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1. Introduction

Hercules X-1 (Her X-1) is a well-studied X-ray binary with 1.7-day orbital pe-
riod and 35-day long-term period [1] [2]. The 35-day period is caused by the
precessing accretion disc around the neutron star, which causes periodic obscu-
ration of the X-ray emitting accretion column on the neutron star [3]. The
35-day cycle normally shows a few day variations in its period [2] [4], but some-
times disappears for a few to several months: these periods are called anomalous
low states (ALS) [5].

There are different physical origins for the X-ray emission from the system
Her X-1/HZ Her. The X-ray emission regions consist of the following compo-

nents: 1) Direct X-ray beams (pencil and/or fan beam) originating in the accre-
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tion column of the accreting pulsar Her X-1 [6]; 2) Weak isotropic emission
high above the accretion column resulting from Thomson scattering of the di-
rect X-rays [3]; 3) Soft emission below keV, modelled by a black-body of tem-
perature kT = 0.1 keV, resulting from reprocessing of the hard X-rays in the
outer neutron star magnetosphere and/or the inner edge of the accretion disc
[7]; 4) Reflection of the direct X-ray emission by the illuminated inner edge of
the disc [8] and the irradiated face of the companion star [9]; 5) Very weak (at
1% of the direct flux) un-pulsed scattered emission by an extended accretion disc
corona which is present throughout the 35-day cycle [10].

These emission regions are periodically covered/uncovered by the accretion
disc every 35-days. At the turn-on of both high states, the outer edge of the disc
clears the line of sight to the central source, while the gradual flux decay near the
end of both MH-state and SH-state is due to a gradual covering of the emission
regions by the near side of the disc inner edge [8]. In the low state, the central
emission regions are continuously covered by the intermediate rings of the disc.

Reference [8] constructed a set of models of increasing complexity (numbered
model-1 to model-7) for the accretion disc and the central source to fit the ASM
light curve of the 35-day cycle. These models considered pulse-phase-averaged
emission, thus the central source is considered as a steady point source and/or a
steady extended emission region. This central source is periodically occulted by
the inner edge, outer edge, and intermediate rings in the disc as the disc rotates
over 35 days.

The best fit model that gives a good fit to the pulse-phase-averaged ASM light
curve and is consistent with the pulse-evolution model of [3] is model-7. Mod-
el-7 consists of: 1) a slightly extended central source with a total intensity of 12.9
+/— 2.9 counts/s in ASM, that is partially seen with different degrees during
MH-state and SH-state; 2) reprocessed radiation by the far side of the inner edge
of the disc with intensity 2.1 +/— 0.7 counts/s in ASM; 3) a two-layer atmosphere
at the outer disc edge (cold-thin atmosphere and hot-thick atmosphere with
scale-heights of 6.9 x 10® cm and 4.7 x 10'° cm (respectively).

The outer disc radius is R, = 2 x 10! cm, the inner disc radius is R; = 4 x 107
cm and the central source emission region is of size Rc = 2.7 X 10° cm. Thus the
central source is seen as a point source by the outer disc edge, while of signifi-
cant angular size as viewed by the inner disc edge. The sharp turn-on of the
MH-state is due to the uncovering of the central source from behind the
cold-thin atmosphere in the outer disc-edge. Following the sharp turn-on, a
gradual increase in flux occurs when the hot-thick atmosphere gradually clears
our line of sight to the central source. A similar sequence of events occurs during
the SH-state turn-on. This is illustrated in Figure 5 and Figure 6 of [8]. The cen-
tral emission is occulted by the near side of the inner disc edge during the decay
of both high states. Thus the source geometry is a key to the time dependence of
the decay of high states. The near side of the inner disc edge partially covers the
central source during the early MH-state and SH-state to different degrees.

Another source of emission comes from the reprocessed/reflected radiation
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off of the illuminated far side of a thick inner disc edge. The inner ring is tilted
and precessing over the 35-day cycle, so the central source is most clearly viewed
twice per 35-day cycle: when the ring axis is pointing most toward us at the peak
of the MH-state; and when the ring axis is pointing most away from us, at the
peak of SH-state. Also as can be seen from Figure 9 of [8], the far inner edge of
the disc will be gradually occulted by the near inner edge of the disc. Using these
two emission regions (Ze. central source and reflected emission by the inner
ring) and the occultation by the disc, [8] reproduced the contribution of both
emission regions over the 35-day cycle.

