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ABSTRACT
The NuSTAR hard X-ray telescope observed the transient Be/X-ray binary GS 0834—430 during
its 2012 outburst — the first active state of this system observed in the past 19 years. We performed
timing and spectral analysis, and measured the X-ray spectrum between 3 — 79 keV with high statistical
significance. We find the phase-averaged spectrum to be consistent with that observed in many other

magnetized accreting pulsars.

We fail to detect cyclotron resonance scattering features that would

allow us to constrain the pulsar’s magnetic field in either phase-averaged or phase-resolved spectra.

Timing analysis shows a clearly detected pulse period of ~ 12.29s in all energy bands.

The pulse

profiles show a strong, energy-dependent hard phase lag of up to 0.3 cycles in phase, or about 4s.
Such dramatic energy-dependent lags in the pulse profile have never before been reported in high-mass
X-ray binary (HMXB) pulsars. Previously reported lags have been significantly smaller in phase and
restricted to low-energies (E<10keV). We investigate the possible mechanisms that might produce
this energy-dependent pulse phase shift. We find the most likely explanation for this effect to be a

complex beam geometry.

Subject headings: binaries:general —
binaries

1. INTRODUCTION

The transient X-ray source GS 0834—430 was dis-
covered in outburst by the Gmnat/WATCH X-ray sky
monitor in 1990 (m , the source was named
GRS 0831—429). Subsequent observatlons by Ginga
(Aokiet all 1992), ROSAT 1993) and
Granat/ART—P (w ) identified a 12.3s pe-
riod pulsar with a low (NlO%) pulsed fraction. The
BATSE all-sky monitor on the Compton Gamma-Ray
Observatory detected 7 outbursts from GS 0834—430
over the period 1991 April — 1993 June
[1997). The first five occurred at a regular spacing of
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pulsars: individual (GS 0834—430) — stars: neutron — X-rays:

about 106 days, while the last two were spaced by about
140 days. Using the first five BATSE-detected outbursts,
[Wilson et all (1997) determined 1-o limits on the orbital
period of Py = 105.8 + 0.4d and on the eccentricity
of 0.10 < e < 0.17. Subsequently, the source became
dormant for a period of 19 years.

The hard spectrum, the recurring nature of the out-
bursts, and the presence of pulsations suggested that
GS 0834—430 is a Be/X-ray binary with a magnetized
neutron star accreting from the dense equatorial wind
of its companion (Belloni et all[1993). A low orbital in-
clination could explain the low pulsed fraction, assum-
ing that the spin and orbital angular momentum vec-
tors are aligned (Wilson et all [1997). The low orbital
eccentricity and the combination of regular and irregular
outbursts of similar intensity are unusual for such sys-
tems. [srael et all (2000) identified the optical counter-
part, most likely a B0O-2 V—IIle spectral type star located
at a distance of ~ 5kpe, confirming the Be-star/X-ray
binary nature of GS 0834—430.

The initial observations noted unusual features in the
pulse profile as a function of energy. Both
(1992) and Wilson et all (1997) reported a variation
of the pulse shape with energy, with a primary and
a secondary peak dominant in different energy bands.
Wilson et all (1997) remarked on the presence of some
shift between profiles in different energy bands, but did
not discuss it further. Significant phase shifts as a func-
tion of energy in accreting pulsars are rare, and this sin-
gles out GS 0834—430 as an interesting object for phase-
resolved spectroscopy.

On UT June 26, 2012 INTEGRAL
2003), during one of its Galactic Plane Scans, discovered
that GS 0834—430 was in outburst for the first time in 19
years, with a 18 — 60keV flux of 109 mCrab
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2012). Swift (Burrows et all 2005) measured an absorp-
tion column of 2.273%% x 10?2 cm~2 (Barthelmy et all
2012), and Fermi/GBM 2009) detected
pulsations with barycentric frequency 81.3357(4) mHz on
UT June 28-30, and 81.3377(3) mHz on UT June 30-July
2[M (Jenke et all 2012).

