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A B S T R A C T 

We report detailed X-ray observations of the unique binary system ε Lupi, the only known short-period binary consisting of two 

magnetic early-type stars. The components have comparably strong, but anti-aligned magnetic fields. The orbital and magnetic 
properties of the system imply that the magnetospheres o v erlap at all orbital phases, suggesting the possibility of variable 
inter-star magnetospheric interaction due to the non-negligible eccentricity of the orbit. To investigate this effect, we observed 

the X-ray emission from ε Lupi, both near and away from periastron passage, using the Neutron Star Interior Composition 

Explorer mission (NICER) X-ray Telescope. We find that the system produces excess X-ray emission at the periastron phase, 
suggesting the presence of variable inter-star magnetospheric interaction. We also disco v er that the enhancement at periastron is 
confined to a very narrow orbital phase range ( ≈ 5 per cent of the orbital period), but the X-ray properties close to periastron 

phase are similar to those observ ed a way from periastron. From these observations, we infer that the underlying cause is magnetic 
reconnection heating the stellar wind plasma, rather than shocks produced by wind–wind collision. Finally, by comparing the 
behavior of ε Lupi with that observed for cooler magnetic binary systems, we propose that ele v ated X-ray flux at periastron 

phase is likely a general characteristic of interacting magnetospheres irrespective of the spectral types of the constituent stars. 

Key words: magnetic reconnection – stars: binaries: general – stars: early-type – stars: magnetic fields – X-rays: binaries – X- 
rays: stars. 
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 I N T RO D U C T I O N  

oughly 10 per cent of early-type stars harbour large-scale, highly 
table, kG strength surface magnetic fields (Grunhut et al. 2017 ; 
ikora et al. 2019 ). The consequences of such magnetic fields on hot
tars have been studied extensively. It is now well-established that 
agnetic OBA stars are surrounded by enormous, co-rotating mag- 

etospheres (resulting from stellar wind-magnetic field interaction) 
hat often extend up to several tens of stellar radii (e.g. Shultz et al.
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019 ). The magnetospheres lead to different kinds of phenomena, 
uch as the generation of variable H α, X-ray, and non-thermal radio
mission (e.g. Drake et al. 1987 ; Trigilio et al. 2000 ; Gagn ́e et al.
005 ; Oksala et al. 2012 ; Petit et al. 2013 ; Naz ́e et al. 2014 ; ud-
oula et al. 2014 ; Owocki et al. 2020 , 2022 ; Shultz et al. 2020 ,
022 ; Leto et al. 2021 ), and also have profound impacts on stellar
volution due to magnetospheric braking and wind confinement (e.g. 
etit et al. 2017 ; Keszthelyi et al. 2019 , 2020 , 2021 , 2022 ). Ho we ver,
ot much is known about the effect(s) of binarity on hot magnetic
tars, even though binarity is known to be an important ingredient
f stellar evolution (Sana et al. 2012 ). Naz ́e et al. ( 2017a ) explored
he role of binary interaction on the generation of magnetic fields in

assive stars, but did not find any observational evidence in support
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f that idea. Vidal et al. ( 2018 ) adopted a theoretical approach to
xamine the role of tidal interaction in binaries in magnetic field
eneration, and inferred that tidally generated dynamos can lead
o weak (up to several Gauss) surface magnetic fields. In 2019,
chneider et al. (Schneider et al. 2019 ) showed by performing
agnetohydrodynamic (MHD) simulations that mergers of two
assive stars can give rise to a single magnetic massive star, and

peculated that the observed small fraction of magnetic massive star
inaries (the ‘Binarity and Magnetic Interactions in various classes
f stars, or, BinaMIcS project; Alecian et al. 2015 ) is a consequence
f the fact that the magnetic massive stars are merger products of
inary systems. The opposite possibility, i.e. tidal interactions leading
o the destruction of magnetic fields, has been proposed by Vidal
t al. ( 2019 ), who suggested that tidal interactions in binary systems
ith non-circular orbits would erase fossil magnetic fields o v er time-

cales of a few million years. 
As described abo v e, so far the effect of binarity on magnetic
assive stars has primarily been investigated in the context of

nderstanding the magnetic incidence fraction among massive star
inaries. Ho we ver, there are fe w observ ational constraints on the
ffect of binary interactions on the characteristics of massive star
agnetospheres and the associated emission (e.g. Shultz et al. 2018 ).
xisting studies have been mostly limited to pre-main sequence late-

ype stars (e.g. Massi et al. 2006 ; Salter, Hogerheijde & Blake 2008 ;
alter et al. 2010 ; Adams et al. 2011 ; Getman et al. 2011 , 2016 ).
n such systems, it has been proposed that colliding magnetospheres
ead to inter-star magnetic reconnection that manifests as enhance-

ent of radio and/or X-ray flux. While this idea was proposed for
ndividual cases, the only attempt towards investigating the validity
f this proposition for the general population was performed by
etman et al. ( 2016 ) by considering a sample of four binary systems

onsisting of pre-main sequence stars of spectral types F and later.
hey found the X-ray flux at periastron to be on average higher than

hat at a phase away from the periastron, with a significance of 2.5 σ .
he low statistical significance of their result, however, hindered

hem from drawing a firm conclusion. 
Compared to the late-type pre-main sequence stars, the magnetic

arly-type stars are a more attractive test-bed to understand the
nterplay between binarity and magnetism, since these stars have
xtremely stable and relatively simple (usually dipolar) magnetic
elds. These fields are fundamentally different from the conv ectiv e-
ynamo generated magnetic fields seen in cool stars (e.g. Donati &
andstreet 2009 ) in the sense that the former is either of fossil origin

e.g. Braithwaite & Spruit 2004 ), or a product of mergers (Schneider
t al. 2019 ), and as mentioned already, stable in time unlike the case
or dynamo-generated fields. This implies that for a binary system
onsisting of two magnetic early-type stars, the inter-magnetospheric
nteractions will be free from time-variability induced by the change
n the magnetic fields themselves, and probably will vary only at the
rbital and/or rotational time-scales of the constituent stars. Ho we ver,
arly-type magnetic binaries are scarce. Only around 2 per cent of all
assive stars in close binaries (orbital period smaller than 20 d, where
utual interactions are e xpected) hav e been found to host a detectable
agnetic field (Alecian et al. 2015 ). Among them, there are only

hree known doubly magnetic massive star systems (El’kin 1999 ;
emenko, Kichigina & Kuchae v a 2011 ; Shultz et al. 2015 , 2021 ).
ut of these three, ε Lupi stands out as the only short-period binary

ystem, the other two being wide binaries (hence non-interacting).
n ε Lupi, the constituent stars are nearly identical (B2/B3), but have
nti-aligned magnetic fields (Shultz et al. 2015 ; Pablo et al. 2019 ). 

In this paper, we report X-ray observations of the unique magnetic
inary system ε Lupi acquired with the Neutron Star Interior
NRAS 522, 5805–5827 (2023) 
omposition Explorer (NICER) mission X-ray Telescope. Our data
rovide evidence of inter-star magnetospheric interaction, and also
hed light on the nature of the interaction. 

This paper is structured as follows: in Section 2 , we provide a
rief description regarding different channels of X-ray production
rom magnetic massive stars, followed by an introduction to our
arget of interest ε Lupi, and a summary of the results from past
-ray observation of the system (Section 3 ). We then describe our
bservations (Section 4 ) and data analysis (Section 5 ), followed by
he results (Section 6 ). We discuss our key findings in Section 7 , and
hen present our conclusions in Section 8 . 

 X - R AY  EMISSION  F RO M  MAGNETI C  

ASSIVE  STARS  

-ray emission from solitary magnetic massive stars is explained in
he framework of the ‘Magnetically Confined Wind Shock’ model
MCWS, Babel & Montmerle 1997 ). It was further refined thanks
o MHD simulations by ud-Doula et al. ( 2014 ). In these stars, the
adiati vely dri ven stellar wind materials are channeled by the pre-
ominantly dipolar magnetic field from the magnetic poles towards
he magnetic equatorial regions. The collision between the wind
ows from the two magnetic hemispheres gives rise to shocks that
an heat the gas up to 10 7 − 10 8 K (e.g. ud-Doula & Owocki 2022 )
eading to X-ray emission. If the star’s rotation axis is not aligned
ith the line of sight, and the magnetic dipole axis is also misaligned
ith respect to the rotation axis, variability can occur. In the X-ray
omain, the emission can exhibit modulation with rotational phase
ince the visibility of the sites of emission, as well as the amount of
agnetospheric absorption (for sufficiently dense magnetospheres)

ary as the star rotates. The extent of the modulation is determined
y several parameters such as the stellar geometry (angles made by
ine of sight and magnetic dipole axis with the stellar rotation axis),
agnetic confinement, density and size of the magnetosphere (e.g.
az ́e et al. 2014 ). For O-stars that have high mass-loss rates, another

hannel for X-ray production is embedded wind shocks that produce
elatively soft X-rays (e.g. Lucy & White 1980 ; Berghoefer et al.
997 ; Feldmeier, Puls & Pauldrach 1997 ). Finally, Leto et al. ( 2017 ,
020 ) proposed that X-ray emission from magnetic massive stars can
lso have a non-thermal component, produced at the surface magnetic
olar caps when energetic electrons bombard the stellar surface
‘Auroral X-ray Emission’ or AXE) although an unambiguous
ignature of non-thermal X-ray emission has not yet been reported
rom hot magnetic stars (the only unambiguous case is the non-
agnetic colliding wind binary system η Car , Leyder , Walter & Rauw

