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ABSTRACT
Due to observational challenges our knowledge of low-levelaccretion flows around neutron
stars is limited. We presentNuSTAR, Swift andChandraobservations of the low-mass X-
ray binary IGR J17062–6143, which has been persistently accreting at≃0.1 per cent of the
Eddington limit since 2006. Our simultaneousNuSTAR/Swiftobservations show that the 0.5–
79 keV spectrum can be described by a combination of a power law with a photon index
of Γ≃2, a black body with a temperature ofkTbb≃0.5 keV (presumably arising from the
neutron star surface), and disk reflection. Modeling the reflection spectrum suggests that the
inner accretion disk was located atRin&100 GM/c2 (&225 km) from the neutron star. The
apparent truncation may be due to evaporation of the inner disk into a radiatively-inefficient
accretion flow, or due to the pressure of the neutron star magnetic field. OurChandragratings
data reveal possible narrow emission lines near 1 keV that can be modeled as reflection or
collisionally-ionized gas, and possible low-energy absorption features that could point to the
presence of an outflow. We consider a scenario in which this neutron star has been able to
sustain its low accretion rate through magnetic inhibitionof the accretion flow, which gives
some constraints on its magnetic field strength and spin period. In this configuration, IGR
J17062–6143 could exhibit a strong radio jet as well as a (propeller-driven) wind-like outflow.

Key words: accretion: accretion disks – pulsars: general – stars: individual (IGR J17062–
6143) – stars: neutron – X-rays: binaries – X-rays: bursts

1 INTRODUCTION

Low-mass X-ray binaries (LMXBs) contain a neutron star or a
black hole that accretes gas from a less massive companion star.
These are excellent laboratories to study accretion in the strong
gravity regime. In particular, LMXBs are observed over a wide
range in X-ray luminosity, hence accretion rate, allowing the in-
vestigation of different accretion morphologies.

LMXBs are most easily discovered and studied when their
X-ray luminosity is a sizable fraction of the Eddington limit,
LX&0.1 LEdd. However, a lot of accretion activity occurs at
much lowerLX. Indeed, many LMXBs are transient and accrete
at LX>0.1 LEdd for only a few weeks or months and then spend
years in quiescence before a new outburst commences. Thermal-
viscous instabilities in the accretion disk provide the general frame-

⋆ e-mail: degenaar@ast.cam.ac.uk

work for understanding such outburst-quiescence cycles (though it
cannot explain details; e.g. Lasota 2001, for a review).

Accretion does not necessarily switch off in quiescence
and may persist down to very lowLX (e.g. Wagner et al. 1994;
Campana et al. 1997; Rutledge et al. 2002; Kuulkers et al.
2009; Cackett et al. 2010a, 2013; Bernardini et al. 2013;
Chakrabarty et al. 2014; D’Angelo et al. 2015; Rana et al. 2016).
Furthermore, there is a growing population of LMXBs that exhibit
outbursts with a peak luminosity of onlyLX≃10−4

− 10−2 LEdd

(e.g. Hands et al. 2004; Sakano et al. 2005; Muno et al. 2005;
Wijnands et al. 2006; Degenaar & Wijnands 2009; Campana 2009;
Heinke et al. 2010; Armas Padilla et al. 2011, 2014; Sidoli etal.
2011). Understanding the properties of LMXBs atLX<10−2 LEdd

is thus an important part of forming a complete picture of accretion
flows around neutron stars and stellar-mass black holes.

At LX>10−2 LEdd, matter is typically transferred through
a geometrically thin and optically thick accretion disk that ex-
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tends close to the compact primary. When moving towards lower
LX, the inner disk is expected to evaporate into a hot, geo-
metrically thick and radiatively inefficient accretion flow(e.g.
Narayan & Yi 1994; Blandford & Begelman 1999; Menou et al.
2000; Dubus et al. 2001). The X-ray spectral softening observed
as black hole LMXBs transition from outburst to quiescence seems
to support the formation of a radiatively-inefficient accretion flow
(see e.g. Plotkin et al. 2013; Reynolds et al. 2014; Yang et al. 2015,
for discussions).

Neutron star LMXBs also show X-ray spectral soften-
ing at LX<10−2 LEdd (e.g. Armas Padilla et al. 2011, 2013b;
Degenaar et al. 2013b; Bahramian et al. 2014; Allen et al. 2015;
Weng et al. 2015), although the behavior is not the same as
for black holes (Wijnands et al. 2015). The X-ray spectra are
also different; high-quality data obtained for neutron stars at
LX≃10−4 LEdd have revealed the presence of a thermal compo-
nent, likely from the accretion-heated neutron star surface, and a
power-law spectral component that is harder than for black holes
at similar LX (e.g. Armas Padilla et al. 2013a,b; Degenaar et al.
2013b; Wijnands et al. 2015). The picture proposed for neutron
star LMXBs is that the radiation from the accretion flow softens
atLX<10−2 LEdd like in black holes, but becomes overwhelmed
by the emission released when matter impacts the neutron star sur-
face (causing thermal emission and a hard tail) atLX<10−3 LEdd

(Wijnands et al. 2015). Deep observations of the nearby neutron
star Cen X-4 atLX≃4 × 10−6 LEdd may support this idea; it
appears that only thermal emission from the stellar surfaceand
bremsstrahlung from a boundary layer (where the accretion flow
meets the surface) are observed, whereas the accretion flow itself
is not directly detected (Chakrabarty et al. 2014; D’Angeloet al.
2015).

The magnetic field of a neutron star may also have a dis-
cernible effect on the accretion flow. It can potentially trun-
cate the inner disk and re-direct plasma along the magnetic
field lines. X-ray pulsations from the heated magnetic polesmay
then be seen (e.g. Pringle & Rees 1972; Rappaport et al. 1977;
Finger et al. 1996; Wijnands & van der Klis 1998). X-ray spectral
observations revealed truncated inner disks in several X-ray pul-
sars (e.g. Miller et al. 2011; Papitto et al. 2013; Degenaar et al.
2014a; King et al. 2016; Pintore et al. 2016), whereas the inner disk
seems to extend further in for non-pulsating neutron star LMXBs
(e.g. Cackett et al. 2010b; Miller et al. 2013; Degenaar et al. 2015;
Di Salvo et al. 2015; Ludlam et al. 2016). Magnetic field effects
can possibly gain importance when the accretion rate drops,allow-
ing the magnetic pressure to increasingly compete with thatexerted
by the disk.

Since transient LMXBs typically only spend a short time at
LX≃10−4–10−2 LEdd, this is a particularly challenging accretion
regime to characterize and to capture with sensitive observa-
tions. Fortuitously, a handful of neutron star LMXBs accrete
in this range for several years (e.g. Chelovekov & Grebenev
2007; Del Santo et al. 2007; Jonker & Keek 2008; Heinke et al.
2009; in ’t Zand et al. 2009; Degenaar et al. 2010, 2012b;
Armas Padilla et al. 2013a). These very-faint X-ray binaries
(VFXBs) are interesting targets to further our knowledge of
low-level accretion flows.

VFXBs are also intriguing because the disk instability model
has trouble explaining how their low accretion rates can be sus-
tained for many years (e.g. Dubus et al. 1999; Lasota 2001). One
possibility is that these objects have small binary orbits that only fit
small accretion disks (e.g. King & Wijnands 2006; in ’t Zand et al.
2007; Hameury & Lasota 2016). The very dim optical counterparts

indeed suggests that some VFXBs may have short orbital periods
(e.g. Bassa et al. 2008; in ’t Zand et al. 2009). However, a fewother
VFXBs were found to harbor H-rich donors, which rules out very
compact orbits (e.g. Degenaar et al. 2010; Arnason et al. 2015). An
alternative explanation for the quasi-stable low accretion rate of
VFXBs is that the neutron star’s magnetic field inhibits the accre-
tion flow (e.g. Wijnands 2008; Heinke et al. 2009, 2015; Patruno
2010a; Degenaar et al. 2014b).

