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ABSTRACT

Due to observational challenges our knowledge of low-leweiretion flows around neutron
stars is limited. We preseMuSTAR Swift and Chandraobservations of the low-mass X-
ray binary IGR J17062—-6143, which has been persistentlgeting at~0.1 per cent of the
Eddington limit since 2006. Our simultaneddaSTARSwiftobservations show that the 0.5—
79 keV spectrum can be described by a combination of a powemdith a photon index
of I'~2, a black body with a temperature bf},,~0.5 keV (presumably arising from the
neutron star surface), and disk reflection. Modeling thecsithn spectrum suggests that the
inner accretion disk was located &t, >100 GM /c? (=225 km) from the neutron star. The
apparent truncation may be due to evaporation of the insfridio a radiatively-inefficient
accretion flow, or due to the pressure of the neutron star etagfireld. OurChandragratings
data reveal possible narrow emission lines near 1 keV thmbeamodeled as reflection or
collisionally-ionized gas, and possible low-energy aption features that could point to the
presence of an outflow. We consider a scenario in which thisroe star has been able to
sustain its low accretion rate through magnetic inhibitddrihe accretion flow, which gives
some constraints on its magnetic field strength and spirogiehn this configuration, IGR
J17062-6143 could exhibit a strong radio jet as well as gfdter-driven) wind-like outflow.

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

1 INTRODUCTION work for understanding such outburst-quiescence cydesifh it
cannot explain details; elg. Lasota 2001, for a review).

Accretion does not necessarily switch off in quiescence
and may persist down to very lowx (e.g.|Wagner et al. 1994;
Campana etal. | 1997; Rutledge etal. 2002; _Kuulkerslet al.
2009; |Cackettetal.| 2010a/ 2013; Bernardinietal. 2013;
Chakrabarty et al. 20014; D’Angelo et al. 2015; Rana et al.6201
Furthermore, there is a growing population of LMXBs thatibith
outbursts with a peak luminosity of onvg/xf:lO’4 — 1072 Ligaa

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

LMXBs are most easily discovered and studied when their

X-ray luminosity is a sizable fraction of the Eddington limi Hand W 2004 Sak Y 12005
Lx>0.1 Lgaq. However, a lot of accretion activity occurs at (e.9. Hands et all 4_Sakano atal. 2005 _Munoletal 5

much lowerLx. Indeed, many LMXBs are transient and accrete Wi_i_naknds etl al 200.6: Degenaa(;_ﬁc Wijh?'lds‘ZOO?: Ca-mp_zr(;;l;ZOOQ
at Lx>0.1 Lgqgq for only a few weeks or months and then spend ';gin £ Etj' 20]'8; Arrkr:as Padi gel ‘:' 2011, "014;23' et
years in quiescence before a new outburst commences. Therma 1). Understanding the properties of LMXBSal<10™" Lgaa

viscous instabilities in the accretion disk provide thegyahframe- Is thus an important part of forming a complete picture ofetion
flows around neutron stars and stellar-mass black holes.

At Lx>10"2 Lgqq, matter is typically transferred through
* e-mail: degenaar@ast.cam.ac.uk a geometrically thin and optically thick accretion disk tthe-
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tends close to the compact primary. When moving towardsrdowe
Lx, the inner disk is expected to evaporate into a hot, geo-
metrically thick and radiatively inefficient accretion floge.g.
Narayan & Yi11994;| Blandford & Begelman 1999; Menou et al.
2000;/ Dubus et al. 2001). The X-ray spectral softening aleser
as black hole LMXBs transition from outburst to quiescersenss
to support the formation of a radiatively-inefficient adava flow
(see e.g. Plotkin et al. 20113; Reynolds et al. 2014; Yang/ €045,
for discussions).

Neutron star LMXBs also show X-ray spectral soften-
ing at Lx<10"2 Lgqa (e.g.lArmas Padilla et al. 2011, 2013b;
Degenaar et al. 2013b; Bahramian etial. 2014; Allenlet al5201

indeed suggests that some VFXBs may have short orbitalgserio
(e.g/Bassa et al. 2008; in 't Zand ellal. 2009). However, adféasr
VFXBs were found to harbor H-rich donors, which rules outyer
compact orbits (e.0. Degenaar et al. 2010; Arnasoniet af)28h
alternative explanation for the quasi-stable low accretiate of
VFXBs is that the neutron star’s magnetic field inhibits ticera-
tion flow (e.g.l Wijnands 2008; Heinke et al. 2009, 2015; Raru
2010a| Degenaar etlal. 2014b).

1.1 The very-faint X-ray binary IGR J17062—6143
IGR J17062-6143 was discovered witmtegral in 2006

Weng et al.| 2015), although the behavior is not the same as (Churazov et al. 2007), but it was not until 2012 that it wasnit-

for black holes [(Wijnands et al. 2015). The X-ray spectra are
also different; high-quality data obtained for neutronrstat
Lx~10"* Lgqq have revealed the presence of a thermal compo-
nent, likely from the accretion-heated neutron star serfand a
power-law spectral component that is harder than for blaiksh

at similar Lx (e.g. Armas Padilla et al. 2013a/b; Degenaar et al.
2013b;| Wijnands et al. 2015). The picture proposed for weutr
star LMXBs is that the radiation from the accretion flow softe

at Lx <1072 Lgaqq like in black holes, but becomes overwhelmed
by the emission released when matter impacts the neutroasta
face (causing thermal emission and a hard tail)at 102 Lgqaq
(Wijnands et all_2015). Deep observations of the nearbyroeut
star Cen X-4 atLx~4 x 107% Lgqq may support this idea; it
appears that only thermal emission from the stellar surfau
bremsstrahlung from a boundary layer (where the accretam fl
meets the surface) are observed, whereas the accretiontsleifv i

is not directly detected_(Chakrabarty etlal. 2014; D’'Angetial.
2015).

The magnetic field of a neutron star may also have a dis-
cernible effect on the accretion flow. It can potentially ntru
cate the inner disk and re-direct plasma along the magnetic
field lines. X-ray pulsations from the heated magnetic poley

then be seen (e.g. Pringle & Rees 1972; Rappaport etal. 1977;

Finger et all 1996; Wijnands & van der Klis 1998). X-ray spalct
observations revealed truncated inner disks in severalyXpul-
sars (e.gl Miller et all_2011; Papitto ef al. 2013; Degengati e
20144} King et al. 2016; Pintore etlal. 2016), whereas theridisk
seems to extend further in for non-pulsating neutron staxBls!
(e.g. Cackett et al. 2010b; Miller etlal. 2013; Degenaar 2@15;
Di Salvo et all 2015} Ludlam et al. 2016). Magnetic field effec
can possibly gain importance when the accretion rate dediosy-
ing the magnetic pressure to increasingly compete withetkartted
by the disk.