008 ). 
Naz ́e et al. ( 2014 ) performed a population study of magnetic
assiv e stars re garding their X-ray properties and disco v ered that
 few of these stars are o v erluminous with respect to the X-ray
uminosity expected from the MCWS scenario. Most recently, Shultz
t al. ( 2020 ) proposed that this excess luminosity might originate
rom magnetic reconnection triggered by continuous ejections of
agnetically confined plasma from the stellar magnetosphere (cen-

rifugal breakout or CBO, Townsend & Owocki 2005 ; Owocki et al.
020 ; Shultz et al. 2020 ). This possibility was discussed in a greater
etail by Owocki et al. ( 2022 ), who showed (theoretically) that indeed
BO events can lead to significant enhancement in X-ray production.
F or massiv e stars in binary systems, X-ray emission can sometimes

lso be produced due to shocks resulting from collision between the
ind from the two stars (e.g. Corcoran & Hamaguchi 2007 ; Gosset &
az ́e 2016 ; Naz ́e et al. 2017b , 2018 ; Rauw 2022 ). For a system like
Lupi, where both components are magnetic, and mass-loss rates
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EM = 4 πd 2 × 10 14 × norm, where d is the distance to the star; all quantities 

are in CGS units. 
2 https:// heasarc.gsfc.nasa.gov/ docs/nicer/data analysis/ workshops/ NICER- 
CalStatus- Markwardt- 2021.pdf
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re not very high, a more rele v ant scenario is heating resulting from
agnetic reconnection. We will discuss this scenario in greater detail 

n subsequent sections. 

 ε LUPI:  T H E  SYSTEM  A N D  RESULTS  F RO M  

A ST  X - R AY  OBSERVATIONS  

he system ε Lupi consists of three stars, with the inner pair forming
 double-lined spectroscopic binary consisting of two early-type stars 
ith T eff ≈ 20.5 kK and 18 kK (Pablo et al. 2019 ), referred to as ε
upi A; and another relatively distant component known as ε Lupi B,
lso an early-type star ( T eff ≈ 18 kK; Pablo et al. 2019 ). The binary
ystem ε Lupi A has an orbital period of ≈4.6 d (Thackeray 1970 ;
ytterhoeven et al. 2005 ; Pablo et al. 2019 ); on the other hand, the
rbital period of the binary system formed of ε Lupi A and ε Lupi
 is estimated to be 740 yr (Zirm 2007 ). Hence, the interactions
etween A and B components are of no importance in the context of
he work presented here. Henceforth, we will refer to the ε Lupi A
ystem as simply ε Lupi. 

The magnetic field in that system was first reported by Hubrig et al.
 2009 ) with low-resolution spectropolarimetric data, and confirmed 
y Shultz et al. ( 2012 ) using high-resolution spectropolarimetric 
ata. The fact that both components of ε Lupi are magnetic was 
isco v ered by Shultz et al. ( 2015 ). The system thus appears to be
he first (and only) known close binary consisting of two magnetic 

assive stars. Due to their proximity, the two stars’ magnetospheres 
 v erlap at all orbital phases (Shultz et al. 2015 ). Based on the
bserved longitudinal magnetic fields, which exhibit little variation 
ith rotational phase, and the known projected rotational velocities, 
hultz et al. ( 2015 ) estimated the two stars to have anti-aligned
agnetic fields with polar strengths of 900 G (primary) and 600 G

secondary). The magnetic axes are assumed to be aligned with the 
otation axes (consistent with the observed Stokes V profiles), and 
he rotation axes are assumed to have the same inclination angle 
f 21 ◦ (updated to 18.8 ◦ by Pablo et al. 2019 ) with the line-of-
ight as that of the orbital plane. Pablo et al. ( 2019 ) performed a
etailed study of the system using radial velocity measurements 
cquired o v er decades, and also modelling the photometric heartbeat 
ariation detected in data from the BRIght Target Explorer (BRITE) 
onstellation (Weiss et al. 2014 ), which enabled them to make 
recise measurements of the orbital parameters, along with direct 
but not very precise) measurements of stellar masses and radii. They 
lso refined the eccentricity ( e ) of the system ( e = 0 . 2806 + 0 . 0059 

−0 . 0047 ),
nd the apsidal motion (1.1 ± 0.1 ◦/yr) from their previously 
eported values by Uytterhoeven et al. ( 2005 ) and Thackeray 
 1970 ). 

X-ray emission from ε Lupi was reported by Naz ́e et al. ( 2014 ).
hese data were acquired with the XMM-Newton telescope for 
n exposure time of 5 ks (0.01 orbital phase ranges) as part of
 surv e y of magnetic massiv e stars. Naz ́e et al. ( 2014 ) fitted the
pectrum with an absorbed optically thin thermal plasma model 
ssuming solar abundances. They considered two sources of X-ray 
bsorption: the absorption in the interstellar medium (ISM), and 
he absorption in the stellar magnetosphere. The ISM absorption 
s determined by the column density of hydrogen along the line 
f sight, and this was fixed at 0 . 03 × 10 22 cm 

−2 (based on excess
olour, Petit et al. 2013 ; Naz ́e et al. 2014 ). The emission was
odelled using two strategies. In the first, the hot plasma is assumed

o be made of two thermal components, each modelled using the 
strophysical Plasma Emission Code (‘ apec ’; Smith et al. 2001 ).
he individual plasma temperatures and the corresponding emission 
easures (EMs), equi v alent to the normalization factors or ‘norms’ 1 

f the apec model, were kept as free parameters. This method yielded
he two temperatures as kT = 0.3 and 3.0 keV ( T = 3.5 MK and 34.8

K, respectively), with the latter having a higher EM. In their second
trate gy, the y assumed four thermal components, the temperatures 
f which were fixed at 0.2, 0.6, 1.0, and 4.0 keV. The corresponding
orms were kept as free parameters. This strategy also showed that
he system has its highest EM for the hottest plasma component
4 keV or 46.4 MK). Within the sample studied by Naz ́e et al. ( 2014 ),
hich consisted of 40 stars with 28 of them well-detected in X-rays,
nly three stars (including ε Lupi) exhibit this property for both 
trategies. The other two stars are HD 57682 and HD 182180 (Naz ́e
t al. 2014 ). For most of the magnetic B stars, including ε Lupi, Naz ́e
t al. ( 2014 ) found the absorption by the stellar magnetospheres to
e ne gligible, whatev er the adopted spectral fitting strate gy (but to
he limits of the usual temperature/absorption trade-off). The highest 
bsorption was observed for NGC 1624–2, a magnetic O star with
xtreme conditions (a very strong magnetic field and mass-loss rate, 
aking it the O-star with the largest magnetosphere), where 70 per

ent to 95 per cent of the X-ray emission gets absorbed (Petit et al.
015 ). ε Lupi is neither known nor expected to have such extreme
agnetospheric conditions. 
The snapshot observation of ε Lupi reported by Naz ́e et al. ( 2014 ),

hus showed the system to have a harder X-ray spectrum than that
f typical magnetic massive stars. The system’s X-ray luminosity, 
ompared to its bolometric luminosity, was, ho we ver, found to be
onsistent with that of other stars in their sample (log ( L X / L BOL ) ≈
7.2, Naz ́e et al. 2014 ). 
It is worth mentioning that the orbital phase corresponding to these

bservations happened to lie close to the periastron phase (Fig. 1 ). 

 OBSERVATI ONS  

n order to study the effect of binarity on magnetospheric X-ray
roduction, we observed ε Lupi using the NICER telescope on 
he International Space Station (ISS, Gendreau, Arzoumanian & 

kajima 2012 ; Arzoumanian et al. 2014 ). NICER is an X-ray timing
nstrument (not an imaging instrument) with a spectral band of 0.2–
2.0 keV. The angular resolution is 6 arcmin (equi v alently, the field
f view is ≈ 30 arcmin 2 ). ε Lupi is the brightest source in the field of
iew. The second brightest source is approximately three times fainter 
han ε Lupi, located ≈5 arcmin away, where the NICER response 
rops to 5 per cent of its maximum value at the pointing center. 2 

We acquired observations of ε Lupi during fiv e consecutiv e stellar
rbits. At each cycle, one observation was taken when the system
as at periastron, and another was taken when it was ‘out-of-
eriastron’ (top panel of Fig. 1 ). Thus, a total of 10 observation
essions were conducted in this campaign. The exposure times for 
ndi vidual observ ations v aried between 2.2 ks and 4.1 ks, with a total
xposure time of 27.2 ks. The details of indi vidual observ ations are
iven in Table 1 . 
Since NICER is attached to the ISS, its ability to observe a source

f interest is go v erned by the ISS orbit (in addition to the instrument’s
wn visibility constraints). As a result, the desired exposure time for
he target is usually obtained via multiple ‘snapshot’ observations of 
MNRAS 522, 5805–5827 (2023) 
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M

Figure 1. Top: the strategy adopted for our NICER observations of ε Lupi. 
This cartoon diagram shows the two stars during the periastron phase in the 
stationary frame of reference of the primary star. The sizes of the stars, and 
the orbit are drawn in accordance with the values of stellar radii and orbital 
parameters reported by Pablo et al. ( 2019 ). The orbital phase increases from 

