and study a variety of astronomical objects, such
s active galactic nuclei, X-ray binaries, and supernova remnants
Barthelmy et al. 2005 ). 

We investigated the full orbital light curve of LS I + 61 303
vailable on Swift / BAT service up to 2022 No v ember 16. This
ublic website 1 offers o v er 1000 light curv es of hard X-ray sources,
panning o v er 9 yr. In Fig. 1 , we present a light curv e that was
onstructed using 24 bins for the whole orbit of 26.496 d, at the
eference epoch 43366.275 MJD. In the present work, we mostly
ocus on the period of the NuSTAR observation of LS I + 61
03, which was conducted before apastron passage and co v ered
pproximately 2.4 per cent of the orbit. This observation spanned
rom 0.54–0.57 in orbital phase, as indicated by the orange stripe
n the figure. It should be noted that the apastron passage of LS I
 61 303 should occur within the phase range 0.73–0.775 (Casares

t al. 2005 ; Aragona et al. 2009 ). The Swift / BAT light curve shows
 significant decrease in flux during the periastron passage, while in
he region near the apastron, the source presents a flux several times
igher. This pattern agrees with the findings of Esposito et al. ( 2007 ),
ho also analysed Swift / XRT data. 

.2 NuSTAR data 

he NuSTAR (Harrison et al. 2013 ) was designed and launched to
tudy HE X-rays. It is the first telescope with the ability to focus on
NRAS 525, 1848–1855 (2023) 
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e

-rays in the 3–79 keV energy range, providing a unique view of the
niverse. NuSTAR consists of two co-aligned telescopes with grazing
ncidence optics modules and focal plane modules, A ( FPMA ) and
 ( FPMB ), consisting of a solid-state CdZnTe detector. 
NuSTAR has technical capabilities that make it useful for a wide

ange of scientific studies. It has a high angular resolution, with a
oint-spread function (PSF) that varies from 18 arcsec at 10 keV
o 58 arcsec at 79 keV. It can also measure spectral features with
igh efficiency (see e.g. F ̈urst et al. 2014 ; Saavedra et al. 2022 ,
023 ). These capabilities allow NuSTAR to accurately locate and
tudy various types of astronomical objects. NuSTAR also has a good
E resolution, with a full width at half-maximum of 350 eV at 10 keV

nd 900 eV at 79 keV, which enables it to measure the energy of the
ncoming X-rays with unprecedented precision. 

NuSTAR observed LS I + 61 303 on 2017 August 14 (ObsID
0301008002), with an exposure of ∼ 55 ks. The data were already
sed in Massi et al. ( 2020 ) but not discussed in detail. The data were
educed using the NUSTARDAS-V. 2.0.0 analysis software from the
EASOFT v.6.28 task package and CALDB (V.1.0.2) calibration files. In
rder to filter the Southern Atlantic Anomaly passages, we looked at
he indi vidual observ ation report. We extracted cleaned e vent files us-
ng the parameters saacalc = 1 , saamode = OPTIMIZED ,
nd tentacle = NO . To extract the photons, we used circular
egions of 70 arcsec centred at the source and similar nearby regions
f 70 arcsec for the background, using the same chip. The chosen
adius encloses ∼90 per cent of the PSF. The observation did not
how stray light on any detector. The background subtraction of
ach camera module and the addition of corrected light curves were
one using the LCMATH task. To generate the spectra, we used
he nuproducts task with the same regions as for light-curve
xtraction. The X-ray spectral analysis was performed using XSPEC

.12.12.1 (Arnaud 1996 ) in the 3–79 keV energy range. The spectra
ere grouped to a minimum of 20 counts per bin to properly use χ2 

tatistics. 

 RESULTS  

n Fig. 1 , we show the orbital phase range of the NuSTAR observation
n the context of the orbital light curve derived from Swift / BAT data.
he NuSTAR observation spans in phase from 0.54 to 0.57, which is

ocated before apastron passage ( ≈0.7–0.8), where high activity at
ifferent wavelengths has been observed in the past. 
In Fig. 2 , we show the NuSTAR light curve with a time bin of

30 s. We identify two rapid flares that rise by a factor of ∼3
ompared to the persistent emission of the source. We estimate
he variability time-scale as δt = S max ( 	 S / 	 t ) −1 , where S is the
ount/rate associated with the light curve and t is the time. The first
are had a variability time-scale δt ∼ 5.9 ks, whereas the second one

asted for ∼ 7.9 ks. The amplitude flux density variation ( 	 S ) for
he first flare was ≈1.2 × 10 −11 erg s −1 cm 