Since transient LMXBs typically only spend a short time at
Lx~10"%-10"2 Lgaa, this is a particularly challenging accretion
regime to characterize and to capture with sensitive observ
tions. Fortuitously, a handful of neutron star LMXBs aceret
in this range for several years (e.g. Chelovekov & Grebenev
2007; | Del Santo et al. 2007; Jonker & Keek 2008; Heinke et al.
2009; lin'tZand et al. | 2009;| Degenaar et al. 2010, 2012b;
Armas Padilla et al.| 2018a). These very-faint X-ray birarie
(VFXBs) are interesting targets to further our knowledge of
low-level accretion flows.

VFXBs are also intriguing because the disk instability mode
has trouble explaining how their low accretion rates canum® s
tained for many years (e.g. Dubus et al. 1999; Lasotal200d¢. O
possibility is that these objects have small binary orlbigg only fit
small accretion disks (e.g. King & Wijnands 2006; in 't Zartche
2007; Hameury & Lasota 2016). The very dim optical countggpa

fied as a neutron star LMXB through the detection of an enierget
thermonuclear X-ray burst (Degenaar €t al. 2012a). Theypbuast
light curve showed wild intensity variations that were prasbly
caused by extreme expansion of the neutron star photosphéere
suggests a source distance of-5 kpc (Degenaar et gl. 2013a),
assuming that the peak flux of the X-ray burst reached therempi
cal Eddington limit ofLgqq=3.8 x 103 erg s~ (Kuulkers et al.
2003). The source has been persistently accreting at a llav lu
nosity of Lx~4 x 10*® (D/5.0 kpc)? erg s~! for the past 10 yr,
which roughly corresponds te10™® Lgqq (e.g. Ricci et al. 2008;
Remillard & Levine| 2008 Degenaar et al. 2012a). It was net de
tected by th&ROSATPSPC in 1990 (obsID rs932824n00), suggest-
ing that its luminosity was likely a factgr 10 lower at that time.

Due to its relative proximity and relatively low interstailex-
tinction compared to other VFXBs, IGR J17062-6143 is a parti
ularly good target to further our understanding of low-leaecre-
tion flows and the nature of these peculiar LMXBs. In partcul
the powerful X-ray burst seen in 2012 revealed the presehEe o
in the accreted matter (Degenaar et al. 2013a), which pesvide
chance of detecting reflection features from the accretisk d

Disk reflection manifests itself most prominently as an Fe-K
emission line at~6.4-6.97 keV and a Compton hump-a20-40
keV (e.g. George & Fabian 1991; Matt etfal. 1991). The shape of
these features is modified by Doppler and gravitationalhiosf-
fects as the gas in the disk moves in high-velocity Kepleoidoits
inside the gravitational well of the compact accretor. Téféection
spectrum thus encodes information about the accretionmbtygy
(e.glFabian & Ross 2010, for a review). In particular, détgcand
modeling disk reflection features allows for a measure ofriher
radial extent of the accretion disR;,. If a radiatively-inefficient
accretion flow forms or if the stellar magnetic field is dyneatiy
important in governing the accretion flow in VFXBs, the indesk
is expected to be truncated away from the neutron star. Hervev
so far no observational constraints on the inner radialréxdgthe
accretion disks in VFXBs have been obtained yet.

Radiatively-inefficient accretion flows are likely associ-
ated with outflows (e.g._Rees ef al. 1982; Narayan & Yi 1994;
Blandford & Begelman 1999; Narayan 2005). Furthermore, the
magnetic field of a neutron star may act as a propeller andicoul
expel (some of) the in-falling gas (e.g. lllarionov & Sunyd®75;
Lovelace et al.| 1999; Romanova et al. 2009; Papitto & Torres
2015). Neutron star LMXBs accreting dix <102 Lgqq may
therefore be expected to exhibit outflows. In the X-ray bahdse
may reveal itself through the detection of blue-shiftedoarspec-
tral lines.

In this work we presenNuSTAR Swift and ChandrdHETG
observations of IGR J17062—6143 to study the accretiommegif
Lx~1073Lgqq and to understand the puzzling nature of neutron
star LMXBs that are able to accrete at such a low rate for ydars
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particular, the aim of these observations was to constharcon-
tinuum spectral shape, to measure disk reflection featorgain
insight into the accretion geometry, and to search for ma¥eray
spectral lines that may be indicative of an outflow.

2 OBSERVATIONS AND DATA ANALYSIS
2.1 NuSTAR

Our NuSTARobservation was performed between 19126 on
2015 May 6 and 05:00T 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 MitbTAR-
DAS (v. 1.4.1), resulted in=70 ks of on-target exposure time per
module. We extracted light curves, spectra, and resporsaviith
NUPRODUCTS using a circular region gf0” radius for the source
and a void circular region a80” radius on the same chip for the
background. IGR J17062-6143 was detected at a constansiityte
of ~3 ¢ s~! 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 caliion
agreed to within 0.5%. We therefore opted to combine thetspec
of the two mirrors usinghDDASCASPEC A weighted response file
was created usingDDRMF. The combined spectrum was grouped
into bins with a minimum of 20 photons usimRPPHA In the com-
bined spectrum the source was detected above the backgimund
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 WtSTARon
2015 May 6 from 23:29-23:44T (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 detectecoata c
stant count rate af0.9 ¢ s~ . Source and background spectra were
extracted using XBLECT. To circumvent the effects of pile-up, we
used an annular region with inner—outer radiilgf'—71” for the
source. Background events were extracted from a void regitin

an area three times larger than that used for the source.fAvaar
created witl(kRTMKARF, using the exposuremap as input. The ap-
propriate rmf (v. 15) was taken from tlea\LDB. The spectral data
were grouped into bins with a minimum of 20 photons.

2.3 Chandra/HETG

We observed IGR J17062—-6143 witinandraon 2014 October 25
from 04:48 to 13:3T 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 ligh
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—2.55\) and the High Energy Grating (HEG; 0.8-8 keV,
15—1.2,5\). We used the data from both grating arms.