0 (periastron) in the anticlockwise direction. We conducted five observations 
close to periastron (blue lines), and another five away from periastron (red 
lines) using the NICER telescope. As described in Section 4 , each observation 
session consists of multiple snapshot observations (shown by darker shades). 
The distances of the arcs from the orbit (black solid line) used to mark the 
NICER observations (red and blue arcs) increase with increasing observation 
IDs (see Table 1 ). Also shown is the orbital phase range (green line) spanned 
by the XMM-Ne wton observ ation of ε Lupi reported by Naz ́e et al. ( 2014 ). 
Bottom: the most recent TESS light curve of ε Lupi phased with the ephemeris 
deriv ed from P ablo et al. ( 2019 ). It clearly shows the enhanced amplitude at 
periastron due to the ‘heartbeat effect’. 
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nmental bkg model.pdf
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he target. If those ‘snapshots’ are acquired on the same day (days are
efined with respect to the UTC midnight), they are combined to form
 single observation ‘segment’, which is assigned a unique observa-
ion ID (column 1 of Table 1 ). In our case, we intended to obtain 10
bservation se gments, fiv e at near-periastron phases, and another fiv e
t out-of-periastron phases. Ho we ver, one of the observ ation sessions
as conducted around UTC midnight, and following the NICER

onvention, it resulted in two different segments with observation
Ds 3627010401 and 3627010402. In the post-processing of the data,
e combined these two segments (see Section 5 ). 
For the orbital parameters, Pablo et al. ( 2019 ) found an orbital

eriod P orb = 4 . 559646 + 5 ×10 −6 

−8 ×10 −6 days , a reference Heliocentric Julian

ay (corresponding to periastron) HJD 0 = 2439379 . 875 + 0 . 024 
−0 . 019 , and a

ate of periastron advance ω̇ = 1 . 1 ± 0 . 1 ◦yr −1 . In view of the apsidal
otion, and since the period provided in Pablo et al. ( 2019 ) is not the
NRAS 522, 5805–5827 (2023) 
nomalistic one, the periastron reference time HJD 

new 
0 at any other

poch should be calculated using the following equation: 

JD 

new 
0 = HJD 0 + k × P orb + 

ω̇ 

360 ◦

(
HJD − HJD 0 

365 . 25 

)
× P orb , (1) 

here k is the number of elapsed cycles since HJD 0 . For NICER data,
 = 4359 and HJD 

new 
0 is then 2459256.130 (2459333.647 for TESS

ata and 2456356.085 for XMM-Newton data). This ensures that φ =
 al w ays corresponds to periastron passage. Using the uncertainties
n orbital period, reference HJD and the rate of periastron advance, we
stimate (with the help of a Monte Carlo analysis) the uncertainty in
he orbital phases to be ≈0.009 cycles, which is significantly smaller
han the duration of the variation discussed later. 

Pablo et al. ( 2019 ) used BRITE data acquired between 2014 March
nd 2015 August. The NICER data were ho we ver acquired in the year
021. To check the validity of the ephemeris for the NICER data,
e extracted the most recent photometric light curve acquired by

he Transiting Exoplanet Surv e y Satellite (TESS; Ricker et al. 2015 ).
hese data were acquired in Sector 38, between April and May, 2021
hile the NICER data were acquired in February 2021 (see Table 1 ).
he bottom panel of Fig. 1 shows the TESS light curve phased
ith the abo v e HJD 

new 
0 : it clearly shows the increased luminosity at

eriastron, confirming the heartbeat effect and thereby validating the
phemeris for the NICER data. 

 DATA  ANALYSI S  

he default strategy to analyse NICER data is to use the pipeline
icerl2 3 included in the HEASoft package (version 6.29). This
ipeline performs standard calibration, screening, and filtering of
v ents. The ne xt step is to use the ‘cleaned’ ev ents to e xtract the light
urves and spectra using ‘ XSELECT ’ 4 This is followed by generation
f background spectra using either the 3C50 model (Remillard et al.
022 ) or the space weather model 5 (since NICER is a non-imaging
nstrument), and the generation of the response matrices. The spectra
or the events and the backgrounds, as well as the response matrices
re then analysed with ‘PyXspec’, which is a p ython interf ace to
he spectral fitting program ‘ XSPEC ’ 6 (version 12.12.0). Below we
escribe each step in detail. 

.1 NICER data filtering, and extraction of light cur v es and 

pectra 

ICER has two main sources of background: a high energy particle
ackground originating from cosmic rays as well as local energetic
articles, and optical loading. The latter usually affects only the low
nergy portion of the spectrum ( � 0.25 keV). In our analysis, we do
ot use the spectrum below 0.3 keV, and hence the optical loading
omponent is not rele v ant to us. Furthermore, the ‘underonly counts’,
hich reflect the extent of contamination due to optical loading,

s al w ays well below the def ault NICER threshold for filtering.
he particle background, on the other hand, dominates the total
ackground contribution at higher energies. For identifying time
ntervals that are highly contaminated by particle background, one
ay calculate the count rates o v er the 12–15 keV energy band,

art/stad1276_f1.eps
https://heasarc.gsfc.nasa.gov/lheasoft/ftools/headas/nicerl2.html
https://heasarc.gsfc.nasa.gov/ftools/xselect/
https://heasarc.gsfc.nasa.gov/docs/nicer/data_analysis/workshops/environmental_bkg_model.pdf
https://heasarc.gsfc.nasa.gov/xanadu/xspec/
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Table 1. Log for our observations of ε Lupi with NICER. The first column lists the observation IDs, assigned by the observatory; the second column lists the 
IDs that we assign to the different observations for convenience; the third, fourth, and fifth column show the exposure times for the unfiltered, filtered with 
nicerl2 with default inputs, and filtered following manual filtering of events (see Section 5.1 ) in addition to that done by nicerl2 , respectively; the sixth 
column shows the range of Heliocentric Julian Days (HJDs) spanned by each observation; and the seventh column shows the corresponding range of orbital 
phases (apsidal motion corrected). 

Obs ID ID Exposure time (ks) HJD Orbital phase 
Unfiltered Default filtering Default + manual filtering −2459255 

3627010101 1 2.296 1.916 1.818 0.91605–0.99237 0.953–0.970 
3627010201 2 2.710 1.856 1.856 3.25038–3.39004 0.465–0.496 
3627010301 3 2.603 1.966 1.897 5.51470–5.59070 0.962–0.978 
3627010401 ∗ 4 1.142 1.034 0.932 7.45142–7.46347 0.386–0.389 
3627010402 ∗ 4 1.356 1.238 1.023 7.51489–7.52799 0.400–0.403 
3627010501 5 2.795 2.570 2.570 10.16385–10.30294 0.981–1.012 
3627010601 6 2.300 0.714 0.571 12.22154–12.28901 0.432–0.447 
3627010701 7 2.200 1.582 0.972 14.79680–14.87256 0.997–1.014 
3627010801 8 2.889 2.082 1.814 16.80092–17.06744 0.437–0.495 
3627010901 9 2.852 1.448 0.795 19.32231–19.45561 0.990–1.019 
3627011001 10 4.088 2.138 1.819 20.93592–21.39237 0.344–0.444 

Note. ∗3627010401 and 3627010402 were later combined as they were separated by only 1.2 h (see column 6), and hence were assigned the same ID (column 
2). They were assigned different Obs Ids as the ‘NICER day’ changed during the observation. The ‘NICER day’ is defined with respect to UTC midnight. 
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 v er which the ef fecti ve area of NICER is basically zero. Any high
alue of that rate then indicates background contamination in the 
orresponding time interval. 

After running nicerl2 with default inputs (but with 
icersaafilt = NO saafilt = YES , a more conserv ati ve
pproach to minimize the background contribution) 7 for the 10 
bservations, we extracted the light curves over 0.4–2.0 keV and 
2.0–15.0 keV from the cleaned files using XSELECT . We disco v ered
hat despite the filtering imposed by nicerl2 , there were still a few
Good Time Intervals’ (GTIs) where the count rates o v er 12–15 keV
ere high (see left-hand panel of Fig. 2 ). We identified these GTIs by
rst using an absolute threshold of 0.3 counts s −1 for the rates in the
2–15 keV range. The absolute threshold was chosen based on visual 
nspection. Next we calculate the median and the median absolute 
eviation (MAD) o v er the full time-series of count rates at 12–15 keV
panning all 10 observations. We then mark a time interval as con-
aminated if the corresponding rate at 12–15 keV is abo v e the median
 2 × MAD (after considering the error bars of the rates). Note that

his strategy is devised specifically for the data on ε Lupi, and need
ot be applicable for other NICER data. Finally, we provided the list
f contaminated GTIs to nicerl2 to exclude them from further 
onsideration, with the help of the nimaketime 8 tool. We also 
educed the o v eronly range parameter (a large value of ‘o v eronly’
ndicates a higher amount of energetic background events) to 0–0.8 
the default is 0–1). This strategy successfully removed the GTIs 
ith high count rates abo v e 12 keV (see right-hand panel of Fig. 2 ).
The final cleaned observations were then passed to XSELECT to 

xtract light curves (with a time resolution of 25 s) and spectra. 

.2 Mer ging obser v ations 

ince the observations represented by Obs. IDs 3627010401 and 
627010402 were originally intended to be a single event list, we 
erged the two after producing the cleaned event lists. This was 
 ‘saa’ or ‘SAA’ stands for ‘South Atlantic Anomaly’, which is a geographic 
ocation where the Earth’s inner Van Allen radiation belt is closest to the 
arth’s surface, resulting in a greater flux of high-energy particles. 
 https:// heasarc.gsfc.nasa.gov/ lheasoft/ftools/ headas/nimaketime.html 

9

1

1

1

1

one using the tools nimpumerge 9 (that merges the event files) and
imkfmerge 10 (that merges the filter files). The resulting event list 
as assigned the ID ‘4’ (Table 1 ). 