−2 , and for the second one
t was ≈0.8 × 10 −11 erg s −1 cm 

−2 . The variability fraction for each
are can be calculated using the formula (e.g. Romero, Combi &
ucetich 1995 ) 

 v = 

S max − S min 

S max + S min 
, (1) 

resulting in values of 0.68 for the first flare and 0.61 for the second
ne. These are the strongest flares reported in hard X-rays so far,
xcept for the claimed magnetar activity reported by Dubus & Giebels
 2008 ) using BAT data and later questioned by Rea & Torres ( 2008 ),
nd the clear magnetar flare detected by Torres et al. ( 2012 ) in the
nergy range 15–50 keV. 
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Figure 2. Background-corrected light curve of LS I + 61 303 with a binning 
of 230 s, starting at 57979.9868 MJD. The rapid flares can be identified in 
the orange stripes. The errors in the count rate are shown in grey. 
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Figur e 4. The ener gy spectra of LS I + 61 303 observed by FPMA and 
FPMB show persistent emission and emission associated with the rapid flares 
that can be characterized by an absorbed power-law contribution in the energy 
range 3–79 keV. 
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In Fig. 3 , we show a zoom into the flares. We see very fast rise
imes in their substructures, with count rate increases of a factor 
f ∼2 between two contiguous bins. The decay in the first flare is
nfortunately hidden by the Earth’s transit. Thus, the decay time 
ight be significantly shorter than what we have estimated. The 

econd flare, in fact, shows a very fast decay on time-scales of ∼1
s. All this indicates significant changes in the hard X-ray emitter 
n scales of just several minutes, as seen in the past in RXTE data
round apastron (Smith et al. 2009 ). 

We obtained spectra of both the persistent emission and the 
ares. Fig. 4 shows the associated spectra. We fitted both spectra 
Figure 3. Light curve associated with each flare. Flare 
ith an absorbed power law (in XSPEC : tbabs ∗powerlaw ). The
bsorption column could not be correctly constrained at energies 
bo v e 3 keV. Therefore, we fixed it at a value of 0.47 × 10 22 cm 

−2 ,
hich was derived from the XMM –Newton observation analysed 
y Chern yako v a et al. ( 2017 ; observ ation X1). The orbital phase
f the XMM –Newton observation aligns with that of the NuSTAR
bservation. This model provided a very good fit to the data.
 or the av erage spectrum of the persistent emission, we obtained
 = 2.01 ± 0.05 with χ2 /degrees of freedom = 115/125. Upon
bservation, we found that the spectra of the flares are similar. We
MNRAS 525, 1848–1855 (2023) 

1 is shown on the left, and Flare 2 is on the right. 

6870 by guest on 20 M
arch 2024
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Table 1. Parameters of the two flares detected in the NuSTAR data. 

Parameter Units Flare 1 Flare 2 

L ν 10 33 erg s −1 10.5 8.4 
	 S 10 −11 

erg s −1 cm 

−2 
1.17 0.81 

δt ks 5.9 7.9 
F v 0.68 0.61 
� 2.05 ± 0.08 2.01 ± 0.10 
χ2 /degrees of 
freedom 

88/102 81/71 

L ν is the luminosity assuming a distance of 2 kpc, 	 S is the amplitude flux 
density variation, δt is the time-scale of the variation, F v is the variability 
fraction, � is the power-law index, and χ2 /degrees of freedom is the statistic 
associated with the fit. See the text for details. 

Figure 5. Light curve in terms of flux associated with each flare. To obtain the 
behaviour of the flares in relation to their dependence on flux, we partitioned 
the observation into different sections and derived the spectral fluxes. The 
orange stripes are associated with the flares, as shown in Fig. 2 . 
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in electron acceleration. 
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btained � = 2.05 ± 0.08 with χ2 /degrees of freedom = 88/102 for
he first flare and � = 2.03 ± 0.10 with χ2 /degrees of freedom =
1/71 for the second flare. We then computed the average spectrum
or the flare activity, which had a value of � = 2.03 ± 0.10, with
 χ2 /degrees of freedom = 198/225, indicating that � remains
round 2, as in the quiescent state. The flares, then, are essentially
chromatic . 
We then obtained the flux associated with the cflux model in

he 3–79 keV range. If we assume that the source is located at ∼
 kpc, the luminosity associated with the persistent emission is 3.5

0.1 × 10 33 erg s −1 , while the luminosity associated with the flares
eaches 10 ± 1.9 × 10 33 erg s −1 for the first one and 8.9 ± 1.1 ×
0 33 erg s −1 for the second one. The parameters obtained from the
nalyses described in this section are presented in Table 1 . 