The data were reprocessed using ttieAN_REPRO Script.
We extracted light curves for the first orders of the HEG and
MEG instruments at 100-s resolution using the tasleXTRACT.
IGR J17062-6143 was detected at similar, constant couss rHt
~1.9 ¢s~! during the two observations (MEG+HEG combined;

Accretion in IGR J17062-6143 3

from the reprocessed pha2 files employbgTYPE2SPLIT, and
generated response files USMgTGRESP.

We usedc OMBINE_GRATING_SPECTRAtO combine the spec-
tra of the plus and minus orders of each instrument, and totkam
data from the two observations. To investigate the spectratin-
uum shape and flux, we grouped the combined spectra to a mini-
mum of 20 photons bin'. To search for narrow spectral features,
we instead fitted the un-binned spectra of the plus and mirdes®
separately. A constant multiplication factor was alwayduded 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 applieg?-statistics. In-
terstellar absorption was included in all our spectral figgg the
TBABS model, employing cross-sections from Verner etlal. (1996)
and abundances from Wilms el al. (2000). For our high-réseiu
spectral analysis of thEhandradata, we instead employesPEX

(v. 3.0E] because it is more suitable for finding and modeling nar-
row spectral features thatsPEC Throughout this work we assume
a source distance d?=5 kpc (Degenaar et al. 2013a), an Edding-
ton luminosity ofLgqq=3.8 x 10%® erg s~ ! (Kuulkers et al. 2003),
and a neutron star mass and radiug/p£1.4 Mg and R=10 km,
respectively. All errors are given atkonfidence level.

3 RESULTS
3.1 NuSTAR/Swift continuum X-ray spectrum

A single power-law modelHEGPWRLW does not provide a good
fit to the 0.5-79 keWuSTARSwift spectrum {2=1.52 for 583
d.o.f.). Adding a soft, thermal componerBBODYRAD) yields a
significant improvementy2=1.15 for 581 d.o.f.;F-test probabil-
ity ~1073%), We obtain Ny=(2.3 £ 0.4) x 10** cm~? (com-
parable to that found in previous studies; e.9. Ricci et B0&2
Degenaar et &l. 2013d)=2.10+0.01, kT, =0.46+0.03 keV and
Rpb=3.8+0.4 (km/5.0 kpc)2. Replacing the power-law compo-
nent by a Comptonized emission componet{comp) yielded

a worse fit {2=1.21, 580 d.o.f.). We also tried cutoff and broken
power-law models, but these revealed no evidence for atdélec
change in the power-law index in the 0.5-79 keV spectrum.

Our PEGPWRLW+BBODYRAD continuum fit is shown in
Figure [ (top). The inferred 0.5-79 keV unabsorbed flux is
Fo5-79=(1.17 4 0.02) x 107'° ergecm™2 s™', which corre-
sponds tdo.5—79=(3.50 + 0.06) x 10** (D /5.0 kpc)? erg s~ .
This suggests that IGR J17062—6143 was accretinglat > Lgqq
during our 2015NuUSTARSwift 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 titigs
Los-10~1.6 x 10*® (D/5.0 kpc)? erg s™'. In this energy band
the power-law spectral component also dominates, acewufdr
~79% of the total unabsorbed flux.

Our continuum description leaves positive residuals neér
7 keV, as shown in Figufd 2. The feature is reminiscent of tbad
Fe-K lines that are often seen in the X-ray spectra of brighkBs

0.4-8 keV). We extracted the first order HEG and MEG spectra ' hitps://www.sron.nl/spex
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Figure 1. Fits to theNuSTAR(red) andSwift (black) spectral data. The
lower panels show the residuals in sigmas. Top: Continuuro fén ab-
sorbed black body (dotted curve) and power law (dashed rumeelel.
Middle: Fit with the power-law component replaced gL xILL to include
relativistic reflection (dashed curve). Bottom: Fit withladk body (dotted
curve) plus power law (dashed curve) continuum asgLIONX (dashed-
dotted curve) as the relativistic reflection model. We nbt the highest
NuSTARand lowestSwiftenergy bins have a low SNR.

and are typically attributed to disk reflecti@rThis motivates the
inclusion of a relativistic reflection model in our specfits.

2 See e.lO) for a discussion on alternativeaegpions, but
sedMllG) for a strong test case that favdkgefigction.

(data-model)/error
0
—
=

-2

I I I
5 6 7 8 9
Energy (keV)

Figure 2. Zoom of theNuSTARJata 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 witRELXILL

The shape of the reflection spectrum depends on the prapeftie
the flux incident on the accretion disk. In case of IGR J17062—
6143, the X-ray spectrum is dominated b¥'&2 power-law com-
ponent (Figur€]l top). Out of all the reflection models appatp
for an incident power-law spectrum, we chaseLxILL (v. 0.4a;
IGarcia et dll_2014), because it features higher spectsalution
and updated atomic data compared to other models. Furtihermo
the reflection spectrum is calculated for each emissioreamdiich
should be more accurate than averaging over different angle
model combines the reflection gridLLVER I3)
with the convolution kernekeLcoNvto include relativistic effects
on the shape of the reflection spectrim (Dauser/et all 20i®e S
it describes both the illuminating power-law and the refideatmis-
sion, we replace@EGPWRLWbyY RELXILL in our spectral fits.

We set the model up using an unbroken emissivity pro-
file of the forme(r)oxr™?. Reflection fits for LMXBs are typi-
cally not sensitive to the outer disk radius because the svnis
ity profile drops off steeply with increasing radius, so weefix
Rout=500 Risco, wWhereRisco is the location of the innermost
stable circular orbit (ISCO). The remaining model paramsesze
then the indeX" and the high-energy cutoff...; of the illuminat-
ing power law, the dimensionless spin parametehe disk inclina-
tion 4, the inner disc radiu®;,, (expressed in terms dtisco), the
ionization parametelog £, the iron abundanceélr. (with respect
to Solar), the reflection fractioR,.a, and the normalizatiotV,.s.

We note that figure 1 df Fabian ef €l. (1989) gives an instrcti
overview of the effect of several of these parameters ontihpes
of relativistically-broadened Fe-K lines.