In this work, we make an observational study of the spectral evolution of
Hercules X-1 over the Main High state using archival data from the Rossi X-ray
Timing Explorer/Proportional Counter Array (RXTE/PCA). In Section 2, we
describe the observations and how we choose and test the spectrum model. In Sec-
tion 3, we give the results of applying the spectrum model to the data. The main
results are the spectrum parameter changes as a function of 35-day phase during

MH. In Section 4, we discuss these results. The summary is given in Section 5.

2. Observations and Spectrum Analysis

2.1. Observations and Light-Curves

The NASA satellite Rossi X-ray Timing Explorer (RXTE) [11] was designed to
facilitate the study of time variability of X-ray sources with moderate spectral
resolution. We make use of the data collected by the Proportional Counter Array
(PCA) on-board the RXTE. The PCA [12] [13] consists of five identical mul-
ti-anode large-area Proportional Counter Units (PCUs).

Her X-1/HZ Her was observed numerous times by RXTE between 1996 and
2005 and the data has been archived at High Energy Astrophysics Science Arc-
hive Research Center (HEASARC). The RXTE/PCA database on HZ Her/Her
X-1 contains 1.6 Ms of observations. The data were acquired by the RXTE/PCA
instrument in the period from February, 1996 to August, 2005 (MJD 50,114 to
53,584) as a result of 23 study proposals for observing the HZ Her/Her X-1 sys-
tem.

We carried out spectral analysis of PCA standard-2 data of Her X-1 for stud-
ying the spectral evolution over the 35-day super-orbital cycle. Standard-2 mode
has temporal resolution of 16 s and energy ranges 2 - 60 keV in 129 channels.
The times were converted to Dynamical Barycentric Modified Julian Day Time
(MJD TDB) using the HEASARC time conversion procedures.

Binary orbital phase was determined using the ephemeris of [14]. To find the
35-day phase we used the nearest last MJD turn-on time of the 35-day cycles and
cycles lengths of [15]. To study the spectral evolution over normal 35-day cycles,
we removed data that were taken when the system (Her X-1) was in anomalous
low state periods. In our data there are two anomalous low state (MJD 51226.4
to 51756.9 and MJD 52950.6 to 53159.4).

Our purpose is studying spectral evolution over the 35-day cycle other than
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dips and eclipse, thus we removed all data that falls within the dips and eclipsing
periods. Significant changes in the spectra occur during dips [16] (and refer-
ences therein) and during eclipse periods [17]. These periods include times dur-
ing which the accretion stream impacts the disc and cover our line of sight to the
central source appearing as absorption dips in the light curve [16] resulting in
variations of the spectra. Dips times were taken from [16]. Eclipsing periods
were filtered out by removing data with orbital phases less than 0.07 or greater
than 0.93. After removal, to make sure that no residual dips remain in our data,
we calculated the Softness Ratio (SR) defined as band 1 countrate divided by
band 3 countrate, where band 1 and band 3 are the count rates in the energy
ranges 2 - 4 keV and 9 - 20 keV respectively. We then rejected data points during
MH-state and SH-state with SR < 0.35. For low states, SR is normally below 0.35,
so this rejection was not done for low states. This resulted in a total ALS-eclipse-
dips-free exposure of 432 ks. The observations cover parts of twenty different
main high states.

The band b and band d light-curves were scaled by the number of active PCUs
at any given time to yield count rate per PCU. These and SR are plotted vs.
35-day phase for the Her X-1 data in Figure 1.

We observe that the softness ratio is very different during the main high and
short high states compared to the low states. As noted previously by [18], the
low state data appear similar to the data in main high and short high states when
Her X-1 is in a dip. The band 1 and band 3 light-curves, and the band-1/band-3

softness ratio are shown for the individual MH states in Figures 2-4. The
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Figure 1. RXTE/PCA count rates for Hercules X-1 as a function of 35-day phase. The
band 1 (2 - 4 keV), band 3 (9 - 20 keV) light curves, and the band 1/band 3 softness ratio
are shown. The data consist of all standard-2 mode RXTE observations of Her X-1 except
for anomalous low states, dips and eclipses.
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Figure 2. RXTE/PCA band 1 count rates vs 35 day phase for the twenty different main high states

observed by RXTE.
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observed by RXTE.
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Figure 4. RXTE/PCA band 1/ band 3 softness ratio vs 35 day phase for the twenty different main
high states observed by RXTE.

horizontal axis is labelled by 35-day phase, including integer specifying the cycle
number. The uneven coverage of different 35-day cycles is apparent. Cycle 73
has the most complete coverage; cycles 8, 18, 53, 57, 58, 63 and 101 have inter-
mediate coverage; and the remaining cycles have very sparse coverage.

