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ABSTRACT

We use Chandra and XMM-Newton observations of the globular clusters w Cen and
NGC 6397 to measure the spectrum of their quiescent neutron stars (NSs), and thus
to constrain the allowed ranges of mass and radius for each. We also use Hubble Space
Telescope photometry of NGC 6397 to identify a potential optical companion to the
quiescent NS, and find evidence that the companion lacks hydrogen. We carefully
consider a number of systematic problems, and show that the choices of atmospheric
composition, interstellar medium abundances, and cluster distances can have impor-
tant effects on the inferred NS mass and radius. We find that for typical NS masses, the
radii of both NSs are consistent with the 10 — 13 km range favored by recent nuclear
physics experiments. This removes the evidence suggested by Guillot and collabora-
tors for an unusually small NS radius, which relied upon the small inferred radius of
the NGC 6397 NS.
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1 INTRODUCTION the NS’s Eddington limit can be tested during obser-
vations of thermonuclear bursts, thus providing orthog-
onal constraints, but a number of systematic uncertain-
ties (e.g. anisotropies, variations in the persistent emis-

sion, the radius of emission, the details of the spectrum)

remain unresolved (e.g. l&mngr..].@t_um.er_&_]?zmﬂ

The behaviour of matter at extremely high densities can-
not be measured in laboratories on Earth, but can be
probed through measurements of the properties of neu-
tron stars (NSs). Some NS properties can be measured
accurately without systematic uncertainties, such as their

rotation rates, velocities, and, for some, their gravita-
tional masses. However, effective constraints on the inte-
rior makeup of NSs (and thus, their equation of state)
require robust measurements of both mass and radius,
ideally for several NSs (Lattimer & Prakasﬂ M) Re-
cent attention has focused on thermal surface radia-
tion from NSs, during thermonuclear bursts and/or dur-
ing periods of quiescence zel, Baym [2010;

Guillot et all 21!1;3). Both the apparent surface area and

* heinke@ualberta.ca
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12012; Worpel, Gall Prium.

Fewer systematic uncertainties surround measure-
ments of the radiation radius of quiescent NSs, or
quiescent low-mass X-ray binaries (qLMXBs) in glob-
ular clusters (Rutledge et all 20024). The distances to
globular clusters are well-known, with a 6% rms
variation among different distance measurement tech-
niques dﬂ&mﬁlgmu lZQ]_ﬂ) NSs in qLMXBs pro-
duce thermal (blackbody-like) X-rays due to heating of
the NS core (and crust) during periods of accretion

[1998; [Rutledge et all [2002h),
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and seem to produce both thermal X-rays and nonthermal
X-rays (typically fit with a power-law) by accretion, though
other physics may be involved in the poorly-understood
power-law  (Campana et al! [1998; |Cackett et all [2010;
[Deufel, Dullemond & Spruif 2001). NSs in qLMXBs are be-
lieved to have low magnetic fields, and in most cases pure
hydrogen atmospheres, allowing for robust physical model-
ing (Zavlin, Pavlov & Shibano [1996; [Rajagopal & Romani
1996; |Heinke et all [M; Haakonsen et all [M) The con-
straints in mass and radius from these measurements are
degenerate along a curved track, close to a line of constant

= R/\/1—2GM/(Rc?), where M and R are the NS

mass and radius, and R~ is the radius as seen at infin-
ity (e.g. [Heinke et all [2006). This is due to gravitational
redshift increasing with increasing mass, shifting the intrin-
sic NS temperature to higher values, and thus requiring a
smaller emitting surface area.

Numerous qLMXBs are known in globular clus-
ters (e.g. [Heinke et all 12003; |Guillot et al! [2009), of
which a handful are sufficiently bright and well-observed
to provide interesting constraints on mass and radius
(e.g., in 47 Tuc, Heinkeet all 2006; in NGC 6397,
\Guillot, Rutledge & Brown [2011; in w Cen and MI3,
Webb & Barret] [m; in M28, [Servillat et al 12 [M) How-
ever, radius measurements of NSs in globular cluster
qLMXBs reveal significant discrepancies, with the inferred
radii for some NSs appearing significantly larger or smaller

completely ionized) alter the outgoing flux from the
surface through free-free absorption. The opacity depen-
dence of this absorption is roughly v, meaning that
the observed flux is shifted to higher energies, while
appearing roughly blackbody in shape (Romani m;
Zavlin, Pavlov & Shibanov [1996; [Rajagopal & Romani
I@) The timescale of only a few seconds for elements to
stratify in a NS atmosphere, means that the lowest-density

element will rise to the surface (Alcock & Illarionov
11980; \Hameury, Heyvaerts & Bonazzola [1983;
[Brown, Bildsten & Chang [2@2)7 unless heavier ele-
ments are being deposited at a high rate, translating to an
accretion luminosity of roughly 10%2 ergs/s

). Such an accretion rate may be experienced by,
e.g., Aquila X-1 in some quiescent observations, based
on its variability properties. Aquila X-1 may also show
evidence of features in its spectrum from heavier elements

(Rutledge et al] [M) If the accreted material possesses
hydrogen, and the luminosity is well below 1033 ergs%s %or
shows a total lack of evidence of accretion,

) the emitted spectrum of the NS should be well-
represented by a hydrogen atmosphere model. The hydro-
gen atmosphere models constructed by different groups
give reproducible results (Zavlin, Pavlov & Shiban Qy] M;
ILloyd [2003; [Heinke et all 2006; [Haakonsen et all [2019),

indicating that parameters derived from hydrogen atmo-
sphere modeling should be accurate to within a few percent

than the inferred radii for other NSs (e.g.

). We particularly note the Bayesian multi-object anal-
ysis of [Guillot et all (2013), who conducted a simultane-
ous spectral analysis of five qLMXBs in globular clusters
to measure the NS radius. They prefer an extremely small
radius for the qLMXB U24 in NGC 6397 (Roo=8.4"1% km,
or R=6.6"1"2 km), and an extremely large radius or mass for
the w Cen qLMXB (Roc=23.6"7% km, or R=20.1"73 km).
Although a single NS equation of state can pass through
both of these mass-radius regions (at nearly constant radius
in the relevant mass range), this would generally require un-
physically low masses (<1 Mg) for U24, and rather large
masses (>2 M) for the w Cen NS.

This work is motivated by a desire to see if these NS
measurements can be reconciled. We are also interested in
investigating the effect of systematic uncertainties in the
chemical composition of the NS atmosphere and in the mod-
eling of the interstellar medium. We utilize our new deep
Chandra observations of w Cen, along with archival Chan-
dra and XMM-Newton observations, and our archived Chan-
dra observations of NGC 6397. We also use results from our
deep Hubble Space Telescope (HST) observations of NGC
6397 to constrain the nature of the companion to U24 in
NGC 6397. Before describing the data and our analysis,
we discuss some systematic problems we consider here (not

an exhaustive list; see e.g. |Guillot, Rutledge & Brown 2011,
AlGendy & Morsink [2014, and finally Elshamouty et al. in

prep., for limits on, and detailed consideration of the effects
of, temperature inhomogeneities).

1.1 Systematics: Atmosphere Composition

Ionized hydrogen atmospheres (for low magnetic fields
and temperatures relevant to our problem, > 3 x 10°

K, [Zavlin, Pavlov & Shibanoy [1996, the atmosphere is

(Haakonsen et alll2019).