.3 Background spectra generation 

s mentioned previously, there are tw o w ays to generate background
odels for NICER observations. The 3C50 model uses certain 

roxies for the background from the X-ray observations themselves 
o predict their background spectra (using a pre-built background 
ata base). The ‘space weather’ model, as the name suggests, relies
n the available information regarding space weather at the time of
he observation, such as the planetary Kennziffer Index (Kp index, 
artels, Heck & Johnston 1939 ), and the magnetic cut-off rigidity,
nd is independent of the observed X-ray event list. 

For our observations, we found that the space weather model 
redicts background rates that are sometimes higher than the total 
bserved count rates (indicating ne gativ e count rates for the target,
hich is unphysical). The 3C50 model, ho we ver, predicts back-
round rates that do not exceed the total count rates. Because of
hat, we prefer using the 3C50 model (tool nibackgen3C50 11 ) to
enerate the background spectra for our observations. 

.4 Spectral analysis 

e generated the response matrices using the nicerarf 12 and 
icerrmf 13 tools included in the HEASoft package. Before 
erforming any fit to the spectra, we grouped each spectrum so
hat the minimum count per bin was 15. This step is needed as
SPEC , by default, uses Gaussian statistics for performing the fit.
dditionally, this helps to a v oid ne gativ e values of count rates
MNRAS 522, 5805–5827 (2023) 

 https:// heasarc.gsfc.nasa.gov/ lheasoft/ftools/ headas/nimpumerge.html 
0 https:// heasarc.gsfc.nasa.gov/ lheasoft/ftools/ headas/nimkfmerge.html 
1 https:// heasarc.gsfc.nasa.gov/ docs/nicer/tools/README nibackgen3C50 
v7b.t xt 
2 https:// heasarc.gsfc.nasa.gov/ lheasoft/ftools/ headas/nicer ar f.html 
3 https:// heasarc.gsfc.nasa.gov/ lheasoft/ftools/ headas/nicerrmf.html 

https://heasarc.gsfc.nasa.gov/lheasoft/ftools/headas/nimaketime.html
https://heasarc.gsfc.nasa.gov/lheasoft/ftools/headas/nimpumerge.html
https://heasarc.gsfc.nasa.gov/lheasoft/ftools/headas/nimkfmerge.html
https://heasarc.gsfc.nasa.gov/docs/nicer/tools/README_nibackgen3C50_v7b.txt
https://heasarc.gsfc.nasa.gov/lheasoft/ftools/headas/nicerarf.html
https://heasarc.gsfc.nasa.gov/lheasoft/ftools/headas/nicerrmf.html
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M

Figure 2. The observed variation of count rates for the different observations after using nicerl2 with default input parameters (left-hand panel), and after 
manually filtering GTIs with high count rates o v er 12–15 keV (right-hand panel). The black markers represent data for the energy band 12–15 keV (attributed to 
background), and the blue (top panels) and red (bottom panels) markers respectively represent data for periastron and out-of-periastron observ ations, respecti vely, 
o v er the energy range of 0.4–2.0 keV. 
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ollowing background subtraction. The tool used for this purpose
s ftgrouppha 14 

For spectral fitting, we used the energy range 0.3–10.0 keV.
ollowing Naz ́e et al. ( 2014 ), we used absorbed optically thin thermal
lasma models for the spectra. Our model ( tbabs × ∑ 

apec ) uses the
Tuebingen-Boulder ISM absorption’ model ( tbabs 15 ) for absorption.
t also does not consider a second absorption component to account
or absorption in the stellar magnetosphere. This is moti v ated by the
act that Naz ́e et al. ( 2014 ) estimated the contribution of the stellar
agnetosphere towards absorption to be negligible as compared to

hat of the ISM. Never the less, we attempted to fit the spectra
y both fixing the neutral hydrogen column density (to the value
sed by Naz ́e et al. 2014 ), and by keeping it as a free parameter.
imilar to Naz ́e et al. ( 2014 ), we considered two models for fitting
ur observations. The first one is given by tbabs × ( apec + apec ),
here both temperatures (expressed in keV) and the norms for the
pec components are free parameters. We will refer to this model
s the 2T model. The second model is expressed as tbabs × ( apec
 apec + apec + apec ), where the four temperatures are kept fixed

t 0.2, 0.6, 1.0, and 4.0 keV; and only the norms are fitted. This
odel will be referred as the 4T model. These four temperatures

easonably span the emissivities of the spectral lines within the
nergy range of observation. For both 2T and 4T models, we use
olar abundances taken from Anders & Grevesse ( 1989 ). Note that
ohen et al. ( 2021 ) provided a set of six fixed temperatures between
.11 and 1.56 keV to approximate the X-ray spectra from continuous
emperature distributions in the magnetospheres of O stars. In the
ase of ε Lupi, ho we ver, we find that a hotter plasma component
s necessary to reproduce the observed X-ray spectra. We therefore
refer the 4T model of Naz ́e et al. ( 2014 ), which has a smaller number
f free parameters, and contains a high temperature component, for
odelling the X-ray spectra of ε Lupi. 
In order to obtain a better understanding regarding the uncertainty

ssociated with the fitted parameters, we performed a Markov Chain
NRAS 522, 5805–5827 (2023) 

4 https:// heasarc.gsfc.nasa.gov/ lheasoft/help/ ftgrouppha.html 
5 https:// heasarc.gsfc.nasa.gov/ xanadu/xspec/manual/ node268.html 

a  

g  

fl  

1

onte Carlo (MCMC) analysis using the chain 16 command in
yXspec. The results of our spectral analysis are given in the next
ection. 

 RESULTS  

etween the 2T and 4T models, we find the latter to be more ef fecti ve
n terms of reproducing the observed behavior of the data without
he need to consider unusually high plasma temperatures, and also
or constraining spectral parameters. The 4T model also makes it
asier to compare the differential emission measures (DEMs) of the
ndi vidual observ ations. We hence present the results for only the
T model here. The results obtained with the 2T model are given in
ppendices A and B . 
As a first step, we investigate whether there is any difference

etween the average spectrum at periastron and that at the out-of-
eriastron phases. This is followed by a detailed examination of
ndi vidual observ ations. We present the results obtained from the
wo e x ercises in Sections 6.1 and 6.2 . 

.1 Spectral analysis of merged spectra 

e merge the observations taken at periastron to obtain an average
pectrum corresponding to the periastron phase following the same
ools as in Section 5.2 . The merged event lists were used to get the
redicted background o v er all of the GTIs involv ed. Similarly, we
btained an average spectrum for the out-of-periastron phases, as
ell as the corresponding background spectrum. The exposure times

or the merged periastron and merged out-of-periastron observations
re 8.05 ks and 8.02 ks, respectively. 

In the 4T model, there are five free parameters: the norms
orresponding to the four plasma temperatures, and the neutral
ydrogen column density n H . The n H parameter quantifies the
bsorption in the stellar magnetosphere itself and in the ISM, which
enerates a difference between the intrinsic and observed X-ray
ux. The ISM contribution is already known: 0.03 × 10 22 cm 

−2 (see
6 https:// heasarc.gsfc.nasa.gov/ xanadu/xspec/python/ html/chain.html 

art/stad1276_f2.eps
https://heasarc.gsfc.nasa.gov/lheasoft/help/ftgrouppha.html
https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node268.html
https://heasarc.gsfc.nasa.gov/xanadu/xspec/python/html/chain.html
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ection 3 ). Naz ́e et al. ( 2014 ) considered the possibility of absorption
n the magnetosphere, but found the corresponding n H to be zero. 
s already mentioned, this suggests that there is no significant 

bsorption of the emitted X-rays in the stellar magnetosphere, and 
ence it is sufficient to use a single absorption with n H fixed at
.03 × 10 22 cm 

−2 during spectral analysis. 
The abo v e assumption is strictly valid only when the absorbing
aterial from the stellar magnetosphere(s) on the plane of the sky

oes not vary with time. For a single star, this is true if either the
nclination angle (the angle between the line of sight and the rotation
xis) or the obliquity (the angle between the rotation axis and the
agnetic dipole axis) is zero. In the case of ε Lupi, the obliquity

f each star has been estimated to be consistent with zero, and
he inclination angles are also small (Shultz et al. 2015 ). Thus, if
e ignore the binarity, the contribution of the magnetospheres of 

he individual stars towards X-ray absorption will be time-invariant. 
o we ver, if the X-ray emission is related to binarity, and given

he fact that the system has non-negligible eccentricity, the net 
agnetospheric configuration will vary with orbital phase, and hence 

n principle, the value of n H could be a function of orbital phase. Note
hat the orbital phase corresponding to the observation reported by 
az ́e et al. ( 2014 ) is ≈0.1, which is close to the periastron phase (see
ig. 1 ). Thus, binarity does not seem to provide an additional channel
or X-ray absorption. Never the less, we examine possible additional 
bsorption using the merged spectra by making n H a free parameter. 17 

In the top two rows of Table 2 , we list the values of fitted parameters
nd their 68 per cent confidence intervals (1 σ ) obtained from MCMC
nalysis. This analysis produces a multi v ariate posterior probability 
istribution, which is then marginalized for each parameter (by 
nte grating o v er the other parameters). The best-fitting values listed
n Table 2 correspond to the medians of these marginalized distribu-
ions. The χ2 

red values correspond to the model using these median 
alues for all free parameters. This ‘median χ2 

red ’ is larger than 2
or both spectra with corresponding p -values of approximately zero. 

e find that two spectra 7 (periastron) and 10 (out-of-periastron) 
re primarily responsible for the discrepancy between the data and 
he model. These two spectra have the highest χ2 

red when fitted with 
he 4T model (see Section 6.2 and Appendix C ). This moti v ated
s to examine the average spectra without including the spectra 
or observations 7 and 10. Indeed we find that the fitting impro v es
ignificantly upon exclusion of the two spectra (see the bottom two 
ows of Table 2 ). The p -values still remain small, but become non-
egligible in this case (approximately 10 −4 and 10 −3 , respectively 
or the periastron and out-of-periastron spectra). 