The spin of the compact object plays a role in settitigco,
but for neutron stars this is sufficiently low+0-0.3) to be only a
small effect (e.d. Miller et al. 2013). The spin of IGR J1706243
is unknown, but neutron stars in LMXBs are expected to be spun
up to millisecond periods due to the angular momentum gdiyed
accretion (e.gl. Alpar et al. 1982; Bhattacharya & van denvelu
11991 Strohmayer et al. 1996; Wijnands & van der Klis 1998)sT
is indeed borne out by observations; spin periods=&f6—-10 ms
have been inferred for about two dozen neutron star LMXBs
from detecting coherent X-ray pulsations or rapid intgnsis-
cillations during thermonuclear X-ray bursts (ém,

(© 0000 RAS, MNRASDOQ,[T-7?



for a list). Here, we assumed=0.3 based on the approxima-
tion a~0.47/ Pms, Where Py is the spin period in ms (valid for
M=1.4 Mg; [Braje et al.| 2000). According to equation 3 from
Miller et all (1998), the ISCO is then located Bisco~6[1 —
0.54a)G M /c*~5.05 GM/c*, which corresponds te11.2 km for
M=1.4 Mg. Indeed, settingi=0 (i.e. the Schwarzschild metric
with Risco=6 GM/c?) did not strongly affect our inferred inner
disk radius (see below).

r
Several model parameters were not constrained by the datar,, (R;sco)
when left free to vary and were therefore fixed to avoid degen- log¢

eracy. Firstly, we se¢=3, which is theoretically motivated (e.qg.
Wilkins & Fabian|2012) and often applies well to neutron star
LMXBs (e.g..Cackett et al. 2010b, for a sample study). Selyond
E..t pegged at the model upper limit of 1 MeV. Since our con-
tinuum modeling showed no evidence for an observable ciroff
the NuSTARpassband we fixe®..:=500 keV. This is a some-
what arbitrarily high value but consistent with that founorh NuS-
TARreflection modeling of the neutron star LMXB 4U 1608-52 at
Lx~10"2 Lgqq (Degenaar et al. 2015). We later tested how differ-
ent values ofF...; affected our fits (see below). We also found the
disk inclination to be unconstrained, pegging at the upgpat b0°.
Such a high inclination is ruled out by the fact that IGR J12206
6143 does not show dips or eclipses in its X-ray emissiongchwhi
suggest$<75° (e.g. Frank et al. 2002). As there is no typical value
for the inclination of neutron star LMXBs, we therefore esqad
fits with 1=25°,45°, and65°. Finally, we fixed Ar.=1 because

it was poorly constrained when left free to vary. The onlyeffi
parameters foRELXILL thus wereR;,, I', log &, Ryent, aNd Nyeqi.

Our spectral analysis results are summarized in Table 1. Re-

placing the power law brELXILL provides a significant improve-
ment. The statistical quality of the fit with=65° (x2=1.01 for
578 d.o.f.) is better than the fits with=25° and45° (x2=1.02 for
578 d.o.f.) at av2-2.5 level (Ax?=4.31-6.34). The effect of in-
creasing the inclination is to shift the blue wing of the Féihe

to higher energy (see e.g. figure 1 of Fabian &t al. 11989). Tie b
wing of the broad line in IGR J17062—-6143 extends all the way u
to ~7.3 keV (FigurdR), which may be reason that a higher incli-
nation is preferred in our reflection fits. We opted to proceed
analysis withi=65°, but note that our conclusions are not affected
by this choice. Our baseline fit described above is shown g Fi
ure[d (middle). We note that the highéétSTARand lowestSwift
energy bins deviate from the model fit. This is plausibly duet
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Table 1.Results from modeling thluSTARSwift reflection spectrum.

Model parameter RELXILL
i=25° i = 45° i=65°

C (XRT) 0.92+0.05 0.9240.08  0.9240.08
Ny (x10%! cm™2) 2.4340.26  2.4740.35 2.42 4 0.36
kT (keV) 0.48+0.02  0.4740.02  0.4840.02
Ny, (km/10 kpcf 521737, 53.57755 50.81975

2.0540.01  2.0540.02  2.0540.02

976761 3 98.1% 75 9 44.4% 546

3.284+0.04 3.27+£0.08 3.1940.11
Rien 0.24+0.03  0.4740.05  0.4840.09
Nreft (x107%) 2414045 2374+0.10 2.29+0.11
X2 (dof) 1.02 (578) 1.02 (578) 1.01 (578)

Notes. — The constant factdr was set to 1 foNuSTARand left free
for the Swift data. An asterisk indicates that a parameter pegged at the
model limit. Quoted errors reflectlconfidence levels.

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

Parameter value Rin (R1sco) Ax?
a=0 36.6" g4 0
q=25 41.8 ,, o 0.01
g=4 46.7* 5 ¢ ~0.01
Eeus = 250 49.0% 4 g 3.4
Eeut = 750 49.5% 50 —2.5
Ape =05 48.0% o g 221
Ape =25 38.4% |, ~16.8
Rout = 1000 Risco 37.0% 174 0.1

Notes. — TheA x 2 value is given with respect to our baseline model with
i=65° (see TablEIL). An asterisk indicates tiiat, pegged at the model
limit of 100 Rrsco. Quoted errors reflectilconfidence levels.

3.2.2 Reflection fits witREFLIONX

To ascertain that our inferred inner disk radius is not lialse
our choice of model, we also fitted the reflection spectrunh wit
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 Sect[on]3.1). Setiin§5°, ¢=3,
and Ap.=1 yielded a good fit {2 = 0.99 for 578 d.o.f.) with
Rin=53.2% 54,9 Risco. This fit usingREFLIONX is shown in Fig-

low SNR, but we explore the possible presence of an additiona ure[l (bottom). Modeling the reflection spectrum wWRBFLIONX

emission component in SectipnB.3.

Fori=65°, we obtainedRi,=44.4* 54 ¢ Risco with the up-
per bound hitting the model limit of00 Risco. This inferred in-
ner disk radius corresponds4®24* 1,5 GM/c? for our choice of
a=0.3, or~497* 5, km for a neutron star mass af=1.4 M.
Notably, the different inclinations yield comparable bwer lim-
its of Rin>20 Risco (3100 GM/c?), suggesting a truncated disk
regardless of the chosénHowever, we note that the?-space is
rather flat andR;,, is still consistent with a location at the ISCO at
~30 confidence for our fits withi=65°.

We explored the effect of our model assumptions for the ob-

tained value ofR;,, our main parameter of interest. Table 2 sum-
marizes the effect of changing the values of fixed model patera
(a, ¢, Ecut, Are, and Rout). This shows that thedllower limit on
R;, always lies near-20 Risco. A high cutoff energy appears
to be preferred by our fits, which is consistent with the latkm
observable high-energy roll-over in tiNuSTARdata. The reflec-
tion fits also appear to favor a high Fe abundance; this erisahe
strength of the Fe-K line (e.g. Ross & Fabian 2005).