The red lines in Figures 2-4 are linear interpolations through all of the data
for cycle 73. They are plotted so that the other cycles can be compared to cycle
73. It is seen from the band 1 and band 3 count rates that most cycles (6, 8, 18,
20, 51, 53, 54, 57, 83, 90, 93, 95 and 101) are fainter on average than cycle 73.
The remaining cycles (58, 63 69, 70, 74 and 91) are nearly the same brightness as
cycle 73. From Figure 4, the softness ratio vs. 35-day phase is not significantly
different for different cycles, except for cycles 8, 18 and 20 (and possibly 83 and
90). These cycles are all fainter than cycle 73 and have lower SR, indicating
higher absorption.

2.2. Spectrum Data Processing

In the current work, we make use of the standard-2 PCA data which has a time
resolution of 16-s and 129 energy channels that cover the entire energy range (2
- 60 keV) of the PCA detector. We added the data from all three layers and col-
umns of the available PCUs and response matrices were generated accordingly.
For Her X-1 we used the faint background model throughout. To obtain better
statistics we average over time, to obtain the same signal-to-noise ratio for all of
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the spectra. The data were averaged over time intervals between 400-s and
1360-s, with a mean value of 889-s.

We use the graphical user interface (GUI) tool “XDF” (XTE Data Finder) to
create a catalogue of files for further analysis. The standard-2 catalogue and the
filter file that contains housekeeping parameters and the most recent back-
ground model are used to model the background for the selected data using the
FTOOLS task “runpcabackest”. We used the FTOOLS task “maketime” to create
a good time interval (“.gti”) file selected from the filter file. The criteria chosen
for data screening are: 1) The elevation above the Earth must be greater than 10
degrees; 2) The pointing must be stable with 0.02 degrees as an upper limit of the
“offset”; 3) All data collected during the passage of RXTE through the South At-
lantic Anomaly (SAA) were discarded; and 4) We rejected all data that has
“electronX” (X represents the PCU number, 0-to-4) larger than 0.1. The “.gti”
file contains the time intervals satisfying the above criteria. The desired spectra
are extracted from the standard-2 and background catalogue files in turn, using
the FTOOLS task “saextrct”. As we carried out spectral analysis on a large collec-

tion of data, a Perl script was written to execute “saextrct” task for all data.

2.3. Spectrum Model Testing

For the purpose of testing different spectral models, energy spectra were ex-
tracted with a fixed exposure times of 256 s. For the spectral analysis we used
XSPEC. The first three energy channels (<2.5 keV) were ignored because of un-
certain background modelling, while channels 59 - 129 (>30 keV) were ignored
because of poor counting statistics.

In the 2.5 - 30 keV energy range there are three spectral models commonly
used: 1) a power-law times exponential cutoff model [19]; 2) Fermi-Dirac cutoff
(FDCO) model [20]; and 3) Negative-Positive EXponential cutoff (NPEX) model
[21]. Reference [22] examined the fits with these models, on data obtained for 10
accreting pulsars by PCA/HEXTE instruments on-board of RXTE. They found
that the spectral parameters, in both FDCO and NPEX models, show a high de-
gree of correlations. This correlation between spectral parameters makes the
search for a best fit difficult and results in larger uncertainties in the obtained
values for the parameters. The power-law times exponential cutoff model did
not show such high correlations between spectral parameters. Thus following
[22], we use the power-law times exponential cutoff model (powerlaw and hig-

hecut in XSPEC) for fitting the spectra. In functional form, the model is given as:
F(E)=AE” if E<E,, (1)
F(E)= AE“e = S)/fme jf ES E ()

where Fis the photon number flux, E is the energy, is the photon index, E.. is
the cutoff energy, and Ejis the folding energy.

The discontinuity at the cutoff energy in this model was smoothed by multip-
lying it by a Gaussian-shaped absorption function (gabs in XSPEC) at the cutoff
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energy with width sigma_{g} and depth tau_{g} fixed at 1.5 keV and 0.35, re-
spectively. The gabs function in XSPEC is given by the equation:

g 8‘0-5((E‘Ecut )/Ug )2
Nz

gabs = ei[ (3)

A Gaussian line in emission for the Fe K, line was also added to the conti-
nuum model for fitting the spectra.

