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Abstract: Observations of the X-ray binary system Her X-1 by the AstroSat Soft X-ray Telescope (SXT) were
carried out in 2020 through 2023 with the goals of measuring X-ray spectrum changes with the 35-day disk rotation
phase and measuring eclipses at different 35-day phases. The four multi-day long observations were scheduled
during: turn-on to Main High (MH) and MH rise; MH state; Short High (SH) state; and Low State (LS). 35-day
phase was determined using monitoring observations with the Swift Burst Alert Telescope (BAT). Nine eclipses
were observed at a range of 35-day phases, with at least one eclipse during each observation. Data with dips
were separated from data without dips. The variation of X-ray spectral parameters vs. 35-day phase shows the
following: eclipse parameters are nearly constant, showing that the scattering corona does not change with 35-day
phase; dips show an increase in covering fraction but not column density compared to non-dip data; the 1 keV line
normalization indicates an origin in a small region near the continuum emission region, likely the magnetospheric
accretion flow from the inner disk onto the neutron star; and the change in blackbody normalization (area) shows
that the emission region is much larger than the 1 keV emission region, and consistent with the inner edge of the

accretion disk.
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1. Introduction

Hercules X-1 (Her X-1) is a persistent X-ray binary pulsar, with considerable interest because its
pulsations and near edge-on inclination have allowed precise determination of binary parameters.
Another reason for interest in this system is its regular 35-day cycle caused by its precessing accretion
disk ([1] and references therein). The binary consists of a neutron star (Her X-1) and its stellar
companion (HZ Her) with masses ~1.5 My and ~2.2 M, respectively [2,3].

The X-ray binary system Her X-1/HZ Her radiates in optical, ultraviolet, EUV and X-ray bands.
Ref. [4] showed that systematic variations of the 1.7 d optical lightcurve of HZ Her gave strong
evidence for a Roche-lobe filling precessing accretion disk. EUV emission comes from the inner disk
and from the irradiated surface of the companion star [5]. Hard X-rays (> 1 keV) are created by
accretion of matter onto the polar cap [6,7] of rotating neutron star. The phase shift of the soft X-ray
pulsations was identified with reprocessing in the inner disk [8]. The 35-day cycle in X-ray and optical
flux are caused by a precessing accretion disk [9,10] which also causes the 35-day cycle in pulse shape
variations [1]. This 35-day cycle and accretion disk have been modelled by [11-14]. The neutron star is
directly visible during MH State and, for a short time, during SH State but not during LS. Absorption
dips [15], also called dips, were shown to be caused by the accretion stream [16]. A study of X-ray
eclipses observed by Rossi X-ray Timing Explorer (RXTE) confirmed the presence of the scattering
corona in the system [17]. Thus Her X-1 exhibits complex behaviours which can be understood in
terms of the geometry of the binary, the accretion disk, the accretion stream and the larger scale corona
in the system.

AstroSat [18] has four co-pointed science instruments that provide simultaneous coverage over a
wide energy range. The bands are near and far ultraviolet (NUV and FUV) with the UVIT instrument,
and soft through hard X-rays with the SXT, LAXPC and CZTI instruments. SXT covers the energy
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ranges ~0.3-8 keV and is described in [19]. LAXPC is sensitive to the 3-100 keV band and CZTI is a
coded mask imager in the 25-150 keV band.

Here we analyze AstroSat SXT observations of Her X-1. The goals are to study the X-ray spectral
changes of Her X-1 over the 35-day cycle in its various states; and to measure spectral changes in
eclipses and in dips with 35-day phase. In Sections 2 and 2.1, we describe the observations and
lightcurves, which are used to select data for spectral analysis. In Section 2.2, we analyze the spectrum
of Her X-1 during MH, SH, LS, eclipse and dips and give the main results in Section 3. We discuss our
results and compare with previous work in Section 4.

2. Data and Analysis

Her X-1 was observed in multiple observing sessions with the AstroSat SXT in PC mode, with
a time resolution of 2.3775 seconds. The observations were carried out for the program of one of
the authors (D.L.) as Astrosat proposal numbers A07_ 113, T03_197, A10_005 and A12_004. The
observation dates were February 21-24, 2020 for A07_ 113, April 28-30, 2020 for T03_197, September
17-21, 2021 for A10_005 and February 26 - March 1, 2023 for A12_004.

The resulting data was downloaded from the AstroSat Data Archive (website http:// astrosat-
ssc.iucaa.in/data_and_analysis), We used the LEVL2 data for our analysis, which has been generated by the
AstroSat Team from LEVL1 data with the software pipeline “sxtpipeline’. This pipeline removes bad events,
updates good time intervals (GTIs) and headers, and generates clean, filtered event files which can be used
for analysis with standard HEASoft tools (website https:/ /heasarc.gsfc.nasa.gov/docs/software.html). To
select source events, a source region was chosen as a circle of 15 arcmin radius centred on Her X-1.