(© 0000 RAS, MNRASDOQ,[1-??

also favors a truncated inner disk.

3.3 Looking for a second power-law emission component

The presence of 0.5 keV black body in the spectrum of IGR
J17062-6143 suggest that we likely observe radiation froen t
accretion-heated neutron star surface. As noted by Wimanhdl.
(2015), this thermal emission may be associated with a haig-e
sion tail that has an equal contribution to the flux in the D05-
keV band as the thermal component. The hard tail shoulcbrat-
due to the spectral cutoff of the surface emission (D’Anggtlal.
2015). We might thus expect the presence of a hard power-law
emission component in the spectrum of IGR J17062-6143,dir ad
tion to the observed thermal surface emission and'tk@ power
law that is presumably emitted by the accretion flow.

Adding a second power law to OWBBODYRAD+PEGPWRL
model for the NUSTARSwift continuum gives a significant im-
provement {2=1.09 for 579 d.o.f.; F-test probability~10~").
The first power-law component has an indeX'9£=2.28+0.09 and
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Table 3.Results from modeling thluSTARChandrareflection spectrum.

Model parameter RELXILL RELXILL REFLIONX
Ape =1 Ap, free Ar, free
C (MEG) 1.09 £ 0.01 1.09 £ 0.01 1.09 £ 0.01
C (HEG) 1.024+0.01  1.02+0.01 1.02 £ 0.01
Ng (x102 em™2)  1.90+£0.19 1.6840.11 2.47 £ 0.03
kT, (keV) 0.50 + 0.01 0.50 £ 0.01 0.48 £0.01
Ny, (km/10 kpcf 30.8+1.8 35.44+1.2 39.3+2.8
r 2.09 +0.01 2.04 +0.01 2.13+0.02
Rin (R1sco) 20.4+4.4 36.0+9.5 36.0+9.5
log & 3.04 +0.05 3.10 £ 0.06 2.56 £0.10
Are (X Solar) 1.0 fix 5.0+0.5 1.8+0.4
Rreql 0.47 £0.05 0.26 £ 0.03 -
Nyet (x1074) 2.524+0.10 2.644+0.06 0.002 =+ 0.001
X2 (dof) 1.47 (4516)  1.46 (4515) 1.46 (4515)

Notes. — The constant factr was set to 1 foNuSTARand left free for
theChandradata. Quoted errors areronfidence.

contributes~77 per cent to the unabsorbed flux in the 0.5-10 keV
band. The second power-law component is both fainter ardehar
I's=1.11 + 0.37 and a~2 per cent contribution to the 0.5-10 keV
unabsorbed flux. The fractional contribution of the hard polaw

to the 0.5-10 keV flux is considerably lower than that of therth
mal emission{:21%), contrary to that expected when both are due
to accretion on to the neutron star surface. Moreover, thersk
harder power-law component starts to dominate the speatniyn

at energieg>50 keV. Itis plausible, that the harder power-law com-
ponent is trying to account for spectral residuals at higimargies
(see Figur&ll top) that could also be due to un-modelled tiftec
(i.e. a Compton hump).

We also tried adding a second power-law component to a

model that includes reflectioRELXILL with =65°). The power-
law folded intorReLXILL then has an index df'1=2.20 4 0.03.
The additional power-law component is harder viith=1.25"01}
and improves the fity2=0.99 for 576 d.o.f.). However, ai-test
suggests a4 x 10~ probability (~3.50) that this improvement
is due to chance. Moreover, this additional power-law conep
starts to dominate the X-ray spectrum only85 keV, which is
close to the upper end of tiNuSTARenergy band where the SNR is
low (Sectior 2.11). It is therefore not clear if an additioradission
component, approximated by a power law, is indeed presehein
broad-band spectrum of IGR J17062—-6143. We note that the inc
sion of a second power-law component in the reflection fitedsa
the inner disk radius virtually unchangeRi(=41.5" 19 ¢ Risco).

3.4 Chandra X-ray continuum and reflection spectrum

Just as for theNuSTARSwiIft data, theChandraspectrum is bet-
ter described by a power law plus black body modgl£1.53
for 3955 d.o.f.) than by a power law along%=1.56 for 3957
d.o.f.; F-test probability~10~"'7). We obtainNg=(2.6 + 0.3) x
10*' cm™2, I'=2.24 + 0.05, kT,,=0.48 + 0.01 keV, and
Rpp=2.77 £ 0.06 (km/5.0 kpc)®. This continuum fit is shown

in Figure[3 (top). We measure a 0.5-10 keV unabsorbed flux

of Fos_10~1.1 x 107%% ergem™2 s7!. This corresponds to
Los-10~3.2 x 10*® (D/5.0 kpc)? ergs™! and is a factor~2
higher than observed in 2015 wiuSTARSwift (Sectior3.11).

Our continuum fit leaves residuals at energies~df-2 and
>5 keV (Figure[3, top). A zoom of the 0.5-2.5 keV range is
shown in Figuré 4. The un-modeled structure above 5 keVylikel
corresponds to a broadened Fe-K line, as was seen iNt$
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Figure 3. Fits to theChandraMEG (black) and HEG (red) spectral data.
Lower panels show the residuals in sigmas. Top: Continuuno fin ab-
sorbed black body (dotted curve) and power law (dashed fumeelel.
Middle: Fit with the power-law component replaced gL xILL to include
relativistic reflection (dashed curve). Bottom: Fit withladk body (dotted
curve) plus power law (dashed curve) continuum ae@LIONX (dashed-
dotted curve) as the relativistic reflection model.

ture near 1 keV can potentially also arise from disk reflec{mg.
Fabian et al. 2009). To explore this possibility, we fitted MEG
and HEG data together with tiMuSTARspectrum.

We usedrRELXILL plus a black body with all parameters tied
between the different instruments, but with constant faciuded
to allow for flux and calibration differences. Similarly toaioNuS-

TARdata and successfully modeled as disk reflection. The struc- TARSwiftreflection fits, we fixed/=3, Rout=500 Risco, a=0.3,

(© 0000 RAS, MNRASDOQ,[1-7?
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Figure 5. Significance of line features in théhandraMEG and HEG data
for different continuum models (see text for details). Besiand nega-
tive values indicate emission and absorption featurepertively. The rest
wavelengths of abundant elements are indicated. The rég:dasd dotted

Figure 4. Zoom of theChandraMEG (black) and HEG (red) data to model
ratio for an absorbed power law plus black body continuumehod

E,t+=500 keV,i=65° and Ar.=1.0 (see Sectioh 3]2). The results
of these fits are summarized in Table 3. We note that for thate d
the Fe abundance could be constrained when left free to Way.
obtainedAr.=5.0 £ 0.5, which yielded an improved fit (with an
F-test probability of~10~"; see Tablg3).