However, the accreted material may not possess any
hydrogen, if the donor star is a white dwarf. It is possi-
ble that the accreted material may spallate on impact, pro-
ducing protons (Bildsten, Salpeter & Wassermarl[1993), but
spallation may require infalling protons that would not be
present if the donor star is a white dwarf
M) Also, the creation of hydrogen would alter the char-
acter of observed thermonuclear bursts from NSs accreting
from white dwarfs, which show distinct properties consis-
tent with the absence of hydrogen (e.g. @)
White dwarf donors have been confirmed (by orbital pe-
riod measurement) for five luminous (persistent or transient,
reaching Ly > 10*® ergs/s) NS X-ray binaries in globu-
lar clusters, out of 18 such sources (of which 10 are con-
firmed not to have white dwarf donors; [Zurek et all m;
|Altamirano et all[2010; [Bahramian et alll2013).

Thus, there is good reason to expect the presence of
qLMXBs in globular clusters with helium (or possibly car-
bon) atmospheres. Helium atmospheres generally resem-
ble hydrogen atmospheres ), but are slightly
harder-the difference between the color temperature and
the effective surface temperature is slightly larger than for
hydrogen atmospheres (Ho & Hginkd Im)}j) Helium atmo-
sphere models will thus predict different best-fit values of
mass and radius for observed spectra. (Carbon atmospheres
are significantly harder, and show a strong edge near 0.3
keV; [Ho & Heinkd 2009. We do not consider carbon atmo-
spheres further in this work, as they seem inapplicable to
the qLMXBs of interest; fitting a carbon atmosphere would
give much larger inferred radii.) We have applied the he-

lium models of [Ho & Heinke (2009) to the high-quality X-
ray spectra of qLMXBs in M28 (Servillat et all 21!12) and
M13 dﬁl&t&mﬂanuﬂ_al]bﬂlﬂ), finding significantly larger in-

ferred values of R (and thus, larger masses or radii) for

(© 0000 RAS, MNRAS 000, 000-000
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helium than hydrogen models. This motivates us to con-
sider fitting a helium atmosphere model to U24 in NGC
6397, as its inferred radius, for a hydrogen atmosphere, is
rather small (Guillot et all[2013; [Lattimer & Steiner [2014).
Note that the donor to the qLMXB in w Cen is known
to possess hydrogen, through detection of Ha in emission

12004).

1.2 Systematics: Interstellar Medium

Extinction by the interstellar medium (ISM) significantly
affects the inferred radius of the NSs (Lattimer & Steiner
). Thus, careful modeling of the ISM is critical. The ab-
sorption of X-rays is principally due not to hydrogen, but
to the heavier elements in the ISM, so their relative abun-
dances will affect the shape of the absorbed flux. Current
modeling of the abundances and cross-sections of the ISM
(Wilms, Allen & Mc( Zra‘yl m, incorporated as the tbabs
model in XSPEC) show significant differences with older
models such as i 41%3)7 incorpo-
rated as the wabs model used by |Guillot et all (2013). We
will test whether the choice of absorbing model makes a dif-
ference here.

Lattimer & Steiner (2014) raise the question of whether
the interstellar absorption column, Ng, for each qLMXB in
a globular cluster should be fixed to the value derived from
an independent HI survey (such as|Dickey & LngmaﬂM)
in the direction of the cluster, arguing that fixing N in this
manner gives more consistent R., values for different NSs,
and that the locus of Roo measurements is more consistent
with predictions of the equation of state from nuclear exper-
iments and theoretical neutron matter studies. Fixing Ng
to values from an HI survey has clear flaws, since the HI sur-
veys account only for atomic H, include all H along the line
of sight (some of which may lie behind the cluster), and are
integrated over large angular scales (possibly not represen-
tative of the particular line of sight). Optical measurements
of the extinction towards the globular cluster are superior
to HI surveys (as they avoid these problems), but may suf-
fer from uncertainty in the transformation from Ay to Ng
(based, e.g., on uncertain abundances), and do not allow for
the possibility of extra Np intrinsic to the binary system.
Spectral fitting of X-ray data gives a direct measurement
of the Ny experienced along the line of sight, and should
be used if accurate constraints on NS radii are desired. For
our analyses in this paper, we measure the Ny directly from
the qLMXB X-ray spectra without any external constraints.
We find that these measurements are typically close to the
Npg values calculated from the measured Ay to each cluster
(and are often closer to these values than to the Ny inferred
from independent HI surveys), but that in some cases they
are significantly different.

1.3 Systematics: Distance to Globular Clusters

The distances to globular clusters are a topic of great
importance for stellar evolution and cosmology studies

(Krauss & Chabaoyer [2003). No method of measuring dis-

tances to globular clusters is completely without systematic
uncertainties. [Guillot. et all (2013) prefer dynamical meth-
ods (comparing radial velocities to proper motions) for mea-
suring distances, using the argument that the uncertainties

© 0000 RAS, MNRAS 000, 000-000

in these methods are well-understood. However, this under-
states the systematic uncertainties in dynamical distance
derivations, coming from the use of different stars for the
radial velocities and the proper motions, and from the as-
sumption of isotropy in velocities.

For w Cen, the dynamical distance estimate by
van de Ven et all (2006) is based on thorough dynamical
modeling of an inclined, axisymmetric, rotating ellipsoid,
giving a distance of 4.8+0.3 (lo) kpc. This measurement
may be slightly underestimated if some interloping stars re-
main in the proper motion data, and particularly by the
systematic offset between the proper motions of the metal-
rich RGB stars and the metal-poor RGB and HB pop-
ulations (Platais et all 2003; van de Ven et al! [2006). Dis-
tance determinations using modeling of eclipsing binaries
(5.3640.3 kpc, [Thompson et all 2001), RR Lyrae near-IR
photometry (5.5+0.04 kpc, |DQLEUDQIM&U [ZLKLG and
the edge of the RR Lyrae instability strip (5.6£0.3 kpc,

’Innocenti & Marcon M) are larger, while
SED modeling of giants gives 4.85+0.2 kpc
M) The homogeneously calculated horizontal-branch dis-
tances of 2010 revisionﬂ give an w Cen dis-
tance of 5.2 kpc. ) measure the distance ra-
tio between w Cen and the better-studied cluster 47 Tuc with
three different relative methods, all indicating that w Cen is
16% (+3%) farther than 47 Tuc.[Woodley et. al! (2012) aver-
age 22 published distance measurements for 47 Tuc to find
da7rue=4.57 kpc (standard deviation of 0.28 kpc, error in
mean of 0.06 kpc), in agreement with the best white dwarf
distance measurement to 47 Tuc by [Hansen et al! (2013) of
4.6140.19 kpc. Using this average distance for 47 Tuc, with
its error in the mean, with the relative distance determina-
tion above, implies that ducen=>5.30£0.17 kpc. We choose
for this paper to adopt 5.30+0.17 kpc as our standard for w
Cen’s distance.

NGC 6397 has been the subject of recent high-quality
distance measurements using the white dwarf cooling se-
quence (Hansen et all 2007, 2.54+0.07 kpc;
m 2.3940.13 kpc using Hansen’s WD mass estimate),
and maln—sequence fitting (Gratton et all [2003, 2.52+0.10
kpc). The |Harris (m (2010 revision) catalog calculates
a horizontal branch dlstance of 2.3 kpc for NGC 6397.
Guillot. et all (2013) use a dynamical distance measure-
ment of 2.02+0.18 kpc obtained byB@sﬁ d_&9ﬂ E Heyl et al J

) performed a higher-quality dynamical distance mea-
surement, using multiple deep HST observations to obtain
proper motions, obtaining a final measurement of 2.2702
kpc with minimal systematic errors, or a more precise mea-
surement of 2.0 £ 0.2 kpc that is more vulnerable to sys-
tematic uncertainties (as the same stars are not used for
radial velocities vs. proper motions). Dynamical distance
methods generally assume no anisotropies among the stel-
lar velocities, which could bias the calculated distance; such
anisotropies have been measured by [Richer et all (2013) in
47 Tuc. A relative distance comparison of NGC 6397 to 47

1 http://physwww.physics.mcmaster.ca/~harris / mwgc dat

2 The dynamical distance measurement of - is not ex-
plained in detail, is not peer-reviewed (it is only hsted in a con-
ference proceeding), and is referred to as “preliminary” in a later
conference proceeding by the same author [Reed (@)
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¢ (Hansen et all [2013) finds that NGC 6397 is 1.32+0.10
magnitudes closer, or 54.54+2.5% of 47 Tuc’s distance. Using
the Woodley et al. 47 Tuc average distance measurement,
we thus derive a distance of 2.51£0.07 kpc. Therefore, we
choose a standard distance of 2.5140.07 kpc, which aligns
with the most accurate relative distance measurements, and
is consistent (via relative distance measurements of each
cluster to 47 Tuc) with our choice for w Cen above.