Table 2 also shows the value of n H obtained for the a ver -
ge spectra. We find the median values of n H to be 0.02 and
.03 × 10 22 cm 

−2 , with the 68 per cent confidence intervals as 0.02–
.03 and 0.03 −0.04 × 10 22 cm 

−2 for the merged periastron and 
ut-of-periastron observ ations, respecti vely. Thus, our observ ations 
re consistent with the interstellar value, i.e. without significant X- 
ay absorption in the stellar magnetsosphere itself at any phase, as
xpected. Consequently, we will set n H = 0.03 × 10 22 cm 

−2 in all
ubsequent analyses (the number of free parameters is thus reduced 
MNRAS 522, 5805–5827 (2023) 

7 Note that the tbabs model does not account for absorption by ionized 
aterials, whereas the magnetospheric plasma is likely to be in ionized state. 
hus, use of tbabs will only provide a lower limit to the magnetospheric 
bsorption. Ho we v er, this cav eat does not really impact in our case, since (1) 
e do not have any strong evidence of magnetospheric absorption and (2) 

pectra are fitted abo v e 0.5 keV, where the differences between ionized and 
eutral medium absorptions are small and certainly below the error bars. Ta
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o 4). In Table 3 , we list the results of our spectral analysis when n H 
s kept fixed at the interstellar value. As can be seen, the parameter
alues are nearly identical to those listed in Table 2 . 

In Fig. 3 , we show the background subtracted spectra (panel 1),
he 3C50 background spectra (panel 2), contribution from individual
odel components (panels 3–6), and the residuals (panel 7) obtained

rom the spectral fitting (4T model with n H fixed at interstellar value)
f the merged spectra for periastron (blue markers) and out-of-
eriastron (red markers) observations. On the left-hand panel, we
how the result obtained by using all the observations, and on the
ight-hand panel after the exclusion of spectra 7 and 10. As can
e seen, the average background spectra are nearly identical. The
ontributions of the different plasma components primarily differ at
he 0.6 and 4 keV energy bins. This becomes more apparent in Fig.
 , where we show the variation of normalization factors (the values
f the parameter ‘norm’ in the apec model, see Section 3 ) with
emperature for the average spectra. The left-hand panel compares
he normalization factors (which are proportional to the EMs) for the
verage periastron (blue) and out-of-periastron (red) observations.
he right-hand panel shows the same but without including spectra 7
nd 10 in the average periastron and out-of-periastron observations,
espectively. Both Figs 3 and 4 clearly show that the brightest X-ray
bservations are obtained at periastron. 
Thus, we conclude that there is excess X-ray flux from ε Lupi at

eriastron as compared to away from periastron. This suggests an
mpact of the binarity in the production of X-ray emission from ε

upi. 

.2 Spectral analysis of individual observations 

e now perform spectral fitting of the individual observations
epresented by IDs 1–10 (Table 1 ) so as to investigate potential
ifferences among the observations. We fixed n H at 0.03 × 10 22 cm 

−2 .
he resulting parameter values and the associated uncertainties

obtained from MCMC analysis) are listed in Table 4 (also see Fig.
3 for the MCMC corner plots and the best fits). As can be seen, the

educed χ2 is less than 2 except for three spectra: 7, 9, and 10. For
he first two, the reduced χ2 lies below 2 if we e v aluate it o v er the
nergy range of 0.5–2.0 keV (without re-fitting the spectra). For the
ast spectrum ho we ver (ID 10), although the reduced χ2 decreases
f we only consider the energy range 0.5–2.0 keV, it still remains
igher than 2 (2.5). In all three cases, the χ2 

red increases if e v aluated
 v er the energy range 2.0–10.0 keV making the corresponding flux
stimation in this energy range unreliable. To summarize, between
.5 and 2.0 keV, the flux estimated using the 4T model can be trusted
or all but spectrum 10, whereas between 2.0 and 10.0 keV, we
an trust all flux estimations except for spectra 7, 9, and 10. There
s, ho we v er, a cav eat here, which is that Fig. 3 clearly shows that
 v er 2–10 keV, the target spectrum is comparable to the predicted
3C50) background spectrum. This, combined with the fact that
he background spectrum is not obtained from observation, but is

odelled, makes our results o v er 2–10 keV less robust against any
imitation in the predicted background spectra (see Appendix D ). We
ill, therefore, not use the flux values obtained for this energy range

or drawing any inference about the system. 
The orbital variation of X-ray flux o v er 0.5–2.0 keV is shown in

ig. 5 . From the analysis of the previous subsection, we expect
o observe higher fluxes at periastron phases than those at out-
f-periastron phases. Interestingly, the light curve shown in Fig.
 reveals that not all periastron observations have identical X-ray
roperties. The X-ray flux rises sharply around periastron o v er an
rbital phase range of ≈0.05 cycles, and only three (IDs 5, 7, and 9)
NRAS 522, 5805–5827 (2023) 
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Figure 3. Spectral analysis of the merged observations. The left-hand panels show the results for the average periastron (shown in blue) and average out-of- 
periastron spectra (shown in red) obtained by merging all the periastron observ ations (observ ations 1, 3, 5, 7, and 9), and all the out-of-periastron observations 
(observations 2, 4, 6, 8, and 10), respecti vely. The right-hand panels sho w the same but without using observations 7 and 10. The background subtracted spectra 
(both data and the fitted model) are shown in the top panels. Note that we have used the 4T model with n H fixed at interstellar value. The second panels 
show the average background spectra predicted by the 3C50 model, panels 3–6 show the individual model components, and finally the bottom panel show the 
residuals. Instead of showing just the best-fitting model, we show the models corresponding to each of the parameter combinations sampled according to the 
joint posterior distribution of all the parameters (obtained from our MCMC analysis, see Fig. B1 ). The opacities of the markers reflect their probability densities. 
See Section 6.1 for details. 

Figure 4. Left-hand panel: the normalization factors as a function of temperature (expressed in units of keV in the lower axis, and in units of megakelvin in 
the upper axis) for the merged periastron (blue) and out-of-periastron (red) observations. Instead of plotting a single value for each norm and the associated 
error bar, we plot all the possible values of the norms corresponding to their respective marginalized posterior probability distributions, with the opacity of each 
marker being proportional to the probability density of that value. The horizontal bars mark the 68 per cent (1 σ ) confidence intervals. Right - hand panel: same 
as the left-hand figure but without including spectra 7 and 10. See Section 6.1 for details. 
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Figure 5. The variation with orbital phases of X-ray flux (ISM corrected) 
o v er 0.5–2.0 keV obtained using the 4T model with n H fixed at the interstellar 
value. The blue and red points correspond to periastron and out-of-periastron 
observ ations, respecti v ely. The gre y point signifies unreliable estimates (see 
Section 6.2 for details). At a given orbital phase, instead of plotting a single 
value of the flux and the associated error bars, we plot all the possible values of 
the flux corresponding to the marginalized posterior probability distributions 
of the fitted parameters, with the opacity of each marker being proportional 
to the probability density of that value. The green star represents the corre- 
sponding fluxes obtained using XMM-Newton data by Naz ́e et al. ( 2014 ). 

Figure 6. The normalization factors as a function of temperature (expressed 
in keV here) for the 4T model with n H fixed at 0.03 × 10 22 cm 

−2 . The 
error bars in the normalization factors correspond to 68 per cent confidence 
intervals (1 σ ). The observations labelled with odd numbers correspond to 
periastron observations, and those labelled with even numbers correspond 
to out-of-periastron observations. The black diamonds represent the result 
obtained by Naz ́e et al. ( 2014 ) using the XMM-Newton observations. In the 
inset, we zoom o v er the region between 0.6 and 4 keV to show the difference 
between the normalization factors at the highest temperature (4 keV) for the 
dif ferent observ ations. Note that we have used a linear scale on the y -axis to 
make the difference more apparent. 
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18 Note that we obtained a poor fit for this observation using the 4T model, 
where our best-fitting spectrum has a lower flux than that of the observed 
spectrum abo v e ≈2 keV (see Fig. B3 ). 
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f the five periastron observations predominantly contribute to the 
ux enhancement. The other two periastron observations (IDs 1 and 
), that lie close to periastron, but do not co v er phase 0 (top panel of
ig. 1 ), have X-ray properties similar to that of the out-of-periastron
bservations (also see Table 4 ). This can also be seen from Fig. 6
here we plot the normalization factors as a function of temperature 

or the individual observations. Unfortunately in this case, the error 
ars in the normalization factors are too large to investigate the 
ifferences between periastron versus out-of-periastron observations, 
xcept for the hottest plasma component (4 keV). From the inset of
ig. 6 , where we zoom in to the normalization factors at 4 keV (using
 linear scale), we find that the normalization factors at 4 keV are
igher for observations 5, 7, 18 and 9 than those for the rest of the
bservations (see also Fig. B3 ). The other two observations obtained
ear (but not at) periastron (IDs 1 and 3) have norms similar to those
or out-of-periastron observ ations. Observ ation 10 also appears to 
ave an unusually high norm at 4 keV compared to the rest of the out-
f-periastron observ ations. Ho we ver, this observ ation is problematic
see preceding paragraph and Section C ). 