This model can be applied to the spectra in three ways: 1) without low energy
absorption—we call this the NA model (No-Absorption model); 2) with low
energy absorption, called the TA model (Total-Absorption model); 3) partial
covering absorption, in which the continuum consists of an unabsorbed conti-
nuum component plus an absorbed component, referred to it as PC model (Par-
tial-Covering-model). We have tried all three alternatives in fitting the spectra.
In the TA-model we used for absorption phabs model in XSPEC, while in
PC-model we used pcfabs in XSPEC for partial covering absorption. The spectral
fits were done in XSPEC by tcl scripts.

For each of the above models (ie. NA, TA, and PC models, each with N pa-
rameters) we fitted all the spectra with all N parameters free. Example fits to four

observed spectra are shown in Figure 5. Then the fits were redone by fixing one
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Figure 5. RXTE/PCA spectra and model fits for different 35-day phases (labelled in the upper-right corner of each panel). The
spectral model is the PC model with all spectral parameters free.
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parameter. This was done for each of the spectral parameters. We compared the
X for fits with a particular parameter fixed compared y* for fits with that same
parameter free. The parameter with the lowest increase in y* is the one that
shows least variation in the spectra, and was then chosen to be fixed. The pro-
cedure was repeated with the remaining N — 1 spectral parameters to find the
second parameter that caused least increase in y*. Then it was repeated for the
remaining N-2 spectral parameters, and repeated until there were no free para-
meters.

This procedure resulted in fixing the parameters in the following order of
causing lowest increase in y* to higher (but still small) increases in 3*: 1) constant
Iron line width (labelled W); 2) constant Iron line width and folding energy (la-
belled WEF); 3) constant line width, folding energy and iron line energy (WFL);
and 4) constant width, folding, line, and cutoff energies (WFLC). Fixing further
parameters beyond four resulted in large increases in ¥, thus showing real varia-
tions between spectra. Thus, it is not reasonable to fix the remaining parameters
and they were left free. The same test procedure was applied to NA, TA and PC
models and resulted in the same ordering of parameters that could be fixed.

Next we compared the y* values between the three (NA, TA and PC) models
with the aim of determining which is most reasonable to use to represent the
spectra of Her X-1. Figure 6 shows the difference between y* values of
NA-model and PC-model fits (y* (NA model) — y* (PC model)) as a function of
35-day phase during Main High state (35-day phase 0 to 0.27).

The NA-model has two more degrees of freedom than PC-model, thus data
points in these plots above the threshold of 4.61 for the increase in §* (red line in
Figure 6) show worse fits, at more than 90% significance, with the NA-model
compared to the PC model. In the spectral fits starting from the models with all
parameters free to the one with the largest number of fixed parameters (Ze. free,
W, WF, WFL, and WEFLC fits), the percentage of spectra that show better fits
with a significance level of 90% for PC-model over the NA-model are 70%, 68%,
74%, 75%, and 88% of the spectra respectively.

A similar comparison was made between the TA-model and PC-model. The
difference between jy* values of TA-model and PC-model have the same shape as
for NA-model compared to PC-model shown in Figure 6, except that the y* dif-
ferences are typically half of the amount found for the NA-model compared to
PC-model fits. There is 1-extra degree of freedom in TA-model than in the
PC-model, thus the 90% significance level threshold value for the difference in y*
is 2.71. Starting from models with all parameters free to the model with largest
number of fixed parameters (WFLC), the percentage of data points with differ-
ence in y* larger than 2.71 are 53%, 40%, 45%, 49%, and 70% respectively.

We have also tried to fit the spectra with a partial covering absorption by par-
tially-ionized material (zxipcf in XSPEC). The spectral fits using partial covering
with a partially-ionized absorber is referred to as IPC-model (Ionized Partial

Covering). The partial covering with cold absorber (PC-model) shows better fits
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than IPC-model with 90% significance level in 69% of the spectra and are un-

iformly distributed over the 35-day phase.
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From the above test fits we find that the spectra of Her X-1 in the 2.5 - 30 keV
energy range are best described by a two-component power-law with high ener-
gy cutoff continuum (unabsorbed and absorbed by a cold absorber) model. This
is consistent with previous results, where the two component (absorbed and
unabsorbed) was found to be needed throughout the 35-day cycle [23] [24] [25].

Thus we proceeded for the final spectral analysis using the PC-model.

3. Results of Spectrum Modelling

From these test fits the final model chosen is the PC model. We extracted energy
spectra from standard-2 data of RXTE/PCA in 129 channels with larger expo-
sure times to 1) reduce the number of spectra and 2) obtain better statistics for
each spectrum. To obtain nearly constant signal-to-noise ratios for all spectra,
we split the data into time intervals between 400-s and 1360-s with a mean value
of 889-s. This resulted in a total of 609-spectra covering 20 MH-state. The ex-
tracted spectra include events detected in all layers and columns of the active
PCUs combined together. Similarly, all layers and columns of the active PCUs
are combined for background files using the faint background model. The cor-
responding response matrices were created accordingly.