1.1 The very-faint X-ray binary IGR J17062–6143

IGR J17062–6143 was discovered withIntegral in 2006
(Churazov et al. 2007), but it was not until 2012 that it was identi-
fied as a neutron star LMXB through the detection of an energetic
thermonuclear X-ray burst (Degenaar et al. 2012a). The X-ray burst
light curve showed wild intensity variations that were presumably
caused by extreme expansion of the neutron star photosphere; this
suggests a source distance ofD≃5 kpc (Degenaar et al. 2013a),
assuming that the peak flux of the X-ray burst reached the empiri-
cal Eddington limit ofLEdd=3.8 × 1038 erg s−1 (Kuulkers et al.
2003). The source has been persistently accreting at a low lumi-
nosity ofLX≃4× 1035 (D/5.0 kpc)2 erg s−1 for the past 10 yr,
which roughly corresponds to≃10−3LEdd (e.g. Ricci et al. 2008;
Remillard & Levine 2008; Degenaar et al. 2012a). It was not de-
tected by theROSAT/PSPC in 1990 (obsID rs932824n00), suggest-
ing that its luminosity was likely a factor&10 lower at that time.

Due to its relative proximity and relatively low interstellar ex-
tinction compared to other VFXBs, IGR J17062–6143 is a partic-
ularly good target to further our understanding of low-level accre-
tion flows and the nature of these peculiar LMXBs. In particular,
the powerful X-ray burst seen in 2012 revealed the presence of Fe
in the accreted matter (Degenaar et al. 2013a), which provides the
chance of detecting reflection features from the accretion disk.

Disk reflection manifests itself most prominently as an Fe-K
emission line at≃6.4–6.97 keV and a Compton hump at≃20–40
keV (e.g. George & Fabian 1991; Matt et al. 1991). The shape of
these features is modified by Doppler and gravitational redshift ef-
fects as the gas in the disk moves in high-velocity Keplerianorbits
inside the gravitational well of the compact accretor. The reflection
spectrum thus encodes information about the accretion morphology
(e.g. Fabian & Ross 2010, for a review). In particular, detecting and
modeling disk reflection features allows for a measure of theinner
radial extent of the accretion disk,Rin. If a radiatively-inefficient
accretion flow forms or if the stellar magnetic field is dynamically
important in governing the accretion flow in VFXBs, the innerdisk
is expected to be truncated away from the neutron star. However,
so far no observational constraints on the inner radial extent of the
accretion disks in VFXBs have been obtained yet.

Radiatively-inefficient accretion flows are likely associ-
ated with outflows (e.g. Rees et al. 1982; Narayan & Yi 1994;
Blandford & Begelman 1999; Narayan 2005). Furthermore, the
magnetic field of a neutron star may act as a propeller and could
expel (some of) the in-falling gas (e.g. Illarionov & Sunyaev 1975;
Lovelace et al. 1999; Romanova et al. 2009; Papitto & Torres
2015). Neutron star LMXBs accreting atLX<10−2 LEdd may
therefore be expected to exhibit outflows. In the X-ray band,these
may reveal itself through the detection of blue-shifted narrow spec-
tral lines.

In this work we presentNuSTAR, Swift andChandra/HETG
observations of IGR J17062–6143 to study the accretion regime of
LX≃10−3LEdd and to understand the puzzling nature of neutron
star LMXBs that are able to accrete at such a low rate for years. In
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particular, the aim of these observations was to constrain the con-
tinuum spectral shape, to measure disk reflection features to gain
insight into the accretion geometry, and to search for narrow X-ray
spectral lines that may be indicative of an outflow.

2 OBSERVATIONS AND DATA ANALYSIS

2.1 NuSTAR

Our NuSTARobservation was performed between 19:26UT on
2015 May 6 and 05:01UT on May 8 (obs ID 30101034002). The
two co-aligned focal plane modules (FPM) A and B provide an
energy coverage of 3–79 keV. Standard processing withNUSTAR-
DAS (v. 1.4.1), resulted in≃70 ks of on-target exposure time per
module. We extracted light curves, spectra, and response files with
NUPRODUCTS, using a circular region of30′′ radius for the source
and a void circular region of60′′ radius on the same chip for the
background. IGR J17062–6143 was detected at a constant intensity
of ≃3 c s−1 during the observation (3–79 keV, FPMA+B summed).

When fitting the FPMA/B spectra simultaneously with a con-
stant factor floating in between, we found that the flux calibration
agreed to within 0.5%. We therefore opted to combine the spectra
of the two mirrors usingADDASCASPEC. A weighted response file
was created usingADDRMF. The combined spectrum was grouped
into bins with a minimum of 20 photons usingGRPPHA. In the com-
bined spectrum the source was detected above the backgroundin
the entireNuSTARbandpass; the signal to noise ratio (SNR) was
≃500 around 7 keV and≃2 around 70 keV.

2.2 Swift/XRT

Swift observed IGR J17062–6143 simultaneous withNuSTARon
2015 May 6 from 23:29–23:44UT (obs ID 37808005). A≃0.9 ks
exposure was obtained during a single orbit and the XRT was op-
erated in photon counting mode. The source was detected at a con-
stant count rate of≃0.9 c s−1. Source and background spectra were
extracted using XSELECT. To circumvent the effects of pile-up, we
used an annular region with inner–outer radii of12′′–71′′ for the
source. Background events were extracted from a void regionwith
an area three times larger than that used for the source. An arf was
created withXRTMKARF, using the exposuremap as input. The ap-
propriate rmf (v. 15) was taken from theCALDB. The spectral data
were grouped into bins with a minimum of 20 photons.

2.3 Chandra/HETG

We observed IGR J17062–6143 withChandraon 2014 October 25
from 04:48 to 13:39UT for ≃29 ks of on-source exposure (obs ID
15749), and for≃64 ks from 09:34UT on October 27 to 14:57
UT on October 28 (obs ID 17543). The High Energy Transmis-
sion Gratings (HETG) were used to disperse the incoming light
on to the ACIS-S CCDs that were operated in faint, timed mode.
The HETG consists of the Medium Energy Grating (MEG; 0.4–
5 keV, 31–2.5Å) and the High Energy Grating (HEG; 0.8–8 keV,
15–1.2Å). We used the data from both grating arms.

The data were reprocessed using theCHAN REPRO script.
We extracted light curves for the first orders of the HEG and
MEG instruments at 100-s resolution using the taskDMEXTRACT.
IGR J17062–6143 was detected at similar, constant count rates of
≃1.9 c s−1 during the two observations (MEG+HEG combined;
0.4–8 keV). We extracted the first order HEG and MEG spectra

from the reprocessed pha2 files employingDMTYPE2SPLIT, and
generated response files usingMKTGRESP.

We usedCOMBINE GRATING SPECTRAto combine the spec-
tra of the plus and minus orders of each instrument, and to sumthe
data from the two observations. To investigate the spectralcontin-
uum shape and flux, we grouped the combined spectra to a mini-
mum of 20 photons bin−1. To search for narrow spectral features,
we instead fitted the un-binned spectra of the plus and minus orders
separately. A constant multiplication factor was always included in
the modeling to allow for calibration differences.