In Fig. 5 , we show the flares expressed in flux units and over a
ider orbital phase range, for a broader perspective. The solid line

ust connects the data points to facilitate the visual inspection. It is
oncei v able that we are missing rele v ant structures in the flares, but
wing to gaps in the light curve, we are unable to determine this with
ertainty. 
NRAS 525, 1848–1855 (2023) 
Nevertheless, this does not hinder our ability, using the available
nformation, to explore their nature and gain insights into the
nderlying mechanisms driving them. 

 DI SCUSSI ON:  O R I G I N  O F  T H E  FLARES  

n this section we discuss qualitatively the physical origin of the
ares found in hard X-rays. We will assume for the discussion that a
owerful pulsar is present in the system, which is necessary to explain
he high non-thermal luminosity of LS I + 61 303. In this case, the
-rays are most likely of non-thermal origin, since the pulsar wind

s expected to prevent any form of accretion (see, ho we ver, Papitto
t al. 2012 ). Moreo v er, no accretion features hav e ev er been found
n the X-ray spectrum of this source. In LS I + 61 303 the non-
hermal emission should come mainly from the shocked pulsar wind,
hich carries most of the available energy. Since NuSTAR can probe
ariability time-scales that are shorter than those probed at HE–VHE
r in radio, due to the limited sensitivity of gamma-ray instruments
nd the typical size of the radio emitter, respectively, NuSTAR data
ffer us a unique opportunity to probe the physical processes behind
he non-thermal emission in LS I + 61 303. 

Given the typical conditions in a high-mass binary, X-rays are
ikely to be of synchrotron origin (see e.g. Takahashi et al. 2009 ),
hich implies that variability can be produced by changes in the
agnetic field and associated losses, in addition to those due to

article acceleration or non-radiative/escape losses (i.e. adiabatic
osses or heating and advection of the relativistic particles away
rom the binary). Flux variations induced by the changing Doppler
nhancement caused by the reorientation of a relativistic emitting
ow are also a potential source of variability. On the other hand,

osses due to inverse Compton (IC) upscattering of stellar photons,
he likely origin of the gamma rays (see e.g. Bosch-Ramon &
hangulyan 2009 ), cannot change fast enough because the stellar
hoton field is steady and smoothly distributed in space. 2 

Since the variations found in hard X-rays are achromatic, the
implest mechanisms to explain the observed flares would be non-
adiative (i.e. adiabatic or escape) losses or Doppler enhancement.

agnetic field variations that are faster than the cooling time of
he emitting electrons could also be a possibility, leading to rapid
ariations in the synchrotron radiation. In fact, rapid magnetic field
hanges are naturally expected under flow evolution faster than
adiative cooling, e.g. by compression, rarefaction, and turbulence,
ll on a time-scale similar to those of adiabatic and escape processes
unless the field is decoupled from the plasma). There is some
oom, ho we ver, for synchrotron emission to dominate the energy
osses, though still not determine the flare timescale, which will
e discussed below. With all these mechanisms, the IC gamma rays
hould evolve similarly to the X-rays, although with different degrees
f modulation. 
For electrons emitting at ∼70 keV via synchrotron radiation and

ooling by non-radiative losses in ∼10 3 s, one can still conclude that
he (potentially changing) magnetic fields should be (on average) less
han ∼1 G to keep the flare achromatic in the NuSTAR energy range
i.e. the synchrotron cooling time is kept � 1 ks). On the other hand,
he equipartition magnetic field in a mildly relativistic outflow is

10 ( L pw / 10 36 erg s −1 ) 1 / 2 ( d/ 10 12 cm ) G, where d is the typical size
f the emitting region (10 12 cm would be a plausible minimum), so
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Figure 6. Three potential sub-hour variability mechanisms: changes in the 
intra-binary shock (thick solid blue line), e.g. because of clumps [translucent 
blue circles; (a)]; variations in the motion of the re-accelerated pulsar wind 
outside the binary with respect to the line of sight [blue and black arrows, 
respectively; (b)]; and strong fluctuations in the location of the Coriolis shock 
[yellow solid lines; (c)]. 
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 1 G is expected within or near the binary system. The cooling time
f IC with stellar photons in the Klein–Nishina regime for the same
lectrons is expected to be � 10 3 s (as it should be if non-radiative
osses dominate) for these B values and any reasonable location of
he emitting region. Despite all this, we think it worth mentioning a
emaining opposite possibility in which B is strong enough (say �
0 G) for the electrons emitting from a few keV to ∼70 keV to be
ooled by the synchrotron. In this case, very rapid variations in B may
ccur leading to very short flares, but so short that they would not be
etectable, so that the observed changes in the emission could still
e due to non-radiative processes such as those already described. 
iven the formula above, for such a B strength the emitter should be

