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ABSTRACT

We report on a simultaneous NuSTAR and Swift observation of the neutron star low-mass X-ray binary 4U
1728-34. We identified and removed four Type I X-ray bursts during the observation in order to study the
persistent emission. The continuum spectrum is hard and described well by a blackbody with k7' = 1.5keV and a
cutoff power law with I' = 1.5, and a cutoff temperature of 25 keV. Residuals between 6 and 8 keV provide strong
evidence of a broad Fe K« line. By modeling the spectrum with a relativistically blurred reflection model, we find
an upper limit for the inner disk radius of Rj, < 2Rjsco. Consequently, we find that Rys < 23 km, assuming

M = 14M_ and a = 0.15. We also find an upper limit on the magnetic field of B < 2 x 10°G.

Key words: accretion, accretion disks — stars: neutron — X-rays: binaries

1. INTRODUCTION

Iron emission lines with energies from 6.4 to 7.1 keV have
been detected in some neutron star X-ray systems (e.g.,
Gottwald et al. 1995; Miller et al. 2013; Degenaar et al. 2015;
King et al. 2016). These lines are most likely due to the
fluorescent Ko transition of iron, caused by the reflection of
hard X-ray emission onto an area of the accretion disk close to
the compact object (Fabian et al. 1989). Relativistic and
Doppler effects distort the profile of the line, broadening it
significantly and skewing it to low energies (Reynolds &
Nowak 2003; Miller 2007). From this unique shape, one can
measure some interesting properties of the accretion disk,
including its inner radius. An upper limit for the neutron star
radius can thus be inferred from the reflection spectrum, which
is critical for understanding the neutron star equation of state
(Lattimer & Prakash 2007; Cackett et al. 2010).

4U 1728-34 is a neutron star low-mass X-ray binary (LMXB)
of the atoll class (Lewin et al. 1976; Hasinger & van der
Klis 1989), with an estimated distance of 4.1-5.1 kpc (Di Salvo
et al. 2000; Galloway et al. 2003). It exhibits Type-1 X-ray
bursts caused by thermonuclear burning on the stellar surface
(Galloway et al. 2010). From burst oscillations, Strohmayer et al.
(1996) measured a spin frequency of 363 + 6 Hz.

A broad emission line at 6.7 keV has been detected in several
spectral analyses of 4U 1728-34 performed with satellites such
as XMM-Newton (Ng et al. 2010; Egron et al. 2011), INTEGRAL
(Tarana et al. 2011), RXTE (Piraino et al. 2000; Seifina &
Titarchuk 2011) and BeppoSAX (Di Salvo et al. 2000; Piraino
et al. 2000; Seifina & Titarchuk 2011). The continuum spectrum

is generally composed of a soft component described as thermal
emission from the stellar surface or accretion disk, and a hard
component described as Comptonization.

The Nuclear Spectroscopic Telescope Array (NuSTAR;
Harrison et al. 2013) has been successful at revealing iron
Ko lines and reflection spectra in neutron stars (e.g., Miller
et al. 2013; Degenaar et al. 2015; King et al. 2016). In this
work we analyze a coordinated NuSTAR and Swift observation
of 4U 1728-34 in an effort to further constrain its reflection
spectrum and thus the neutron star radius.

2. OBSERVATIONS AND DATA REDUCTION

NuSTAR observed 4U 1728-34 on 2013 October 1 for 33.5
ks (ObsID 80001012002; Figure 1). The data were processed
with the NuSTAR Data Analysis Software (NuSTARDAS),
version 1.4.1, and CALDB 20150702, resulting in 27 ks of net
exposure time. We extracted spectra from the FPMA and
FPMB focal planes using a circular region with a 180" radius
centered at the source position. We used a 671”7 x 114"
rectangular background region centered 388" away from the
source position. At 5keV, the ratio of source count rate to
background count rate is 200, and at 50 keV this ratio is 3,
indicating that the spectrum is not very sensitive to the
background estimate. Due to a known shift in gain offset that
has not been properly accounted for in the current response
files used for the reduction in this paper, we restrict our analysis
to the 4.5-78.4 keV band.'*

* Confirmed by the NuSTAR instrument team (K. Madsen 2016, private
communication).


http://dx.doi.org/10.3847/0004-637X/827/2/134
http://crossmark.crossref.org/dialog/?doi=10.3847/0004-637X/827/2/134&domain=pdf&date_stamp=2016-08-18
http://crossmark.crossref.org/dialog/?doi=10.3847/0004-637X/827/2/134&domain=pdf&date_stamp=2016-08-18

THE ASTROPHYSICAL JOURNAL, 827:134 (11pp), 2016 August 20

SLEATOR ET AL.

0.4 '

=
(X

4-10 keV MAXI Rate (c/s)
= =
— o
ﬂﬂlllllllIIIIIIIIIIIIIIIIIII

5%
=2
K=

pr¥raeny Lo b b b b s et s Ly

% 0.03E

Rl TR

= H +

= 0.02 M%WM :

% g %

; 0.010 %

) 0.005 .
540 550

560 570 580

MJD-56000 (days)

Figure 1. MAXI and BAT light curves with the time of the NuSTAR observations marked by the dashed lines. The arrow marks the time of the Swift observation.