2.4 Spectral analysis

For the analysis of the continuum and reflection spectrum, we
usedXSPEC (v. 2.9 Arnaud 1996) and appliedχ2-statistics. In-
terstellar absorption was included in all our spectral fits using the
TBABS model, employing cross-sections from Verner et al. (1996)
and abundances from Wilms et al. (2000). For our high-resolution
spectral analysis of theChandradata, we instead employedSPEX

(v. 3.0)1 because it is more suitable for finding and modeling nar-
row spectral features thanXSPEC. Throughout this work we assume
a source distance ofD=5 kpc (Degenaar et al. 2013a), an Edding-
ton luminosity ofLEdd=3.8×1038 erg s−1 (Kuulkers et al. 2003),
and a neutron star mass and radius ofM=1.4M⊙ andR=10 km,
respectively. All errors are given at 1σ confidence level.

3 RESULTS

3.1 NuSTAR/Swift continuum X-ray spectrum

A single power-law model (PEGPWRLW) does not provide a good
fit to the 0.5–79 keVNuSTAR/Swift spectrum (χ2

ν=1.52 for 583
d.o.f.). Adding a soft, thermal component (BBODYRAD) yields a
significant improvement (χ2

ν=1.15 for 581 d.o.f.;F -test probabil-
ity ≃10−36). We obtainNH=(2.3 ± 0.4) × 1021 cm−2 (com-
parable to that found in previous studies; e.g. Ricci et al. 2008;
Degenaar et al. 2013a),Γ=2.10±0.01, kTbb=0.46±0.03 keV and
Rbb=3.8± 0.4 (km/5.0 kpc)2. Replacing the power-law compo-
nent by a Comptonized emission component (NTHCOMP) yielded
a worse fit (χ2

ν=1.21, 580 d.o.f.). We also tried cutoff and broken
power-law models, but these revealed no evidence for a detectable
change in the power-law index in the 0.5–79 keV spectrum.

Our PEGPWRLW+BBODYRAD continuum fit is shown in
Figure 1 (top). The inferred 0.5–79 keV unabsorbed flux is
F0.5−79=(1.17 ± 0.02) × 10−10 erg cm−2 s−1, which corre-
sponds toL0.5−79=(3.50± 0.06) × 1035 (D/5.0 kpc)2 erg s−1.
This suggests that IGR J17062–6143 was accreting at≃10−3LEdd

during our 2015NuSTAR/Swift observations. The spectrum in the
NuSTARband is dominated by the power-law spectral component,
which contributes≃97% to the total unabsorbed 3–79 keV flux.
For reference, the 0.5–10 keV luminosity inferred from thisfit is
L0.5−10≃1.6 × 1035 (D/5.0 kpc)2 erg s−1. In this energy band
the power-law spectral component also dominates, accounting for
≃79% of the total unabsorbed flux.

Our continuum description leaves positive residuals near≃6–
7 keV, as shown in Figure 2. The feature is reminiscent of the broad
Fe-K lines that are often seen in the X-ray spectra of bright LMXBs

1 https://www.sron.nl/spex

c© 0000 RAS, MNRAS000, 1–??



4 N. Degenaar et al.

5x10
−3

0.02

k
e

V
  
(P

h
o

to
n

s
 c

m
−

2  s
−

1  k
e

V
  
  
)

−
1

−4

−2

0

2

4

(d
a

ta
−

m
o

d
e

l)
/e

rr
o

r

101 2 505

2

0.01

Energy (keV)

5x10
−3

0.02

ke
V

  (
P

ho
to

ns
 c

m
−2

 s
−1

 k
eV

   
 )

−1

−4

−2

0

2

4

(d
at

a−
m

od
el

)/
er

ro
r

101 2 505

2

0.01

Energy (keV)

5x10
−3

0.02

k
e

V
  
(P

h
o

to
n

s
 c

m
−

2  s
−

1  k
e

V
  
  
)

−
1

−4

−2

0

2

4

(d
a

ta
−

m
o

d
e

l)
/e

rr
o

r

101 2 505

2

0.01

Energy (keV)

Figure 1. Fits to theNuSTAR(red) andSwift (black) spectral data. The
lower panels show the residuals in sigmas. Top: Continuum fitto an ab-
sorbed black body (dotted curve) and power law (dashed curve) model.
Middle: Fit with the power-law component replaced byRELXILL to include
relativistic reflection (dashed curve). Bottom: Fit with a black body (dotted
curve) plus power law (dashed curve) continuum andREFLIONX (dashed-
dotted curve) as the relativistic reflection model. We note that the highest
NuSTARand lowestSwiftenergy bins have a low SNR.

and are typically attributed to disk reflection.2 This motivates the
inclusion of a relativistic reflection model in our spectralfits.

2 See e.g. Ng et al. (2010) for a discussion on alternative explanations, but
see Chiang et al. (2016) for a strong test case that favors disk reflection.
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Figure 2. Zoom of theNuSTARdata to model ratio in the Fe-K line region
for an absorbed power law plus black body continuum model.

3.2 NuSTAR/Swift X-ray reflection spectrum

3.2.1 Reflection fits withRELXILL

The shape of the reflection spectrum depends on the properties of
the flux incident on the accretion disk. In case of IGR J17062–
6143, the X-ray spectrum is dominated by aΓ≃2 power-law com-
ponent (Figure 1 top). Out of all the reflection models appropriate
for an incident power-law spectrum, we choseRELXILL (v. 0.4a;
Garcı́a et al. 2014), because it features higher spectral resolution
and updated atomic data compared to other models. Furthermore,
the reflection spectrum is calculated for each emission angle, which
should be more accurate than averaging over different angles. The
model combines the reflection gridXILLVER (Garcı́a et al. 2013)
with the convolution kernelRELCONV to include relativistic effects
on the shape of the reflection spectrum (Dauser et al. 2010). Since
it describes both the illuminating power-law and the reflected emis-
sion, we replacedPEGPWRLWby RELXILL in our spectral fits.

We set the model up using an unbroken emissivity pro-
file of the form ǫ(r)∝r−q. Reflection fits for LMXBs are typi-
cally not sensitive to the outer disk radius because the emissiv-
ity profile drops off steeply with increasing radius, so we fixed
Rout=500 RISCO, whereRISCO is the location of the innermost
stable circular orbit (ISCO). The remaining model parameters are
then the indexΓ and the high-energy cutoffEcut of the illuminat-
ing power law, the dimensionless spin parametera, the disk inclina-
tion i, the inner disc radiusRin (expressed in terms ofRISCO), the
ionization parameterlog ξ, the iron abundanceAFe (with respect
to Solar), the reflection fractionRrefl, and the normalizationNrefl.
We note that figure 1 of Fabian et al. (1989) gives an instructive
overview of the effect of several of these parameters on the shape
of relativistically-broadened Fe-K lines.