1.4 Systematics: Instrumental Calibration

The absolute calibration of X-ray instruments, and par-
ticularly the cross-calibration between the XMM-Newton
pn and MOS, and Chandra ACIS, detectors, is a topic
of active research by the International Astronomical Con-
sortium for High Energy Calibration (IACHEC) calibra-
tion consortium E However, it has rarely been discussed
in the literature on qLMXB radius measurements, with
the exception of |Catuneanu et all (2013). Both the nor-
malization of the X-ray flux, and the spectral shape mea-
surements, show differences between different detectors.
IIﬂulmMle (lZQlJJ comparing Chandra/ACIS, XMM-
Newton pn and MOS, Suzaku/XIS and Swift/XRT spectra
of the absorbed pulsar wind nebula G21.5-0.9 (1-8 keV),
found that the Chandra/ACIS detector measured fluxes 10%
higher than the average, while the XMM-Newton/pn detec-
tor measured fluxes 10% lower than the average among other
detectors. [Nevalainen, David & Guainazzi (2010), compar-
ing Chandra/ACIS and XMM-Newton/EPIC observations
of galaxy clusters, found that the 2—7 keV EPIC and ACIS
fluxes were only 5—10% different. However, measurement of
cluster temperatures in the 0.5-2 keV band gave differences
of 18% between the Chandra/ACIS and XMM-Newton/pn,
due to the ratio of ACIS data to the best pn model fit de-
clining from 1.0 at 2 keV, to 0.9 at 0.5 keV. Since qLMXB
thermal spectra provide most of their counts between 0.5
and 2 keV, this suggests that Chandra/ACIS and XMM-
Newton/pn will give diverging results at very high S/N ra-
tios. We will investigate this question below for the w Cen
spectra, by including fits allowing the temperature, or a nor-
malization constant between detectors, to vary.

2 OBSERVATIONS

2.1 w Cen: Chandra, XMM-Newton Data

The available X-ray data on the w Cen qLMXB (summarized
in Table 1) include a 2001 XMM-Newton EPIC observation

(Gendre, Barret & Webb [2003), two 2000 ACIS-I Chandra
observations totaling 69 ks dHaggMMMmgdlZQOﬂ),
and two deeper 2012 ACIS-I Chandra observations totaling
222 ks (Haggard et all2013).

XMDM-Newton observation 112220101 lasted 40 ks, col-
lecting usable exposures on the quiescent NS of 33.5 ks with
the pn, and 39.5 ks with the MOS1 and MOS2 detectors, all
in full-frame mode with the medium filter. We reduced the

3 http://web.mit.edu/iachec/papers/index.html

data using SAS 13.0H running emchain and epchain and
filtering the event lists to retain predefined patterns 0—12
and use the #XMMEA_EM screening flags for MOS data,
and retain patterns 0—4 and use the #XMMEA_EP flags
for pn data. We used an extraction region of 19”7 (as deter-
mined by Guillot et al. 2013 to maximize the signal-to-noise
ratio), and extracted background from a nearby region on
the same chip. The background was low and fairly stable for
the entire observation, so we used the entire valid exposure
time.

We reprocessed the Chandra observations using CIAO
v.4.5 (Fruscione et al] M), correcting the data for charge
transfer efficiency, and without using very-faint mode clean-
ing to reduce the background (as this can remove real data
from sources of moderate brightness). We extracted spectra
from a 4” radius extraction region (to deal with the relatively
large point-spread function at the 4.4’ off-axis angle), and
a nearby, larger background region, using the specextract
CIAO script. This includes the arfcorr task that applies
an energy-dependent correction of the effective area for the
fraction of the point-spread function extracted.

We combined the Chandra spectra taken at the same
epochs, combined the two MOS spectra, and grouped each
spectrum to at least 20 counts/bin to permit the use of x>
statistics. No energy bin has a majority of counts outside
the calibrated Chandra energy range (0.277-9.886 keV). We
ignored spectral bins below 0.2 keV for XMM-Newton data.

2.2 NGC 6397: Chandra Data

There are five available Chandra observations of NGC 6397
(Table 1); one 48 ks ACIS-I observation taken in 2000
i lZQQ]J)7 and pairs of ACIS-S observations
in 2002 (totaling 55 ks) and in 2007 (totalling 237 ks;
[Bogdanov et all [2010). All of these observations were ana-
lyzed by [Guillot, Rutledge & Brownl (lZQlJJ) We reprocessed
the Chandra observations using CIAO v.4.5, correcting the
data for charge transfer efficiency, and without using the
very-faint mode cleaning to remove background. We ex-
tracted spectra from a 2.5” radius extraction region, and
a nearby, larger background region, using the specextract
CIAO script, including energy-dependent correction of the
effective area for the fraction of the point-spread func-
tion extracted. We grouped each spectrum to at least 20
counts/bin, except ObsID 7460 of NGC 6397 (the highest-
quality spectrum, with 3124 counts) which we binned to at
least 40 counts/bin. We verified that different choices of bin-
ning do not significantly alter the results presented here.

2.3 NGC 6397: HST Data
Our dataset is described in [Strickler et al] (IM) and
[Cohn et all

); we provide a concise synopsis here (sum-
marized in Table 1). We used the HST GO-10257 data
set (PI: Anderson), consisting of deep, highly dithered
ACS/WFC images targeting the center of NGC 6397 in

4 The XMM-Newton SAS is developed and maintained by the
Science Operations Centre at the European Space Astronomy
Centre and the Survey Science Centre at the University of Le-
icester.

(© 0000 RAS, MNRAS 000, 000-000
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Table 1. Chandra and HST data used

Telescope Instr. /filter D Date Exp. time
w Cen
Chandra ACIS-I 653 2000 Jan. 24 25 ks
Chandra ACIS-I 1519 2000 Jan. 25 44 ks
Chandra ACIS-I 13727 2012 Apr. 16 49 ks
Chandra ACIS-I 13726 2012 Apr. 17 174 ks
XMM-Newton  EPIC/medium 112220101 2001 Aug. 12 40 ks
NGC 6397
Chandra ACIS-I 79 2000 Jul. 31 48 ks
Chandra ACIS-S 2668 2002 May 13 28 ks
Chandra ACIS-S 2669 2002 May 15 27 ks
Chandra ACIS-S 7461 2007 Jun. 22 89 ks
Chandra ACIS-S 7460 2007 Jul. 16 148 ks
HST ACS/WFC/F435W 10257 2004 Aug-2005 Jun 1765 s
HST ACS/WFC/F625W 10257 2004 Jul-2005 Jun 1750 s
HST ACS/WFC/F658N 10257 2004 Jul-2005 Jun 15700 s

F435W (B), F625W (R), and F658N (Ha), over 10 single-
orbit epochs, roughly once per month between 2004 July
and 2005 June. The data include 5 short B (13 s), 5 long B
(340 s), 5 short R (10 s), 5 long R (340 s), and 40 He (390
s or 395 s) exposures, where the short exposures fill in pho-
tometry for stars that saturate in the long exposures. The
large number of Ha frames produces a stacked Ha image
with exceptionally good PSF sampling.