As can be seen in Tablé 3, the results of fitting @ieandra
and NuSTARdata together are similar to those obtained for the
simultaneousNuSTARSwift data (cf. Tablél). The excess above
5 keV in the Chandradata is accounted for by including rela-
tivistic reflection modeled ageLxiLL, although residual struc-
ture remains near 1-2 keV (see Figlite 3, bottom). We alsd trie
fits with RELCONV* REFLIONX as our relativistic reflection model,
where we again fixed=65°, g=3, Rout=500 Risco, a=0.3, and
FE.,+=500 keV, but leftAr. free to vary. The results are included
in Table[3. This reflection model seems to account betterter t
structure near 1 keV in th€handradata (Figurd 3, bottom; see
also Sectio_3]5). We note that the facte? flux difference be-
tween theChandraandNuSTARepochs could potentially result in
differences in the reflection spectrum and could be a redsan t
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 aapheeno-
logical line search such as presented_in Pinto let al. (206Gdhis

lines highlight 2r and 3 confidence levels, respectively.

with Ar. free (Tabld_B). The result of this line search is shown as
the blue dashed-dotted line in Figlile 5. We mostly pick upstrae
emission and absorption features as for the continuum rimggj eif
which some (near 1@) appear more significant.

Finally, we ran our line-search routine after usimgL-
CONV*RELFIONX, rather tharRELXILL, as the reflection compo-
nent. All parameters except the normalization were fixeti¢osal-
ues listed in Tabl€]3. This reflection model seems to accanmt f

the narrow lines near near 12 and ,?53:1.03 and 0.95 keV), as

is illustrated by the green curve in Figlife 5. However, sofitb®
other emission features remain also for this reflection madg.
near 9A (~1.38 keV). UsingrRELFIONX also reduces the signif-
icance of the absorption line near 7,55(:1.65 keV). The only
significant absorption features still present when usiEgFIONX
are lines near 16 (~0.77 keV), which have similar significance
for the three different spectral models that we tried. Wenbbw-
ever, that the signal-to-noise ratio is IowialSA (<0.8 keV) and
the continuum is less well constrained.

The significances calculated in this analysis implicitlguae
that the lines are at rest. If the lines are blue/redshiftésladds to
the number of trials and hence decreases the significantemily
particularly affect the significance of the absorption $inerhich
appear to require a significant blueshift to correspond yoadoun-

end we fitted the MEG and HEG data to an absorbed power law dant element (see Section 315.2). Most of the emission, lovethe

and black body continuum model, and added Gaussian linds wit
a fixed width of1 000 km s~ over the 7—274 range with incre-
ments of 0.0% . The significance of the lines was computed by di-
viding the normalization by thedlerror. The results of our search
are shown in Figurgl5 as the black dotted line. This simpléicon
uum description leaves several absorption (e.g. near U36A;
~1.65 and 0.77 keV) and emission (e.g. near 12 and;131.03
and 0.95 keV) features that appear to be significantaBa 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 seatehraf
placing the power-law component IReLXILL . For this reflection
model we fixed all parameters except the normalization to#ie
ues obtained from fitting th€handraand NuSTARdata together

(© 0000 RAS, MNRASDOQ,[1-??

other hand, could be consistent with near-rest frame wagéhe of

abundant elements, hence the significances calculatedheuvid

be a good approximation. Running our line-detection seéoch
line widths of250 km s~* and 5000 km s~ !, yielded a similar
picture as that presented above f@00 km s~ *.

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 edgeas
thermore, we ran our line-search algorithm Ghandragratings
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 dataasd
are not expected to show narrow spectral features. Indeedidv
not find any lines of comparable magnitude. Therefore, theFao
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Figure 6. Zoom of theChandrdMEG data fitted to different spectral mod-
els (see text for details). The position of several regnafFdransitions com-
monly seen in LMXBs (as well as active galactic nuclei) adicgated.

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

3.5.2 Spectral modeling

Assuming that the discrete emission and absorption lingsddn
our simple line search are real, we explored spectral madels
probe what physical processes could cause these featunés- U
tunately, due to the low flux and low significance of the lings,
cannot present a definitive solution. We explore differevggibil-
ities below and discuss some physical implications in 8aé4.
Since the fits are intended to be exploratory and are nonideniq

photo-ionized absorption reproduces a relatively broambgdiion
feature near 16 (~0.77 keV) that was also found in our line
search (Figurgl5; see also Figlite 4). The obtained linggbft-se-
locity is negative, which would point to outflowing gas.

The green dashed curve in Figlile 6 shows a fit that includes
reflection modeled ageFLIONX, which yields C-stat=1417 for
1207 dof. As this raises the flux near 132(:1 keV) it can ac-
count for part of the emission excess. Nevertheless, somewer
emission features may not be accounted for (SeEfionl3.5r&xl,
this un-modelled structure could perhaps be due to refletkiat
requires a narrower core (i.e. less relativistic blurrimgre distant
reflection) than supplied by the input model, or a differentssion
mechanism. Adding alE model component results inC-Stat=—
27, and may indeed indicate that there are emission featiats
are not fully modeled by a single reflection zone.

4 DISCUSSION

In this work we presentetluSTAR Swift and Chandraobserva-
tions of the neutron star LMXB IGR J17062—-6143, which hasibee
persistently accreting atx~10"3Lgqq 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 LMXB# th
are able to accrete at these low rates for several years.

The 0.5-79 ke\MNuSTARSwiftspectrum of IGR J17062-6143
can be modeled as a combination of'&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 fronrXMM-Newtondata obtained for a few
neutron star LMXBs alx~10"* Lgqq (€.9./Armas Padilla et al.
2011,12013alb;_Degenaar et al. 2013b). The temperatureeof th
black body component appears to be too high for the measured X
ray luminosity, and the inferred radius to small, to be fréma &c-

we do not give errors on the fit parameters. In Figudre 6 we show a cretion disk. The thermal emission is therefore more lilelning

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 Secfion 3.5.thsu
a model would suggest the presence of some absorption asd emi
sion features. To explore the origin of the emission featuvee
added acie component in our BeX fits, which describes the spec-
trum of a plasma in collisional-ionisation equilibrium. \&Wdopted
Solar abundances from _Lodders & Pdlme (2009). Tre model
has three free parameters: the plasma temperatlire, the line
broadeningo.i., and a normalization. We obtaiklci.~1 keV,
0eier®500-100km s~ !, andC-stat= 1402 for 1208 d.o.f. This fit
is shown as the red curve in Figlide 6. A collisional-ionizémbma
would be able to account for several narrow emission lines.