Each observation included several event files, with each file corresponding to an orbit of the
satellite around the Earth. These event files may contain multiple records of events which need to be
identified and rejected, then the different orbits need to be merged. This was done using the SXTMerger
tool. The tool reads the LEVL2 event lists, bad pixel lists and the GTIs from the event files of different
orbits, checks for overlapping event data, and retains only unique events and merges the event lists.

Since the target source and the satellite are in non-inertial (accelerating) frames, the arrival times
of the source photons at the detector need to be corrected to an common reference frame where both
the emitter and receiver are placed in inertial frames. Additionally, there are relativistic effects due
to the motion of the receiver in gravitational fields, which also need to be accounted for. Barycentric
correction uses the satellite orbit ephemeris and the position of the target (RA, Dec) and modifies the
photon arrival times by placing the satellite at the Solar System’s barycenter. This was carried out by
passing the merged event files and the SXT orbit files to the AstroSat Barycentric Correction Code.

2.1. Lightcurve Analysis

To make lightcurves, we used the HEASoft tool Xselect to select the energy ranges, set the time
bin size and extract counts for each time bin. The time bin size was set to 38.04 seconds (16 times the
time resolution of the PC mode). We selected the energy range of 0.3-8 keV (PI channels 30-799) to
create SXT full energy range lightcurves. Lightcurves were also extracted for the energy ranges 0.3-2
keV (PI channels 30-199), 2-4 keV (PI channels 200-399) and 4-8 keV (PI channels 400-799) and used to
calculate softness ratios vs. time.

The orbit number (integer plus fraction) of Her X-1 at a given time in MJD is given by:

Morp(t) = (MJD(t) = TO)/ Pao(t), 1)

where T0 = 46359.871940(M]D) is taken as the reference time (orbital phase 0 for orbit number 0),
and Py, (t) is the average orbital period between TO and MJD(t), given by

Pa(t) = P(T0) + P(M]D(t))/2 ()
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Here, P(T0) = 1.700167590 d is the orbital period at the reference time, and the period at MJD(t) is given
by

P(M]D(t)) = P(T0) + (M]D(t) — T0) P. 3)
The period derivative is taken to be constant with value P = (—4.85 4 0.13) x 10~ days/day. The
orbital phase is the fractional part of 7,,.

The HEASoft FITS viewer tool FV was used to add columns for MJD, orbit number and orbital
phase (integer and fractional part of n,,;) to each lightcurve file produced by Xselect. The MJD
corresponding to each time stamp t (in seconds) was calculated using MJD(t) = t/86400+M]Dref, where
M]Dref = 55197 is the day from which all Astrosat SXT times t are measured.

Figure 1 show the SXT 0.3-8 keV band lightcurve for the A07_113 observation vs. 35 day phase,
which was determined from the Swift/BAT observations. Here we use the definition of 35-day phase 0
from [20], which is the peak of the 35-day cycle. The top panel shows the Swift/BAT lightcurve for the
same 35-day cycle as the SXT A07_113 data, which is scaled by a constant to match the BAT countrate.
The Swift/BAT individual measurements ("Orbit" data) are shown in blue and the Swift/BAT daily
averages are shown in red. The bottom panel shows the SXT data vs. orbit number at higher time
resolution unscaled (at the original countrate scale). The eclipses are clearly visible each orbit between
orbital phases of 0.93 and 0.07. The countrate decreases prior to orbital phase 0.93 are pre-eclipse
dips, which was verified using the softness ratios. Figures 2, 3 and 4 show the Swift/BAT and SXT
lightcurves for the T03_197, A10_005 and A12_004 observations, respectively.

The goal of the observations was to cover the different states of the 35-day cycle and to measure
eclipses in the different states. One determination of 35-day phase intervals for the different states is
by [21] (their Table 2) using long-term observations of Her X-1 by Swift/BAT and MAXI instruments.
Another was carried out using RXTE/PCA observations [22] (their Table 3), with higher sensitivity but
less phase coverage. It is noted here that the peak of MH defined by peak countrate (used by [22]) is
uncertain because the countrate is nearly constant at the peak (their Fig. 3), such that peak could have
been defined anywhere between 35-day phase ~0.92 and 1.0, i.e. earlier by ~0.00 to 0.08 in 35-day
phase. The peak of the cross-correlation function (used by [21]) is well-defined, thus we recommend
here that values in Table 3 of [22] be adjusted. The lightcurves from Astrosat/SXT and Swift/BAT for
the current data set show good agreement with the state intervals of [21] thus we use those intervals.
This also indicates that the values in Table 3 of [22] should be shifted earlier by 0.07 to 0.08.