3 NGC 6397: HST ANALYSIS
(m) report an analysis of the HST dataset de-

scribed above, searching for optical counterparts for Chan-
dra X-ray sources. The star finding and photometry for
this analysis used the software described in derson et a
(@), developed for the ACS Globular Cluster Treasury
project. Briefly, this software searches for pixels that are
higher than their eight neighbours (local peaks) in each sep-
arate exposure, and identifies real stars at locations which
are peaks in more than a specified threshold fraction of the
exposures. It then measures the brightness of each star in
each exposure, both individually and simultaneously, using
a spatially variable library of PSFs. This analysis did not
detect any star within the error circle of U24, the qLMXB
in NGC 6397, although there are two relatively bright stars
only ~0.6” away from the center of the error circle, which
has radius 0.285” (at 95% confidence;|Bogdanov et al“M).
However, (@) did note a “hint of detection in
R only” for U24 in their Table 1 owing to the presence of “a
small ‘blip’ near the center of the error circle in the stacked
R image.” They suggested that it “likely represents the com-
bination of Airy ring artifacts” from the two nearby bright
stars.

We have conducted new photometry directly on the
stacked images of this HST dataset, in order to assess the
possibility that the detection of a U24 counterpart in R
is real. We utilized two different methods for the stack-
ing, the STSDAS astrodrizzle software (based on the drizzle
algorithm, [Fruchter & HooK ML and stacking using the

© 0000 RAS, MNRAS 000, 000-000

method described in |Anderson et al] (IM) Both methods

involve oversampling the images by a factor of two. The
stacked images (using astrodrizzle) are presented in Figure
1. Inspection reveals evidence for a faint star at the center
of the error circle in the R image; this was evident with ei-
ther stacking approach. Although the possible object is in a
noisy region of the image due to the wings of the PSF from
the two much brighter stars, the image suggests that this
is a real, albeit weak, detection. By careful aperture pho-
tometry, we estimate an R magnitude of 26.2+0.3 for this
star (setting our zeropoints to those of [Strickler et al. [200d
and estimating the uncertainty from the systematic error
in determining the sky background). At NGC 6397’s dis-
tance and extinction, this corresponds to Mr=13.7, which
corresponds to a maximum mass for the companion star (if
a main-sequence star) of $0.089 My (Baraffe et all[1997),

and maximum 7T, fr=2900 K.

We do not find evidence for a faint star at the loca-
tion of the R-band candidate counterpart to U24 in the B
or Ha images (see Fig. 1). In order to place an upper limit
on the possible flux enhancements in these bands, artificial
stars with a range of magnitudes were placed at this po-
sition. The faintest magnitude that produced a discernible
flux enhancement was taken as representing the upper flux
limit. This resulted in limits in B > 26.8 and Ha > 25.5.
Thus, we find that B—R > 0.6 and Hoe—R > —0.7. We have
plotted these photometric limits on the CMDs reported by

(m) in Fig. 2. Examination of these CMDs

indicates that the possible counterpart to U24 is consistent
with being no bluer than about the white dwarf sequence
colour at this magnitude and with showing no evidence for
an Ha excess relative to the main sequence.

The main sequence is difficult to identify at these mag-
nitudes. However, comparison with the ultra-deep HST
imaging of NGC 6397 by [Richer et al! (2008) shows that
the disappearance of the clear main sequence at R ~25
is largely due to the main sequence luminosity function
dropping off, as luminosity falls off dramatically with de-
creasing mass close to the hydrogen-burning limit. The lack
of a well-defined main sequence forces us to calculate the
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Figure 1. Combined, oversampled, astrodrizzled HST ACS/WFC images of the region surrounding U24 in NGC 6397. Left: combined
B image. Middle: combined R image. Right: combined Ha image. A possible star, and potential counterpart to U24, may be identified
at the center of the 0.285” error circle in the R image, but is not present in the other frames.
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Figure 2. Left: HST ACS/WFC color-magnitude diagram of NGC 6397 in the B and R filters. The possible U24 counterpart is
represented by an error bar with a horizontal arrow indicating the limit on its B— R color based on its nondetection in B. Right: HST
ACS/WFC color-magnitude diagram of NGC 6397 in the Ha and R filters. The possible U24 counterpart is again represented by an
error bar with a horizontal arrow indicating the limit on its Ha excess based on its nondetection in Ha.

Ha — R colour of main-sequence stars at this position. We
use SYNPHOT to compute the Hao— R colour of a Pickles
M5V 2950 K stellar model, using the appropriate extinc-
tion and ACS filters, finding Hoe— R=-0.75, which is consis-
tent with the general trend of the main sequence at brighter
magnitudes. We can thus estimate the Ha excess relative
to the main sequence, AHa, should not be larger than -
0.25 mags (accounting for the uncertainty on our R magni-
tude). We can then estimate a limit on the equivalent width
(EW) of Ha in U24, using EW (Ha)=RW x [1-10~0-4*AHe

i i ielld [2010), where RW is the
rectangular width of the ACS/WFC Ha filter in A, i.e. 75
A. This gives us an upper limit of 19 A on the EW of Ha
for the putative U24 counterpart.

We can use this information to consider the possible
nature of U24. Quiescent LMXBs generally show strong Ha

emission, much stronger than during outbursts (when the
optical emission is dominated by reprocessing of X-rays).
Fender et al! (2009) show that typical EWs for Ha of black
hole LMXBs in quiescence are 30—300 A, but they have only
three literature datapoints for NS LMXBs in quiescence, so
we increase their sample here. [Shahbaz et al] (ILQ%) found
Cen X-4 to show an Ha EW of 48 A, [Torres et all (2002) an
EW of 35£7 A, and [D’Avanzo et all (2005) an EW of 40A.
Garcia et al! (M) found 9.5A for Aqgl X-1 in quiescence,
while|Shahbaz et al! (1996) found 4A, but all quiescent spec-
tra of Aql X-1 before 1999 refer to the combined spectrum
of Aql X-1 with its brighter, eastern neighbour 0.48” away
(Chevalier et all lmad) The companion-subtracted quies-
cent spectrum of Aquila X-1 shown in|Chevalier et all (1999)
suggests an EW of 30-40 A. |Casares et al! (2002) show that
XTE J2123-058 shows an EW of 20 A in Ha in quies-
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cence. (Campana et all (2004) find a 10 A EW for SAX
J1808.4-3658, but this spectrum combines SAX J1808.4-
3658 with a neighbour of similar brightness 0.5” away
(Hartman et all 2008; Deloye et all 2008), so we may es-
timate (taking the continuum flux to be halved) a =20
A EW for SAX J1808.4-3658. Bassa et all (2009) measure
a 31 A Ha EW for EXO 0748-676 in quiescence. The
gqLMXB in w Cen exhibited a ~1 magnitude Ha excess
(H agga rd et al J um giving an estimated ~110 A EW.
) use Ha, V' and I photometry to calcu-
late Ha EWs of 28 A and 50 A for the quiescent NS LMXBs
W125 and W58/X5 in the globular cluster 47 Tuc. Fi-
nally, three systems (PSR J10234-0038, M28I=IGR J18245-
2452, and XSS J12270-4859) swing between radio pulsations
and active accretion (Archibald et al. m; Papitto et al]
12013; [Bassa. et all 2014). These three systems show no ev-
idence of Ha emission (or other disc signatures) when in
their radio pulsar state (Thorstensen & ArmerQnQ M;
[Pallanca et all 2013; Bassa et _all 2014), but show Ha EWs
of 14-19 A (Szkody et all 2003; [Halpern et all [2013), 7245
A (Pallan 1/ 12013), and 10-20 A (Masetti et all [2006;
), respectively, when pulsations stop, and ac-
cretion, or a pulsar wind shock, produces low-level X-ray
emission (Lx ~ 10** ergs/s).