On UT July 11, at the peak of the outburst (see Fig-
ure[l]), the Nuclear Spectroscopic Telescope Array (NuS-
TAR, Harrison et all 2013) observed GS 0834—430 for
about 30ks. In this paper we present these data, includ-
ing the first phase-resolved spectroscopy simultaneously
spanning the entire energy range from 3 — 79keV.
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Fi1G. 1.— The Swift/BAT light curve in the 15 — 50 keV range for
GS 0834—430 during the 2012 July outburst. The vertical dashed
line marks the midpoint of the NuSTAR observation, which oc-
curred at the very peak of the outburst.

2. OBSERVATIONS AND DATA REDUCTION

NuSTAR is the first focusing high energy X-ray tele-
scope in space, sensitive between 3-79keV. Two grazing
incidence optics focus X-rays on two independent CZT
detectors, called Focal Plane Modules A and B (FPMA
and FPMB). For a detailed description of the instrument
see [Harrison et all (2013).

NuSTAR observed GS 0834—430 on 2012 July 11 from
02:40:00 — 23:40:00 UT as part of its observatory com-
missioning program. The total exposure time, corrected
for dead time, Earth occultation and South Atlantic
Anomaly (SAA) passages, was 31.0ks. The total dead
time-corrected count rate was 52.01 £ 0.05ctss™! (3 —
79keV) in each of the two co-aligned telescope modules.
For this observation the source was placed near the op-
tical axis, on detector 0 (see [Harrison et all 2013, for
details of the focal plane layout). Individual photons are
time-tagged to a relative accuracy of 2 us, and absolute
(relative to UT) calibration of the on-board clock is good
to 2ms rms. The spectral resolution ranges from 400eV
(FHWM) at 10 keV to 1keV (FWHM) at 79 keV.

14 See full period evolution, as detected by GBM,
at http://gammaray.nsstc.nasa.gov/gbm/science/pulsars/
lightcurves/gs0834.html

TABLE 1
EPHEMERIS FOR GS0834-430 (WILSON ET ALl[1997)
Projected semi-major axis ag sini It — s] 1281“31;
Orbital period at the epoch Py, [days] 105.8 £ 0.4
Eccentricity X ag sini e ag sini [It — s] 15.31r8"g
Longitude of periastron w [degree] 140irgg
Epoch for mean longitude of 90 deg Too (MJID] 48809.5

We reduced and analyzed the data using the NuS-
TAR Data Analysis Software (NuSTARDAS) v1.1.1 and
CALDB version 20130509. The data were filtered for
intervals of high background due to SAA passages. To
extract data for spectral analysis we used a circular aper-
ture of radius 65" centered on the source position. We
determined the background by extracting counts from a
region 100" in radius on a different detector than the
source, since GS 0834—430 is bright and the PSF wings
contaminate most of detector 0. At 10keV the source is
102 times brighter than the background, and at 80keV
the source is still 10 times above the background, so
small systematics uncertainties due to choosing a dif-
ferent chip for background subtraction are unimportant.
We rebinned the spectrum in order to have at least 50
counts per channel.

3. PULSE PROFILE ANALYSIS
3.1. Pulse period determination

In order to determine the pulse period of GS 0834—430,
we first corrected the photon arrival times to the so-
lar system barycenter using the HEASARC FTOOL
barycorr, with the default DE—200 solar system
ephemeris, adopting the sky position measured by
ROSAT (Belloni et all 1993; o = 8"35™55°.1, § =
—43°11’22", J2000) and the orbital ephemeris deter-
mined by Wilson et all (1997), which is given in Table [Tl
We determined the pulse period of GS 0834—430 using an
epoch folding technique (Leahy et all[1983). A Z2 anal-
ysis (Buccheri et all[1983) yields a period of 12.293(1)s.
This period is consistent with the range measured by
GBM. We note the period is not stable due to the combi-
nation of spin-down and spin-up due to accretion torque

i iker [1973), but does not change signif-
icantly over the NuSTAR observation. We measure a
pulsed fraction, defined as the ratio of the half ampli-
tude of the pulse to the mean count rate, of 15.5(4)%
over the whole energy range, going up to 18.3(8)% in the
40 — 80keV range. This is comparable to the BATSE
measurement (Wilson et all [1997) of <15% in the 20 —
50keV range. Figure 12 from that work also shows best
fit values of ~15-40% in the 50 — 70 keV band for several
BATSE observations, providing marginal evidence for an
increase in the pulse fraction with energy.