ocated in the innermost regions of the two-wind interaction structure 
 d � 10 12 cm). 

In the non-accreting pulsar scenario, electrons are accelerated 
n the regions where the relativistic pulsar wind and the stellar
utflows interact. Arguably, the most natural variation time-scale of 
he emission in this scenario is associated with the angular velocity 
f the orbit, which at phase ∼0.6 would yield variations on scales
f ∼1 day. Ho we ver, shorter non-radiati ve v ariability is possible,
nd size constraints can be used to set lower limits in the variability
ime-scale. The smallest interaction region is located between the 
tar and the pulsar, within the binary system (i.e. the intra-binary 
hock). In that region, the variability time-scale can in principle be 
s short as ∼d / c , which in LS I + 61 303 is ∼10 2 –10 3 s; d cannot
e much smaller than the orbital separation distance ( d orb ) owing to
he high pulsar-wind power. Interaction with a very dense Be disc 
ay make d significantly smaller. Such a situation is possible (as

n the very high B case mentioned), but would still require that the
mall emitter also changed in a time equal to the flare durations.
n principle, the evolution time in this region is in general set by
he stellar-wind velocity, which is �c , but f ar quick er variations
re still possible if the stellar wind is clumpy, as shocked clumps
volve much faster if they penetrate the unshocked pulsar-wind zone 
Kefala & Bosch-Ramon 2023 ). We note that relativistic effects 
uch as Doppler boosting should not play a very significant role 
n the intra-binary shock, because the shocked pulsar wind is weakly 
elativistic there (where the flow is still subsonic; see e.g. Bogo valo v
t al. 2008 ). 

Beyond the intra-binary shock, significant flux changes on scales 
f hundreds of seconds can be expected in a microblazar-like 
cenario, with the emitting flow suddenly changing direction (e.g. 
aufman Bernad ́o, Romero & Mirabel 2002 ; Romero, Kaufman 
ernad ́o & Mirabel 2002 ). This can happen as the shocked pulsar
ind becomes relativistic outside the binary (Bogo valo v et al. 2008 )

nd may suffer sudden re-orientations due to perturbations because of 
ydrodynamical instabilities, clumps, etc. (e.g. Zdziarski, Neronov & 

hern yako va 2010 ; Bosch-Ramon, Barko v & Perucho 2015 ; Huber,
issmann & Reimer 2021 ; Kefala & Bosch-Ramon 2023 ). These 

ffects will be stronger when the pulsar is in the half of the orbit
oughly before apastron, when the shocked flow can point toward 
he observer, as at the time of the NuSTAR observations (Casares
t al. 2005 ; Aragona et al. 2009 ). Another cause of fast variability
utside the binary can be sudden changes in the rate at which particles
scape or cool adiabatically in the emitting region downstream of 
he fluctuating shock that forms behind the pulsar (the so-called 
oriolis shock; see e.g. Bosch-Ramon et al. 2015 ; Huber et al.
021 ; Kissmann, Huber & Gschwandtner 2023 ). Coriolis shock 
uctuations are again caused by instabilities on spatial scales of ∼d orb 

n the interaction structure. In both cases, the emitting flow should 
e at least mildly relativistic, which discards regions significantly 
ffected by stellar-wind loading (Bosch-Ramon et al. 2015 ). The 
ariability time-scale of fluctuations in the Coriolis shock is thus 
d orb / c , yielding sub-hour time-scales in LS I + 61 303. Doppler

oosting variability is determined by the dynamical time-scale of 
he perturbed shocked-pulsar-wind region that produces velocity 
irection changes further downstream, and so it is ∼d orb / c as well.
o illustrate the qualitative picture presented here, in Fig. 6 we show
 sketch of the potential variability mechanisms that may explain the
ard X-ray fast changes. Summarizing, these are: 

(i) Changes in the intra-binary shock due to stellar-wind pertur- 
ations, such as clumps (translucent blue) leading to significant 
ariations in the emitter size and thus to non-radiative losses [see
ig. 6 (1)]. 
(ii) Variations in the flow direction (and velocity) of the re- 

ccelerated pulsar wind outside the binary. The blue arrows give 
he directions of the flow with respect to the observer direction,
hich determine Doppler boosting effects [Fig. 6 (2)]. 
(iii) Strong fluctuations in the location of the Coriolis shock 

ecause of changes in the conditions in the region where such
 shock is triggered, that is, the side of the two-wind interacting
tructure facing the stellar-wind lateral impact due to orbital motion 
Fig. 6 (3)]. 