The A07_113 observation covers the peak of the 35-day cycle and includes 2 eclipses and part of a
third eclipse (seen in the bottom panel of Figure 1); the T03_197 observations covers end of Low State
2 and Turn-on to MH state with one eclipse (bottom panel of Figure 2); the A10_005 observation covers
the declining part of Short High state with 3 eclipses (bottom panel of Figure 3); and the A12_004
observation covers the middle part of Low State 2 with 2 eclipses (bottom panel of Figure 4). Thus the
goal was largely achieved.
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Figure 1. Astrosat/SXT A07_113 full energy band (0.3- 8 keV) lightcurve (count rate vs. 35-day phase)
of Her X-1 (green points) during MH State. For comparison the data for one full 35-day cycle from
Swift/BAT is plotted, with daily-average data in red, with error bars, and orbit data in blue. Bottom
panel: the Astrosat/SXT A07_113 0.3- 8 keV lightcurve (count rate vs. orbit number) shown at higher
time resolution with error bars. Mid-eclipse occurs at integer values of orbit number (7376, 7377 and
7378).
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Figure 2. Top panel: Astrosat/SXT T03_197 full energy band (0.3- 8 keV) lightcurve (count rate vs.
35-day phase) of Her X-1 (green points) during Turn-On. For comparison the data for one full 35-day
cycle from Swift/BAT is plotted, with daily-average data in red, with error bars, and orbit data in blue.
Bottom panel: the Astrosat/SXT T03_197 0.3- 8 keV lightcurve (count rate vs. orbit number) shown at
higher time resolution with error bars. Mid-eclipse occurs at integer values of orbit number (7416).
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Figure 3. Astrosat/SXT A10_005 full energy band (0.3- 8 keV) lightcurve (count rate vs. 35-day phase)
of Her X-1 (green points) during Short High State. For comparison the data for one full 35-day cycle
from Swift/BAT is plotted, with daily-average data in red, with error bars, and orbit data in blue.
Bottom panel: the Astrosat/SXT A10_005 0.3- 8 keV lightcurve (count rate vs. orbit number) shown at
higher time resolution with error bars. Mid-eclipse occurs at integer values of orbit number (7714, 7715

and 7716).
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Figure 4. Astrosat/SXT A12_004 full energy band (0.3- 8 keV) lightcurve (count rate vs. 35-day phase)
of Her X-1 (green points) during Low State 2. For comparison the data for one full 35-day cycle from
Swift/BAT is plotted, with daily-average data in red, with error bars, and orbit data in blue. Bottom

panel: the Astrosat/SXT A12_004 0.3- 8 keV lightcurve (count rate vs. orbit number) shown at higher
time resolution with error bars. Mid-eclipse occurs at integer values of orbit number (8024 and 8025).

2.2. X-ray Spectrum Analysis

The goals are to study the spectral changes of Her X-1 over the 35-day cycle and to analyse
the spectrum of eclipses and search for possible changes over the 35-day cycle. As shown by the
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lightcurves for the four data sets above, Her X-1 was observed in the different states of the 35-day cycle:
turn-on and rise to MH (T03_197), MH (A07_113), SH (A10_005) and LS (A12_004 and part of T03_197).
Eclipses were observed in each state, and dips, which occur commonly [23,24], were observed in the
states except for LS, which is too faint for detection of dips.

Thus we use the light curves to choose data intervals for constructing spectra. Spectra were
constructed for each state outside of eclipse or dip, and separate spectra were constructed for eclipses
and for dips. Eclipses are defined by the companion blocking the X-rays from the neutron star, which
is essentially a point source, and occur for the orbital phase interval 0.935 to 1.0 and 0.0 to 0.065, or
for Orbit number the same plus any integer. Dips are defined as drops in count rate that show cold
matter absorption, and are not detectable during eclipses or LS when the count rate is very low. The
cold matter absorption in MH or SH shows up as a drop count rate and in softness ratio. Here we
defined softness ratio by the 0.3-2 keV count rate divided by the 2-4 keV count rate. The softness ratio
decreases during dips because the photoelectric absorption cross-section in higher for lower X-ray
energies, so that absorption reduces the 0.3-2 keV count rate more than the 2-4 keV count rate.

E.g. for SH, first the eclipse data were selected based on orbital phase, then dip data were selected
based on drop in count rate (in this case below 5 c¢/s for orbit 7714 and below 3.8 c/s for orbit 7715).
Finally, the normal (no eclipse, no dip) SH spectra were selected to be the remaining higher count rate
intervals.