The spin of the compact object plays a role in settingRISCO,
but for neutron stars this is sufficiently low (a≃0–0.3) to be only a
small effect (e.g. Miller et al. 2013). The spin of IGR J17062–6143
is unknown, but neutron stars in LMXBs are expected to be spun
up to millisecond periods due to the angular momentum gainedby
accretion (e.g. Alpar et al. 1982; Bhattacharya & van den Heuvel
1991; Strohmayer et al. 1996; Wijnands & van der Klis 1998). This
is indeed borne out by observations; spin periods of≃1.6–10 ms
have been inferred for about two dozen neutron star LMXBs
from detecting coherent X-ray pulsations or rapid intensity os-
cillations during thermonuclear X-ray bursts (e.g. Patruno 2010b,

c© 0000 RAS, MNRAS000, 1–??
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for a list). Here, we assumeda=0.3 based on the approxima-
tion a≃0.47/Pms, wherePms is the spin period in ms (valid for
M=1.4 M⊙; Braje et al. 2000). According to equation 3 from
Miller et al. (1998), the ISCO is then located atRISCO≃6[1 −

0.54a]GM/c2≃5.05GM/c2, which corresponds to≃11.2 km for
M=1.4 M⊙. Indeed, settinga=0 (i.e. the Schwarzschild metric
with RISCO=6 GM/c2) did not strongly affect our inferred inner
disk radius (see below).

Several model parameters were not constrained by the data
when left free to vary and were therefore fixed to avoid degen-
eracy. Firstly, we setq=3, which is theoretically motivated (e.g.
Wilkins & Fabian 2012) and often applies well to neutron star
LMXBs (e.g. Cackett et al. 2010b, for a sample study). Secondly,
Ecut pegged at the model upper limit of 1 MeV. Since our con-
tinuum modeling showed no evidence for an observable cutoffin
the NuSTARpassband we fixedEcut=500 keV. This is a some-
what arbitrarily high value but consistent with that found fromNuS-
TARreflection modeling of the neutron star LMXB 4U 1608–52 at
LX≃10−2 LEdd (Degenaar et al. 2015). We later tested how differ-
ent values ofEcut affected our fits (see below). We also found the
disk inclination to be unconstrained, pegging at the upper limit 90◦.
Such a high inclination is ruled out by the fact that IGR J17062–
6143 does not show dips or eclipses in its X-ray emission, which
suggestsi.75◦ (e.g. Frank et al. 2002). As there is no typical value
for the inclination of neutron star LMXBs, we therefore explored
fits with i=25◦, 45◦, and65◦. Finally, we fixedAFe=1 because
it was poorly constrained when left free to vary. The only free fit
parameters forRELXILL thus wereRin, Γ, log ξ, Rrefl, andNrefl.

Our spectral analysis results are summarized in Table 1. Re-
placing the power law byRELXILL provides a significant improve-
ment. The statistical quality of the fit withi=65◦ (χ2

ν=1.01 for
578 d.o.f.) is better than the fits withi=25◦ and45◦ (χ2

ν=1.02 for
578 d.o.f.) at a≃2–2.5σ level (∆χ2=4.31–6.34). The effect of in-
creasing the inclination is to shift the blue wing of the Fe-Kline
to higher energy (see e.g. figure 1 of Fabian et al. 1989). The blue
wing of the broad line in IGR J17062–6143 extends all the way up
to ≃7.3 keV (Figure 2), which may be reason that a higher incli-
nation is preferred in our reflection fits. We opted to proceedour
analysis withi=65◦, but note that our conclusions are not affected
by this choice. Our baseline fit described above is shown in Fig-
ure 1 (middle). We note that the highestNuSTARand lowestSwift
energy bins deviate from the model fit. This is plausibly due to a
low SNR, but we explore the possible presence of an additional
emission component in Section 3.3.

For i=65◦, we obtainedRin=44.4∗−24.6 RISCO with the up-
per bound hitting the model limit of100 RISCO. This inferred in-
ner disk radius corresponds to≃224∗−125 GM/c2 for our choice of
a=0.3, or≃497∗−278 km for a neutron star mass ofM=1.4 M⊙.
Notably, the different inclinations yield comparable 1σ lower lim-
its ofRin&20 RISCO (&100 GM/c2), suggesting a truncated disk
regardless of the choseni. However, we note that theχ2-space is
rather flat andRin is still consistent with a location at the ISCO at
≃3σ confidence for our fits withi=65◦.

We explored the effect of our model assumptions for the ob-
tained value ofRin, our main parameter of interest. Table 2 sum-
marizes the effect of changing the values of fixed model parameters
(a, q, Ecut, AFe, andRout). This shows that the 1σ lower limit on
Rin always lies near≃20 RISCO. A high cutoff energy appears
to be preferred by our fits, which is consistent with the lack of an
observable high-energy roll-over in theNuSTARdata. The reflec-
tion fits also appear to favor a high Fe abundance; this enhances the
strength of the Fe-K line (e.g. Ross & Fabian 2005).

Table 1.Results from modeling theNuSTAR/Swift reflection spectrum.

Model parameter RELXILL

i = 25◦ i = 45◦ i = 65◦

C (XRT) 0.92± 0.05 0.92± 0.08 0.92± 0.08

NH (×1021 cm−2) 2.43± 0.26 2.47± 0.35 2.42± 0.36

kTbb (keV) 0.48± 0.02 0.47± 0.02 0.48± 0.02

Nbb (km/10 kpc)2 52.1+2.0
−12.0 53.5+20.5

−12.4 50.8+9.9
−13.5

Γ 2.05± 0.01 2.05± 0.02 2.05± 0.02

Rin (RISCO) 97.6∗
−61.3 98.1∗

−78.9 44.4∗
−24.6

log ξ 3.28± 0.04 3.27± 0.08 3.19± 0.11

Rrefl 0.24± 0.03 0.47± 0.05 0.48± 0.09

Nrefl (×10−4) 2.41± 0.45 2.37± 0.10 2.29± 0.11

χ2
ν (dof) 1.02 (578) 1.02 (578) 1.01 (578)

Notes. – The constant factorC was set to 1 forNuSTARand left free
for the Swift data. An asterisk indicates that a parameter pegged at the
model limit. Quoted errors reflect 1σ confidence levels.

Table 2.Effect of fixedRELXILL parameters on the inner disk radius.

Parameter value Rin (RISCO) ∆χ2

a = 0 36.6∗
−16.3 0

q = 2.5 41.8∗
−24.8 0.01

q = 4 46.7∗
−23.6 −0.01

Ecut = 250 49.0∗
−16.8 3.4

Ecut = 750 49.5∗
−29.1 −2.5

AFe = 0.5 48.0∗
−27.8 22.1

AFe = 2.5 38.4∗
−17.7 −16.8

Rout = 1000 RISCO 37.0∗
−17.2 0.1

Notes. – The∆χ2 value is given with respect to our baseline model with
i=65◦ (see Table 1). An asterisk indicates thatRin pegged at the model
limit of 100 RISCO. Quoted errors reflect 1σ confidence levels.

3.2.2 Reflection fits withREFLIONX

To ascertain that our inferred inner disk radius is not biased by
our choice of model, we also fitted the reflection spectrum with
REFLIONX (Ross & Fabian 2005). This model was convolved with
RELCONV to allow relativistic effects to shape the reflection spec-
trum. TheREFLIONX model also assumes that the illuminating flux
is supplied by power-law spectrum, which is a good approxima-
tion for IGR J17062–6143 (see Section 3.1). Settingi=65◦, q=3,
andAFe=1 yielded a good fit (χ2

ν = 0.99 for 578 d.o.f.) with
Rin=53.2∗−20.0 RISCO. This fit usingREFLIONX is shown in Fig-
ure 1 (bottom). Modeling the reflection spectrum withREFLIONX

also favors a truncated inner disk.

3.3 Looking for a second power-law emission component

The presence of a≃0.5 keV black body in the spectrum of IGR
J17062–6143 suggest that we likely observe radiation from the
accretion-heated neutron star surface. As noted by Wijnands et al.
(2015), this thermal emission may be associated with a hard emis-
sion tail that has an equal contribution to the flux in the 0.5-10
keV band as the thermal component. The hard tail should roll-over
due to the spectral cutoff of the surface emission (D’Angeloet al.
2015). We might thus expect the presence of a hard power-law
emission component in the spectrum of IGR J17062–6143, in addi-
tion to the observed thermal surface emission and theΓ≃2 power
law that is presumably emitted by the accretion flow.