3.2. Energy-dependent pulse profile

Figure 2 shows the pulse profile in five different energy
bands over phase range 0 to 2 (two pulse cycles). Phase 0
is chosen to be at MJD 56119.203555 (TDB). The pulse
profile is clearly stable, and strongly dependent on en-
ergy. Two peaks are visible; a secondary (smaller) peak
in the 3 — 6keV band at phase ~0.2, and a larger peak
at phase ~0.8. It is also clear that the phase of the
larger peak shifts significantly with increasing X-ray en-
ergy, such that in the 20 — 40keV band it has shifted
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in phase by 0.3 cycles (peaking at phase 0.1). Such a
large and dramatic energy dependence has not been pre-
viously observed in any accreting X-ray pulsar. In the
40 — 80keV range the secondary peak becomes dominant
(peaking at phase ~1.4).
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F1G. 2.— The pulse profile in four different energy bands. A
strong dependence with energy is clearly visible. Intervals in the
top pulse profile show the phases used for phase-resolved spec-

troscopy (see gol).

Figure B shows a map of the DC level-subtracted pulse
profile as a function of energy. The binning is variable
over the map, in order to attain a better S/N as explained
in the figure caption. Focusing on the strongest feature
which peaks at phase 0.8 in the softest bands, there is a
clear and almost linear shift of the pulse peak with en-
ergy until phase ~1.1. To better investigate the behavior
of the profile with energy, we fitted every average profile
with a double Gaussian. The result of this procedure
is shown in Figure @l The two peaks move in phase in
a quasi-parallel fashion below ~30keV, where the first
peak is dominant over the second. Around 35keV, the
secondary peak becomes dominant. At higher energies,
the primary peak becomes wider and less significant, and
the behavior is less clear. The only evidence for the pres-
ence of the primary peak is the fact that the high-energy
profile has different slopes on the two sides, providing
a hint of a small contribution from the fading primary
peak.

4. PHASE-AVERAGED SPECTRUM

The phase-averaged X-ray spectrum of GS 0834—430
is broadly similar to that seen in many X-ray binary pul-

00

Fic. 3.— Evolution of the DC level-subtracted pulse profile with
energy. We started from a map where every profile was calculated
in an energy band of ~0.4keV and was divided in 48 bins. In or-
der to attain a better S/N at high energy, we then averaged over
an increasing number of bins at higher energies, following approxi-
mately a geometrical progression both in phase and in energy. Each
profile is background-subtracted and normalized from 0 to 1. This
normalized rate is color-coded, ranging from the lowest count-rates
in black to the highest in white. The profiles are repeated twice
in phase for clarity. The white dashed lines indicate roughly the
phase of the peak and the dip, respectively, at the softest energies
to guide the eye. The image is not smoothed, and the noise at high
energy is due to the poor statistics. The minimum and the peak of
the profiles are shifting in phase with energy, showing a clear hard
lag.
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F1G. 4.— Phase lags of the two peaks, as obtained by fitting each
rebinned profile in Fig. Blwith two independent Gaussians, relative
to the phase of the first peak in the lowest energy band. Black
is the main peak, red the secondary. Full-color error bars are 1-o
uncertainties. Light-colored error bars indicate the HWHM of the
Gaussians. Dashed lines show the phase of the two peaks in the
lowest energy band. The dash-dotted line indicates the best fit
of equation [] to the secondary peak lags (see also §6). We chose
the secondary peak because it is better constrained over the whole
energy range. The insets show the fit in the first energy band, at
~35keV where the secondary peak becomes dominant, and the last
energy band, respectively.

sars, with gradual curvature and a high-energy cutoff. A
weak narrow iron feature is also evident in the spectrum
(Figure [H).

