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Abstract: The archival Rossi X-ray Timing Explorer (RXTE) Proportional Counter Array (PCA)
observations of HZ Her/Her X-1 are analyzed here. The time periods for Anomalous Low States
are refined. The 35-day X-ray lightcurve of Her X-1 is produced using 35-day phases determined
with RXTE All-Sky Monitor (ASM) and Swift Burst Altert Telescope (BAT) data, with adjustments
based on the RXTE/PCA data. The result is the highest sensitivity 35-day lightcurve of Her X-1.
The RXTE/PCA data were separated into 8 differents states of the 35-day cycle: Main High (MH)
turn-on, MH, MH decline, Low State (LS) 1, Short High (SH) turn-on, SH, SH decline, and LS2.
Orbital lightcurves were created for each state, and the different states are compared. Eclipse data
was extracted for each state to determine the changes of eclipse shape with 35-day phase. A scattering
corona model was fit to the eclipses for the different 35-day states: this shows that the corona is
present at all 35-day phases with similar intensity. We carried out a search for previously-reported
dips with no absorption, but did not find any.

Keywords: neutron stars; X-ray binaries; accretion disks

1. Introduction

Hercules X-1 (Her X-1) is a well-known and studied binary system (e.g [1-3]) composed of
a neutron star Her X-1 —pulsating at 1.24 s— in a 1.7-day nearly circular orbit around its optical
companion, a main sequence star HZ Her of spectral type A/F. The binary has accurately measured
orbital ephemeris [4]. The companion varies between late A type (for the back side facing away from
the neutron star) and early B type (for the front X-ray illuminated side of companion). The approximate
masses of neutron star and companion are ~ 1.6 My and ~ 2.3 Mg, respectively [5,6]. The main
uncertainty is caused by the uncertainty in the orbital inclination, which is ~85°. It is located at a
distance of ~ 6.1 kpc from Earth [5], with coordinates of RA = 16 57 49.8110126616 and dec = +35
20 32.486555472, or galactic coordinates of 58.1° longitude and 37.5° latitude. Her X-1 is a persistent
X-ray pulsar discovered by the Uhuru satellite in 1972 along with Centaurus X-3. Since that date, both
pulsars have remained among the most studied X-ray sources and continue to give new information
about X-ray binary astrophysics. The system Her X-1/HZ Her is a strong emitter in X-rays, optical,
and ultraviolet (e.g [7,8]), which enables studies of the binary in detail.

The 35-day cycle is one of the most prominent features of Her X-1 ([9] and references therein). Its
length can vary from 33 to 37 days [10]. The cycle is produced by changes in the obscuration of the
neutron star by the accretion disk [11,12]. The binary system is conceptually illustrated here in Figure
1, with observer inclination at ~ 85° and with a twisted and tilted accretion disk fed by an accretion
stream from the Roche-lobe filling companion, HZ Her. The neutron star is directly visible in MH state,
and seen partly obscured in SH.

The 35-day cycle has 8 states: Main High (MH) turn-on, MH, MH decline, Low State (LS) 1,
Short High (SH) turn-on, SH, SH decline, and LS 2. The MH state (including the 3 subdivisions) lasts
10-12 days, the SH state lasts 5-7 days, and MH and SH are separated by LS lasting 8-10 days [13]. In
addition, Her X-1 has Anomalous low states (ALS) every ~ 5 years (e.g. [14]), where the High states
fail to appear and instead exhibits extended periods of low X-ray flux. The ALS were discovered by
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[15], and later shown [9] to be indistinguishable from the regular LS based on X-ray softness ratio (SR).
The ALS is likely produced by a change in the geometry of the accretion disk that prevents a direct line
of sight to Her X-1 [16].

Companion star

Neutron star

Accretion

Disk

Accretion
stream

Figure 1. Conceptual diagram (artificial colors) of the binary system HZ Her/Her X-1 (companion
star/neutron star) with it characteristic tilted and twisted accretion disk. The companion star is heated
by the X-rays from the neutron star to ~ 17,000 K for the heated side; the temperature is ~ 8100 K for
the unheated side. This causes the spectral type to vary with orbital phase.

An X-ray binary system which has a low mass (< 3 M) or late-type companion star (spectral
type A or later) is known as low-mass X-ray binary (LMXB). It consists of a neutron star or a black hole
accreting material from its companion via Roche-lobe overflow!, forming an accretion disk around
the compact object through conservation of angular momentum. The material spirals into the deep
gravitational well, with potential of order 0.1 mc?, and thus is heated to keV temperatures, causing the
emission of X-rays. LMXBs are usually found in the bulge, disk and globular clusters of the Galaxy,
whereas HMXBs (high-mass X-ray binaries with young massive stars as companions) are usually
found close to star-forming regions in the spiral arms of the Galactic plane. LMXBs are older than
HMXBs. Her X-1 has a companion which is ~600 Myr old [5] and is considered to be a LMXB.