An observation (ObsID 00080185001) of 4U 1728-34 was
made with the Swift (Gehrels et al. 2004) X-ray telescope
(XRT; Burrows et al. 2005) near the beginning of the NuSTAR
observation (see Figures 1 and 3). The XRT was operated in
Windowed Timing mode to avoid photon pile-up. Although the
XRT observation lasted for two Swift orbits, the source was
near the edge of the active area of the detector for the first orbit,
and we produced an energy spectrum using only the second
orbit, giving an exposure time of 1068s. As this source has a
relatively high column density, we used only grade O photons,
as this is the recommended procedure for high column density
sources.'”> The 0.7-10keV spectrum was extracted from a
circular region with a 20 pixel (47") radius, and background
was taken from a region far from the source. We obtained a
source count rate in the 0.7-10keV band of 17.7c/s. For
spectral fitting, we calculated a response matrix appropriate for
grade O photons (file swxwt0s6_20130101v015.rmf) and used
xrtmkarf with an exposure map to produce the ancillary
response file.

All spectra were analyzed using XSPEC version 12.8
(Arnaud 1996). All fits were made assuming Verner et al.
(1996) cross-sections and Wilms et al. (2000) abundances. The
spectra were binned such that the signal-to-noise ratio in each
bin is 150. To better constrain the low-energy spectrum,
particularly the column density, we fit the Swift spectrum
together with the NuSTAR spectra. Due to flux variations

15 See http:/ /www.swift.ac.uk /analysis/xrt/digest_cal.php#abs.

between the instruments, we added a multiplicative constant in
each fit. We fixed the constant for the NuSTAR FPMA
spectrum to unity and allowed the constants for the NuSTAR
FPMB and Swift spectra to vary.

3. ANALYSIS AND RESULTS

4U 1728-34 is known to exhibit Type-1 X-ray bursts. Using
the light curves made by the nuproducts FTOOL, we
detected and removed four bursts in the NuSTAR data, each
lasting about 20 s (Figure 2). No bursts were detected during
the Swift observation. Mondal et al. (2016) did a full analysis of
the bursts. To check the stability of the energy spectrum during
the observation, we looked at the hardness ratio, defined here as
the count rate from 12-25 keV divided by the count rate from
4.5-12keV (Figure 3). The hardness ratio only changes
slightly, softening gradually with time, indicating a fairly
stable spectrum. By studying the power spectrum of this
observation, Mondal et al. (2016) identified the state as the
island state, and we do not disagree with this result.

We first fit the combined Swift and NuSTAR continuum
spectra similarly to Ng et al. (2010), with a model consisting of
a neutral absorption component tbabs, a single temperature
blackbody bbodyrad, a disk blackbody diskbb, and a
power-law component cutoffpl. This model takes into
account thermal emission from the boundary layer between the
neutron star surface and disk, thermal emission from the disk,
and non-thermal emission from Comptonization. We found a
blackbody temperature of 1.41 £ 0.01 keV, a disk blackbody
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Figure 2. (a) NuSTAR FPMA (black) and FPMB (red) light curve, including the four type I X-ray bursts. The time of the Swift observation is marked in blue. (b) A
close-up of the first type I X-ray burst. The green lines indicate the data removed for spectral analysis.

temperature of 0.32 £ 0.02keV, a photon index of
1.29 + 0.05, and a cutoff energy of 18.3 + 0.7 keV (all errors
are 90% confidence). This model fits most of the energy band
fairly well (x2/dof = 1700/1257 = 1.35), but there are
significant residuals between 6-8 keV (Figure 4).

We added a Gaussian line to model the excess at ~6 keV.
Leaving the line parameters free gives unphysical results (the
line energy is at ~5.7keV with a width o ~ 1.6keV).
Similarly to D’Af et al. (2006) and Egron et al. (2011), we
limited the line width to o = 0.5 keV, resulting in a line energy
of 6.56 £ 0.05keV and an equivalent width of 74eV. The

addition of a Gaussian significantly improved the fit, with a
x2/dof = 1529/1253 = 1.22. Moreover, the diskbb comp-
onent became statistically insignificant, its exclusion from the
fit resulting in Ay? = 5 and only slight changes to the other
parameters. We continued our analysis without the diskbb
component.

Having confirmed the presence of the iron line with the
Gaussian model, we replaced the Gaussian with a physical
reflection model, reflionx (Ross & Fabian 2005). The
reflionx model used here is a version of Ross & Fabian
(2005) that assumes reflection of a power law with a high-
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Figure 3. Hardness ratio throughout the NuSTAR observation, with NuSTAR FPMA in red and NuSTAR FPMB in black. The time of the Swift observation is marked in
blue. The hardness ratio is defined as the count rate from 12-25 keV /the count rate from 4.5-12 keV.
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Figure 4. 4.5-78.4 keV NuSTAR FPMA (black) and NuSTAR FPMB (red) spectra and the 0.7-10 keV Swift (blue) spectrum of 4U 1728-34, fit with the continuum
model: disk blackbody + blackbody 4 power law. The residuals between 6—8 keV indicate the presence of iron emission.

energy exponential cutoff. To take relativistic blurring into
account, we convolved reflionx with kerrconv (Brenne-
man & Reynolds 2006).