Adding a second power law to ourBBODYRAD+PEGPWRL

model for theNuSTAR/Swift continuum gives a significant im-
provement (χ2

ν=1.09 for 579 d.o.f.;F -test probability≃10−7).
The first power-law component has an index ofΓ1=2.28±0.09 and
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Table 3.Results from modeling theNuSTAR/Chandrareflection spectrum.

Model parameter RELXILL RELXILL REFLIONX

AFe = 1 AFe free AFe free
C (MEG) 1.09± 0.01 1.09± 0.01 1.09± 0.01

C (HEG) 1.02± 0.01 1.02± 0.01 1.02± 0.01

NH (×1021 cm−2) 1.90± 0.19 1.68± 0.11 2.47± 0.03

kTbb (keV) 0.50± 0.01 0.50± 0.01 0.48± 0.01

Nbb (km/10 kpc)2 30.8 ± 1.8 35.4± 1.2 39.3± 2.8

Γ 2.09± 0.01 2.04± 0.01 2.13± 0.02

Rin (RISCO) 20.4 ± 4.4 36.0± 9.5 36.0± 9.5

log ξ 3.04± 0.05 3.10± 0.06 2.56± 0.10

AFe (× Solar) 1.0 fix 5.0± 0.5 1.8± 0.4

Rrefl 0.47± 0.05 0.26± 0.03 -
Nrefl (×10−4) 2.52± 0.10 2.64± 0.06 0.002± 0.001

χ2
ν (dof) 1.47 (4516) 1.46 (4515) 1.46 (4515)

Notes. – The constant factorC was set to 1 forNuSTARand left free for
theChandradata. Quoted errors are 1σ confidence.

contributes≃77 per cent to the unabsorbed flux in the 0.5–10 keV
band. The second power-law component is both fainter and harder:
Γ2=1.11± 0.37 and a≃2 per cent contribution to the 0.5–10 keV
unabsorbed flux. The fractional contribution of the hard power law
to the 0.5–10 keV flux is considerably lower than that of the ther-
mal emission (≃21%), contrary to that expected when both are due
to accretion on to the neutron star surface. Moreover, the second,
harder power-law component starts to dominate the spectrumonly
at energies&50 keV. It is plausible, that the harder power-law com-
ponent is trying to account for spectral residuals at higherenergies
(see Figure 1 top) that could also be due to un-modelled reflection
(i.e. a Compton hump).

We also tried adding a second power-law component to a
model that includes reflection (RELXILL with i=65◦). The power-
law folded intoRELXILL then has an index ofΓ1=2.20 ± 0.03.
The additional power-law component is harder withΓ2=1.25+0.11

−0.50

and improves the fit (χ2
ν=0.99 for 576 d.o.f.). However, anF -test

suggests a≃4 × 10−4 probability (≃3.5σ) that this improvement
is due to chance. Moreover, this additional power-law component
starts to dominate the X-ray spectrum only at&65 keV, which is
close to the upper end of theNuSTARenergy band where the SNR is
low (Section 2.1). It is therefore not clear if an additionalemission
component, approximated by a power law, is indeed present inthe
broad-band spectrum of IGR J17062–6143. We note that the inclu-
sion of a second power-law component in the reflection fits leaves
the inner disk radius virtually unchanged (Rin=41.5∗−19.6 RISCO).

3.4 Chandra X-ray continuum and reflection spectrum

Just as for theNuSTAR/Swift data, theChandraspectrum is bet-
ter described by a power law plus black body model (χ2

ν=1.53
for 3955 d.o.f.) than by a power law alone (χ2

ν=1.56 for 3957
d.o.f.;F -test probability≃10−17). We obtainNH=(2.6 ± 0.3) ×
1021 cm−2, Γ=2.24 ± 0.05, kTbb=0.48 ± 0.01 keV, and
Rbb=2.77 ± 0.06 (km/5.0 kpc)2. This continuum fit is shown
in Figure 3 (top). We measure a 0.5–10 keV unabsorbed flux
of F0.5−10≃1.1 × 10−10 erg cm−2 s−1. This corresponds to
L0.5−10≃3.2 × 1035 (D/5.0 kpc)2 erg s−1 and is a factor≃2
higher than observed in 2015 withNuSTAR/Swift(Section 3.1).

Our continuum fit leaves residuals at energies of≃1–2 and
&5 keV (Figure 3, top). A zoom of the 0.5–2.5 keV range is
shown in Figure 4. The un-modeled structure above 5 keV likely
corresponds to a broadened Fe-K line, as was seen in theNuS-
TARdata and successfully modeled as disk reflection. The struc-
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Figure 3. Fits to theChandraMEG (black) and HEG (red) spectral data.
Lower panels show the residuals in sigmas. Top: Continuum fitto an ab-
sorbed black body (dotted curve) and power law (dashed curve) model.
Middle: Fit with the power-law component replaced byRELXILL to include
relativistic reflection (dashed curve). Bottom: Fit with a black body (dotted
curve) plus power law (dashed curve) continuum andREFLIONX (dashed-
dotted curve) as the relativistic reflection model.

ture near 1 keV can potentially also arise from disk reflection (e.g.
Fabian et al. 2009). To explore this possibility, we fitted the MEG
and HEG data together with theNuSTARspectrum.

We usedRELXILL plus a black body with all parameters tied
between the different instruments, but with constant factor included
to allow for flux and calibration differences. Similarly to our NuS-
TAR/Swiftreflection fits, we fixedq=3,Rout=500 RISCO, a=0.3,
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Figure 4. Zoom of theChandraMEG (black) and HEG (red) data to model
ratio for an absorbed power law plus black body continuum model.

Ecut=500 keV,i=65◦ andAFe=1.0 (see Section 3.2). The results
of these fits are summarized in Table 3. We note that for these data
the Fe abundance could be constrained when left free to vary.We
obtainedAFe=5.0 ± 0.5, which yielded an improved fit (with an
F -test probability of≃10−7; see Table 3).

As can be seen in Table 3, the results of fitting theChandra
and NuSTARdata together are similar to those obtained for the
simultaneousNuSTAR/Swift data (cf. Table 1). The excess above
5 keV in the Chandra data is accounted for by including rela-
tivistic reflection modeled asRELXILL , although residual struc-
ture remains near 1–2 keV (see Figure 3, bottom). We also tried
fits with RELCONV* REFLIONX as our relativistic reflection model,
where we again fixedi=65◦, q=3,Rout=500 RISCO, a=0.3, and
Ecut=500 keV, but leftAFe free to vary. The results are included
in Table 3. This reflection model seems to account better for the
structure near 1 keV in theChandradata (Figure 3, bottom; see
also Section 3.5). We note that the factor≃2 flux difference be-
tween theChandraandNuSTARepochs could potentially result in
differences in the reflection spectrum and could be a reason that
some emission structure is not completely modeled.