Both Figs 5 and 6 suggest that the merged spectrum obtained
y averaging all five periastron observations (Section 6.1 ) does 
ot represent the true X-ray characteristics of the system exactly 
t periastron. To investigate the change in X-ray characteristics 
s the system approaches periastron, we merged spectra 5 and 9,
nd 1 and 3. We performed spectral analysis using the 4T model
ith n H fixed at the interstellar value (see Table 5 ). Fig. 7 shows

he comparison among the normalization factors for the spectra 
btained by merging observations 5 and 9 (representative of the 
eriastron spectrum, shown in blue, will be referred to as ‘true
eriastron’), merging observations 1 and 3 (shown in magenta, will 
e referred to as ‘approaching periastron’), and the merged out-of- 
eriastron observation (excluding observation 10). From this figure, 
e conclude that the primary difference between the exact periastron 
-ray characteristics and those away from periastron lies in the 

ontribution of the hottest (4 keV) plasma component. The DEM for
he hottest plasma component is much higher at periastron than for
he observations away/close to periastron. The common property of 
he observations acquired around periastron (i.e. both true periastron 
nd approaching periastron) is that both have a higher DEM at
.6 keV as compared to that obtained for the out-of-periastron 
bservations. Note that inclusion of spectrum 7 while constructing 
he true periastron spectrum does not change these inferences. 

.3 Comparison with past X-ray obser v ations 

s mentioned already, Naz ́e et al. ( 2014 ) reported an X-ray detection
rom ε Lupi at a phase close to periastron using the XMM-Newton
elescope (ObsID: 0690210201, PI: Naz ́e). In Fig. 5 , we compare
heir flux estimates o v er the energy ranges 0.5–2.0 keV (4T model,
 H = 0.03 × 10 22 cm 

−2 ) with those obtained for the NICER data. It
an be seen that the flux reported by Naz ́e et al. ( 2014 ) is consistent
ith that for the out-of-periastron observation, suggesting similar X- 

ay characteristics at this phase as compared to phases further away
rom periastron. 

In order to make a more detailed comparison (e.g. in terms of
he flux es o v er 0.5–1.0 k eV and 1.0–2.0 k eV) between the archi v al
MM-Newton data and the new NICER data, and also to maintain
 uniformity in the data analysis, we reprocess the data with SAS
.19.1. Light curves in 0.5–2.0 keV (soft) and 2.0–10.0 keV (hard)
ands were extracted. While the background remains stable o v er
he whole exposure, the light curves clearly reveal that the X-ray
mission from the system exhibits variability: the χ2 

red for the time- 
table model is ≈4 for both soft and hard bands with p -values of
10 −5 . There are two clear ‘enhancements’ and the most prominent

eature is that around phase 0.09 (Fig. 8 , top three panels), with a
alf-width of ≈0.005 cycles (0.02 d), much smaller than the half-
idth of the enhancement observed at periastron ( ∼0.05 cycles or
.2 d, Fig. 5 ). We also show the variation of the hardness ratio (HR),
MNRAS 522, 5805–5827 (2023) 

art/stad1276_f5.eps
art/stad1276_f6.eps


5816 B. Das et al. 

M

Table 5. Same as Table 3 , but for ‘true periastron’ and ‘approaching periastron’ (see Section 6.2 ) observations. 

ID Norm 

(×10 −5 cm 

−5 
)

χ2 
red Flux 

(×10 −13 erg cm 

−2 s −1 
)

Observed ISM corrected 

0.2 keV 0.6 keV 1.0 keV 4.0 keV 0.5–1.0 keV 1.0–2.0 keV 2.0–10.0 keV 0.5–1.0 keV 1.0–2.0 keV 2.0–10.0 keV 

1 + 3 15.7 7.1 3.3 14.6 0.9(89) 3.9 1.4 1.5 4.6 1.4 1.5 

(14.8–16.6) (6.3–7.8) (2.4–4.3) (11.8–17.3) (3.8–4.0) (1.3–1.5) (1.2–1.8) (4.4–4.7) (1.4–1.6) (1.2–1.8) 

5 + 9 13.7 6.6 2.6 71.7 2.0(96) 4.8 3.7 7.1 5.6 3.8 7.2 

(12.7–14.7) (5.8–7.4) (1.5–3.7) (68.1–75.1) (4.7–4.9) (3.6–3.8) (6.8–7.5) (5.5–5.8) (3.7–4.0) (6.8–7.5) 

Figure 7. The normalization factors as a function of temperature (expressed 
in units of keV in the lower axis, and in units of megakelvin in the upper axis), 
the markers represent the median values obtained from the MCMC analysis, 
and the errorbars represent the 68 per cent confidence intervals. Magenta 
diamonds correspond to the spectrum obtained by merging observations 
1 and 3 (approaching periastron); blue circles correspond to the spectrum 

obtained by merging observations 5 and 9 (true periastron); and the red 
squares correspond to the spectrum obtained by merging the out-of-periastron 
observations excluding the observation 10. 
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Figure 8. Light curves obtained by reanalysis of the XMM-Newton data of 
ε Lupi reported by Naz ́e et al. ( 2014 ). For phasing, the reference HJD 

new 
0 is 

2456356.085. Top three panels: EPIC-pn count rates as functions of orbital 
phases o v er the energy ranges of 0.5–2.0 k eV (soft), 2.0–10.0 k eV (hard), 
and 0.5–10.0 keV (total), respectively. Bottom: hardness ratio defined as the 
ratio between the count rates o v er 2.0–10.0 keV to that at 0.5–2.0 keV. Note 
that the error bars correspond to 1 σ . 
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efined as the ratio between the count rates o v er 2–10 keV to those
 v er 0.5–2.0 keV, as a function of orbital phase, which also exhibits
 slight enhancement o v er the same ranges of phases as that for the
nhancement in the count rates. The variation in the HR is, ho we ver,
ess significant than those for the count rates, with a χ2 

red of 1.9 and
 -value of 0.03 for the time-stable model. 
We extracted EPIC-pn spectra over the full exposure as well as for

imes of low and high count rates, defined by pn count rates below
nd abo v e 0.18 cts s −1 ( t low and t high , respectively in Table 6 ) in the
.3–1.0 keV band. They were fitted by the same models as presented
bo v e, and the results are shown in Fig. B4 . Our results obtained for
he full exposure are consistent with those reported by Naz ́e et al.
 2014 ). We also find that the spectra taken at low and high flux epochs
re similar, within errors, except for the overall luminosity. 

We finally compare the flux o v er 0.5–1.0 keV and 1.0–2.0 keV
or these data with those obtained for the NICER data (since for
he NICER data, the flux estimates o v er 2–10 keV are susceptible
o imperfect background modelling) in Fig. 9 . We re-define the HR
s the ISM corrected flux at 1.0–2.0 keV to that at 0.5–1.0 keV.
e have excluded the observation 10 as we are unable to obtain

 good fit even for the energy range of 0.5–2.0 keV. We find that
he HR is maximum at the phase of the periastron enhancement. The
 ariation is qualitati v ely similar to that observ ed for the flux o v er 0.5–
.0 keV (Fig. 5 ), except for that in the HR plot, the XMM-Newton
bservation (marked with a star) stands out from the out-of-periastron
bservations with a value of HR close to that observed at periastron.
NRAS 522, 5805–5827 (2023) 
To summarize, we find that the X-ray properties of the system at
he phase (and epoch) of the archi v al XMM-Ne wton observ ation are
ifferent from those observed by NICER. The o v erall flux is similar
o that observed away from periastron, but the spectrum is harder, as
ound in the periastron observation. Clearly, re-observing the system
s required, with better and higher cadence phase co v erage, to confirm
he phase-locked nature of the changes and better constrain the exact
ariability details at all phases. 

 DI SCUSSI ON  

e observed in ε Lupi a statistically significant difference between
he X-ray flux at periastron and away from periastron (Table 3 , Fig.
 ) providing strong evidence for the presence of binary interactions.
efore considering the underlying physical scenarios, we first con-

ider the possibility that the system exhibits X-ray enhancements
andomly. In the next subsection, we estimate the probability of such
 scenario given our observations. In the subsequent subsection,
e will discuss the type of binary interactions that can explain our
bservations. 
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Table 6. Spectral analysis of archi v al XMM-Ne wton data of ε Lupi. We fitted the spectra (for full exposure, for times with high count rates, and for times 
with low count rates, see Section 6.3 ) with the 4T model with n H fixed at the interstellar value. 