What we take from this overview of the literature is that
most quiescent NS LMXBs show Ha EWs typically between
20 to 50 A. The exception is the NS LMXBs which have
swung between accretion and radio pulsar activity, which
have no Ha emission during their radio pulsar phase, and
can have lower Ha emission during their near-quiescent pe-
riods. As U24 in NGC 6397 shows no evidence of active
accretion (see §4.2 on X-ray variability below), and has not
been observed to be a radio pulsar despite numerous deep
pulsar searches of NGC 6397, it seems unlikely that U24
falls into the latter category. We should therefore expect
an Ha EW between 20—50 A, if hydrogen is present in the
accreting material. Our upper limit on the Ho EW of 19 A
suggests, therefore, that U24 does not possess hydrogen; and
that the companion is a white dwarf. This interpretation is
consistent with the weak limit that we are able to place on
the B— R color, which allows an object as blue as a white
dwarf (much of the observed light may also come from an
accretion disk).

4 X-RAY SPECTRAL FITTING
4.1 w Cen

We begin by checking that we get similar results to
Guillot. et all (2013), their Table 4 (lower part) and Fig.
6, when using the same data (though with slightly differ-
ent processing and binning) and the same assumptions. We
use a wabs*nsatmos fit to only the XMM-Newton pn spec-
trum and the (combined) 2000 Chandra spectrum, and fix
the distance and Ny to Guillot et al’s values (d=4.8 kpc,
Np=1.82 x 10*' cm™?). For a fixed NS mass of 1.4 Mg,
we find a best-fit NS radius of 20.6 km, with 90% confidence
range of 18.1—23.5 km, in good agreement with

(2013). We list this fit as “Guillot+13” in Table 2. (We use
90% confidence ranges throughout, unless otherwise spec-
ified.) A steppar plot calculating the permitted mass and
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radius range for this fit (not shown) is in good agreement
with their Fig. 6. Freeing Ny and setting the distance to
our preferred value of 5.3 kpc, we find similar results; for
the NS mass fixed to 1.4 Mg, the best fit is R=20.3 km,
with a range of 13.6-29.4 km.

We then check the effect of switching our ISM model
to tbabs, using (Wilms, Allen & McCragl (2000) abundances
and [Verner et all (1996) cross-sections, keeping our other as-
sumptions the same. We find that for a fixed 1.4 My mass
and 5.3 kpc distance, the best-fit NS radius is 16.3 km, with
range 11.3—23.0 km. (The best-fit value of Ny remains simi-
lar, at 1.8x10%* cm™2.) This is a ~25% change in the best-fit
NS radius (or a 20% change in the radius lower limit) due
to a change in the ISM model, reinforcing the critical im-
portance of accurate modeling of the ISM. This effect seems
to be due primarily to the reduction in the relative abun-
dance of oxygen (compared to similar-Z elements) between
the [Anders & Ebihard (1982) and [Wilms, Allen & McCrayl
(IM) models, which leads to a shallower edge at 0.53 keV,
for similar averaged interstellar absorption (see Fig. 3 for
an illustration). The downward curvature of the spectrum
of the neutron star at low energies is due to a combination
of the declining detector response, the temperature of the
NS model (i.e. the intrinsic spectral curvature), and the ef-
fect of the ISM. Thus, changing the shape of the ISM model
alters how much of the observed curvature is attributed to
intrinsic curvature of the spectrum, versus attributed to the
effects of the ISM.

For completeness, we check the effect of us-
ing the phabs model with XSPEC’s default abun-
dances (Anders & Grevesse [1989) and cross-sections
(Balucinska-Church & McCammon [1992), finding a best-fit
radius of 24.4 (15.8 to >30) km, which is even farther from
the results using thabs and Wilms abundances (almost a
50% difference) than when using the wabs model. Details of
each of these fits are listed in Table 2.

We next add in the combined MOS spectrum, and the
new 2012 Chandra data, so we are now fitting four spectra.
A wabs*nsatmos model fit to all the data finds a substan-
tially smaller best-fit radius, 11.5 km (8.0—14.9 km) for a
1.4 Mg NS at 5.3 kpc. Switching to tbabs, with new abun-
dances and cross-sections, shrinks the best-fit radius further,
to 10.0 km (5.0—12.6 km). We note that the fitted Ng, in-
cluding the new data and recent ISM modeling, is more con-
sistent with the predicted N to the cluster, as suggested by
[Lattimer & Steiner (2014) with the rationale that it would
make the NS mass and radius predictions consistent with
the other datasets.

We notice a clear residual in the XMM-Newton pn spec-
trum above 1.5 keV, suggestive of a nonthermal component
to the NS spectrum, as commonly observed in qLMXBs.
We test the addition of a power-law component (we use the
pegpwrlw model, where the normalization is proportional
to the intrinsic flux) to the spectrum, with photon index
fixed to 1.0, 1.5, or 2.0 (the typical range of the spectra ob-
served). Such a component is not detected with 90% confi-
dence for any index, but the best fit power-law fluxes for each
choice are similar, Fx (0.5—10 keV)=6-8x107'% ergs/cm? /s,
or a best-fit Lx ~ 2 x 10° ergs/s, at 90% confidence
Lx < 9 x 10%° ergs/s. Permitting a power-law component
slightly alters the best-fit NS radius to 10.2 km (5—13.3 km),
changing the best fit by less than 0.1 km if the selected pho-
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Figure 3. Illustration of the effects of using the wabs versus tbabs ISM models to fit the w Cen qLMXB. The observed pn spectrum
(crosses) and folded models (black, tbabs with wilms abundances; red, wabs) are plotted in the top panel, while the unfolded models are
plotted in the bottom panel. The tbabs model plotted has a higher Ny (1.6 x 102! cm™2) than the wabs model (1.3 x 102! cm~2), to
give similar total absorption, but the deeper 0.53 keV O edge of the wabs model produces a different shape to the absorption.

Table 2. X-ray spectral fits to w Cen; comparing to Guillot+13

Fit Ny

%1021 cm—2

M kT g x2/dof

km Me eV

wabs*nsatmos

Guillot+13, d=4.8  (1.82)

206729 (1.4) 6175 79.6/71

d=5.3,Np free 17795 203791 (1.4) 63T, 79.3/70
phabs*nsatmos

d=5.3,phabs/angr  1.9%04 24478 (14) 60710 80.0/70
tbabs*nsatmos

d=5.3,wilm 1.8703 16.3787  (1.4) 68TL%  79.4/70

Fits to only the XMM-Newton/pn and 2000 Chandra/ACIS data on the w Cen qLMXB. Parameters in parentheses are fixed, others
show 90% confidence errors on a single parameter. "-parameter reached hard limit of model. The first fit matches a similar fit in
). See text for details of the assumptions in each fit.

ton index is altered to a different value. We fix the photon
index to 1.5 below, and report the details of this fit (with
mass fixed to 1.4 M) in Table 3.

Finally, we create a tbabs(nsatmos+pegpwriw) fit with
index=1.5 and mass free. This fit is illustrated in Figure
4, which shows all 4 spectra fit to the same model. In the
line for this fit in Table 3 (line labeled “NS+PL,M free”),
we provide the ranges for NS mass and radius if the other
quantity is fixed at its best-fit value. In Figure 5 (left), we
illustrate the full range of NS mass and radius values permit-
ted by this fit, at 68%, 90%, and 99% confidence ranges. The
allowed values are consistent, assuming typical NS masses,
with the most commonly discussed NS equations of state
(e.g. ILattimer & Prakade). ‘We then chose distances at
the extremes of the reasonable distance range we identify
above (5.13 and 5.47 kpc), and calculated probability con-

tours for mass and radius for these distances (see Figure 5,
right).