3.5 Chandra high-resolution X-ray spectrum

3.5.1 Line search

We started our high-resolution spectral analysis with a phenomeno-
logical line search such as presented in Pinto et al. (2016).To this
end we fitted the MEG and HEG data to an absorbed power law
and black body continuum model, and added Gaussian lines with
a fixed width of1 000 km s−1 over the 7–27Å range with incre-
ments of 0.05̊A . The significance of the lines was computed by di-
viding the normalization by the 1σ error. The results of our search
are shown in Figure 5 as the black dotted line. This simple contin-
uum description leaves several absorption (e.g. near 7.5 and 16Å;
≃1.65 and 0.77 keV) and emission (e.g. near 12 and 13Å; ≃1.03
and 0.95 keV) features that appear to be significant at a>3σ level
(see also the heavily binned spectral residuals in Figure 4).

Since the continuum modeling may affect the significance of
any narrow spectral features, we repeated our line search after re-
placing the power-law component byRELXILL . For this reflection
model we fixed all parameters except the normalization to theval-
ues obtained from fitting theChandraandNuSTARdata together

CONTINUUM

Figure 5. Significance of line features in theChandraMEG and HEG data
for different continuum models (see text for details). Positive and nega-
tive values indicate emission and absorption features, respectively. The rest
wavelengths of abundant elements are indicated. The red dashed and dotted
lines highlight 2σ and 3σ confidence levels, respectively.

with AFe free (Table 3). The result of this line search is shown as
the blue dashed-dotted line in Figure 5. We mostly pick up thesame
emission and absorption features as for the continuum modeling, of
which some (near 12̊A) appear more significant.

Finally, we ran our line-search routine after usingREL-
CONV* RELFIONX, rather thanRELXILL , as the reflection compo-
nent. All parameters except the normalization were fixed to the val-
ues listed in Table 3. This reflection model seems to account for
the narrow lines near near 12 and 13Å (≃1.03 and 0.95 keV), as
is illustrated by the green curve in Figure 5. However, some of the
other emission features remain also for this reflection model, e.g.
near 9Å (≃1.38 keV). UsingRELFIONX also reduces the signif-
icance of the absorption line near 7.5Å (≃1.65 keV). The only
significant absorption features still present when usingRELFIONX

are lines near 16̊A (≃0.77 keV), which have similar significance
for the three different spectral models that we tried. We note, how-
ever, that the signal-to-noise ratio is low at&15 Å (.0.8 keV) and
the continuum is less well constrained.

The significances calculated in this analysis implicitly assume
that the lines are at rest. If the lines are blue/redshifted this adds to
the number of trials and hence decreases the significance. This may
particularly affect the significance of the absorption lines, which
appear to require a significant blueshift to correspond to any abun-
dant element (see Section 3.5.2). Most of the emission lines, on the
other hand, could be consistent with near-rest frame wavelengths of
abundant elements, hence the significances calculated hereshould
be a good approximation. Running our line-detection searchfor
line widths of250 km s−1 and5 000 km s−1, yielded a similar
picture as that presented above for1 000 km s−1.

Comparing the location of the various emission/absorption
lines to the effective area of the MEG and HEG shows that none
of the prominent features correspond to instrumental edges. Fur-
thermore, we ran our line-search algorithm onChandragratings
data of the blazars H 1821+643 (obsIDs 1599, 2186, 2310), PKS
2155-304 (ObsIDs 337, 3167, 9712), and Mrk 421 (obsIDs 10663,
4148, 4149), which provided similar statistics as our data set and
are not expected to show narrow spectral features. Indeed, we did
not find any lines of comparable magnitude. Therefore, thereare no
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Figure 6. Zoom of theChandra/MEG data fitted to different spectral mod-
els (see text for details). The position of several rest-frame transitions com-
monly seen in LMXBs (as well as active galactic nuclei) are indicated.

obvious indications that the narrow features picked up by our line
search are instrumental or due to statistical fluctuations.

3.5.2 Spectral modeling

Assuming that the discrete emission and absorption lines found in
our simple line search are real, we explored spectral modelsto
probe what physical processes could cause these features. Unfor-
tunately, due to the low flux and low significance of the lines,we
cannot present a definitive solution. We explore different possibil-
ities below and discuss some physical implications in Section 4.
Since the fits are intended to be exploratory and are non-unique,
we do not give errors on the fit parameters. In Figure 6 we show a
zoom of the MEG data that captures our results.

The black curve in Figure 6 shows a fit to a simple contin-
uum consisting of a black body and a power law, which yields a
C-stat value of 1447 for 1211 dof. As shown in Section 3.5.1, such
a model would suggest the presence of some absorption and emis-
sion features. To explore the origin of the emission features, we
added aCIE component in our SPEX fits, which describes the spec-
trum of a plasma in collisional-ionisation equilibrium. Weadopted
Solar abundances from Lodders & Palme (2009). TheCIE model
has three free parameters: the plasma temperaturekTcie, the line
broadeningσcie, and a normalization. We obtainkTcie≃1 keV,
σcie≃500–1000km s−1, andC-stat= 1402 for 1208 d.o.f. This fit
is shown as the red curve in Figure 6. A collisional-ionized plasma
would be able to account for several narrow emission lines.

To model the absorption features, we tried adding a photo-
ionized absorber,PION, to an absorbed power law plus black body
continuum. ThePION model has four fit parameters: the ioniza-
tion parameterlog ξ, the line broadeningσpion, the line-of-sight
velocity vpion, and a normalization. We again adopted Solar abun-
dances (Lodders & Palme 2009). We obtainlog ξ≃2, σpion≃500–
1000km s−1, vpion≃−(2000 − 3500) km s−1 (≃0.01c), andC-
stat= 1422 for 1207 d.o.f. The best candidates for the 15.75Å and
weaker 16.25Å absorption features are “hot” OVIII or “cooler”
FeXVI (or lower Fe ions). The line broadening is similar to that ob-
tained for theCIE plasma model, which suggests that the emission
and absorption lines could possibly arise from the same physical
location. This fit is shown as the blue line in Figure 6. Including

photo-ionized absorption reproduces a relatively broad absorption
feature near 16̊A (≃0.77 keV) that was also found in our line
search (Figure 5; see also Figure 4). The obtained line-of-sight ve-
locity is negative, which would point to outflowing gas.

The green dashed curve in Figure 6 shows a fit that includes
reflection modeled asREFLIONX, which yieldsC-stat=1417 for
1207 dof. As this raises the flux near 12Å (≃1 keV) it can ac-
count for part of the emission excess. Nevertheless, some narrower
emission features may not be accounted for (Section 3.5.1).If real,
this un-modelled structure could perhaps be due to reflection that
requires a narrower core (i.e. less relativistic blurring;more distant
reflection) than supplied by the input model, or a different emission
mechanism. Adding aCIE model component results in∆C-stat=–
27, and may indeed indicate that there are emission featuresthat
are not fully modeled by a single reflection zone.

4 DISCUSSION

In this work we presentedNuSTAR, Swift and Chandraobserva-
tions of the neutron star LMXB IGR J17062–6143, which has been
persistently accreting atLX≃10−3LEdd since 2006. The aim of
this study was to gain more insight into the morphology of low-
level accretion flows, and the nature of neutron star LMXBs that
are able to accrete at these low rates for several years.

The 0.5–79 keVNuSTAR/Swiftspectrum of IGR J17062–6143
can be modeled as a combination of aΓ≃2 power-law compo-
nent and a soft, thermal component that can be described by a
kT≃0.5 keV black body. This continuum spectral shape is very
similar to that inferred fromXMM-Newtondata obtained for a few
neutron star LMXBs atLX≃10−4 LEdd (e.g. Armas Padilla et al.
2011, 2013a,b; Degenaar et al. 2013b). The temperature of the
black body component appears to be too high for the measured X-
ray luminosity, and the inferred radius to small, to be from the ac-
cretion disk. The thermal emission is therefore more likelycoming
from (part of) the neutron star surface, which is expected tobecome
visible when moving to lowLX. We do not seem to detect the hard
emission tail that is thought to be associated with surface accre-
tion (e.g. Deufel et al. 2001; D’Angelo et al. 2015; Wijnandset al.
2015). Possibly, atLX≃10−3 LEdd this component is difficult to
disentangle from the emission of the accretion flow itself.