The reflionx parameters include the photon index and
cutoff energy (tied to those of the cutoffpl component), the
ionization (¢ = L/nr?, or the ratio of the flux to the column
density, where L is the luminosity, r is the distance, and n is the
column density), the iron abundance (Ag.), and the flux. The
kerrconv parameters include the compact object spin
parameter, disk inclination, disk inner and outer radius, and
inner and outer emissivity indices. The spin parameter

a = ¢J/GM?* = 0.15 (where J is angular momentum) can be
calculated from previous measurements of the neutron star spin
frequency, 363 Hz (Strohmayer et al. 1996), assuming a typical
neutron star mass of M = 1.4 M.. We fixed the disk outer
radius R,y = 400R;sco (Where Risco is the radius of the
innermost stable circular orbit) because the emissivity profile
drops steeply with radius, causing the fits to be insensitive to
the exact value of this parameter.

As it was difficult to constrain the emissivity of the reflecting
disk when it was left free, we considered fits with ¢ = 1, 2, 3,
4, and 5. We also considered modeling the emissivity as a
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Table 1
Spectral Parameters with Varied Emissivity Using the reflionx Model
Model Parameter® Units qg=1 qg=2 qg=3 qg=4 qg=>5 g Broken
constant FPMA . 1° 1° 1° 1° 1° 1®
FPMB 1.05 4 0.002  1.05+0.002 1.05+0.002 1.05+0.002 1.05+ 0.002 1.05 + 0.002
XRT 1124001 1124001  115+£001 1134001  113+002 112+ 0.02
tbabs Ny® 10*2 cm 2 4.6 +0.1 45703 45+0.1 44 +0.1 44 +0.1 44 +0.1
bbodyrad kT keV 1.54 £ 0.02 1697953 1535092 152 £004 153 +004 1.4970:09
norm RZ,/Dibne 6261} 42497 7.9+28 85+2 7733 9.4+)7
cutoffpl r 1524004 15159 1.54+00¢ 152509 151 £0.05  1.52+0.04
HighECut keV 2613 2612 2542 2572 2673 2613
norm Photons keV ™' cm 2 s~ 0.1953:02 0.19503 029109 0.2650:04 0.23*5% 0.20 + 0.06
at 1 keV
kerrconv Gin e 1° 2° 3b 4P 5° >5.4
Gout 1 b 3b 4b b 3P
a 0.15° 0.15° 0.15° 0.15° 0.15° 0.15°
Incl. deg. 35713 19+8 37+ 37+2 39+2 40t}
R ISCO 3243 1.0+ 104377 114330 1.159%8 12154
Rout ISCO 400° 400° 400° 400° 400° 400°
reflionx ¢ erg cm s ! 31425387 456412999 796338 9841722 12081333 11354332
Are 0.22 £ 0.1 0.46,9! 0.19 + 0.1 0175938 0.1979% 0.14 £ 0.01
norm 107 13733 0.9%93 3873 36133 ERARY; 41413
x?/dof 1431/1254 1427/1254 1430/1254 1427/1254 1425/1254 1422/1253
Notes.

 Errors on the parameters are 90% confidence.
b .
These parameters were fixed.

¢ Column density is calculated assuming Wilms et al. (2000) abundances and Verner et al. (1996) cross-sections.

broken power law with the outer index fixed to 3, the inner
index left free, and the break radius fixed to 25R,, but we were
unable to constrain the inner index. As shown in Table 1, the
changes in emissivity negligibly affect the . Furthermore, the
values for the inner radius are very similar across the models
(other than ¢ = 1, where the inner radius has very large error
bars). As the parameters, particularly the inner radius, seem to
be insensitive to the emissivity, we continued our analysis with
the emissivity fixed at ¢ = 3, consistent with a Newtonian
geometry far from the neutron star.

Adding the reflection component (Figure 5) improves the fit
over the Gaussian line model (y2/dof = 1430/1254 = 1.14;
Ax? =99). Table 2 lists the best-fit parameters for the
relativistically blurred reflection model (model 1). We find an
inclination of ~37°, consistent with the lack of dips in the light
curve, which implies a low viewing angle. From the normal-
ization of bbodyrad, we find a blackbody source radius of
1.4 km, consistent with thermal emission from the boundary
layer. We find a higher column density,
Ny ~ 4.5 x 10**cm 2, than what has been previously mea-
sured for this source (Nyg ~ 2.6-2.9 x 102 em % e.g., Di
Salvo et al. 2000; Piraino et al. 2000; Narita et al. 2001; Egron
et al. 2011). To be consistent with past measurements, we fixed
the column density to 2.9 x 10*?cm 2 (Figure 6; model 2 in
Table 2). This significantly worsens the fit, resulting in a
x2/dof = 1712/1255 = 1.36 (Ax* = 282), yet it does not
cause a large change to the main parameter of interest, R;,.