We fit the spectra in the energy range 2.5 - 30 keV with the PC-model con-
sisting of an unabsorbed continuum component and an absorbed component.
Both continuum components have the same spectral parameters except for their
normalizations. A multiplicative Gaussian line in absorption (gabs in XSPEC),
was added to the model to smooth the continuum at the cutoff-energy. The
energy of the gabs function was tied to the cutoff energy, while its width and
depth were fixed at 1.5 keV and 0.35 respectively. Another Gaussian line (gauss
in XSPEC) in emission for the Fe K, line was added to the continuum model.
Test fits showed that allowing a free iron line width and folding energy did not
improve the fits, thus we fixed the line width and folding energy to 0.6 and 7.8
respectively.

The value of folding energy obtained here is lower than that obtained by [22]
of 10.8 +0.2/-0.3 and the value obtained by [26] of 10.22 +/— 0.07. Reference
[22] studied the spectra of Her X-1 during the peak of the MH-state in 5 hours
of observations on MJD 50,705, 35-day phase 0.02 (cycle number 18 in our data)
and used data from PCA and HEXTE instruments (with energy ranges 3.5 - 60
keV and 20 - 70 keV, respectively). Reference [26] analyzed data from PCA and
HEXTE covering the MH-state (MJD 52,595 to 52,604, 35-day phase 0.01 to 0.25
(cycle number 73 in our data).

There could be a number of reasons responsible for this difference in the
folding energy: 1) references [26] and [22] used data from two instruments
(PCA/HEXTE) over a larger energy range than was used in our analysis; 2) ref-
erences [26] and [22] used only data collected by the top layer of the PCA in-
strument, while we added all three layer of active PCUs; or 3) reference [22] did
not use any absorption, while [26] used a total absorption model. We used the

same continuum model as theirs but with a partial covering for the absorption.
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By revisiting our test fits with different representations for absorption (NA,
TA, and PC models) we rule out that the difference in folding energy to be due
to different representation for the low energy absorption. In our test fits we
found that the mean values obtained for folding energies are 8.59, 8.36, and 8.11
keV for NA, TA, and PC models respectively. Using data either from the top
layer of the PCA units or all layers should not result in such a large change in
folding energy. Thus the most probable reason for such difference is the differ-
ent energy ranges used in fitting the spectra.

The folding energy describes the fastness of the exponential decay beyond the
cutoff energy. Thus the large decrease in count rates beyond 30 keV (the upper
energy limit in our fits) could be responsible for the increase in the value of
folding energy in previous work. This does not necessarily mean that their values
of folding energy are more correct because there could be an offset in the cali-
brations for the PCA and HEXTE.

There are seven free spectral parameters in our fits: the partial covering col-
umn density and covering fraction, photon-index, continuum normalization,
cutoff energy, iron line energy and line normalizations. The time dependence of
spectral parameters over the 35-day cycle during MH-state is shown in Figures
7-13. In these plots we separated the data by cycle number. The 35-day cycles

are numbered after [15].
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Figure 7. Each panel shows the column density from fits with the partial-covering (PC) model as a func-
tion of 35-day phase for the different 35-day main high states.
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Figure 8. Each panel shows the covering fraction from fits with the PC model as a function of

35-day phase for the different 35-day main high states.
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Figure 9. Each panel shows the continuum normalization from fits with the PC model as a func-

tion of 35-day phase for the different 35-day main high states.
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Figure 10. Each panel shows the photon index from fits with the PC model as a function of 35-day
phase for the different 35-day main high states.
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Figure 11. Each panel shows the cutoff energy from fits with the PC model as a function of 35-day

phase for the different 35-day main high states.
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Figure 12. Each panel shows the iron line energy from fits with the PC model as a function of
35-day phase for the different 35-day Main High states.
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Figure 13. Each panel shows the iron line intensity from fits with the PC model as a function of
35-day phase for the different 35-day Main High states.
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Several spectral parameters show a clear evolution with 35-day phase. Because
cycle 73 has the most complete coverage of 35-day phase, we compare the other
cycles to cycle 73 to estimate whether there is a consistent evolution of a given
parameter with 35-day phase during MH state.