The spectral data of IGR J17062–6143 show a broadened
Fe-K line at≃6–7 keV. Such a feature has never been detected
for a neutron star LMXB accreting atLX.10−2LEdd before (de-
spite the availability of high-quality data; e.g. Armas Padilla et al.
2013a; Lotti et al. 2016), but it is commonly seen in brighter
LMXBs. Assuming that the line is due to relativistic disk reflec-
tion, we modeled the spectral data withRELXILL . This suggests
that the inner disk radius was truncated away from the ISCO, at
Rin&20 RISCO (&100 GM/c2 or &225 km; 1σ confidence). Due
to the low flux of IGR J17062–6143, however, the data quality is
not good enough to rule out a location at the ISCO at>3σ signif-
icance. Nevertheless, it would not be surprising to find a truncated
disk atLX.10−2LEdd and it is therefore interesting to further ex-
plore this (Section 4.1).

Our high-resolutionChandragratings data of IGR J17062–
6143 reveal hints of discrete emission and absorption linesin the
≃0.5–1.5 keV energy range. This includes what appears to be a
collection of narrow emission lines near 12Å (≃1 keV) that can be
modelled as disk reflection or a collisionally-ionized plasma. Un-
fortunately the significance of the narrow spectral features is low
(.4.5σ) and depends on the underlying continuum/reflection spec-
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trum. However, since this is the first gratings data of a neutron star
LMXB accreting as low asLX≃10−3LEdd, it is interesting to ex-
plore plausible physical scenarios that could account for these lines
(Section 4.3 and 4.5). The strongest and most robust featurefound
in our simple line search is a relatively broad feature near 16 Å
(≃0.77 keV), which has a significance of≃4σ for all spectral mod-
els that we explored (not accounting for trials). If the absorption is
real, it can can be modelled as an outflowing photo-ionized plasma
with a line-of-sight velocity of≃2 000–3 500km s−1 (≃0.01c). An
outflow might be expected if the inner disk in IGR J17062–6143
is truncated due to the formation of a radiatively-inefficient accre-
tion flow (e.g. Narayan & Yi 1994; Blandford & Begelman 1999;
Narayan 2005), or if the magnetosphere of the neutron star isact-
ing as a propeller (e.g. Illarionov & Sunyaev 1975; Romanovaet al.
2009; Papitto & Torres 2015).

4.1 Disk truncation at the magnetospheric boundary?

If the inner disk is indeed truncated atRin&100 GM/c2 in IGR
J17062–6143, this is a factor&7 higher than typically found for
non-pulsating neutron star LMXBs accreting atLX&10−2 LEdd

(Rin≃5–15GM/c2; e.g. Cackett et al. 2010b; Egron et al. 2013;
Miller et al. 2013; Degenaar et al. 2015; Di Salvo et al. 2015;
Ludlam et al. 2016; Sleator et al. 2016). It is also a factor&3 higher
than inferred for several (millisecond) X-ray pulsars thataccrete
at LX&10−2 LEdd (Rin≃15–30GM/c2; e.g. Miller et al. 2011;
Papitto et al. 2013; King et al. 2016; Pintore et al. 2016).

The black hole LMXB GX 339–4 shows a much narrower Fe-
K line at ≃10−3LEdd than at higher accretion luminosity. This
can be interpreted as the inner disk receding from the ISCO to
Rin≃35GM/c2 as the mass-accretion rate drops, presumably due
to disk evaporation (Tomsick et al. 2009). Our study suggests a
larger truncation radius for IGR J17062–6143 at similar Eddington-
scaled accretion rate. Disk evaporation should operate in neutron
star LMXBs too, although it is expected to set in at lowerLX than
for black holes because soft photons emitted from the stellar sur-
face cool the hot flow (e.g. Narayan & Yi 1995). If the inner disk
in IGR J17062–6143 is indeed further out than in GX 339–4, this
might point to a different truncation mechanism.

We note that there is degeneracy in inferring a truncated disk
from reflection modeling (e.g. Fabian et al. 2014). In particular, in
case of GX 339–4 it has been pointed out that the narrowing of the
Fe-K line with decreasingLX could also be due to the illuminating
X-ray source moving away, i.e. an increasing height of the corona
in a “lamp-post” geometry (Dauser et al. 2013). It is, however, not
obvious that in neutron star LMXBs the accretion disk is alsoillu-
minated by a corona (rather than e.g. the boundary layer) andhence
that a lamp-post geometry would apply for IGR J17062–6143.

In neutron star LMXBs, it is also possible that the stellar mag-
netic field truncates the inner accretion disk. In fact, a magnetically-
inhibited accretion flow has been proposed as a possible explana-
tion for the sustained low accretion rate of some VFXBs like IGR
J17062–6143 (Heinke et al. 2009, 2015; Degenaar et al. 2014b). If
the blue-shifted absorption in theChandradata is real, this could
possibly form a consistent physical picture in which the accretion
flow is stopped at the magnetospheric boundary that acts as a pro-
peller. This is an interesting scenario because the inferred inner disk
radius would then provide constraints on the magnetic field strength
and spin period of the neutron star.

4.2 Estimates of the neutron star magnetic field strength

If the inner accretion disk in IGR J17062–6143 is truncated at the
magnetospheric radius, we can estimate the magnetic field strength.
To this end we use equation (1) from Cackett et al. (2009), which is
based on the derivations of Ibragimov & Poutanen (2009), to write
the following expression for the magnetic field strength:

B = 1.2× 105 k
−7/4
A

(

Rin

GM/c2

)7/4 (

M

1.4 M⊙

)2
D

5 kpc

×

(

R

106 cm

)−3 (

fang
η

Fbol

10−9 erg cm−2 s−1

)1/2

G,

wherefang is an anisotropy correction factor (which is close to
unity; Ibragimov & Poutanen 2009),kA a geometry coefficient (ex-
pected to be≃0.5–1.1; Psaltis & Chakrabarty 1999; Long et al.
2005; Kluźniak & Rappaport 2007), andη the accretion efficiency.

We use D=5 kpc, M=1.4 M⊙, R=10 km,
Rin&100GM/c2, and conservatively assume that the bolometric
flux is equal to the 0.5–79 keV flux determined from our jointNuS-
TAR/Swift fits (i.e.Fbol=F0.5−79≃1.2 × 10−10 erg cm−2 s−1).
Furthermore, we assumefang=1, kA=1, and η=0.1. We then
obtainB&4 × 108 G for IGR J17062–6143. This is a factor of
a few higher than typical estimates for neutron stars in LMXBs,
although within the maximum allowable range determined in
a recent analysis of the coherent timing properties of several
millisecond X-ray pulsars (Mukherjee et al. 2015).

4.3 A propeller-driven outflow?

If the accretion disk in IGR J17062–6143 is indeed trun-
cated and this is due to the magnetic field of the neutron
star, the rotating magnetosphere may act as a propeller (e.g.
Illarionov & Sunyaev 1975; Lovelace et al. 1999; Romanova etal.
2009; Papitto & Torres 2015). Magnetohydrodynamic simulations
show that an active propellor can cause a two-component outflow
consisting of an axial jet and a conical wind (e.g. Romanova et al.
2009). The wind component has a high density, outflow velocity
of ≃0.03c–0.1c, and is shaped like a thin conical shell with a half-
opening angle of≃30◦–40◦. The jet component has a lower density
and a higher outflow velocity (≃0.4c–0.6c).