Due to the proximity of 4U 1728-34 to the Galactic plane
(b = —0715), it is reasonable to consider the column density of
molecular hydrogen. Galactic surveys indicate that at the
position of 4U 1728-34, Ny, ~ 1.8 x 102cm > (Dame
et al. 2001) and Ny, ~ 124 x 102cm > (Kalberla
et al. 2005). Thus, the expected total column density is
Ni, = Nu, + 2Ny, ~ 4.84 x 102cm 2, close to our

measured value. We conclude that the model with the column
density as a free parameter, which is a better fit to the data, is
more correct. From this model, we find an upper limit for the
disk inner radius R, < 1.77Risco, with the best value
at Ry, = 1~00t8‘77RISCO-

We consider if the reflection parameters are mostly
constrained by the iron line as opposed to the reflected
continuum by fitting the data with the relline model, a
relativistic line profile excluding broadband features such as the
Compton hump. The best-fit parameters are shown in model 3
of Table 2. The value for the inner radius, R, = 1.11’8‘2RISCO,
is consistent with our above upper limit of Ry, < 1.77R;sco and
is even better constrained. However, the rel1ine model, with
x2/dof = 1532/1255 = 1.22, is not as good a fit as the
broadband reflection model described above (y2/dof = 1.14),
suggesting that the broadband reflection spectrum does make
some contribution, at least statistically.

To verify that the Swift spectrum helps constrain the spectral
shape, we fit only the NuSTAR data using the reflionx model
(model 4 in Table 2). We fixed the column density to
2.9 x 10% cmfz, as the NuSTAR data is unable to measure this
parameter. Fitting only the NuSTAR spectrum with this model
resulted in a x2/dof = 1256/1096 = 1.15 and is statistically
better than including the Swift data (model 3 in Table 2;
x2/dof = 1712/1255 = 1.36). However, without the low-
energy coverage offered by Swift, the column density cannot be
measured well and thus the inaccuracy of fixing
Ny =29 x 10*?cm? is not revealed in the fit statistics.
Without the Swift spectrum, we find Ry, < 2.7Rjsco as an
upper limit for the inner radius (contrasting Ry, < 1.4Rjsco
found in model 3), indicating that the Swift spectrum is useful
for evaluating the main parameter of interest as well as the
column density.
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Figure 5. 4.5-78.4 keV NuSTAR FPMA (black) and NuSTAR FPMB (red) spectra and the 0.7-10 keV Swift (blue) spectrum of 4U 1728-34, fit with the reflionx
relativistically blurred reflection model (model 1). (a) Residuals of the reflection model, specifically the lack thereof between 6-8 keV. (b) vF, plot with individual
model components: blackbody (dashed and dotted), cutoff power law (dashed), and reflionx (dotted).

Mondal et al. (2016) have also analyzed this coordinated
NuSTAR and Swift observation, fitting the data instead with
relxill, another relativistically blurred reflection model
(Garcfa et al. 2014). To compare to their results, we also fit the
spectrum with relxil1, and in addition replaced cutoffpl
for the more physical comptt. The relxill parameters
include the ionization, iron abundance, compact object spin
parameter, disk inclination, disk inner and outer radius, and
inner and outer emissivity indices. We fixed Ry« = 400R, and
a = 0.15. Similar to Mondal et al. (2016), we fixed gou = 3
and left g;, free, but we were only able to find a lower limit on

gin- The relxill model (Figure 7) is statistically similar to
model 1, with a x2/dof = 1412/1250 = 1.13, and the best-fit
parameters shown in Table 3 are comparable to those of model
1. In particular, the column density Niy = 3.9 x 10%cm ™2 is
considerably higher than past measurements and the inclination
i = 37° is the same as model 1. We find an upper limit of
Ry, < 2Ri5co for the disk inner radius, with the best value at
R, = 1.6 £ 0.4. This upper limit is close to our previous upper
limit of 1.77Rsco, but as it is slightly higher, we continue our
analysis considering R;, < 2Rjsco as the upper limit for the
disk inner radius.
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Table 2
Spectral Parameters Varying the Column Density and the Energy Band Using reflionx
Model Parameter® Units Model 1 Model 2 Model 3 Model 4
Full band Ny fixed line only NuSTAR only
constant FPMA 1° 1° 1° 1°
FPMB 1.05 + 0.002 1.05 £ 0.002 1.05 + 0.002 1.05 4 0.002
XRT 1.12 4 0.02 1.15 4+ 0.01 1.15 + 0.02
tbabs Ny® 10%2 cm ™2 45+ 0.1 2.9° 40+ 0.1 2.9°
bbodyrad kT keV 1535092 1.42 4 0.01 1.47 + 0.01 1.4550%8
norm RZ./Ditipe 7.9%3% 20.6193 10.7452 10.8 + 1.8
cutoffpl r 1547534 1.01982 1.3470% 1.69 + 0.08
HighECut keV 25+2 18.0%99 19.197 368
norm Photons keV ' cm 257! at 1 keV 0297909 0.06570:308 0.29 + 0.02 0.1570:58
kerrconv q 3° 3° 3b
a 0.15° 0.15° 0.15°
Incl. deg. 374} 2913 3313
Rin ISCO 1.057 1.0759% 17439
Rout ISCO 400° 400° 400°
reflionx £ erg cm ™! 796738 99539 909733
Are 0.19 £ 0.1 0.09+£0.01 0.07+3%7
norm 10°° 3.812¢ 3.3%9% 8.8742
relline lineE keV 7.1 £ 0.1
q 3*
a 0.15°
Incl. deg 1873
Rin ISCO 1.1592
Rout R, 400"
norm 10°? 1.8 £0.2
Q)2 0.43 0.76
x?/dof 1430/1254 1712/1255 1532/1255 1256/1096
Notes.