A number of largely empirical models have been de-
veloped to describe the broad-band X-ray spectra of ac-
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creting pulsars (see [Miiller et all[2013, for a summary of
pulsar continuum models). In the following, we will ap-
ply some of the most common models to our spectrum
using the XSPEC software [1996). The column
density is not constrained by the NuSTAR data alone,
and since the low-energy residuals indicate no excess ab-
sorption, and past observations did not indicate column
densities substantially different from the Galactic value,
we fixed its value to the Galactic value 1.010 x 10*2cm 2
(Kalberla et all 2005) in all spectral fits (through the
tbabs model, Wilms et all [2000).

We first attempted to fit the 3 — 79 keV spectrum with
a Gaussian iron line plus an absorbed, cutoff powerlaw,
where the continuum model has the form

CutoffPL(E) x E~ " exp (—E/Efo1q). (1)

This model fails to adequately describe the spectrum,
with a best-fit x? of 6864 for 2068 degrees of freedom. We
tried to add a Gaussian line around 10keV to improve
the fit. This “10keV-feature” is seen in many accret-
ing neutron stars, however, its physical origin is unclear
(Coburn et all lZ_QQZ IMller et all [2013). The quality of
the fit improved clearly to 2482 for 2066 degrees of free-
dom, when fixing the energy of the feature to exactly
10keV (see residuals in Fig. [Bl). However, the best width
was around 14keV, clearly broader than typically ex-
pected for this feature. Leaving the centroid energy free
did not result in an improvement of the fit. We there-
fore rule out a model of a simple cutoff-powerlaw plus a
10keV feature.

In order to obtain an adequate spectral fit, we need
models with a more flexible continuum shape. We found
adequate fits using both the Negative and Positive pow-
erlaw Exponential (NPEX, [Mihara [1995; Makishima et all
[1999), and the “Fermi Dirac Cutoff” (FDCUT, [Tanaka
1986) models. Using the FDCUT model, the continuum
is characterized by

1
1 +exp ((E — Ecutost)/ Frold) @

Additionally we applied a Galactic absorption col-
umn Ny and a Gaussian iron line to describe the
FeKa line (with energy Epe, width op., and normal-
ization Ape). The model is defined in XSPEC as
const*tbabs* (power*fdcut+gauss). We obtain a best-
fit x? = 2266 for 2067 degrees of freedom. Figure[Elshows
the fit residuals, and Table 2l shows the best fit parame-
ters with errors. The residuals clearly indicate that above
30keV the sharpness of the spectral curvature is not per-
fectly captured.

Using the NPEX model, with continuum characterized
by

NPEX(E)

FDCUT(E) x A x B~

x (A B~ + A ,E™P)exp (~E/kT),  (3)

we obtain a somewhat better characterization. The nega-
tive and positive power-law component have independent
normalizations A, and A,, respecitvely, but are mulit-
plied by the same exponential turn-over, characterized by
the temperature k7. Figure Bl shows the best fit resid-
uals, and Table [ provides the best-fit parameters. The
best-fit x2 = 2234 for 2066 degrees of freedom. While
neither of these models provides a formally acceptable
fit, the characterization is adequate to understand the

counts s~! keV-!

ratio

ratio

ratio

Energy (keV)

F1G. 5.— Phase-averaged spectrum fit using the NPEX continuum
model. Black points represent data from module FPMA, and the
red are from FPMB. The top panel shows the counts spectrum,
with the data-to-model ratio for CutoffPL+410keV, FDCUT and
NPEX shown on the second to fourth panels, respectively. The
region around the iron line is shown in the inset.

TABLE 2
FIT PARAMETERS FOR THE FDCUT MODEL. PARAMETER
NAMES ARE DEFINED IN EQ.

Ny = 1.010 x 10%22cm~2 (fixed)
I' = 064+£0.01
A = (9.04£0.06) x 107 2phkeV~tcm—2s!
Ecutor = 18.194+0.37keV
Efold = 10.10 £ 0.07 keV
Erpe = 6.51£0.03keV
ope = 0.27+0.04keV
Ape = (1.0640.10) x 1073 phem 25!
NOTE. — All uncertainties refer to single-parameter 90%
confidence limits. The x? is 2319 for 2067 degrees of free-
dom.

basic continuum and for comparison of the shape with
other accreting pulsar systems.