We can use these data to ask whether this NS shows evi-
dence of variability. We use the two Chandra spectra to mea-
sure any variation in the w Cen NS temperature, between the
years 2000 and 2012. We use the tbabs(nsatmos+pegpwriw)
model, with d=5.3 kpc, photon index 1.5, and NS M=1.4
M. We first check whether permitting the power-law nor-
malization to vary produces a better fit than fixing all pa-
rameters, but find that neither spectrum’s power-law com-
ponent varies from zero at 90% confidence, and that an F-
test indicates that untying the power-law normalization be-
tween the two spectra does not produce a better fit. We
therefore tie the power-law normalizations between the two
spectra, and test whether varying the NS temperature pro-
duces a superior fit. Again, it does not (the F-test gives an
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Table 3. X-ray spectral fits to w Cen, all data
Fit Ny R M kT.s  PL flux x?2/dof
x10%* cm™2  km Mg eV ergs/cm™2 /s

wabs*nsatmos

wabs 12793 15732 (1.4) sote® - 152.7/130
tbabs*nsatmos

wilms 1.3793 100720, (1.4) g5t o - 152.4/130

tbabs*(nsatmos+pegpwriw)
NS+PLM=1.4d=5.3 1.3703 10.37% ih (1.4) 8358 6721 x 10716 152.2/129
NS+PL,M free 1.379-3 10. 6+2 2@ 0.5:1);16@ 74Tt 672 x 10716 152.2/127

Fits to XMM-Newton/pn, XMM-Newton/MOS, 2000 and 2012 Chandra/ACIS data on the w Cen qLMXB. Parameters in parentheses
h_parameter reached hard limit of model. @-for the errors on mass
and radius reported in this fit, the other parameter (e.g. radius, if mass was varied) was held fixed at its best-fit value.

are fixed, others show 90% confidence errors on a single parameter.
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Figure 4. Fit to spectra of w Cen qLMXB, using tbabs(nsatmos+pegpwriw) with index=1.5 and NS mass free. Data and model are
plotted in the top panel, with residuals plotted below. Black: XMM-Newton pn data; red: XMM-Newton combined MOS data; green:

Chandra 2000 data; blue: Chandra 2012 data.

F statistic of 0.657, probability of obtaining such a result
by chance 0.42). We freeze all parameters at their best-fit
values, except for the 2000 Chandra NS temperature, and
measure a temperature difference of -0.7717%, at 90% con-
fidence. Alternatively, permitting a multiplicative constant
between the models used for the two spectra, and holding
all other parameters the same between the models, we find
the 2012 observation to show a normalization 95t§,% of the
2000 observation. Thus, at 90% confidence we can say that
the w Cen NS shows <2.1% temperature variation, or <10%
flux variation, over 12 years.

Given the consistency of the flux over a decade, we
can test how well the calibration of the XMM-Newton and
Chandra instruments compare. For this purpose, we used all
the data, but separated them into three groups; the Chan-
dra, XMM-Newton pn, and XMM-Newton MOS spectra. We
froze all parameters for the pn spectrum, and all parame-
ters but the NS temperature for the others, and measured

© 0000 RAS, MNRAS 000, 000-000

the difference in NS temperature recorded by the other in-
struments. We found the MOS-measured temperature to
be 1.6712% higher, and the Chandra-measured tempera-
ture to be 0.7155% lower; thus, all instruments are consis-
tent within the 90% confidence errors. Alternatively, starting
from the best fit for a fixed NS mass of 1.4 Mg, we fixed all
parameters at their best-fit values, then freed the MOS and
Chandra radii. Compared to the best-fit radius (fixed for the
pn) of 10.50 km, the MOS result is 10.8+0.3 km, and the
Chandra result is 10.354+0.15 km, again consistent. We infer
that the relative uncertainties produced by differences be-
tween detectors contribute $4% systematic uncertainties to
NS radius measurements. Of course, this does not account
for possible absolute normalization uncertainties affecting
all X-ray detectors, but the independent ground-based flux
calibration procedures performed on the X-ray detectors

(Garmire et al![2003; I Turner & et all2001; [Striider & et. al!
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Figure 5. Left: Probability contours for the acceptable range of mass and radius for the w Cen qLMXB. This fit uses
tbabs(nsatmos+pegpwrlw), with assumed distance of 5.3 kpc and a powerlaw photon index of 1.5. The solid black region at upper
left identifies the excluded region (from causality constraints). The shaded region is the 1o region, while the outer contours indicate the
90% and 99% confidence region. Right: Probability contours for the w Cen qLMXB, using the same assumptions as the left figure, except
using assumed distances of 5.13 kpc (red, with 7 shading and dotted lines) or 5.47 kpc (blue, with Y\, shading and dashed lines).

M) indicate that such uncertainties should be of the same
order at most.

The value of the fitted Ny has a very strong effect
on the fitted radius of the NS. Independently constraining
the Ny would thus significantly shrink the permitted re-
gion of mass and radius. Is there another reliable method
to constrain the Np? As described above, the extinction
measured towards the cluster by CMD fitting gives the best
estimate of the Ny towards the cluster. However, there are
two caveats to using this; a) the conversion from optical ex-
tinction (E(B —V)) to X-ray measured Ny is not perfectly
measured or understood (see |Giiver & Ozel [2009); and b)
there may be additional Ny intrinsic to the system studied.
It might be possible to eliminate caveat a) by measuring the
Ng to other objects in the cluster with high precision. We
attempted this using spectra from the two brightest cata-
clysmic variables in w Cen rson 1 rindl. Mm;

m), extracted from the deep 2012 Chandra ob-
servations. However, we found that the measured Ny for
each spectrum was inconsistent with, and larger than, the
value predicted by the extinction to the cluster, and the Ny
we measured for the qLMXB, and that the two Ny val-
ues were also inconsistent with each other. (Details of the
spectral fitting of these sources will be presented elsewhere.)
Thus, we conclude that we cannot effectively constrain the
Np to the w Cen qLMXB by means other than spectral
fitting.

We have shown above that the abundances used make
a major difference in the interpretation of the spectra. Here
we illustrate this by taking our best spectral fit to the w
Cen data, changing the abundance pattern, and investigat-
ing the resulting allowed range in mass and radius. The mea-
sured Ny may be attributed either entirely to the interstel-
lar medium (this may vary across the face of the cluster, and

could show different abundances in different clouds), or to a
mixture of interstellar Ny and Np intrinsic to the binary.
We test four fits using a single abundance pattern for the
full Ng column; wilms from [Wilms, Allen & McCray (2000)
(our preferred fit), lodd from ), aspl from
\Asplund et all (2009), and angr from |Anders & Grevessd
(@), where the first three are modern abundance mea-
surements (which agree fairly closely), while the fourth is
currently the default abundance pattern in XSPEC. We also
consider a fit where we assume a fixed interstellar Ng of
0.83x10*' cm™2 (matching the measured E(B — V) of 0.12
reported for w Cen by , using the conversion of
Giiver & QZQIM), with additional Nz intrinsic to the bi-
nary. To model additional Ny intrinsic to the binary, we use
the zufeabs model in XSPEC, with the relative abundances
of iron and other metals being set to 0.03 and 0.06 respec-
tively (to simply represent the average w Cen abundances of
[Fe/H]=-1.5 [Harrig [1996, and [a/Fe]=0.3 [Carney [1994).

In Figure 6, we show the 1o confidence contours for
these five abundance pattern choices. Hearteningly, there is
little difference between the contours for the three modern
abundance measurements. However, the |Anders & Grevesse
(M) abundances make a significant difference (dramati-
cally increasing the inferred radius, and generally making
the contours wider), and we do not recommend their use.
Furthermore, we see a significant effect on the contours (to-
ward smaller radii) when assuming that any Nz above the
reported cluster value has the abundances of the cluster.