We note that the likely variations in the magnetic field associated
ith the changing flow properties will also contribute to the o v erall

adiation changes, but the field must not be dominant in modulating
he synchrotron emission via losses for the reasons given above. 

We also note that the location and size of the clumps in Fig. 6
nd the shape of the contact discontinuity affected by the clumps
ave been calculated as explained in Kefala & Bosch-Ramon ( 2023 ),
hile the curvature of the contact discontinuity outside the binary 

nd the approximate location of the Coriolis shock roughly follow 

he simulation results (e.g. Bosch-Ramon et al. 2015 ; Huber et al.
021 ). 
MNRAS 525, 1848–1855 (2023) 
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It has already been proposed in the literature that the stellar-wind
tructure may be responsible for the variations in these systems
although as already mentioned stellar-wind influence should be
ndirect, as mass loading should be small in the X-ray-emitting
egion). The unstable shocked pulsar wind, Doppler boosting effects,
r a combination of all these effects have also been contemplated
n the past, and we consider these processes as the most likely
xplanations for the behaviour found here. 

It is worth mentioning that other gamma-ray binaries also present
hort-term variability in their X-ray emission. For instance, LS 5039,
 gamma-ray binary roughly similar to LS I + 61 303, also features
ub-hour variations in the X-ray light curve [as discussed, e.g. in
osch-Ramon et al. ( 2005 ), and most recently in Yoneda et al. ( 2023 );

ee also Volkov et al. ( 2021 ) for hints of even faster variations].
he gamma-ray binary 1FGL J1018.6-5856 could be another related
xample (An et al. 2015 ). Therefore, the conclusion that the X-
ay emitter should be located close to or within the binary, and
ade of relativistic plasma, may be generalized to other gamma-ray

inaries. Efficient wind–wind mixing is expected from simulations
e.g. Bosch-Ramon et al. 2015 ), so the X-ray-emitting zone may be
estricted to the region encompassing the intra-binary shock and up
o the immediate vicinity of the Coriolis shock (but close to the two-
ind contact discontinuity, where mixing is the strongest). To finish,
e note that strong fast VHE variability in these sources is hinted by

he detection of sub-day (or shorter) scale flares (e.g. Aharonian et al.
006 ; Archambault et al. 2016 ). If confirmed, this would indicate
hat the X-ray and VHE emitters largely o v erlap unless B is too high
Zabalza et al. 2011 ). 

 C O N C L U S I O N S  

e have identified two fast achromatic flares in the hard X-ray (3–
9 keV) light curve of LS I + 61 303 before the apastron passage of
he compact object. These flares are very rapid, with time-scales of
 few ks for the whole flare, and with intra-flaring variability times
f a few hundred seconds. The spectrum and the expected physical
onditions of the emitter strongly suggest a synchrotron origin for the
adiation. Moreo v er, the achromaticity points to non-radiative losses
either escape or adiabatic cooling/heating) in a relativistic flow as
he dominant processes in the electron evolution, and the rapid flux
hanges are most naturally explained by sudden changes in the size
f the emitting region and/or its motion with respect to the line of
ight, with fast magnetic-field variations tied to the flow and Doppler
oosting possibly playing an important role. A rather high B -field
annot be discarded, although the X-ray variations are more naturally
xplained by flow processes. The sudden changes of the emitter can
e caused by various situations, such as changes in the intra-binary
hock (e.g. due to clumping), variations in the re-accelerated pulsar
ind outside the binary, or strong fluctuations in the location and size
f the Coriolis shock re gion. Future multiwav elength observations
ould be useful to constrain the physical processes behind the rapid
ard X-ray flares in LS I 61 303; in particular, to determine the
lumpy nature of the stellar wind and the details of the non-thermal
mitter structure and dynamics. The results of this study may also
ave implications for other gamma-ray binaries with similar X-ray
ariability. 
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