The details of the data selections for the four observations are given in Table 1. A07_113 and
TO03_197 were divided into 8 intervals each, A10_005 into 14 intervals and A12_004 into 5 intervals.
For most cases the data intervals include times when the source s blocked from view by Astrosat by
the Earth or by other constraints. This means there are data gaps for most intervals resulting in net
exposure times significantly less that the durations of the intervals. For each interval, spectra were
constructed using the interval start and stop times. The most recent SXT background spectra and
response matrices were obtained from the Science Support Cell website. All spectra were binned in
energy to give a minimum of 10 counts (net) per energy bin. For spectral fitting a systematic error of
2% and energy range of 0.5 to 7.0 keV (recommended by the SXT analysis support team) were used.

The resulting SXT spectra for the 35 intervals were fit by model spectra using the XSPEC software
(https:/ /heasarc.gsfc.nasa.gov/docs/software.html). We started by fitting the spectrum with the best
statistics (largest number of counts), which is spec3 . A number of different spectral models were
tested, and we verified that the best fit model was nearly the same as the model found by [25]. The
adopted XSPEC model is:

pcfabs <1 > (powerlaw < 2 > +bbodyrad < 3 > +gaussian < 4 > +gaussian <5 >) (4)

Le. the model has four emission components: a powerlaw (PL, with parameters norm and index «)
representing the emission from the neutron star; a blackbody (bbodyrad or BB, parameters norm and
kT) representing reprocessed emission from the inner edge of the accretion disk; a gaussian centered
near 1 keV (parameters norm, line energy and line-width) representing the emission from the Fe L
line complex and a gaussian centered near 6.4 keV (parameters norm, line energy and line-width)
representing Fe K line emission. The emission components are subject to partial covering absorption
(pcfabs, parameters column density, Ny, and covering factor, fc).
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Table 1. Data selection for spectra.

Observation Name M]JD start Duration(s) Exposure(s)

A07_113:

speclyjy 5.890003284E+04  1.262E+04 1.524E+03

SPec2ecjipse 5.890023116E+04  1.303E+04 2.912E+03

spec3pH 5.890043410E+04  1.057E+05 2.123E+04

specdyip 5.890165747E+04  1.841E+04 4.964E+03

S$pecSeciipse 5.890192234E+04  1.306E+04 3.259E+03

specéH 5.890213748E+04  4.662E+04 9.541E+03

spec’ pH 5.890300361E+04  1.814E+04 2.513E+03

spec8eciipse 5.890361353E+04  8.702E+02 8.702E+02
T03_197:

spec9r g 5.896769825E+04  4.161E+04 1.106E+04

5pec1Ocipse 5.896822291E+04  1.348E+04  4.027E+03
specll i purn—on ~ 5.896842591E+04  2.551E+04  1.064E+04
specl2yiy yise  5.896876420E+04  1.224E+03  1.224E+03

specl3pyiy 5.896877837E+04  4.054E+04  9.886E+03
specldy, 5.896924762E+04  1.733E+04  4.118E+03
specl5yy 5.896944823E+04  2.487E+04  1.000E+04
specl6y, 5.896977908E+04  6.897E+03  3.179E+03
A10_005:
5pec17pelipse 5.947491474E+04  6.597E+03  1.079E+03
spec18;, 5947511075E+04  1.304E+04  2.606E+03
spec19sy 5.947531371E+04  4.810E+04  1.182E+04
spec20;, 5.947593065E+04  6.443E+02  6.443E+02
spec2lsy 5.947600323E+04  1.110E+04  7.489E+02
spec22;, 5.947619319E+04  3.056E+04  7.898E+03
SPec2Beclipse 5.947659910E+04  1.302E+04  3.997E+03
spec24g, 5.947680205E+04  7.177E+03  2.294E+03
spec25sy 5.947694658E+04  4.144E+04  6.728E+03
spec26y 5.947747858E+04  2.470E+04  6.605E+03
spec274, 5.947781735E+04  3.634E+04  5.161E+03
SPec28eclipse 5.947829039E+04  1.300E+04  3.930E+03
spec294, 5.947849334E+04  1.884E+04  5233E+03
spec30y 5.947876395E+04  7.774E+02  7.774E+02
A12_004:
spec31g 6.000159288E+04  2.473E+04  6.811E+03
SPeC32eclipse 6.000193090E+04  1.305E+04  3.138E+03
spec33g 6.000214675E+04  1.229E+05  2.270E+04
SPec34ectipse 6.000362104E+04  1.760E+04  4.294E+03
spec35yg 6.000382471E+04  9.995E+04  2.117E+04

Because the signal-to-noise ratio for the other spectra is lower than for spec3 1y, not all parameters
could be constrained for the other spectra. The general procedure is to fix some parameter if the
spectral fit for a given spectrum could not constrain that parameter. The value that it was fixed at was
determined from the MH spectral fit (spec3 ) which could constrain the parameter.