4.2 NGC 6397

As above, we begin by checking that we get similar results

to|Guillot. et all (2013), their table 4 (lower part) and figure
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Figure 6. Five different 1o probability contours for the acceptable range of mass and radius for the w Cen qLMXB, depending on
the abundance pattern chosen. This fit uses tbabs(nsatmos+pow), with assumed distance of 5.3 kpc and a powerlaw photon index
of 1.5. The solid black region at upper left identifies the excluded region (from causality constraints). The shaded (dots) region is
the 1o region for wilms abundances (Wilms, Allen & McCrayl ) The blue and green contours enclose the (similar) lo regions

for the aspl (Asplund et all

cluster abundance; see text.

6, when using the same data (though with slightly different
processing and binning) and the same assumptions. Using
the wabs*nsatmos model, assuming a 2.02 kpc distance and
Ny = 9.6 x 10%° cm*z7 we find a best-fit mass, radius and
temperature close to those of Guillot et al. (see Table 4).
Since Guillot et al. find a best-fit mass significantly different
from 1.4 Mg, we report wabs*nsatmos fits with and without
a fixed 1.4 My NS mass, noting that the fit using a 1.4 Mg
NS is strongly disfavored. We also include a wabs*nsatmos
fit changing the distance to our preferred 2.51 kpc value,
and leaving the Np free, which enables a reasonable fit with
a 1.4 Mg NS, though the best-fit radius is uncomfortably
low.

We then test the tbabs*nsatmos model, with
Wilms, Allen & McCrayl  (2000) abundances, and for
completeness the phabs*nsatmos model using default
Ander r M) abundances. In contrast to our
w Cen fits, we do not find dramatic discrepancies here
between the different Ny models (Table 4), perhaps due
to the different effective area energy dependences of the
XMM-Newton EPIC vs. Chandra/ACIS detectors. If we add
a power-law component, we find a significant improvement
in the x? (with probability 2 x 10~ of occurring by chance,
according to an F-test). The power-law photon index I'
finds a best fit at the (unphysical) value of 3.9, but is
poorly constrained (range 0.5 to 4.7). Varying the index
in the range (1-2) observed for other quiescent NSs (e.g.

[1998; |Cackett et all [2010) makes little
difference (e.g. the inferred radius upper limit changes by
only 0.2 km); we include the fit with I" fixed to 2.0 below
as an example. Again, we see that an uncomfortably small
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M) and lodd m M) abundance choices, and the red contours enclose this region for the angr
) abundances. The magenta contours are for a fixed column with wilms abundances, plus additional Ny at the

radius (<9 km) is required for a 1.4 Mg NS in all physically
reasonable fits using a hydrogen atmosphere.

We investigate the range of reasonable radii and masses
for the last fit above, thabs(nsatmos+pegpwriw), using a 2.51
kpc distance and including a power-law, with photon index
frozen to 1.5. We plot the 1o, 90%, and 99% confidence
ranges in Figure 7 (left). Clearly, the hydrogen-atmosphere
fit indicates a NS smaller than 10 km, and suggests a mass
below 1.4 M. We do the same analysis for the extrema of
our distance range, 2.44 and 2.58 kpc, and plot the results
in Figure 7 (right).

Considering the intriguingly small radius predicted by
the NSATMOS hydrogen atmosphere model, and the evi-
dence above (§3) suggesting an ultracompact nature for the
NGC 6397 qLMXB, we consider a helium atmosphere model
for this object. Our helium atmosphere model, spHe, is de-
scribed in [Ho & Heinke (2009) A

We first try fitting a tbabs*spHe model, without the
power-law component. This gives a relatively small radius
(7.5752 km for a 1.4 Mg NS), and a good fit. Adding a
power-law component (with I' fixed to 1.5) improves the fit
(the improvement is significant at 95% confidence, according
to an F-test). This fit is shown in Figure 8. The availability
of the power-law increases the allowed range of radii, giving a
radius range of 9.07:421',‘9 km (hitting the lower boundary of our
model radius range). We find that our Ny measurement is
nicely consistent with the inferred Ny from the extinction in

5 Now available as a local model in XSPEC, along with our
carbon atmosphere models, in the NSX model package; see
https://heasarc.gsfc.nasa.gov/xanadu/xspec/models/nsx.html
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Figure 7. Probability contours for the acceptable range of mass and radius for the NGC 6397 qLMXB, using a hydrogen atmosphere.
This fit uses tbabs(nsatmos+pow), with assumed distance of 2.51 kpc and a powerlaw photon index of 1.5. The solid black region at upper
left identifies an excluded region (from causality constraints). The shaded region is the 1o confidence region, while the outer contours
indicate the 90% and 99% confidence region. Right: Probability contours for the NGC 6397 qLMXB, using the same assumptions as the
left figure, except using assumed distances of 2.44 kpc (red, with * shading and dotted lines) or 2.58 kpc (blue, with \ shading and

dashed lines).

Table 4. X-ray spectral fits to NGC 6397

Fit N R M kT PL flux x?/dof
x102' cm~2  km Mg eV ergs/cm™2 /s
wabs*nsatmos
Guillot+13, d=2.02  (0.96) 65710, 090702, 78110 - 216.2/202
Guillot+13, d=2.02  (0.96) 6.970-2 (1.4) g7t2 - 277.6/203
d=2.51,Ny free 1.0%9 ] 74110 (1.4) 89T - 219.9/202
phabs*nsatmos
d=2.51,angr 11%9] 7.0719 (1.4) 9419 - 220.3/202
tbabs*nsatmos
d=2.51,wilm 13102 7.3797 (1.4) 8950 - 226.9/202
tbabs(nsatmos+pegpwriw)
=15 12101 73710 (1.4) sstl?  5%2x 1071 211.8/201
r=2.0 12107 74708 (1.4) 88tel 672 x 10715 211.4/201
=1.5,M free 1.0702 ratih,@  1ort)l @ 82t 4T3 x 1071 208.5/200
tbabs(spHe)
11192 75122 (1.4) 8613 - 213.1/202
tbabs(spHe+pegpwriw)
r=15 12402 9.0727 (1.4) 77 313 < 10715 209.1/201
=1.5,M free 12792 8.8 %  145T0%a  78%32 373 x 10715 209.0/200

Fits to the five Chandra/ACIS datasets on the NGC 6397 qLMXB. Parameters in parentheses are fixed, others show 90% confidence
errors on a single parameter. The first fit matches a similar fit in (@) See text for details of the assumptions in each
fit. P-parameter reached hard limit of model. @-for the errors on mass and radius reported in this fit, the other parameter (e.g. radius,
if mass was varied) was held fixed at its best-fit value.

(© 0000 RAS, MNRAS 000, 000-000



Mass/Radius Constraints for Two Neutron Stars

o
o
s
T

1073 L |

normalized counts s keV!

[

o
IS
T

0.2

Energy (keV)

13

Figure 8. Fit to spectra of NGC 6397 NS, using tbabs(spHe+pegpwr) with index=1.5 and NS mass free, with data and model plotted
above, and residuals plotted below. Black and red: Chandra 2009 spectra; green: Chandra 2000 data; light and dark blue: Chandra 2002
data.

—
(%)l

NS Mass, Mg,

90%

0.5

10 12 14 16
NS Radius, km

—_

%
5
KESE

255

K2
%

NS Mass, Mg
258

0::’0
<

‘:09

9%}

PaSetetotets!
PaSototetoetetotetototet

ELRIRLLK
K5
%
oo
2 IREIEEKEES,

<
95%%
bed%

3%
3%

90 %%

KK

50%%

%
RS

IS
KEEEBEEE,
e /

%
%8
25558

5%
KK
K
KKK

: o
: I QIR
: : KKK

0.5

94%%

6 8 10 12 14
NS Radius, km

Figure 9. Probability contours for the acceptable range of mass and radius for the NGC 6397 qLMXB, using a helium atmosphere. This
fit uses tbabs(spHe+pow), with assumed distance of 2.51 kpc and a powerlaw photon index of 1.5. The black line at upper left identifies
the excluded region (from causality constraints). The shaded region is the 1o confidence region, while the outer contours indicate the
90% and 99% confidence region. Right: Probability contours for the NGC 6397 qLMXB, using the same assumptions as the left figure,
except using assumed distances of 2.44 kpc (red, with  shading and dotted lines) or 2.58 kpc (blue, with \, shading and dashed lines).

the direction of NGC 6397 ), as again predicted
by [Lattimer & Steiner (2014).