4 Errors on the parameters are 90% confidence.
b
These parameters were fixed.

¢ Column density is calculated assuming Wilms et al. (2000) abundances and Verner et al. (1996) cross-sections.

With a spin parameter value of a = 0.15, we calculate
1 Risco = 5.5R, (Bardeen et al. 1972). Assuming a typical
neutron star mass of 1.4 M., we find an upper limit for the
neutron star radius Rys < 2 X 5.5R, = 23 km (Figure 8).

4. DISCUSSION

The unabsorbed flux extrapolated in the 0.1-100 keV energy
range is F ~ 6 x 10 " ergecm %5~ ', Assuming a distance to
the source of S5.1kpc (Di Salvo et al. 2000; Galloway
et al 2003), we calculate a luminosity of
Loi_100 = 1.9 x 10¥ erg s7L corresponding to 8% of the
Eddington luminosity, Lgpp = 2.5 X 10°8 erg s ! (van Para-
dijs & McClintock 1994). We note that this value is around an
average luminosity for 4U 1728-34 compared to previous
observations. Di Salvo et al. (2000) measured
Loi-100 = 2 x 10¥ erg s~ !. Others have used different energy
ranges; for the sake of comparison, we re-calculate the
unabsorbed flux and luminosity in different ranges. Egron
et al. (2011) measured L _j50 = 5 x 103 ergs™', in compar-
ison to our value of Lo _150 = 1.9 x 1037 ergs™'. Piraino et al.
(2000) measured Lo,_so = 3.7 x 1037 ergs ', while we mea-
sure Lo, 50 ~ 1.7 x 10 erg s L. Ng et al. (2010) measured
Lo_jo= 7.8 x 10¥erg s, compared to our measurement of
Ly 1o~ 6.6 x 10 ergs™".

With our upper limit on the accretion disk inner radius
Ri, < 23km, we infer an upper limit on the neutron star
magnetic field strength by equating the magnetic field pressure

to the ram pressure of the accretion disk (Illarionov &
Sunyaev 1975). We use the following relation:

Rin = 4 x 1088, 75> "M~"/7 cm, (1)

where Bj; is the magnetic field in units of 10" G, riys is the
mass accretion rate in units of 10> gs™', and M is the neutron
star mass in solar mass. We calculate the mass accretion rate
from the luminosity given above with the relation L = nric?,
where 7 = GM/Rc?>. Assuming M = 14M,, we find
B<2x 10°G.

We compare our results with those obtained for other
neutron star LMXBs that were also observed with NuSTAR.
Miller et al. (2013) found that Serpens X-1, a persistent source,
has a disk extending almost to the ISCO when observed at a
luminosity of L ~ 0.44Lgpp. From their measured values of L
and R;,, we estimate B < 2.2 x 108 G. Degenaar et al. (2015)
found that 4U 1608-52, a transient source with a spin frequency
of 620 Hz, also has a disk extending close to the ISCO when
observed at a luminosity of L ~ 0.02Lgpp; we estimate
B < 1.2 x 10°G. Agl X-1, also a transient observed by King
et al. (2016) at a luminosity of L ~ 0.08Lgpp, has a truncated
disk (Rj, ~ 15R,), a spin frequency of 550 Hz, and a magnetic
field of B <5 +2 x 10°G.

In using Equation (1), we assume that the magnetic pressure
truncates the accretion disk (Illarionov & Sunyaev 1975). If
this is the case, we expect to see pulsations, yet of the above
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Figure 6. 4.5-78.4 keV NuSTAR FPMA (black) and NuSTAR FPMB (red) spectra and the 0.7-10 keV Swift (blue) spectrum of 4U 1728-34, fit with the reflionx
relativistically blurred reflection model where the column density is fixed to 2.9 x 10%? cm ™2 (model 2). (a) Residuals of the reflection model. (b) vF, plot with

individual model components: blackbody (dashed and dotted), cutoff power law (dashed), and reflionx (dotted).

sources only Aql X-1 has been observed to exhibit pulsations
during outburst (Casella et al. 2008). Papitto et al. (2013) note
that exhibiting pulsations is rare among LMXBs and consider
various explanations, including the possibility that the spin axis
is aligned with the magnetic axis (Lamb et al. 2009), that
pulsations do exist but the pulse amplitude is below the
detectable threshold, or that magneto-hydrodynamical instabil-
ities cause material to accrete onto the neutron star at random
places instead of being channeled by the magnetic field lines
(Romanova et al. 2008). The lack of pulsations in 4U 1728-34,

4U 1608-52, and Serpens X-1 may indicate that our assumption
of the magnetic pressure truncating the disk is not correct or at
least not the complete physical picture. In that case, the true
magnetic field values of these sources are most likely
somewhat lower than the upper limits quoted above.
According to White & Zhang (1997), a higher spin
frequency should imply a lower magnetic field: with a low
magnetic field, the disk can extend deeper into the potential,
spinning up the neutron star. While it is consistent that the disk
extends closer to the ISCO in the above sources with lower
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Figure 7. 4.5-78.4 keV NuSTAR FPMA (black) and NuSTAR FPMB (red) spectra and the 0.7-10 keV Swift (blue) spectrum of 4U 1728-34, fit with re1xi11 (model
5). (a) Residuals of the reflection model. (b) vF, plot with individual model components: blackbody (dashed and dotted), comptt (dashed), and relxill (dotted).

magnetic fields, the correlation between spin frequency and
magnetic field is not always followed. While 4U 1608-52 has
the highest spin frequency and lowest magnetic field, Aql X-1
has both a higher spin frequency and a higher magnetic field
than 4U 1728-34. (The spin frequency of Serpens X-1 is
unknown, so we leave it out of this comparison.)