The column density (Figure 7) has large uncertainties but does not show con-
sistent changes with 35-day phase. For cycle 73 it has values mostly near 2 x 10%
cm 2, but ranges between 1 x 10 cm™ and 4 x 10 cm™. Other cycles can have
similarly high or low values, but the 35-day phase of occurrence of high or low
values is different between different cycles. Because column density is known to
be related to dips ([16]) and dips occur at different 35-day phases, this is not
surprising.

The covering fraction is shown in Figure 8. A decrease with 35-day phase
from phase 0 to 0.22 is apparent in cycle 73. This is also seen for cycles 8, 57, 58
and 108, with other cycles having too sparse coverage. After 35-day phase 0.22,
the covering fraction increases again. A few values of covering fraction values are
near 1 with large uncertainties (seen for cycles 51 and 73).

The continuum normalization is shown in Figure 9. The continuum norma-
lization would measure the change in strength of the unabsorbed (before ab-
sorption) source flux if the other continuum parameters were constant (pow-
er-law index and cutoff energy). These other parameters are variable but by
small amounts so the continuum normalization is a good proxy for source flux.
The shape of the MH state continuum vs. 35-day phase from cycle 73 is well
matched by the other cycles, with the rise to peak at 35-day phase 0.1 and sub-
sequent decrease.

The photon index is shown in Figure 10. For cycle 73, photon-index has a
clear decrease between 35-day phase 0.05 to 0.22. For 35-day phase 0 to 0.05 and
0.22 to 0.3 there are fewer data. The other cycles have some data for these phas-
es, but a clear trend other than the decrease from 0.05 to 0.22 is not seen.

Figure 11 shows the cutoff energy vs. 35-day phase. In most cycles the cutoff
energy starts in the early MH-state at high values of 20 - 21 keV and almost stays
stable until 35-day phase 0.15, after which it starts to decrease down to 18 keV
by the end of MH-state.

Figure 12 shows the iron (Fe K,) line energy for the different MH states. The
iron line originates in gas illuminated by continuum photons with energies high
enough to excite the inner shell electrons of iron. Its energy depends on the io-
nization state of the gas [27]. From cycle 73, there is a clear trend in decrease of
iron line energy from 35-day phase 0.05 to 0.22, which indicates a decrease in
ionization state of the fluorescing gas. The other cycles show consistency with
the behavior of cycle 73.

Figure 13 shows the Fe K, line intensity. The general trend from cycle 73 is
steady increase between 35-day phase 0 to 0.15 followed by a decrease from
35-day phase 0.15 to 0.3. The other cycles are consistent with this trend. There is

a clear delay in the increase of line intensity compared to the continuum norma-
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lization (shown in Figure 9). This is a feature that should be explained by any
model for the 35-day cycle. Qualitatively it is telling us that the illumination of
the fluorescing gas is different than the illumination by the source in the direc-
tion of the observer, thus is providing a constraint on the source, fluorescing gas

and observer geometry.

4. Discussion

Based on the disc model by [8] and the pulse evolution model of [3], we can un-
derstand the spectra of Her X-1 during the MH-state as being superposition of
three components: 1) the spectrum of the direct emission from the pulsar (fan
and pencil beams); 2) the spectrum of the reflected X-ray radiation off of the ir-
radiated inner disc ring; and 3) the spectrum of magnetospheric/coronal emis-
sion of the scattered direct radiation.

The variation of the relative importance of these components is responsible
for the variation of the spectral parameters over the 35-day cycle. Scattered
emission, by hot material either in the magnetosphere high above the accretion
column or in the corona above and below the accretion disc, is very weak and its
energy spectrum is similar to the direct emission. Thus this emission does not
contribute significantly to spectral changes during MH-state and SH-state, and is
only significant during the low-states.

On the other hand, as can be seen from [8], the reflected emission from the
inner disc ring contributes a significant fraction of the observed emission during
both high states. The inner disc ring is blocked by the thick-hot atmosphere of
the outer disc edge during the early MH-state. The uncovering of the inner ring
by this hot-atmosphere is apparent in the gradual increase of its intensity up to
35-day phase 0.15. By the end of MH-state the near side of the inner-disc edge
gradually covers the central source and the inner disc ring. Variation of spectral
parameters over the 35-day cycle during the MH-state can be explained naturally
in this picture.

There are cycles that show deviation from the typical trend of the spectral pa-
rameters with 35-day phase (cycle numbers 53, and possibly 51, 90, and 91).
These cycles occur after an emergence of the system Her X-1 from an extended
low state (i.e. Anomalous Low State “ALS”). There are two ALS that occurred in
the middle of our observations, during the periods MJD 51255.9 to 51756.9 and
52945.5 to 53159.4 (or in cycle numbers 34 to 48 and 83 to 88). It is generally be-
lieved that the ALS results from changes in the state of the accretion disc [28].
Thus the most probable reason for such deviation from the typical trend of
spectral evolution is the change in the geometry of the inner disc edge due to

proximity of these cycles from ALS periods.