We investigate the range of reasonable radii and masses
for this fit, thabs(spHe+pegpwriw), using a 2.51 kpc distance
and including the power-law with photon index of 1.5. We
plot the 1o, 90%, and 99% confidence ranges in Figure 9
(left). Again, we do the same analysis for the extrema of our
distance range, 2.44 and 2.58 kpc, and plot the results in Fig-
ure 9 (right). The ranges of radii and masses calculated for

© 0000 RAS, MNRAS 000, 000-000

the helium atmosphere model are significantly larger than
those for the hydrogen atmosphere.

As for the w Cen qLMXB above, we can test for varia-
tion in temperature or total flux among the three Chandra
epochs. Fixing the other parameters, and the 2009 best-fit
temperature, at their best-fit values, we allowed the temper-
ature of the NS in 2000 and 2002 to vary. The NS temper-
ature in 2000 was -0.27]5% lower than in 2009, and that
in 2002 was 0.2705% higher than in 2009. Thus, we con-
clude that there is no evidence for variability among the ob-
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servations, with temperature variations less than 1.4% (at
90% confidence) over 10 years. [Guillot, Rutledge & Brown

) performed a similar (slightly different) analysis, and
our result agrees with theirs.

Finally, we investigate the effect of different choices of
abundance patterns, as for w Cen, showing the results in
Fig. 10. We see, again, that the choice of the wilms, aspl, or
lodd abundance patterns has only a small effect on the out-
come. The angr (Anders & Qrgvgﬁsé M) abundance pat-
tern again produces rather larger radii. We show two differ-
ent choices of a cluster Ny column plus intrinsic absorption,
with different selections of the cluster Ny value. Using the
Predehl & Schmitt! (1995) relation, the cluster EEB — VE of
0.18 indicates Ng=1.0x 10%* cm*27 while the

) relation indicates Ng=1.2 X 10%* cm™2. In each case,
the allowed contours are smaller than when assuming the
entire column is interstellar; the larger intrinsic absorption
gives significantly smaller radii, though the Ny difference is
only 2 x 10%° e¢m™?

5 DISCUSSION

The two qLMXBs we analyze in this paper are the objects
with the most extreme suggested mass and/or radius val-
ues in the analysis of (Guillot, et all (2013). In particular, the
extremely low value of the inferred radius in |Guillot. et al,

)’s analysis significantly reduced their final result. Al-
though |Guillot et al GM) argue that their targets show
consistent radii within 20, it is clear that the primary result
of their paper-a relatively low NS radius of 9.17]3 km-
depends on their analysis of the NGC 6397 qLMXB. Their
simultaneous spectral fit omitting NGC 6397 finds a sig-
nificantly larger NS radius of 10. 7*1 ‘" km, which is fully
consistent with the ~11—13 km NS radlus range predicted
by nuclear experimental (e. g ) and nuclear
theoretical studies (e.g. |H§;b£l§rml,|

For this reason, the consideration of a helium atmo-
sphere for the NGC 6397 qLMXB is crucial for robust con-
straints on the NS radius. We have presented an optical
detection of a likely candidate optical counterpart to the
NGC 6397 qLMXB, and intriguing, though not conclusive,
evidence in favor of a white dwarf companion, which would
suggest the NS may have a helium atmosphere. Fitting the
NGC 6397 qLMXB with hydrogen atmosphere models leads
to an inferred radius <9.0 km at 90% confidence, for any
mass >1.2 Mg, and within our considered distance range.
Such a low NS radius would significantly disagree with the
nuclear theoretical and experimental studies cited above.
(Note that the lower distances inferred from dynamical dis-
tance estimates would exacerbate the discrepancy.) We con-
clude that a helium atmosphere is preferred for the NGC
6397 qLMXB, making it the first such qLMXB for which we
have any evidence of a helium atmosphere.

We find that the choice of ISM abundance model can
make a significant difference in the inferred NS radius. Fur-
thermore, our best-fit Ny values for both the w Cen and
NGC 6397 qLMXBs are closer to the Ny inferred from the
cluster optical extinction E(B—V), using the
(2009) relation between Ny and E(B — V), than the val-

ues from the fits by |Guillot et all (2013). For NGC 6397,

our fitted Ny value agrees with this extinction estimate

(1.2 £0.2 x 10*" cm™2, vs. 1.2 x 10?! cm™?). However, for
w Cen, our fitted Ny value remains well above the cluster
extinction estimate (1.3 4 0.3 x 10*' cm™2, vs. 0.83 x 10**
em™2), which does not account for small-scale variations.
We agree with |Guillot. et all (lZQlH) that spectral fitting is
the only reliable way to determine the Ny to a particular
X-ray source. Considering the strong dependence of the in-
ferred NS radius on details of the ISM abundance model, it
is clear that the best targets for further constraints on the
NS radius should have low Ny values.

We find no evidence of variability among multiple obser-
vations of the w Cen and NGC 6397 qLMXBs over decade
timescales, constraining their temperature fluctuations to
<2.1% and <1.4% respectively. Combined with the strong
constraints on variation of the M28 qLMXB
2019) and X7 in 47 Tuc (Heinke et all [200d), we now have
four qLMXBs that show little or no power-law component
and with strong constraints on temperature variability over
multi-year timescales. This is evidence in favor of the sug-
gestion (Heinke et al] M) that the strength of the power-
law component indicates the strength of any continuing ac-
cretion, and thus that the thermal emission from qLMXBs
showing no power-law component is powered entirely by
deep crustal heating dBrm&n,_Bﬂdﬂ&n_&_B;lﬂgxigdll&&ﬂ

We can ask the question of what the inferred orbital
period of the NGC 6397 qLMXB might be, if it is ul-
tracompact and its thermal emission is powered by deep
crustal heating. Using the “standard cooling” curve relat-
ing the mass transfer rate and bolometric NS luminosity of
Yakovlev & Pethick (2004), and our calculated bolometric
quiescent L of 2.0 x 10*2 ergs/s, we estimate a mass trans-
fer rate of 2.5 x 107'% Mg /year. Using the ultracompact
X-ray binary evolution track of [Deloye & Bildsten (2003),
we can thus predict an orbital period of 50 minutes for this
system. If the NS experiences enhanced neutrino cooling,
then the mass transfer rate would be higher, and the orbital
period could be lower, down to 21 minutes (the minimum
for transient helium-accreting ultracompact X-ray binaries;
Lasota, Dubus & Kruk 2008).

Our constraints on the mass and radius of the w
Cen and NGC 6397 qLMXBs are not extremely constrain-
ing. However, our results remove the evidence pointing to-
wards a small NS radius advanced by [Guillot et al! (2013).
Lattimer i GM) argued for different choices of Nx
and helium atmospheres for some of the five sources stud-
ied by |Guillot_et all QZQL’{) Using analytical prescriptions
to alter the inferred NS mass and radius ranges of Guillot et
al. to match their choices, and including information about
the behavior of neutron matter at low densities, and the NS
maximum mass, they then calculated a larger inferred NS
radius. Our analysis can be taken as overall support for their
arguments, as we provide explicit observational support for
different choices of Ny and for a helium atmosphere model,
although the details are significantly different.
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