It is likely that this discrepancy is due to the expected
variability in LMXB spin periods and magnetic fields.
Additionally, as we are considering upper limits on the
magnetic fields, we recognize that better estimates of the

magnetic field values could negate this discrepancy. It is
possible, however, that the discrepancy is real, in which case
we consider the effects of magnetic field screening (Cumming
et al. 2001) as an explanation. Magnetic field screening is a
process by which the accreting matter becomes magnetized
slowly relative to the accretion rate, causing the field implied
by equating the pressures to be orders of magnitude smaller
than the true field of the neutron star. Because Aql X-1 is a
transient, we consider the possibility that the magnetic field
emerges during quiescence and is not screened immediately
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Table 3
Spectral Parameters Using relxill
Model Parameter” Units Value
constant FPMA 1°
FPMB 1.05 £ 0.002
XRT 1.15 £ 0.02
tbabs Ny® 102 cm ™2 3.970%
bbody kT keV 0.4910:08
norm L1039ergs/s/D12()kpc 0007:(;88%
comptt kTgeeq keV 113598
kT, keV 1543
optical depth 16783
norm 0.022+3:002
relxill Gin >4
Yout 3°
a 0.15°
Incl. deg. 37+
Rin ISCO 1.6 £ 04
Rout R, 400°
log¢ 3.0191
Are 0.8 £ 0.1
norm 1073 124,
X2/ dof 1412/1250
Notes.

# Errors on the parameters are 90% confidence.
b
These parameters were fixed.
¢ Column density is calculated assuming Wilms et al. (2000) abundances and
Verner et al. (1996) cross-sections.

after the outburst begins. The time it takes for the magnetic
field to become significantly screened depends on the accretion
rate; for an accretion rate of 0.08Lgpp, the field will be
screened by one order of magnitude, five days or less after the
outburst began (Cumming 2008). The observation of Aql X-1
occurred less than five days after the outburst began; hence it is
possible that Aql X-1 is not fully screened (though a better
estimate of the screening timescale could further support or
refute this hypothesis). This possibility provides an explanation
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for the low spin frequency and magnetic field of 4U 1728-34 as
compared to Aql X-1.

We consider possible mechanisms for accretion onto the
neutron star. Because the magnetic field is relatively low, it is
possible that the material is getting to the neutron star via a
magnetic gate (Lamb et al. 1977). Due to chaotic accretion on
the stellar surface, type II X-ray bursts are expected in the
magnetic gate model, yet are not exhibited in 4U 1728-34.
Instead, the material could be channeled along the magnetic
field lines to the poles (Lamb et al. 2009). This scenario would
cause a hot spot on the magnetic pole. However, it is possible
that the magnetic axis is aligned with the rotation axis, as 4U
1728-34 does not emit regular pulsations.

5. SUMMARY

We have analyzed the persistent emission of neutron star
LMXB 4U 1728-34 using a concurrent NuSTAR and Swift
observation. By fitting the continuum with a power law and
thermal components, we find clear evidence of an Fe Ko line in
the spectrum of 4U 1728-34. With a relativistically blurred
reflection model, we find an upper limit to the accretion disk
inner radius, and thus the neutron star radius, of Ryg < 23 km.
From this, we infer the upper limit on the magnetic field of the
neutron star to be B < 2 X 108 G.

We thank Michael Parker and Andy Fabian for the particular
version of the reflionx model used in this analysis. We thank
Kristin Madsen for her help identifying the calibration issue in
the NuSTAR data between 3-4.5keV. J.C. thanks ESA/
PRODEX for financial support. This work is based on data
from the NuSTAR mission, a project led by the California
Institute of Technology, managed by the Jet Propulsion
Laboratory, and funded by NASA.

REFERENCES

Armaud, K. A. 1996, in ASP Conf. Ser. 101, Astronomical Data Analysis
Software and Systems, ed. G. H. Jacoby & J. Barnes, (San Francisco, CA:
ASP), 17

Bardeen, J. M., Press, W. H., & Teukolsky, S. A. 1972, ApJ, 178, 347

Brenneman, L. W., & Reynolds, C. S. 2006, ApJ, 652, 1028

20} f

4 5 6 7 8 9
Rm/RIS('()

(a)

10

Ax?

4 5 6 7 8 9
Rin/RIS('O

(b)

Figure 8. Change in y? vs. the change in inner radius, showing that the model is consistent with the disk extending to the ISCO. The dashed blue line marks 90%
confidence and the dashed red line marks 99.7% confidence (30). (a) Results of the refli onx model (model 1). (b) Results of the relxi11 model (model 5).