4.1. Cutoff Energy

In the 35-day pulse-evolution model of [3], the reversed fan beam originates at a

height of 2 neutron star radii above the neutron star surface and is much broader
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in solid angle than the pencil beam (by a factor of about 5 - 10). Both the scat-
tered and reflected emission is dominated by the spectrum of the fan beam. The
inner disc ring will be illuminated largely by the fan-beam, so that the backscat-
tered radiation will mostly be that of the incident fan-emission on the inner
disc-ring.

Reference [26] carried out a pulse-phase-resolved spectral analysis at 4-intervals
over the MH-state (35-day phases 0.03, 0.10, 0.15, 0.20). The cutoff energy varia-
tion with pulse phase is shown in Figure 10 of [26]. The cutoff energy shows a
large variation with pulse phase, reaching a high value around the central hard
peak (pencil beam) of E of 24 - 25 keV and a lower value of E, of 18 - 22 keV
around the leading/trailing shoulders (fan beam).

By considering the phase-resolved variation of the cutoff energy, we expect for
early MH-state, when the direct emission is the dominant component, the
phase-average spectra will show a high value of the cutoff energy. As the 35-day
cycle progresses, the reflected and scattered emission (mostly reflected, and
scattered emission of the fan beams) becomes more important and results in a
decrease in the pulse-phase-average cutoff energy. This is seen in our results in

Figure 11.

4.2. Photon Index

For an irradiated slab of cold gas, the incident photons are Compton scattered
by free or bound electrons, photoelectrically absorbed and reprocessed into flu-
orescent line emission and/or destroyed by Auger de-excitation. Because of the
decrease of the photo-absorption cross-section with the third power of photon
energy, most of the incident soft X-rays are absorbed and a fraction is repro-
cessed into the fluorescent emission line. On the other hand, higher energy pho-
tons are mostly backscattered. Thus, reflected/backscattered radiation by ma-
terial illuminated by a central X-ray source shows an excess of the continuum
above 10 keV [29] [30]. This is a result of electron scattered X-rays, called “the
Compton reflection continuum”. One of the main features of the reflected spec-
trum is the flattening of the spectrum above 10 keV. Figure 1 from [29] shows an
example of an incident power law and reflected energy spectra.

As mentioned previously, the evolution of the spectral photon index (Figure
10) with 35-day phase generally shows a decreasing trend. The photon index
shows higher values (>1.0, softer spectrum) for the early MH-state up to 35-day
phase 0.15. After this phase it shows a decreasing trend (spectra become flat-
ter/harder). This decreasing trend of index is consistent with the increasing frac-
tion of the reflected emission by the inner disc ring as compared to the direct
emission from the central source. Although, the energy spectrum of scattered
magnetospheric/coronal radiation is similar to the direct radiation, its contribu-
tion during MH-state is negligible. This component is responsible for the in-
crease in photon index near the very late end of MH-state (e.g. cycles 73 and 101
in Figure 10).
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4.3.Iron Line and Continuum Flux

In accreting X-ray pulsars (AXP), the Fe K, line emission is produced by the
fluorescent reprocessing of the direct emission from the central source by the
surrounding matter. This is indicated by the proportionality between the conti-
nuum flux above 7.1 keV and iron line flux [31]. Iron line emission produced by
an illuminated slab in reflection is emitted by more highly ionized material near
the illuminated face, and thus shows a higher energy fluorescent line. Lines
produced in transmission through illuminated material are more likely to be
produced far from the illuminated face (Ze. in cold material), and thus produce
fluorescent lines of lower energy [32].

The possible origins of the Fe K. emission line in Her X-1 during MH-state
are: 1) reprocessing of the direct emission in the hot magnetospheric/coronal
gas; 2) reprocessing of the direct emission in reflection by the far illuminated
face of the inner disc ring; and 3) reprocessing of direct emission and/or re-
flected emission by the illuminated near side of the inner ring in transmis-
sion.