From the best-fit phase-averaged spectrum using the
NPEX model, we find the flux to be (6.659 + 0.001) x
107 %ergs™em™2 (3.5 — 80keV). [Wilson et all (1997)
use measurements of the pulsar spin-up during outburst
to place a lower limit on the distance to GS 0834—430
of d > 4.5kpc. [srael et all (2000) place a higher limit
on the distance of 6 kpc based on considerations on the
spectral type of the companion star and the extinction
of the source. Adopting a distance of 5kpc implies a
3.5 — 80keV unabsorbed luminosity of (2.002 £ 0.002) x
1037 ergs™1.

5. PHASE-RESOLVED SPECTRAL ANALYSIS

To further characterize the phase dependence of the
spectrum we decomposed the pulse profile into 10 phase
bins chosen to finely sample ranges where the hardness
ratio is changing rapidly. We then fit the phase intervals
using the NPEX model described above in order to deter-
mine the dependence of the model parameters on phase.
The positive powerlaw term is fixed to f=1.50, which is
obtained from the phase-averaged spectrum due to the
better statistical constraints. We found that it describes
all 10 phase-bin between 3.5-65keV very well, with y2 ,
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TABLE 3
FIT PARAMETERS FOR THE NPEX MODEL.
PARAMETER NAMES ARE DEFINED IN EQ.

Ny = 1.010 x 10?2 cm—? (fixed)
a = 0.3840.05
B = 15040.09
KT = 7.30+0.14keV
Ap, = 7.757:8:2? x 1072 phkeV—tem 2571
Ay = (7.767187) x 107 phkeV—tem 25!
Ep. = 6.5140.03keV
ore = 0.2740.04keV
Ape = (1.0740.11) x 1073 phecm=2s~1

NoTE. — All uncertainties refer to single-parameter
90% confidence limits. The x2 is 2234 for 2066 degrees
of freedom.

values between 0.97 — 1.06. Figure [Al (top panel) shows
the hardness ratio (HR; defined as the ratio of the dif-
ference and the sum of the 20-40 and 4-7keV fluxes) as
a function of phase. The HR is at a minimum at phase
0.7, roughly coincident with the primary maximum in
the soft 3 — 6keV profile, and has a maximum 0.85 later
in phase, similar to that seen in the raw counts as a
function of phase. The lower three panels in Figure
show the strong dependence of spectral fit parameters as
a function of pulse phase. The two peaks in the hardness
ratio, between phases 0.4-0.65 and 0.8—1.1, are originat-
ing from different changes in the spectra. The first peak,
coincident with the minimum in the soft pulse profiles,
has a higher value of «. That means, the soft component,
described by a and A, falls off more quickly, resulting
in an overall harder spectrum. The second peak in the
hardness-ratio, on the other hand, is during the broad
peak of the 20-40keV pulse profile. Here the change in
hardness is mainly due to a drastically increased normal-
ization of the positive power-law component A,, which
dominates the spectrum above ~20keV.

Cyclotron resonance scattering features (CRSFs) are
observed in some accreting X-ray pulsars between 5 —
100keV (see [Coburn et alll2006, for a review), and yield
the only direct measure of the neutron star magnetic
field through the Landau relation E.y. = heB/m.c =
11.6 keV Byo, where Bjs is the magnetic field in units
of 10'2 G. In order to search for CRSFs that might pro-
vide such measure, we examined the fit residuals in the
phase-resolved as well as phase-averaged spectra. It has
been shown that the exact parameters of a CRSF depend
on the chosen continuum (see, e.g. [Miiller et all [2013).
The NPEX continuum in particular has been found to
alter the parameters to unphysical values. However, the
NPEX model applied here is smooth in the relevant range
for the line (>20keV), so that a CRSF would show up as
a deviation from the continuum. After careful examina-
tion of the residuals, we see no systematic features that
would indicate the presence of a CRSF in this source.