10


http://adsabs.harvard.edu/abs/1996ASPC..101...17A
http://dx.doi.org/10.1086/151796
http://adsabs.harvard.edu/abs/1972ApJ...178..347B
http://dx.doi.org/10.1086/508146
http://adsabs.harvard.edu/abs/2006ApJ...652.1028B

THE ASTROPHYSICAL JOURNAL, 827:134 (11pp), 2016 August 20

Burrows, D. N., Hill, J. E., Nousek, J. A., et al. 2005, SSRv, 120, 165

Cackett, E. M., Miller, J. M., Ballantyne, D. R., et al. 2010, ApJ, 720, 205

Casella, P., Altamirano, D., Patruno, A., Wijnands, R., & van der Klis, M.
2008, ApJL, 674, L41

Cumming, A. 2008, in AIP Conf. Proc. 1068, A Decade of Accreting
Millisecond Pulsars, ed. R. Wijnands et al. (Melville, NY: AIP), 152

Cumming, A., Zweibel, E., & Bildsten, L. 2001, ApJ, 557, 958

D’Ai, A., Di Salvo, T., Iaria, R., et al. 2006, A&A, 448, 817

Dame, T. M., Hartmann, D., & Thaddeus, P. 2001, ApJ, 547, 792

Degenaar, N., Miller, J. M., Chakrabarty, D., et al. 2015, MNRAS, 451, L85

Di Salvo, T., Iaria, R., Burderi, L., & Robba, A. 2000, ApJ, 542, 1034

Egron, E., Di Salvo, T., Burderi, L., et al. 2011, A&A, 530, A99

Fabian, A. C., Rees, M. J., Stella, L., & White, N. E. 1989, MNRAS, 238, 729

Galloway, D. K., Psaltis, D., Chakrabarty, D., & Muno, M. P. 2003, AplJ,
590, 999

Galloway, D. K., Yao, Y., Marshall, H., Misanovic, Z., & Weinberg, N. 2010,
Apl, 724, 417

Garcia, J., Dauser, T., Lohfink, A., et al. 2014, ApJ, 782, 76

Gehrels, N., Chincarini, G., Giommi, P., et al. 2004, ApJ, 611, 1005

Gottwald, M., Parmar, A. N., Reynolds, A. P., et al. 1995, A&AS, 109, 9

Harrison, F. A., Craig, W. W., Christensen, F. E., et al. 2013, ApJ, 770, 103

Hasinger, G., & van der Klis, M. 1989, A&A, 225, 79

Illarionov, A. F., & Sunyaev, R. A. 1975, A&A, 39, 185

Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005, A&A, 440, 775

King, A. L., Tomsick, J. A., Miller, J. M., et al. 2016, ApJL, 819, L29

Lamb, F. K., Boutloukos, S., Van Wassenhove, S., et al. 2009, ApJ, 706, 417

11

SLEATOR ET AL.

Lamb, F. K., Fabian, A. C., Pringle, J. E., & Lamb, D. Q. 1977, ApJ, 217,
197

Lattimer, J. M., & Prakash, M. 2007, PhR, 442, 109

Lewin, W. H. G., Clark, G., & Doty, J. 1976, IAUC, 2922, 1

Miller, J. M. 2007, ARA&A, 45, 441

Miller, J. M., Parker, M. L., Fuerst, F., et al. 2013, ApJL, 779, L2

Mondal, A. S., Pahari, M., Dewangan, G. C., Misra, R., & Raychaudhuri, B.
2016, MNRAS, submitted (arXiv:1604.04366)

Narita, T., Grindlay, J. E., & Barret, D. 2001, ApJ, 547, 420

Ng, C., Diaz Trigo, M., Cadolle Bel, M., & Migliari, S. 2010, A&A,
522, A96

Papitto, A., D’Ai, A., Di Salvo, T., et al. 2013, MNRAS, 459, 3411

Piraino, S., Santangelo, A., & Kaaret, P. 2000, A&A, 360, L35

Reynolds, C. S., & Nowak, M. A. 2003, PhR, 377, 389

Romanova, M. M., Kulkarni, A. K., & Lovelace, R. V. E. 2008, ApJL,
673, L171

Ross, R. R., & Fabian, A. C. 2005, MNRAS, 358, 211

Seifina, E., & Titarchuk, L. 2011, ApJ, 738, 128

Strohmayer, T. E., Zhang, W., Swank, J. H., et al. 1996, ApJL, 469, L9

Tarana, A., Belloni, T., Bazzano, A., Méndez, M., & Ubertini, P. 2011,
MNRAS, 416, 873

van Paradijs, J., & McClintock, J. E. 1994, A&A, 290, 133

Verner, D. A., Ferland, G. J., Korista, K. T., & Yakovlev, D. G. 1996, ApJ,
465, 487