During the decay of the MH-state the near side of the inner disc edge gradu-
ally occults the central source first and then the illuminated far side of inner
ring. Thus production of the fluorescent iron line in transmission occurs during
the decay of MH-state. On the other hand, during the early MH-state the only
source for the iron line is the hot material (Ze. far side of the inner disc ring il-
luminated face and/or magnetospheric/coronal gas). This indicates that the Fe
K, emission line is expected to have a high energy during the early MH-state and
lower energy as 35-day phase increases as found in our observations. The in-
crease in the line energy for the very late MH-state (35-day phase > 0.25) results
from the decay of iron line production in reflection/ transmission due to absorp-
tion by the near side of the inner disc edge, which completely occults both re-
gions for this phase. Reprocessing in the hot magnetospheric/coronal gas is still
present even beyond 35-day phase 0.25. Thus the observed Fe K, line energy
change in the RXTE/PCA data results from a varying mixture of two unresolved
lines of different energies.

The power-law continuum normalization (Figure 9), shows a faster drop than
the iron line intensity (Figure 13) in late MH-state. However, due to the varia-
tion of other spectral parameters (including photon index), continuum norma-
lization is not an accurate measure of the continuum strength. We used the
“flux” command in XSPEC to calculate the absorption-corrected fluxes of the
model within a given energy range from the best-fit spectral parameters and
their uncertainties. Figure 14 shows the ratio of 20 - 30 keV continuum flux to
the Fe K, line intensity phase for the different MH states. This ratio shows a de-
crease near the end of MH-state. This decrease can be understood if the occulta-
tion of the direct-emission/central-source occurs earlier in the MH state than the

occultation of line production regions.
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Figure 14. Each panel shows the ratio of 20 - 30 keV continuum flux to iron line intensity as a function
of 35-day phase for the different 35-day Main High states.

5. Summary and Conclusions

Her X-1/HZ Her was observed by the RXTE/PCA instrument for 20 different
Main High (MH) states over the 19-year period 1996 to 2005. We have obtained
the set of observations from the RXTE archive at HEASARC and analyzed the
light-curves and spectra of Her X-1 with the goal of characterizing the Main
High state of the 35-day cycle.

The low energy (2 - 4 keV) and high energy (9 - 20 keV) light-curves (Figure
2 and Figure 3) show that: one cycle (number 73) has extensive coverage of
35-day phase of MH (35-day phase 0 to ~0.3); the other 19 cycles have low cov-
erage; the light-curves are consistent with having nearly the same shape but with
different peak intensity (see Figure 1 for all MH data overlaid); the softness ratio
(Figure 4) has a consistent shape for all cycles. There are sharp drops in softness
ratio which indicate absorption dips [16]: these are not the subject of the current
study, so were removed prior to light-curve or spectrum analysis.

To find a universal spectral model which is adequate to describe all MH spec-
tra and allow comparison of spectral parameters with 35-day phase in MH, we
carried out a large set of test fits. The model which we find is best to describe
MH spectra is the power-law with an exponential cutoff. A fluorescent iron
emission line is also required. Partial covering absorption gives a better descrip-

tion than uniform absorption (or no absorption) and we find a neutral absorber
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fits the spectra better than an ionized absorber. With this universal spectral
model, all MH spectra for the 20 different MH states were fit using * minimiza-
tion and the XSPEC software.

The resulting spectral parameters variation with 35-day phase was obtained
for MH (Figures 7-13). Cycle 73 serves as a prototype for the 35-phase depen-
dence of spectral parameters, but the other 19 cycles are generally consistent
with cycle 73. Column density does not show a clear trend with 35-day phase.
However, covering fraction has a minimum in late MH at 35-day phase 0.22.
Continuum normalization peaks at 35-day phase 0.1, which is peak of MH state.
Photon index declines from 1.1 at 35-day phase 0.05 to 0.85 at 35-day phase 0.22,
with values near 1.0 for earlier than 0.05 or later than 0.22. Cutoff energy is con-
stant at 20.5 keV for early MH (35-day phase 0 to 0.1) then declines to 18 keV at
end of MH. The iron line energy has large errors, but shows a decrease, indicat-
ing a less-ionized fluorescing gas, from 35-day phase 0.05 to 0.22. Lastly, we cal-
culated unabsorbed source fluxes for each spectrum and showed the ratio of 20 -
30 keV source flux to iron line intensity in Figure 14. This shows a smooth
trend of decreasing flux to iron line ratio, indicating more efficient iron line
production as 35-day phase increases.

The above trends can be qualitatively described by the precessing-disc occul-
tation model for the 35-day cycle in Her X-1 ([3] [7] [8] [9] [28]) with the most
detailed model to date presented by [33]. One goal of the current work is to pro-
vide light-curves and spectral parameters vs. 35-day phase for the MH state,
which can be compared quantitatively to models for the 35-day cycle.
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