To model the absorption features, we tried adding a photo-
ionized absorberI0ON, to an absorbed power law plus black body
continuum. TherioN model has four fit parameters: the ioniza-
tion parametetog &, the line broadeningrpion, the line-of-sight
velocity vpion, @nd a normalization. We again adopted Solar abun-
dances| (Lodders & Palime 2009). We obthig £~2, opion~500—
1000km s, vpion~—(2000 — 3500) km s~ * (~0.01), andC-
stat= 1422 for 1207 d.o.f. The best candidates for the 1% 2hd
weaker 16.253 absorption features are “hot”"\di 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 sameigdlys
location. This fit is shown as the blue line in Figlide 6. Inahgd

from (part of) the neutron star surface, which is expectdzetome
visible when moving to lowLx. We do not seem to detect the hard
emission tail that is thought to be associated with surfamzea
tion (e.g! Deufel et al. 2001; D’Angelo etlal. 2015; Wijnaredsl.
2015). Possibly, alx~10"3 Lgqq 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 dix <10~ 2 Liqq before (de-
spite the availability of high-quality data; elg. Armas Bacet all
2013a;| Lotti et all 2016), but it is commonly seen in brighter
LMXBs. Assuming that the line is due to relativistic disk esfi
tion, we modeled the spectral data witgLxILL . This suggests
that the inner disk radius was truncated away from the ISGO, a
Rin>20 Risco (2100 GM/c? or 2225 km; I confidence). Due
to the low flux of IGR J17062—-6143, however, the data quatity i
not good enough to rule out a location at the ISCG-8t signif-
icance. Nevertheless, it would not be surprising to find adated
disk atLXSIO*ZLEdd and it is therefore interesting to further ex-
plore this (Sectioh 411).

Our high-resolutionChandragratings data of IGR J17062—
6143 reveal hints of discrete emission and absorption fimése
~0.5-1.5 keV energy range. This includes what appears to be a
collection of narrow emission lines nearé;{:l keV) that can be
modelled as disk reflection or a collisionally-ionized plas Un-
fortunately the significance of the narrow spectral featuselow
(<4.5) and depends on the underlying continuum/reflection spec-
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trum. However, since this is the first gratings data of a reustar
LMXB accreting as low adx~10"3Lgqq, it is interesting to ex-
plore plausible physical scenarios that could accountfese lines
(Sectior4.B and415). The strongest and most robust fefttunel

in our simple line search is a relatively broad feature néaA1
(~0.77 keV), which has a significances#o for all spectral mod-
els that we explored (not accounting for trials). If the apsion is
real, it can can be modelled as an outflowing photo-ionizedmh
with a line-of-sight velocity of+2 000-3 50(km s ' (~0.01c). An
outflow might be expected if the inner disk in IGR J17062-6143
is truncated due to the formation of a radiatively-ineffitiaccre-
tion flow (e.g. Narayan & Yi 1994; Blandford & Begelman 1999;
Narayar 2005), or if the magnetosphere of the neutron stetis
ing as a propeller (e.g. lllarionov & Sunyégev 1975; Romansival.
2009 Papitto & Torress 2015).

4.1 Disk truncation at the magnetospheric boundary?

If the inner disk is indeed truncated B,>100 GM/c? in IGR
J17062-6143, this is a factgr7 higher than typically found for
non-pulsating neutron star LMXBs accreting fat >10"2 Lgqq
(Rin~5-15GM/c?; e.g..Cackett et al. 2010b; Egron etlal. 2013;
Miller et all 12013; [ Degenaar etlal. 2015; Di Salvo etal. 2015;
Ludlam et al. 2016; Sleator et|al. 2016). Itis also a fagtBhigher
than inferred for several (millisecond) X-ray pulsars thatrete
at Lx>10"2 Lgaa (Rin~15-30GM/c*; e.g. Miller et al| 201/1;
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 ~1072Lgqaq than at higher accretion luminosity. This
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4.2 Estimates of the neutron star magnetic field strength

If the inner accretion disk in IGR J17062—-6143 is truncatethe
magnetospheric radius, we can estimate the magnetic fielugsh.
To this end we use equation (1) from Cackett &t al. (2009)ckis
based on the derivations|of Ibragimov & Poutarnen (2009),rttew
the following expression for the magnetic field strength:

_ R /4 M \?> D
B=12x10"k; /4 in
W\ Gy 14M, ) B5kpe
Fyol

-3 1/2
X R Jang G,
106 cm n 1079 ergcm—2 g1

where f.ns IS @an anisotropy correction factor (which is close to
unity;llbragimov & Poutanen 20094 a geometry coefficient (ex-
pected to be~0.5-1.1; Psaltis & Chakrabarty 1999; Long €t al.
2005; Kluzniak & Rappapart 2007), amdthe accretion efficiency.

We use D=5 kpc, M=14 Mgy, R=10 km,
R;»,>100GM/c?, and conservatively assume that the bolometric
flux is equal to the 0.5-79 keV flux determined from our jdiuS-
TARSwift fits (i.e.Fb01:F0_577921.2 x 10710 erg cm ™2 Sil).
Furthermore, we assumg.ng=1, ka=1, andn=0.1. We then
obtain B>4 x 10® G for IGR J17062-6143. This is a factor of
a few higher than typical estimates for neutron stars in LMXB
although within the maximum allowable range determined in
a recent analysis of the coherent timing properties of sg¢ver
millisecond X-ray pulsars (Mukherjee etial. 2015).

4.3 A propeller-driven outflow?

If the accretion disk in IGR J17062—-6143 is indeed trun-

can be interpreted as the inner disk receding from the ISCO to cated and this is due to the magnetic field of the neutron
Ri,~35GM/c? as the mass-accretion rate drops, presumably due star, the rotating magnetosphere may act as a propeller (e.g

to disk evaporation| (Tomsick etlal. 2009). Our study suggest
larger truncation radius for IGR J17062—-6143 at similariggihn-
scaled accretion rate. Disk evaporation should operateitron
star LMXBs too, although it is expected to set in at lovigy than
for black holes because soft photons emitted from the stelle
face cool the hot flow (e.g. Narayan & i 1995). If the innerldis
in IGR J17062—-6143 is indeed further out than in GX 339—4; thi
might point to a different truncation mechanism.