The 1 keV linewidth was 0.17 £ 0.01 keV for spec3p;y. The other MH and SH spectra were
consistent with this value (no increase in x2 compared to fits with free linewidth), so it was fixed at
0.17 keV for the other spectra. The 1 keV line energy was 0.92 4= 0.02 keV for spec3p;y. The other MH
and SH spectra were consistent with this value within errors. For spectra for other than MH and SH
the 1 keV line energy was not constrained, and fixed at 0.92 keV. For eclipses the 1 keV line norm was
consistent with 0, so the 1 keV line was omitted for eclipse spectra fits. The 6.4 keV Fe line energy was
only constrained for spec3 )y with value 6.43 & 0.05 keV. For other spectra, the 6.4 keV line energy
was fixed at 6.43 keV. Fits including the 6.4 keV showed that it not detectable (norm more than 1o
different than 0) except for one other MH spectrum (spec6;y). Thus Fe K line was omitted from the
spectral fits excepting the above two MH spectra.
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Table 2 gives the list of free and fixed parameters for spectral fits for MH, SH, dip, LS and eclipse.
MH turn-on and MH rise spectra were fit with the same model as the MH spectrum listed. Table 2
also gives the best-fit spectral parameters and their errors for spec3);y and for example spectra for
the other spectral states. Figure 5 shows the observed spectrum for spec7ysy and its best-fit spectral

model.
Table 2. SXT Spectrum Models for the 35-day States”.
State/ Example Ny 1022 em—2 covering factor, fc PL norm PLa 1keV line norm BB norm BB kT (keV) Fe K line norm
MH free free free free free free free free
spec3piH 126 +1.9 0.24 £0.03 0.18 £0.01 0.94 £ 0.03 0.069 4 0.010 5.0E05 4 2.2E05 0.100 4 0.008 9E — 04 +4E — 04
SH free free free free free free free omitted
specl9gpy 13.2+3.2 0.28 £ 0.05 0.18 £0.01 1.06 +0.06 0.023 4 0.004 2.5E05 4 1.4E05 0.096 4 0.009
Ls free free free fixed free free fixed omitted
spec33y g 125+3.7 0.52 £ 0.05 3.3E — 03 £ 4E — 04 0.95 2.5E — 04 £ 13E — 04 1.8E04 + 2.6E03 0.10
dip free free free fixed free free fixed omitted
5pec4dip 73431 0.92 £0.07 0.032 + 0.022 0.95 0.001 4 0.002 6.3E04 4 5.4E04 0.10
eclipse fixed fixed free fixed omitted free fixed omitted
Sp"634eflipse 13 0.24 4.7E — 04 £7E — 05 0.95 1600 + 1400 0.10
? The spectral parameters for all spectra (1 to 35, see Table 1) are given in the figures.
data and folded model
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Figure 5. Top panel: Example Her X-1 SXT spectrum (plus shaped symbols) and its best-fit model

(solid line); lower panel: fit residuals. The spectrum is spec7 sy, see text for model description. The
residuals at 2 keV are a SXT instrument feature.

3. Results

There are 5 spectra during normal MH, 3 from A07_113 and 2 from T03_197. Normal here means
that they are not during eclipse nor contain significant dips. The spectra during MH turn-on and
MH rise from T03_197 are fit with the same model as for MH. There are 3 spectra during normal SH
from A10_005; and 4 spectra during normal LS, 1 from T03_197 and 3 from A12_004. There are 12 dip
spectra, 4 during MH (from A07_113 and T03_097) and 8 during SH. The eclipse spectra are during
MH turn-on, MH, SH and LS.
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The powerlaw is the dominant contributing factor for all 35-day states, for dip and for eclipse.
Figure 6 shows the powerlaw norm during normal (no dip, no eclipse) states and during dips vs.
35-day phase. The powerlaw norm times (1-f;) has a shape similar to the 0.3-8 keV count rate (top
panels of Figures 1 to 4). The powerlaw index is consistent with a constant for states (MH turn-on, MH
rise, MH and SH) for which it can be measured, with a value of 0.9510.05.

& P
0.1 ¢<1><t>
LU ®% 4
[n.0] O]
0]
o
v i
= 0 < Powerlaw norm (normal)
2 0.01 @ Powerlaw norm (dip) ¢ o
2 fH Powerlaw norm (eclipse) qj
£ P
A
a
0.001
o
I m m
m i m m
10
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

35 — day phase

Figure 6. Powerlaw norm vs. 35-day phase during normal (no dip, no eclipse) states (blue symbols),
during dip (red symbols) and during eclipse (grey symbols), shown on a log scale. 35-day phase 0 is
defined as peak of MH.