This negative result of our search could be because
the magnetic field of the source is such that possi-
ble cyclotron lines are outside NuSTAR’s bandwidth.
This would, however, imply a magnetic field B > 5 X

1012 G, h1gher than_any confirmed field in a HMXB

[2012). On the other hand, it is pos-

sible that the fundamental cyclotron line gets filled up

with spawned photons from higher harmonics, making
it undetectable in the X-ray spectrum

H=20-40keV, S=4-7keV
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F1G. 6.— Hardness ratio between the 20 — 40 keV and 4 — 7TkeV
bands as a function of pulse phase (top panel). Intervals have
been chosen based on evolution of the hardness ration to fit NPEX
model parameters. The lower three panels show the evolution of fit
parameters as a function of pulse phase, i.e., the photon index of
the negative powerlaw («), the cutoff energy kT, the normalization
of the negative powerlaw component A, , and the normalization of
the positive powerlaw component A,. The positive powerlaw term
is fixed to S=1.50. The pulse is repeated once for clarity. The error
bars are the same as in Table Bl

2007).  This scenario has also been discussed for
4U 1909407, another pulsating HMXB without a de-
tectable CRSF (Fiirst et alll2012). We therefore cannot
draw direct conclusions on the magnetic field strength in
GS 0834—430.

5.1. Ewolution of the Iron Line

Fe Ko lines are ubiquitous in spectra of Be/X-ray bi-
naries, and their equivalent widths do not change sig-
nificantly with luminosity, while their flux is generally
proportional to the total flux of the source (see, e.g.,
[Reig & Nespoli 2013). In these systems they are usu-
ally consistent with being produced by fluorescence in
cold, quasi-neutral material, probably belonging to the
circumstellar material (ibidem). We fitted a Gaussian
line in every phase of the pulse, in order to study its
evolution. Figure [7 shows the equivalent width of the
Fe K« line, obtained by fitting a Gaussian line with an
underlying NPEX continuum model, as a function of soft
flux. We observe no significant variation in the line en-
ergy, while it appears that the line equivalent width is
mildly anti-correlated with the 5 — 10keV flux. Such a
behavior is expected if the line emission is constant with
pulse phase, and is being diluted by an increased contin-
uum level. This argues in favor of the line produced far
from the accretion column, consistent with the general
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behavior mentioned above.
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F1G. 7.— Scatter plot of iron line equivalent width vs. 5 — 10 keV
X-ray flux.

6. DISCUSSION

Time lags between different spectral bands have been
observed in accreting systems ranging from low-mass
X-ray binaries to active galactic nuclei. A number
of processes can produce these lags, such as: the re-
processing of a source signal through inverse Comp-
ton scattering (Sunyaev & Titarchuk [198(0; Paynéd [1980;

Liang & Nolan [1984); reflection from an accretion disk
or companion star (Basko et all[1974; |George & Fabian

); or disk wave _propagation (1997
Kotov et _all 2001 [2006). See also
[Poutanen ) for a review. Recently, sophisticated
methods have been developed to relate spectral and
timing variability using time lags to identify underly—
mg processes or constrain the geometry of the emis-

. Many other
accreting X-ray pulsars show time lags in their pulsed
emission (e.g. |Cui et all [1998; [Ibragimov et all [2011;
Falanga et all2012), but they appear quite different from
what we observe in GS 0834—430. They are usually seen
in the soft band (E< 5keV) and are of much lower mag-
nitude (< 0.05 cycles in phase). In this section we discuss
possible origins of the large phase shifts seen up to 80 keV
by NuSTAR.

Reflection from the accretion disk— Reflection of an
X-ray signal off an accretion disk produces a very
specific hardening of the spectrum (Basko et all [1974;
|George & Fabian [1991)). Lags are produced by the dif-
ferent path lengths and therefore light travel time of the
original and the reflected signals. The far edges of an ac-
cretion disk of radius R are expected to be geometrically
thick, with the scale height H reaching up to H/R ~ 0.5
(White & Holti[1982), and therefore the reflecting region
can be quite far from the central source. In a binary, the
X-ray emission can also be reflected off a dense stellar
wind or the companion star. The energy dependency of
the lags could possibly arise from the combined effect of

the drop in the source signal and the rise of the reflected
signal at different phases of the pulse.