Norm 

(×10 −5 cm 

−5 
)

χ2 
red Flux 

(×10 −13 erg cm 

−2 s −1 
)

(dof) Observed ISM corrected 

0.2 keV 0.6 keV 1.0 keV 4.0 keV 0.5–1.0 keV 1.0–2.0 keV 2.0–10.0 keV 0.5–1.0 keV 1.0–2.0 keV 2.0–10.0 keV 

All time 6.6 2.6 2.7 34.5 1.2(74) 2.4 1.9 3.5 2.8 2.0 3.5 

(5.8 −6.6) (2.0 −3.3) (1.9 −3.6) (32.6 −36.5) (2.3–2.4) (1.8–2.0) (3.3 −3.7) (2.7–2.8) (1.9–2.1) (3.3–3.7) 

t high 11.3 2.9 3.0 41.8 1.4(15) 3.2 2.4 4.2 3.7 2.4 4.2 

(8.0 −14.4) (1.1 −5.0) (1.1 −5.6) (34.5 −49.0) (2.9–3.5) (2.1–2.6) (3.6–4.9) (3.4–4.2) (2.2–2.7) (3.6–4.9) 

t low 6.0 2.6 2.4 34.4 1.2(66) 2.3 1.9 3.4 2.6 2.0 3.4 

(5.2 −6.9) (1.9 −3.3) (1.6 −3.3) (32.4 −36.4) (2.2–2.3) (1.8–2.0) (3.2-3.6) (2.6–2.7) (1.9–2.0) (3.2–3.7) 

Figure 9. Hardness ratio, defined as the ratio between the fluxes at 1.0–
2.0 keV and 0.5–1.0 keV, as a function of orbital phases. The fluxes are 
corrected for the ISM absorption. The blue and red circles correspond to 
NICER observations taken at/close to the periastron passage and away from 

the periastron passage; the green star corresponds to archi v al XMM-Ne wton 
observation of ε Lupi. 
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.1 Estimating the probability of random exhibition of X-ray 
nhancements by ε Lupi 

et us assume that the system exhibits X-ray flares randomly without 
ny correlation with orbital phases. Under this scenario, the obser- 
ation of all three enhancements during our periastron observations 
ould only be a coincidence. We perform a simple test to estimate the
lausibility of this situation. We consider two parameters: the number 
f flares N that occur o v er the total observation window (i.e. 20.48 d;
ee Table 1 , column 6), and the flare duration (equi v alently, flare half-
idth). For each combination of N and flare-width, we generate N

andom flare time-stamps in our whole observing window and check 
hether these flares fall in the observing windows corresponding to 
ur observations 5, 7, and 9 (and with no flares in the other windows).
he assumed duration of each flare is accounted for by extending both 
oundaries of the time interval corresponding to each observation by 
hat duration. We do this e x ercise 10 6 times for each combination of
 and flare-width. Each data point in the Fig. 10 shows the fraction

labelled as ‘Probability’) of these 10 6 trials that match the observed 
esult (i.e. the flares occur at all three windows corresponding to 
bservations 5, 7, and 9, and no other epochs receive any flare) for
ach combination. In all cases, we find that the maximum probability 
hat the observed enhancements are results of random flaring by the 
ystem is less than 1 per cent. In this context, we w ould lik e to
ention that no hot magnetic star has been confirmed to exhibit 
-ray flaring to the best of our knowledge. 
.2 Binary interactions in ε Lupi 

here are two possible types of interactions rele v ant here: the first
ne is the collision between the stellar winds from the two stars,
nd the second one is magnetic reconnection triggered by the anti-
ligned configuration of the stellar magnetic fields. According to 
hultz et al. ( 2015 ), the separation between the two stars are such

hat their magnetospheres o v erlap at all orbital phases. This suggests
hat there could be inter-star magnetospheric interactions at all times, 
hough their strength would vary as a function of orbital phase due
o the eccentric orbit, or/and relative spin between the two stars. 

From Fig. 5 , it is clear that although the two observations taken
ust before periastron have higher X-ray flux es (o v er the 0.5–2.0 keV
ange) than out-of-periastron observations, they display lower X-ray 
uxes than those taken at periastron. Thus the enhancement in the
-ray flux is confined to a very narrow orbital phase range of width
0.05 cycles, around periastron. A wider and denser co v erage of

he orbital cycle will be needed to obtain the exact width of that
-ray enhancement and its subsequent evolution. Note that the 
bserved enhancement in X-rays is actually seen in observations 
aken in three different orbital cycles, suggesting that it is a stable
haracteristics of the system at least o v er the time-scale equal to our
otal observation duration. 

Figs 5 and 9 reveal that the X-ray properties (flux and HR)
bserved for observation 1, which covers the orbital phases 0.95–
.97 (equi v alently, −0.05 to −0.03), are similar to those observed at
hases much further away from periastron. A continuous interaction 
cenario, where the interaction strength is entirely go v erned by
MNRAS 522, 5805–5827 (2023) 
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he binary separation, cannot explain this result. We hence rule
ut the scenario in which the periastron enhancement is simply a
onsequence of the fact that the amount of energy released due
o inter-star magnetospheric interaction increases as the separation
etween the two stars decreases. The scenario of a wind–wind
ollision is also ruled out, as it would lead to smooth X-ray variation
n orbital phase (e.g. Gosset & Naz ́e 2016 ). Besides, no X-ray bright
olliding winds hav e ev er been reported from systems with such
ate-type stars (e.g. Naz ́e et al. 2011 ; Rauw & Naz ́e 2016 ), which is
ormal in view of their weak stellar winds. 
As mentioned already in the introduction, recurring enhancements

n the radio and X-ray light curves at periastron phases have been
bserved for a few PMS binary systems. Two of the most well-studied
uch systems are DQ Tau (observed in both X-ray and radio bands, e.g
alter et al. 2010 ; Getman et al. 2011 ) and V773 Tau (observed only
t radio bands, e.g. Massi, Menten & Neidh ̈ofer 2002 ; Massi et al.
006 ). Getman et al. ( 2011 ) observed DQ Tau at both periastron
phases 0.95–0.99) and away from periastron (0.66–0.67). They
isco v ered that the X-ray spectrum at periastron is much harder (with
 peak plasma temperature of 90 MK, and time-averaged plasma
emperature of around 40 MK) than that away from periastron.
ualitatively, this is reminiscent of the case of ε Lupi. For both
MS objects, the scenario invoked to explain enhanced flux at/close

o periastron is magnetic reconnection triggered by the collision
etween the two stellar magnetospheres. Neither of the two PMS
ystems is, ho we v er, e xpected to undergo binary magnetospheric
nteraction at all orbital phases. V773 Tau has a moderately eccentric
rbit ( e = 0.3) similar to ε Lupi, but has a much longer orbital period
f ≈51 d (Welty 1995 ). DQ Tau, on the other hand, has an orbital
eriod of ≈16 d (shorter than for V773 Tau but longer than that
f ε Lupi) and a high eccentricity ( e = 0.57; Czekala et al. 2016 ).
hus, in these two systems, the combination of eccentricity and
rbital periods makes the combined effects of binarity and magnetism
bservable only at periastron phases. Another important point is the
tability of the enhancements. For both V773 Tau and DQ Tau,
he enhancement properties, such as amplitude and orbital phase of
nhancement, vary with epoch of observation (e.g. Massi et al. 2002 ;
etman et al. 2022 ), whereas for ε Lupi, the periastron enhancement

ppears to be stable. Interestingly, for V773 Tau and DQ Tau also,
he observed enhancements at periastron were found to span a very
mall fraction of the orbital periods (e.g. Massi et al. 2006 ; Getman
t al. 2011 ). For V773 Tau, Massi et al. ( 2006 ) invoked unstable
agnetic configurations (‘helmet streamer’) that develop at one star

nd interact with the corona of the other star at the periastron passage.
n this framework, the duration of the flare is determined by the
uration of the interaction. For the same system, Adams et al. ( 2011 )
onsidered stable anti-aligned dipole configurations (similar to the
ase of ε Lupi), and proposed that the observed variability in the
mission is due to the change in the magnetic energy stored in the
ystem due to the eccentric orbit. Their theoretical analysis predicts
 gradual release of magnetic energy, with the maximum emission
ccurring ∼4 d prior to periastron (for V773 Tau, 4 d is equi v alent
o 0.08 of the orbital period). This is inconsistent with the much
maller time-width of the enhancements observed for V773 Tau. This
pparent discrepancy is resolved by considering the fact that although
he deformation of the magnetic field (accumulation of magnetic
tress) is continuous and gradual, the relief of that stress resulting in
ares can happen o v er much smaller time-scales (Adams et al. 2011 ).
We suggest that the scenario proposed by Adams et al. ( 2011 ) for

773 Tau is likely the one responsible for the observed X-ray en-
ancements from ε Lupi at periastron. Using their equation (17), we
stimate the maximum power available as a result of magnetospheric
NRAS 522, 5805–5827 (2023) 
nteraction to be ≈4 × 10 32 erg s −1 (using the stellar parameter values
eported by Shultz et al. 2015 ; Pablo et al. 2019 ), corresponding to
 flux ∼ 10 −10 erg cm 

−2 s −1 (using the distance to ε Lupi as 156
arsec; Pablo et al. 2019 ), which is sufficient to drive the observed
-ray enhancements ( ∼ 10 −12 erg cm 

−2 s −1 ). The energy released
ue to magnetic reconnection is also likely to produce non-thermal
lectrons, which can be probed via radio observations. Thus, future
adio observations of ε Lupi will provide important clues towards
nderstanding the magnetospheric interaction scenario. 
Note that in the case of V773 Tau, the rotation periods of the

ndividual stars are known to be smaller than 3 d, i.e. much smaller
han the orbital period. For ε Lupi, the rotation periods of individual
tars are unknown. Recently, Cherkis & Lyutikov ( 2021 ) showed
hat both rotational and orbital time-scales can be important in
etermining the time-scale of energy release in magnetically coupled
tellar binaries. The enhancements seen during the archi v al XMM-
e wton observ ation could also be linked to the same physical
henomenon as the one responsible for the periastron enhancement,
nd its occurrence could be a result of relative motion between the
agnetospheres due to both rotation about their individual axes and

evolution around each other. 