The partial covering absorber has parameters column density and covering factor. Figure 7 shows
and column density vs. 35-day phase, with MH turn-on, MH rise, MH, SH and LS2. There were no
observations during LS1 which is the LS between MH and SH. The column density is roughly constant
value vs. 35-day phase with a value of ~ 2 x 10%* cm~2, but with a small increase to ~ 3 x 10%*> cm~2 at
MH turn-on and during dips. During eclipse the signal-to-noise was not enough to detect any column
density above 0, so neither column density nor covering factor was included in the spectral fits.

100
80
[
3
3 60 <4 Column density (1022 cm~2) (normal)
8 @ Column density (1022 cm~2) (dip)
£
C 40
: ﬂ)
b e % <*>
20 ¢
¢ ¢ T'o
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-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
35 — day phase

Figure 7. Column density Ny vs. 35-day phase for normal states (blue symbols) and during dip (red

symbols). It was not detectable during eclipses.

The covering factor, f., shown in Figure 8, has a value of ~0.2 during normal MH, but is higher
during MH turn-on (~0.75) and MH rise (~0.5). During normal SH f, ~0.35 and during LS f, ~ 0.5.
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feis variable during dips with values as high as 0.9. Previous work has shown high and variable f,
during dips [23,29].

P :

1.0

0.8 #@@ o (1)
®®
E]
§ 0.6 < covering factor (normal) 4}
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£
£ 04 %
T
a

4 b ﬁf f

0

—0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

35 — day phase
Figure 8. The covering factor f. vs. 35-day phase for normal (blue symbols) and during dip (red
symbols). It was not detectable during eclipses.

The next most significant component in the spectral fits is the blackbody component with parame-
ters norm and kT. The norm is defined as the area of the blackbody in km? if the source was placed at
distance of 10 kpc !. The blackbody norm, shown in Figure 9, is consistent with a value of ~ 3 x 10°
(~ 1 x 10° km?) during normal MH and SH states. During dip, the norm drops to values of ~ 2 x 10*
to ~ 2 x 10% (~ 7 x 10% to ~ 7 x 10* km?). During normal LS, the norm is smaller with values of
~1x10* to ~ 2 x 10* (~ 4 x 103 to ~ 7 x 10% km?). The norm is lowest during eclipse with similar

values for MH, SH and LS eclipse of ~ 4000 (~ 1500 km?) .

10° %
<I>ﬁ> $® T ﬁ
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o <4 blackbody norm (normal) )
< " @ blackbody norm (dip) ) D
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35 — day phase
Figure 9. Blackbody norm vs. 35-day phase for normal states (blue symbols), during dip (red symbols)

and during eclipse (grey symbols), shown on a log scale.

After the blackbody, the next most significant component in the spectral fits is the 1 keV line, with
parameters norm, center energy and width. The 1 keV line could not be detected during dip, LS or

1 Because Her X-1 has a distance of 6.1 kpc [3], the norm has to be multiplied by a factor of 0.372 to give area in km?.
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eclipse. The keV line width was consistent with a constant value for the normal MH and SH fits, with
a value of 0.17 keV. The keV line center energy and keV line norm are shown in Figure 10. The line
energy is consistent with a constant value of 0.92+0.03 keV. The line norm shape vs. 35-day phase is
similar that of the powerlaw norm: the keV line norm divided by powerlaw norm is consistent with a
constant value of ~ 0.35 during normal MH and SH and with a smaller value of ~ 0.1 during normal

LS.
Lpe ¢ % b &
\
b
! "}
@ 01
K] 4 keV line energy (keV) (normal)
b3 (# % keV line normx10 (normal)
:
&

0.01 +

0.001

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
35 — day phase
Figure 10. 1 keV line norm (blue symbols) and keV line center energy (red symbols) vs. 35-day phase
for normal states (no dip, no eclipse). The keV line energy could not be measured during LS (35-day
phase 0.65-0.9). The 1 keV line was not detected during eclipses.

The least significant component of the spectral model was the 6.4 keV Fe line. The 6.4 keV line
was detected only during two of the MH spectra with highest signal-to-noise, spec3 5y and spec6pp.
For these two spectra the line norm was 9.3 43.7 x 10~* and 6.2 + 5.4 x 104, respectively. The 6.4
keV line center energy was measured only for spec3y;y with value 6.43 £ 0.05 keV.

4. Discussion

4.1. Lightcurve of Her X-1

The four observing sessions of Her X-1 with Astrosat SXT covered the different states of Her X-1:
MH with A07_113; MH turn-on and MH rise with T03_197; SH with A10_005 and LS with A12_004.
The known features of the 35-day cycle were observed, as illustrated by the agreement between the
low signal-to-noise Swift/BAT monitoring observation and the SXT high sensitivity observations, and
shown in Figures 1 to 4.