However, we find this mechanism to be an unlikely ex-
planation for the lags seen in GS 0834—430. First of all,
a reflection model requires fine tuning to produce the
smooth phase shift seen in Figure[3l In order to obtain a
sharp reflected pulse, there would have to be only a nar-
row region of the accretion disk intersected by the pulsar
beam, otherwise the reflected pulse would be spread by
an amount proportional to the size of illuminated region.
We note, though, that a geometry involving a warped
disk m1ght decrease the spread of the pulse (see, e.g.,
[Hickox & Vrtilek 2005). The large orbit of this system
(ay sini ~ 1301t-s, see Table [I]) also rules out reflection
from the surface of the companion star (see, e.g.,

[1979), due to inconsistent timescales.

As a final remark, the very high reflected fraction that
would be necessary to explain the hardening of the spec-
trum observed between intervals 7 — 9 in Figures 2l and
(we use the XSPEC model reflect to estimate that a
covering fraction of ~0.7 would be required) is inconsis-
tent with the very low equivalent width of the iron line

George & Fabian [1991). The evolution of these phase-
resolved spectra is instead well described by models com-
monly used to fit high-mass X-ray binary spectra. In
such systems, the hard emission arises from soft pho-
tons being Compton up scattered in the accretion stream

Becker & Wolfl 2007).

Comptonization by a Corona— Inverse Compton scatter-
ing of soft X-rays off a hot electron corona that sur-
rounds the compact object and the disk is an alterna-
tive way to produce hard lags, and it has been pro-
posed as an explanation in some black hole binaries (e.g.
ILiang & Nolan [1984; Miyamoto et. all [1988; [Dove et all
[1998; E@_&_Mﬂlﬁﬂllﬂ% [Reig et all[2000). The scatter-
ing that hardens the spectrum also introduces a delay in
the reprocessed emission. If one assumes that the tem-
perature of the corona is constant, that each scattering
produces the same energy transfer, and that the flight
time of the photons § is the same between every scatter
and equal to the mean length between scatters in light
seconds r/c¢, it is easy to show that the total delay A
introduced by the process is (Nowak et all[1999)

r mc? E,

CAKT, By

A ~nd o~ (4)

where n is the number of scatters to go from energy FEjy
to E,, mc® the electron rest mass, and k7. the tem-
perature of the electrons. By fitting the data in Figure [
with the formula in Eq.[] and assuming an electron tem-
perature of 50keV, as it is often observed in accreting
sources, we obtain a mean flight length of /¢ ~ 0.5s,
which is not unlikely in itself, given that in HMXBs a
large shocked region is expected around the neutron star,
where the electron temperature can reach very high val-
ues (Nagae et all2004; Mauche et all[2007).

This process has the advantage of smoothly relating
the magnitude of the lag to the energy of the repro-
cessed photons. The main problem in this scenario is that
Comptonized photons lose directional information after
the first scatter. This means that, to zeroth order, we
would expect reprocessed photons coming from the dif-
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ferent phases of the pulsar rotation to reach the observer
at the same moment. Some work on a similar model has
been done in the past for Her X-1 (Kuster et all 2005)
and the result is that with this process no sharp infor-
mation can survive.

This scenario is therefore unsuitable for explaining the
very sharp shape of the lagged pulses, unless the Comp-
tonizing region is not distributed uniformly around the
source, but is instead concentrated in a small region along
the line of sight and is thus only illuminated in a well-
determined pulse phase.

Pulsar Beam Shape-Induced Delays— In the accretion col-
umn of accreting X-ray pulsars the combined effect of
ram pressure from the in-falling matter, radiation, mag-
netic field and gravitational effects can give rise to a com-
plex beam structure with evolving spectral states driven
mainly by accretion rate (e.g. Blum & Kraus|2000; Lea yl
2004ajt; Becker et all 2012). This complex structure is
likely to show different spectra in different regions of
the beam, as often shown through phase-resolved spec-
troscopy.