 C O N C L U S I O N  

n this paper, we report evidence of magnetospheric interactions via
econnection between the two components of the only known short-
eriod magnetic massive star binary system ε Lupi. Our observation
f the star with the NICER instrument clearly shows that the system
roduces more X-ray emission at periastron than away from it. The
-ray enhancement is confined to a very narrow orbital phase range
f width ∼0.05 cycles. In addition, by reprocessing archi v al X-
ay data for the system, we find that there are enhancements with
ime-scales of ≈0.005 orbital cycles, at orbital phases away from
eriastron, although the persistence of these enhancements remain
o be examined. We conclude that the most fa v ourable scenario is
agnetic reconnection that gets triggered due to the relative motion

f the magnetospheres at certain orbital configurations. In the future,
enser sampling of the orbital cycle will be crucial to understand this
nique binary system. 
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PPENDIX  B:  M C M C  RESULTS  A N D  SPECTRA  

his section shows the MCMC plots. 
NRAS 522, 5805–5827 (2023) 

igure B1. Corner plots corresponding to Fig. 3 . The top left-hand panel cor- 
esponds to average periastron observation obtained by merging observations 
, 3, 5, 7, and 9; the top right-hand panel corresponds to average out-of- 
eriastron observation obtained by merging observations 2, 4, 6, 8, and 10; 
he bottom left-hand panel corresponds to average periastron observation 
btained by merging all the periastron observations excluding 7; and the 
ottom right-hand panel corresponds to average out-of-periastron observation 
btained by merging all the out-of-periastron observations excluding 10. The 
odel used is the 4T model with n H fixed at its interstellar value. N i s ( i = 1, 

) are proportional to the normalization factors (norms) at 0.2 keV, 0.6 keV, 
.0 keV, and 4.0 keV, respectively, with N i = Norm i × 10 5 . 
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Variable X-ray from ε Lupi 5823 

Figure B2. Spectral analysis of individual observations for the 2T model with n H fixed at 0.03 × 10 22 cm 

−2 . The Obs. IDs correspond to the IDs listed in 
Table 1 . The solid vertical lines on the histograms mark the median values, and the vertical dashed lines mark the 68 per cent confidence intervals. N i s ( i = 1, 
2) are proportional to the norms at the two plasma temperatures given by kT 1 and kT 2 , respectively, with N i = Norm i × 10 5 . See Appendix A for details. 
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M

Figure B3. Spectral analysis of individual observations. The model fitted is the 4T model with n H fixed at 0.03 × 10 22 cm 

−2 . The Obs. IDs correspond to the 
IDs listed in Table 1 . The solid vertical lines on the histograms mark the median values, and the vertical dashed lines mark the 68 per cent confidence intervals. 
N i s ( i = 1, 2, 3, 4) are proportional to the norms at 0.2 keV, 0.6 keV, 1.0 keV, and 4.0 keV, respectively, with N i = Norm i × 10 5 . See Section 6.2 for details. 
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Variable X-ray from ε Lupi 5825 

Figure B4. Results from spectral analysis of the XMM-Newton observation 
of ε Lupi first reported by Naz ́e et al. ( 2014 ). N 1 , N 2 , N 3 , and N 4 have the 
same meaning as that described in the caption of Fig. B3 . See Section 6.3 for 
details. 
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Figure C1. Top: the variation of flux o v er 0.5–2.0 keV (using the 4T model 
with n H fixed at its interstellar value) within observation 10 (Appendix C ). 
The markers represent the median values and the error bars correspond 
to the 68 per cent confidence intervals (MCMC analysis). Bottom: the 
corresponding variation of the HR defined as the ratio of flux o v er 1–2 keV 

to that o v er 0.5–1.0 keV. 

Figure C2. Same as Fig. C1 , but for the GTIs within observation 7. 
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PPENDIX  C :  DETA ILED  INVESTIGATION  O F  

H E  OBSERVATIONS  7  A N D  1 0  

inally, we take a deeper look at the two observations (IDs 7 and 10)
hat we decided to exclude while constructing the average periastron 
nd average out-of-periastron observations in Section 6.1 . From 

able 4 , observations 10 and 7 are, respectively, the exposures with
he highest and the second highest χ2 

red values. We first consider 
bservation 10 for which the χ2 

red for the 4T model is the highest
Table 4 ). This is the only observation for which the spectrum
tted with the 4T model has a χ2 

red greater than 2 even for the
nergy range below 2 keV. To understand the possible reason, we 
erformed spectral analysis (4T model, n H fixed at interstellar value) 
or each of the seven GTIs of the observation. To do this e x ercise,
e calculated the background spectra for the individual GTIs using 
ibackgen3C50 . The spectra (o v er 0.3–10.0 keV) were then fitted
ith the 4T model (again with fixed n H ). The results of the spectral

nalysis are given in Table C1 , and the variation of the flux o v er
.5–2.0 keV with orbital phases are shown in the top panel of Fig.
1 . Note that although the median χ2 
red is larger than 2 for GTIs 3,

, 5, and 6 for the energy range 0.3–10.0 keV, it is smaller than 2 for
ll but GTI 4 for the energy range 0.5–2.0 keV. 

Fig. C1 appears to suggest that there is an enhancement within the
rbital phase range spanned by this observation. This enhancement 
s also reflected in the variation of the HR (bottom panel of Fig.
1 ), which is consistent with the periastron enhancement as well as

he enhancements found in the archi v al XMM-Ne wton observ ation.
o we ver, the orbital phase of the enhancement is partially covered by
bservations 4 and 6 (Table 1 , also see Fig. 5 ) and we do not find any
int of enhancement in these two observations. This shows that the
MNRAS 522, 5805–5827 (2023) 
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Figure D1. Effect of using different background spectra on the estimated 
flux for the merged periastron (red) and merged out-of-periastron (blue) 
observations. The legends show the observation IDs used to obtain the merged 
spectra. The different bars correspond to different background spectra. The 
vertical dashed lines mark the flux obtained by using the ‘true’ background 
spectra. Note that here ‘true’ background for a given observation implies 
that the background spectrum was calculated using that particular X-ray 
observation (3C50 model). The three panels are for the three energy bins: 
0.5–1.0 keV (top), 1.0–2.0 keV (middle), and 2.0–10.0 keV (bottom). See 
Section D for details. 
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nhancement within observation 10 is not a persistent characteristic 
f the system. There are two possibilities: the enhancement represents 
n X-ray flare from the system (or, from an invisible companion), 
r it appeared due to an additional background contribution not 
ccounted for by the 3C50 background model. With the present data, 
e cannot rule out any of these possibilities. Further monitoring of

he system will be needed to understand the origin of the observed
ux enhancement at a phase much away from the periastron. 
We performed a similar analysis for observation 7 (Table C1 

nd Fig. C2 ), and arrived at the same conclusion that the observed
ariation o v er small orbital phase ranges could be due to the use
f an imperfect background model. It is, ho we ver, to be noted that
he difference between the fluxes (0.5–2.0 keV) at the two GTIs
or spectrum 7 is significantly higher than that observed among the 
TIs of spectrum 10. In addition, the observed trend in the variation
f the X-ray flux is consistent with that shown by other periastron
bservations (Fig. 5 ). Thus, the observed difference between the 
wo GTIs of spectrum 7 is physically more plausible than that for
pectrum 10. 

PPENDIX  D :  TESTS  TO  C H E C K  T H E  

O BU STNESS  O F  O U R  PRIMARY  RESULT  

he key result of this work is that the system ε Lupi produces
ore X-ray emission at periastron than that away from periastron. 
o we ver, the NICER data, based on which this conclusion is derived,

uffer from an important limitation, which is that the background 
stimations are based on modelling, rather than using a subtraction 
f the background directly observed around the X-ray source for an 
maging instrument. This is especially important for a relatively faint 
ource like ε Lupi (average count rates are ∼ 1 count s −1 ). In order 
o understand whether the observed difference in X-ray flux is robust
gainst this limitation, we performed a spectral analysis (4T model 
ith fixed n H ) for the merged periastron (IDs: 1 + 3 + 5 + 7 + 9)

nd merged out-of-periastron (2 + 4 + 6 + 8 + 10) observations
onsidering each of the 10 background spectra obtained for our 10 
bservations using the 3C50 model. In Fig. D1 , we plot the posterior
istribution of the flux values (for all 10 background spectra) obtained 
rom the MCMC analysis for the three energy bins: 0.5–1.0 keV 

top), 1.0–2.0 keV (middle), and 2.0–10.0 keV (bottom). The red 
nd blue histograms, respectively represent the results for periastron 
nd out-of-periastron. As expected, the flux values are found to vary 
ignificantly with the use of different background models. Despite 
hat, we find that o v er 0.5–1.0 keV, the periastron flux is always higher
han that away from periastron. Over 1.0–2.0 keV, the periastron 
ux is higher than that away from periastron except for a few
ombinations of background spectra. The difference between the two 
ype of observations is most affected by the variation of background 
or the highest energy bin (2–10 keV), which we have not used for
urther analysis. Note that, for a given background spectrum, the 
2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
merged) periastron flux is al w ays much higher than that away from
eriastron o v er 0.5–2.0 keV. Finally, based on the three panels in Fig.
1 , we do not have any evidence for the opposite case. 
Thus, we conclude that our key result of observing higher X-ray

ux at periastron is robust against any limitation on the part of our
hosen background model. 
MNRAS 522, 5805–5827 (2023) 
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