The X-ray lightcurve of Her X-1 has been observed many times for short periods (10’s of ks)
many times previously, usually during peak of MH in order to obtain high count rate to constrain
the spectrum of emission from the neutron star. Longer duration observations have usually been
restricted to lower sensitivity instruments such as RXTE’s All Sky Monitor (ASM) or Swift’s BAT or
MAXI. The signal-to-noise of these instruments is low (e.g. as illustrated by the BAT Daily average
lightcurves given in the top panels of Figs. 1 to 4 here), but these observations have given highly useful
measurements of the 35-day cycle of Her X-1 ([21] and references therein).

A comparable measurement of the lightcurve of Her X-1 with similar sensitivity has been made
using archival measurements with RXTE PCA over a ~15-year period [22]. The spectral resolution of
those observations was lower that of the current data, so that the current Astrosat SXT observations
give a better picture of spectral changes over the 35-day cycle.
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4.2. Spectrum of Her X-1

The X-ray spectrum of Her X-1 over a full range of 35-day states, including dips and eclipses has
not been measured before. This study is the first to do so, and to do it with the same instrument so
cross-calibration of different instruments is not a problem here. A summary of the spectral changes is
given here and compared to previous work in the next section.

One result seen for the first time is that the powerlaw normalization does not vary much from
eclipse to eclipse over 35-day phase (Figure 6). This can be explained because the entire accretion disk
is covered by the companion star during eclipse, so the flux that is observed is only the flux scattered
by the corona or extended wind [17] at scales larger than than of the companion radius of 3 x 10'! cm.
This result implies that the scattering corona does not change with 35-day phase.

The column density has been measured as a function of 35-day phase for the first time, in normal
states and in dips. The column density during dips is is similar to that outside dips (Figure 7). During
LS the column density is consistent with the values seen during MH and SH (~ 1.5 x 103cm™~2).
Instead the main factor distinguishing dip spectra from non-dip spectra is covering factor f.: it is
significantly larger for dips (Figure 8). Outside of dips, f. has a clear pattern: a decrease during MH
turn-on from ~0.8 and during MH rise to a low value of 0.2 during MH, then a slow increase during
SH (to ~0.4 and during LS2 (to ~0.6). Accretion disk models for Her X-1 will have to be adjusted to be
consistent with this new result.

For the first time we compare the blackbody norm between MH, SH and LS (Figure 9). For MH it
is constant, even during MH turn-on and MH rise, which can be explained if the blackbody is extended
significantly more than the main source of the X-rays (the approximately-powerlaw emission from
accretion column on the neutron star).

The turn-on of MH is measured here to occur over ~0.1 orbit (~4 hours), and rise of MH to occur
more rapidly, over ~0.01 orbit (~20 minutes). The turn-on and rise are caused [1] by uncovering by the
outer edge of the accretion disk at distance of ~ 10 cm from the neutron star. Given the outer edge
rotates with 35-day period, the outer edge crosses the line-of-sight to the neutron star with velocity
~2.0 km/s. For an expected emission region size of 1 km on the neutron star, the time of uncovering
by a sharp outer disk edge is ~0.5 s. Because the turn-on and rise times are much longer, this implies
the outer edge of the disk is not sharp but has an atmosphere, as shown previously by [13].

The blackbody component has an area of ~ 10° km? during MH and SH. This is consistent with
the inner edge of the accretion disk, which would be heated by X-rays from the neutron star. The inner
edge is located at R;;, =~400 km from the neutron star [1] and with height h;, ~ Rin [13]. This yields
an estimated projected area of ~ R;,h;, ~ 2 x 10° km?, of which ~1/2 or more will be occulted by
outer parts of the disk depending on 35-day phase [13]. The blackbody area drops significantly from
MH and SH normal values during dips. The drop is consistent with the decrease caused by increased
covering factor f, i.e. by the factor of (1-f.).

In addition to the X-rays emitted with blackbody spectrum by the inner edge of the disk there is an
expected component of scattered blackbody emission from the corona [17], with contribution of ~1%
of that from the inner disk edge. The blackbody area observed during eclipses has values ~1500 km?,
consistent with the expected scatterered amount. During LS, the blackbody norm is approximately
~4000 - 7000 km?. During LS the inner disk is blocked from view by the outer disk [13], but the outer
part of the disk blocks much less of the inner corona than that blocked by the companion star, so the
the scattered amplitude should be higher than during eclipse, as observed.

The 1 keV line energy is constant with 35-day phase (Figure 10). The 1 keV line norm has similar
behaviour to the powerlaw norm, in particular the ratio of 1 keV line norm to powerlaw norm varies
only a small amount (see Section 3, ~0.4 for MH and SH and ~0.15 for LS and eclipse). This is a clear
indication that the 1 keV line emission region is compact, like the powerlaw emission region from the
neutron star.
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4.3. Comparison with Previous Work

Individual spectra have been studied during MH and SH several times with instruments with
good resolution, including the Suzaku spectrum during MH [26] and a joint NuSTAR plus Suzaku
observation [27]. The broad-band MH spectrum of Her X-1 [28] is generally fit with a powerlaw
with high energy cutoff at ~20 keV, a low energy excess fit by a blackbody with kT~0.1 keV, a broad
Gaussian line feature around 1 keV, a fluorescent 6.4 keV iron line and a cyclotron absorption feature
near 40 keV.