Accreting X-ray pulsars often show phase/time de-
lays in their pulsed emission. There is a wide range
of examples which appear phenomenologically differ-
ent, suggesting that a single model does not apply
to all sources. Soft lags, as opposed to the hard
lags reported here, are quite common in accreting mil-
lisecond pulsars, like in SAXJ1808.4—3658 (@J
1998), IGR J17511-3057 (Ibragimov et all 2011), or
IGR J17498—-2921 [2012), but their mag-
nitude is below the ~ms level. They can be mod-
eled as a Relativistic Doppler effect (the beam appear-
ing harder when it is moving towards the observer) or
Compton down scatter in the accretion column. Sim-
ilar behavior has been observed in burst oscillations
(Ford [1999; [Artigue ef. all[2013). More peculiar behavior
has been observed in the Be/X-ray blnary 4U 0115463

[2011)), with unusual “waves” in the pulse
phase lags that the authors convincingly attribute to an
effect of cyclotron resonant scattering.

If the source has a luminosity around ~ 1037 ergs™1,
as is the case for GS 0834—430 in outburst, latest cal-
culations show that a Compton shock forms in the ac-
cretion column, but that the luminosity is not sufficient
to produce a radiation dominated shock, which would
completley decelerate the infalling material high above
the neutron star surface (Becker et alll2012). In this in-
termediate regime, a complex beam profile is present,
with radiation emerging through the walls of the accre-
tion column (fan beam), as well as along the magntic field
lines (pencil beam), after being upscattered to high ener-
gies by inverse Compton scattering inside the accretion
column. The fan and pencil beam components could in
principle have different spectral properties and, given the
right geometry, could create the phase-shift effect seen in
the NuSTAR data through a gradual mixing of a softer
and harder continuum.

The situation is even more complex as relativistic light
bending can change the observed spectrum with pulse
phase quite drastically, depending on the altitude above

the neutron star (Kraud 2001). Furthermore a filled ac-
cretion funnel is only the simplest geometry; strong evi-
dence exists that the accretion column might be hollow
for certain sources, with different spectra emerging from
the inner and outer walls (A 0535426,
2011; Cen X—3, [Kraus et all 2003). These complex ge-
ometries could lead to the observed pulse profile shift in
GS 0834—430.

Pulsar beams are known to be complex and diverse,
while Comptonization and reflection are ubiquitous phe-
nomena and corona and disk geometries are likely similar
in different sources. We would therefore expect hard lags
to appear in more systems were they caused by the latter
effects.

7. CONCLUSIONS

We have analyzed observations of the accreting X-ray
pulsar GS 0834—430 using the NuSTAR high-energy X-
ray telescope. The spectrum appears to be characteris-
tic of those observed in HMXBs, and is well described
by the phenomenological models NPEX and FDCUT with
parameter values within the ranges typically used to de-
scribe HMXB spectra. We detect a weak iron line (EW
~ 40eV) which appears mildly anti-correlated with the
5 — 10keV flux. We find no evidence for a cyclotron res-
onance scattering feature in either the phase-averaged or
phase-resolved spectra.

The pulse profile evolves strongly with energy. The
3 — 10keV profile has two peaks; a secondary peak at
phase 0.2 (relative to an arbitrary reference time) and a
primary peak at phase 0.8.

We observe a strong phase shift of these peaks with en-
ergy, up to almost 0.3 (about 4s in time) in phase. The
shift is almost linear at low energies, saturating above
~40keV. A significant phase shift of this magnitude at
hard X-ray energies has not been observed before in an
accreting X-ray pulsar. This shift is hard to explain as
a result either of time lags due to reflection or Comp-
tonization. The unusual spectral evolution with phase
might be instead related to the detailed structure in the
pulsar beam. In this case, our results will help shed light
on the nature of the physical effects taking place in the
pulsar accretion column.
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