If the blue-shifted absorption in ourChandra data is real,
a line-of-sight velocity of≃0.01c could potentially be consis-
tent with a wind driven by an active propeller. Interestingly, a
small subgroup of neutron star LMXBs that appear to exhibit
propeller stages, the transitional millisecond radio pulsars (e.g.
Archibald et al. 2009; Papitto et al. 2014; Papitto & Torres 2015),
seem to have more luminous radio jets than other neutron star
LMXBs (Deller et al. 2015). If a propeller is operating in IGR
J17062–6143, it may thus be expected to exhibit a strong radio jet
too.

We note that even if the magnetic field is truncating the in-
ner accretion disk, it is not necessary that a propeller is oper-
ating. Another possibility is a “trapped disk” morphology (e.g.
D’Angelo & Spruit 2010, 2012). In the propellor scenario, strong
outflows are formed and little matter accretes on to the neutron star
so that the accretion flow may dominate the overall X-ray luminos-
ity. For a trapped disk, however, only a weak outflow is expected
and considerable amounts of gas can still accrete on to the neutron
star magnetic poles, which may dominate the overall X-ray lumi-
nosity.

c© 0000 RAS, MNRAS000, 1–??
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4.4 Estimates of the neutron star spin period

If the blue-shifted absorption in ourChandradata is realand due
to a propeller-driven outflow, the assumption that the inneraccre-
tion disk is truncated at the magnetospheric boundary allows to put
some constraints on the neutron star spin period. A neutron star
is thought to be in the propellor regime when the magnetospheric
radius is larger than the co-rotation radius. At this radiusthe Ke-
plerian orbital velocity of the matter equals the rotational velocity
of the neutron star, i.e.Rco=(GMP 2

s /4π
2)1/3, wherePs is the

spin period of the neutron star. Assuming that the inner diskradius
is truncated by the magnetosphere, i.e.Rm=Rin&100 GM/c2

(≃225 km), the requirement thatRm>Rco suggests that IGR
J17062–6143 is in the propellor regime ifPs.19 ms.

We seem to detect thermal emission from the stellar sur-
face in our X-ray spectra and two thermonuclear X-ray bursts
have been detected from IGR J17062–6143 (Degenaar et al. 2013a;
Iwakiri et al. 2015; Negoro et al. 2015). This implies that atleast
some matter must be able to accrete on to the neutron star. The
accretion disk must therefore lie within the light cylinderradius,
where the rotational velocity of the magnetic field lines reaches the
speed of light, i.e.Rlc=c/Ω with Ω=2π/Ps being the angular ve-
locity. If Rin&100 GM/c2 (≃225 km), this would suggest that
Ps&4.7 ms.

If the accretion disk is truncated by the magnetic field and
a propellor operates, that would requirePs≃4.7–19 ms for IGR
J17062–6143. This is within the typical range of spin periods mea-
sured for neutron stars LMXBs from coherent X-ray pulsations or
burst oscillations (1.6–10 ms; e.g. Patruno 2010b, for a list).

4.5 Low-energy narrow X-ray emission lines

Binning theChandra/HETG data reveals an emission feature near
1 keV. A broad line around the same energy was detected in
the Swift/XRT data obtained during the energetic X-ray burst of
IGR J17062–6143 in 2012 (El=1.018 ± 0.004 keV, and EW=
105 ± 3 eV; Degenaar et al. 2013a). It was interpreted as Fe-L or
Ne X emission arising from irradiation of relatively cold gas or-
biting at a distance of≃103 km (≃500 GM/c2) from the neu-
tron star (by assuming that the line was rotationally-broadened by
gas moving in Keplerian orbits). Broad emission lines near 1keV
have been detected in the accretion spectra of a number of other
neutron star LMXBs (e.g. Vrtilek et al. 1991; Kuulkers et al.1997;
Dı́az Trigo et al. 2006; Cackett et al. 2010b; Papitto et al. 2013).

Exploiting the high spectral resolution of the HETG, we found
that in IGR J17062–6143 the emission feature near 1 keV (≃12 Å)
may be resolved into a number of narrow lines. Narrow emission
lines also appear to be present at other energies (e.g. near 9and
10 Å; ≃1.38 and 1.24 keV). High-resolution observations of some
other neutron star LMXBs revealed complexes of narrow emis-
sion lines at low energies, typically consistent with beingat rest
(e.g. Cottam et al. 2001a,b; Schulz et al. 2001; Beri et al. 2015).
Proposed explanations include a pulsar-driven disk wind orphoto-
ionized emission from a thickened structure in the accretion disk
(e.g. the impact point where the gas stream from the companion
hits the outer accretion disk).

In case of IGR J17062–6143, the strongest narrow emission
line is located at≃11.6Å (≃1.07 keV). If real, it could correspond
to Fe-L at rest. This would render a collisionally-ionized plasma
more likely; photo-ionized gas lines from lower-Z elements(e.g.
O, Ne) should be stronger than Fe-L, which doesn’t seem to be
the case for our data. Perhaps shocks resulting from the accretion

flow running into the magnetosphere or from matter impactingthe
magnetic poles could give rise to collisionally-ionized emission in
this neutron star LMXB. Alternatively, this line could correspond
to NeX blue-shifted by≃0.045c (≃13.5 × 103 km s−1), which
would be indicative of an outflow. A third, perhaps more likely,
possibility is that the emission lines are due to reflection.However,
a single reflection component that also fits the Fe-K line seems to
leave excess emission near 1 keV. This could indicate that there are
multiple reflection zones, or that different emission mechanisms are
responsible for the different lines.
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415, 2373
Sleator C. C. et al., 2016, ApJ, 827, 134
Strohmayer T., Zhang W., Swank J., Smale A., Titarchuk L., Day C., Lee

U., 1996, ApJL, 469, L9
Tomsick J., Yamaoka K., Corbel S., Kaaret P., Kalemci E., Migliari S.,

2009, ApJL, 707, L87
Verner D., Ferland G., Korista K., Yakovlev D., 1996, ApJ, 465, 487
Vrtilek S. D., McClintock J. E., Seward F. D., Kahn S. M., Wargelin B. J.,

1991, ApJS, 76, 1127

c© 0000 RAS, MNRAS000, 1–??

http://arxiv.org/abs/1607.06394
http://arxiv.org/abs/1007.1108


12 N. Degenaar et al.

Wagner R. M., Starrfield S. G., Hjellming R. M., Howell S. B., Kreidl
T. J., 1994, ApJL, 429, L25

Weng S. S., Zhang S. N., Yi S. X., Rong Y., Gao X. D., 2015, MNRAS,
450, 2915

Wijnands R., 2008. American Institute of Physics Conference Series, Vol.
1010, pp. 382–386

Wijnands R., van der Klis M., 1998, Nature, 394, 344
Wijnands R. et al., 2006, A&A, 449, 1117
Wijnands R., Degenaar N., Armas Padilla M., Altamirano D., Cavecchi

Y., Linares M., Bahramian A., Heinke C. O., 2015, MNRAS, 454,1371
Wilkins D. R., Fabian A. C., 2012, MNRAS, 424, 1284
Wilms J., Allen A., McCray R., 2000, ApJ, 542, 914
Yang Q. X., Xie F. G., Yuan F., Zdziarski A. A., Gierliński M., Ho L. C.,
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