Those observations were sensitive to the high energy part of the spectrum (well above 30 keV),
whereas Astrosat SXT measures the 0.5 to 7 keV part. Thus the powerlaw with cutoff and cyclotron
absorption feature appears as a simple powerlaw to SXT, and the undetectable components (cutoff and
cyclotron feature) were not included in the spectral model for SXT.

The X-ray spectral fits to Her X-1 require a partial-covering absorber, as first shown for MH spectra
during dip and non-dip by [23] and [24]. We fit the absorption for Her X-1 with a partial covering
neutral absorber (pcfabs in XSPEC). In comparison [25] found a partially ionized partial covering
neutral absorber (zxipcf in XSPEC) produced a better fit during MH with ~ 20 significance (6x> = 6.8).
We compared the pcfabs model with the zxipcf model for the spectrum with highest signal-to-noise
(spec3py) and found that pefabs provided essentially the same fit ( 6x? = —0.4 compared to zxipcf),
but has one less parameter. The key difference between the spectral fits is in this work and in [25] is
that we use the new and significantly improved calibration and background subtraction for the SXT
released by the Astrosat SXT support team. Thus we conclude there is no preference for a partially
ionized absorber for Her X-1, and adopt the pcfabs absorber model for Her X-1.

The current work is the first comprehensive studies of the spectral changes with an instrument
with good spectral resolution with 35-day phase for Her X-1. The spectrum evolution during MH was
studied previously by [30] and during SH by [31] with the RXTE Proportional Counter Array (PCA)
instrument over the energy range 2.5 to 30 keV. PCA has lower spectral resolution than SXT and is
sensitive to a different part of the spectrum, thus is sensitive to the powerlaw and 6.4 keV iron line, but
not sensitive to 0.1 keV blackbody and the 1 keV line components and not as sensitive as SXT to the
partial covering absorption parameters. The covering fraction during MH from [30] was consistently
~0.2 during MH, and during SH from [31] varied in the range ~0.3-0.5 during SH and ~ 0.5 during
LS. These results are in agreement with the current results (Figure 8). The column densities from [30]
and [31] are also in agreement with the current results (Figure 7) for MH and SH.

5. Summary and Conclusion

We have carried out a study of the spectral changes of Her X-1 over its 35-day cycle, including
several eclipses, using 0.5- 7 keV band spectra observed by the Astrosat SXT instrument. This is the
first comprehensive study of how the soft (0.5-7 keV) X-ray spectrum of Her X-1 changes with the
35-day accretion disk rotation period and how eclipses change with 35-day phase. The main new
results here are:

¢ The powerlaw normalization is nearly constant during eclipses at all 35-day phases. This means
that the scattering corona in Her X-1 is not variable with 35-day phase.

¢ The column density for dips and outside dips is the same. Dips have a significant increase in
covering fraction compared to non-dip times.

¢ The blackbody normalization, which measures the visible area of the blackbody component
originating from the hot inner edge of the accretion disk, is constant during MH and SH states.
During dips it is smaller by a factor of ~2-3. During LS and during eclipses there are only small
residual components of ~4% (for LS) and ~1% (for eclipses), which is emission scattered by
the part of the corona larger which is larger than the accretion disk (for LS) or larger than the
companion star (for eclipses).

® The 1 keV line component varies in similar manner to the powerlaw normalization. This implies
that the 1 keV component originates in a small region. This region is smaller than the inner edge
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of the accretion disk where the blackbody component originates, and is likely located along the
magnetospheric flow of matter from the inner edge of the accretion disk onto the neutron star.
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Abbreviations

The following abbreviations are used in this manuscript:

Her X-1 Hercules X-1

SXT Soft X-ray Telescope

MH Main High

SH Short High

LS Low State

BAT Burst Alert Telescope

RXTE Rossi X-ray Timing Explorer

NUV near ultraviolet

FUV far ultraviolet

LAXPC Large Area X-ray Proportional Counter
CZTI Cadmium Zinc Telluride Imager

PC Photon Counting

MJ]D Modified Julian Date

MAXI Monitor for All sky X-ray Instrument
PL powerlaw model in XSPEC

BB bbodyrad model in XSPEC

ASM All Sky Monitor

PCA Proportional Counter Array

NuSTAR  Nuclear Spectroscopic Telescope Array
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