White, N. E., & Zhang, W. 1997, ApJL, 490, L87

Wilms, J., Allen, A., & McCray, R. 2000, ApJ, 542, 914


http://adsabs.harvard.edu/abs/2005SSRv..120..165B
http://dx.doi.org/10.1088/0004-637X/720/1/205
http://adsabs.harvard.edu/abs/2010ApJ...720..205C
http://dx.doi.org/10.1086/528982
http://adsabs.harvard.edu/abs/2008ApJ...674L..41C
http://dx.doi.org/10.1086/321658
http://adsabs.harvard.edu/abs/2001ApJ...557..958C
http://dx.doi.org/10.1051/0004-6361:20053228
http://adsabs.harvard.edu/abs/2006A&amp;A...448..817D
http://dx.doi.org/10.1086/318388
http://adsabs.harvard.edu/abs/2001ApJ...547..792D
http://dx.doi.org/10.1093/mnrasl/slv072
http://adsabs.harvard.edu/abs/2015MNRAS.451L..85D
http://dx.doi.org/10.1086/317029
http://adsabs.harvard.edu/abs/2000ApJ...542.1034D
http://dx.doi.org/10.1051/0004-6361/201016093
http://adsabs.harvard.edu/abs/2011A&amp;A...530A..99E
http://dx.doi.org/10.1093/mnras/238.3.729
http://adsabs.harvard.edu/abs/1989MNRAS.238..729F
http://dx.doi.org/10.1086/375049
http://adsabs.harvard.edu/abs/2003ApJ...590..999G
http://adsabs.harvard.edu/abs/2003ApJ...590..999G
http://dx.doi.org/10.1088/0004-637X/724/1/417
http://adsabs.harvard.edu/abs/2010ApJ...724..417G
http://dx.doi.org/10.1088/0004-637X/782/2/76
http://adsabs.harvard.edu/abs/2014ApJ...782...76G
http://dx.doi.org/10.1086/422091
http://adsabs.harvard.edu/abs/2004ApJ...611.1005G
http://adsabs.harvard.edu/abs/1995A&amp;AS..109....9G
http://dx.doi.org/10.1088/0004-637X/770/2/103
http://adsabs.harvard.edu/abs/2013ApJ...770..103H
http://adsabs.harvard.edu/abs/1989A&amp;A...225...79H
http://adsabs.harvard.edu/abs/1975A&amp;A....39..185I
http://dx.doi.org/10.1051/0004-6361:20041864
http://adsabs.harvard.edu/abs/2005A&amp;A...440..775K
http://dx.doi.org/10.3847/2041-8205/819/2/L29
http://adsabs.harvard.edu/abs/2016ApJ...819L..29K
http://dx.doi.org/10.1088/0004-637X/706/1/417
http://adsabs.harvard.edu/abs/2009ApJ...706..417L
http://dx.doi.org/10.1086/155570
http://adsabs.harvard.edu/abs/1977ApJ...217..197L
http://adsabs.harvard.edu/abs/1977ApJ...217..197L
http://adsabs.harvard.edu/abs/2007PhR...442..109L
http://adsabs.harvard.edu/abs/1976IAUC.2922....1L
http://dx.doi.org/10.1146/annurev.astro.45.051806.110555
http://adsabs.harvard.edu/abs/2007ARA&amp;A..45..441M
http://dx.doi.org/10.1088/2041-8205/779/1/L2
http://adsabs.harvard.edu/abs/2013ApJ...779L...2M
http://arxiv.org/abs/1604.04366
http://dx.doi.org/10.1086/318326
http://adsabs.harvard.edu/abs/2001ApJ...547..420N
http://dx.doi.org/10.1051/0004-6361/200913575
http://adsabs.harvard.edu/abs/2010A&amp;A...522A..96N
http://adsabs.harvard.edu/abs/2010A&amp;A...522A..96N
http://dx.doi.org/10.1093/mnras/sts605
http://adsabs.harvard.edu/abs/2013MNRAS.429.3411P
http://adsabs.harvard.edu/abs/2000A&amp;A...360L..35P
http://adsabs.harvard.edu/abs/2003PhR...377..389R
http://dx.doi.org/10.1086/527298
http://adsabs.harvard.edu/abs/2008ApJ...673L.171R
http://adsabs.harvard.edu/abs/2008ApJ...673L.171R
http://dx.doi.org/10.1111/j.1365-2966.2005.08797.x
http://adsabs.harvard.edu/abs/2005MNRAS.358..211R
http://dx.doi.org/10.1088/0004-637X/738/2/128
http://adsabs.harvard.edu/abs/2011ApJ...738..128S
http://dx.doi.org/10.1086/310261
http://adsabs.harvard.edu/abs/1996ApJ...469L...9S
http://dx.doi.org/10.1111/j.1365-2966.2011.18951.x
http://adsabs.harvard.edu/abs/2011MNRAS.416..873T
http://adsabs.harvard.edu/abs/1994A&amp;A...290..133V
http://dx.doi.org/10.1086/177435
http://adsabs.harvard.edu/abs/1996ApJ...465..487V
http://adsabs.harvard.edu/abs/1996ApJ...465..487V
http://dx.doi.org/10.1086/311018
http://adsabs.harvard.edu/abs/1997ApJ...490L..87W
http://dx.doi.org/10.1086/317016
http://adsabs.harvard.edu/abs/2000ApJ...542..914W

	1. INTRODUCTION
	2. OBSERVATIONS AND DATA REDUCTION
	3. ANALYSIS AND RESULTS
	4. DISCUSSION
	5. SUMMARY
	REFERENCES