We note that there is degeneracy in inferring a truncated dis
from reflection modeling (e.0. Fabian etlal. 2014). In pattg, in
case of GX 339—4 it has been pointed out that the narrowinigeof t
Fe-K line with decreasing x could also be due to the illuminating
X-ray source moving away, i.e. an increasing height of themra
in a “lamp-post” geometry (Dauser et al. 2013). It is, howewnet
obvious that in neutron star LMXBs the accretion disk is allse
minated by a corona (rather than e.g. the boundary layerheance
that a lamp-post geometry would apply for IGR J17062-6143.

In neutron star LMXBs, it is also possible that the stellagma
netic field truncates the inner accretion disk. In fact, amegigally-
inhibited accretion flow has been proposed as a possiblamapl
tion for the sustained low accretion rate of some VFXBs &I
J17062-6143 (Heinke etlal. 2009, 2015; Degenaar et al. 301f4b
the blue-shifted absorption in th@handradata is real, this could
possibly form a consistent physical picture in which theretion
flow is stopped at the magnetospheric boundary that acts &5 a p
peller. This is an interesting scenario because the irdénreer disk
radius would then provide constraints on the magnetic fiethgth
and spin period of the neutron star.
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lllarionov & Sunyaev 1975; Lovelace etlal. 1999; Romanovalet
2009;[ Papitto & Torres 2015). Magnetohydrodynamic sinioiet
show that an active propellor can cause a two-componenoautfl
consisting of an axial jet and a conical wind (e.g. Romand e
2009). The wind component has a high density, outflow vefocit
of ~0.0%-0.1c, and is shaped like a thin conical shell with a half-
opening angle 0f230°-4(°. The jet component has a lower density
and a higher outflow velocity~0.4c—0.6).

If the blue-shifted absorption in ouChandradata is real,

a line-of-sight velocity of~0.01c could potentially be consis-
tent with a wind driven by an active propeller. Interestingh
small subgroup of neutron star LMXBs that appear to exhibit
propeller stages, the transitional millisecond radio ards(e.g.
Archibald et all 2009; Papitto etial. 2014; Papitto & Tonr€d ),
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 jatli

too.

We note that even if the magnetic field is truncating the in-
ner accretion disk, it is not necessary that a propeller isr-op
ating. Another possibility is a “trapped disk” morphologg.d.
D’Angelo & Spruit[2010/ 2012). In the propellor scenariaosig
outflows are formed and little matter accretes on to the naigtar
so that the accretion flow may dominate the overall X-ray host
ity. For a trapped disk, however, only a weak outflow is expéct
and considerable amounts of gas can still accrete on to thteome
star magnetic poles, which may dominate the overall X-rayidu
nosity.
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4.4 Estimates of the neutron star spin period

If the blue-shifted absorption in o@handradata is reabnd due
to a propeller-driven outflow, the assumption that the iramre-
tion disk is truncated at the magnetospheric boundary altovput
some constraints on the neutron star spin period. A neuti@am s
is thought to be in the propellor regime when the magnetosphe
radius is larger than the co-rotation radius. At this radhes Ke-
plerian orbital velocity of the matter equals the rotatiorglocity

of the neutron star, i.eRco=(GM P2 /47*)'/?, whereP; is the
spin period of the neutron star. Assuming that the inner dislius

is truncated by the magnetosphere, iRw=Ri,>100 GM/c?
(~225 km), the requirement thaR.,>R., suggests that IGR
J17062-6143 is in the propellor regimeHf<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 (Degenaal; et 8a201
Iwakiri et all|2015] Negoro et al. 2015). This implies thatesst

some matter must be able to accrete on to the neutron star. The

accretion disk must therefore lie within the light cylindeudius,
where the rotational velocity of the magnetic field lineschess the
speed of light, i.eRi.=c/Q with Q=27 /Ps being the angular ve-
locity. If Ri,>100 GM/c* (~225 km), this would suggest that
P,z4.7 ms.

If the accretion disk is truncated by the magnetic field and
a propellor operates, that would requife~4.7-19 ms for IGR
J17062-6143. This is within the typical range of spin pesiota-
sured for neutron stars LMXBs from coherent X-ray pulsagion
burst oscillations (1.6—10 ms; elg. Patiuno 2010b, forta lis

4.5 Low-energy narrow X-ray emission lines

Binning theChandrdHETG data reveals an emission feature near
1 keV. A broad line around the same energy was detected in
the SwiftXRT data obtained during the energetic X-ray burst of
IGR J17062—-6143 in 2012F;=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<10® km (~500 GM/c*) from the neu-
tron star (by assuming that the line was rotationally-beved by
gas moving in Keplerian orbits). Broad emission lines neke\t
have been detected in the accretion spectra of a number ef oth
neutron star LMXBs (e.q. Vrtilek et al. 1991; Kuulkers etE#97;
Diaz Trigo et al. 2006; Cackett et/al. 2010b; Papitto et@1.3).

Exploiting the high spectral resolution of the HETG, we fdun
that in IGR J17062—6143 the emission feature near 1 kel/Z(A)
may be resolved into a number of narrow lines. Narrow emissio
lines also appear to be present at other energies (e.g. red 9
10A; ~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 beatgest
(e.g..Cottam et al. 2001a,b; Schulz etlal. 2001; Beri et al520
Proposed explanations include a pulsar-driven disk winghoto-
ionized emission from a thickened structure in the acanetick
(e.g. the impact point where the gas stream from the companio
hits the outer accretion disk).

In case of IGR J17062—-6143, the strongest narrow emission
line is located atv11.6A (~1.07 keV). If real, it could correspond
to Fe-L at rest. This would render a collisionally-ionizeldgma
more likely; photo-ionized gas lines from lower-Z eleme(gg.
O, Ne) should be stronger than Fe-L, which doesn’'t seem to be
the case for our data. Perhaps shocks resulting from thetamtr

flow running into the magnetosphere or from matter impactirey
magnetic poles could give rise to collisionally-ionizedigsion in
this neutron star LMXB. Alternatively, this line could cespond
to Nex blue-shifted by~0.045% (~13.5 x 10 km s~), which
would be indicative of an outflow. A third, perhaps more likel
possibility is that the emission lines are due to reflectiéowever,
a single reflection component that also fits the Fe-K line seem
leave excess emission near 1 keV. This could indicate teat #re
multiple reflection zones, or that different emission mexdéias are
responsible for the different lines.
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