The accretion stream from HZ Her enters orbit around Her X-1 and forms an accretion disk (e.g.
[17,18]). Accretion onto Her X-1 from the inner edge of the disk proceeds through an accretion column,
in which the hard X-rays (> 1 keV) are created [19,20], and modulated by neutron star rotation and
obscuration of the accretion disk. A weaker flux of X-rays is present during low state and eclipses,
which are scattered from extended matter in the system (e.g [11,12]). However, there are other different
X-ray flux modulations that consist of sharp and non-periodic absorption events, called lightcurve
dips. These numerous dips occur throughout the orbital phase and the High states of the 35-day cycle,
lasting from a couple of seconds to several hours in different intensities [21].

Dips were studied by [22], where their spectra exhibited X-ray absorption by cool material and
Thompson scattering by ionized gas. According to [23,24] dips can also be caused by partially ionized
matter or cool bobs of material immersed in hot ionized gas. [13] analyzed the pre-eclipse dips using
RXTE/ASM data, confirming the marching phenomenon where dips progress to earlier orbital phase
as 35-day phase increases. [17] modeled the stream-accretion disk impact and concluded that the
dips properties can be explained by this model when the impact site of the accretion stream on the
accretion disk obscures the X-ray source. Dips and orbital phase lightcurves were studied by [1] using
RXTE/ASM, Swift Burst Alert Telescope (BAT) [25] and Monitor of All-sky X-ray Image (MAXI) [26]

1 The Roche-lobe is a teardrop-shaped volume that defines the region in which a star’s material is gravitationally bound to it.

Roche-lobe overflow occurs when the star fills its Roche-lobe, so the material from the companion outside the Roche lobe
either escapes from the system, orbits both stars, or falls onto the compact star.
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data. The absorption dips exhibit a drop in the SR simultaneous with a drop in the count rate. [27]
reported a new phenomenon for dips during MH state using LAXPC instrument on board of the
AstroSat Observatory [28]: several dips showed constant SR as count rate decreased instead of the
usual behaviour for absorption dips. These dips could be caused by highly ionized matter blocking
the X-rays (and so the spectrum doesn’t change as count rate decreases), or by partial coverage of very
dense matter.

Ionized gas in Her X-1 was demonstrated by [2]. [29] presented a model for the large-scale
electron scattering corona by analysis of RXTE/PCA eclipse lightcurves in MH state. The corona was
approximated by a spherically symmetric electron density distribution, since a more detailed corona
would not be justified due to the large errors in mid-eclipse lightcurve. Their model allows for three
possible scenarios: the expected temperature from heating by Compton scattering is similar to that
required to keep the corona in hydrostatic equilibrium; the entire corona is a fast outflow; or the corona
could be hybrid, with an inner hydrostatic region and an outer-low region with low outflow velocity.
Moreover, they detected a bump in the eclipse lightcurve at orbital phase 0.945 (eclipse ingress) that
may be caused by the impact of the accretion stream with the disk [29].

In this work we analyse the entire RXTE/PCA database of observations of Her X-1 to obtain high
sensitivity 35-day and orbital lightcurves. Section 2 describes the data and analysis; and section 3
presents the lightcurves. In section 4 we discuss the new results and conclude in section 5.

2. Data and Analysis

2.1. Rossi X-ray Timing Explorer (RXTE) Observations

The Rossi X-ray Timing Explorer (RXTE) was launched on December 30, 1995. Designed for
a lifetime of 2 years, it operated for 16 years (from December 1995 to January 2012) providing
information about the extreme environments around white dwarfs, neutron stars, black holes and
other X-ray emitting objects. The observatory’s instruments measured X-ray variations on timescales
from microseconds to months and years, covering a spectral range from 2 to 250 keV. The spacecraft
carried three instruments: the Proportional Counter Array (PCA) [30] developed by NASA’s Goddard
Space Flight Center to cover low energy ranges (from 2-60 keV) with geometric area of 6500 cm? and
time resolution of 1 microsec; the High Energy X-ray Timing Experiment (HEXTE) [31] built by the
University of California for the energy range 15-250 keV with a geometric area of 2 x 800 cm?; and the
All-Sky Monitor (ASM) [32] developed by the Massachusetts Institute of Technology (MIT) with range
2-10 keV and 30 mCrab sensitivity.

Here we analyze the RXTE/PCA data. The data were downloaded from the NASA’s High Energy
Astrophysics Science Archive Research Center (HEASARC) web site (https:// heasarc.gsfc.nasa.gov),
which is the primary archive for NASA’s missions studying electromagnetic radiation from extremely
energetic cosmic phenomena ranging from black holes to the Big Bang.

2.2. Analysis

The downloaded data contains 23 folders, one per observing proposal. The standard products for
bands b (2-4 keV), ¢ (4-9 keV), and d (9-20 keV) were used in the current analysis. Using the standard
lightcurve files, we calculate time (in Modified Julian Day), orbital phase, 35-day phase, softness ratio
and its error. The files contain the raw time in Spacecraft Clock Seconds (SCCS) or Mission Elapsed
Time (MET); and the barytime (Barycentric Dynamical Time, TDB). The time units in seconds were
changed to Modified Julian Date in Terrestrial Time using the conversion:

TDB

MJDB = 53600

+ M]DBref(TT) @

where TDB is the barytime, and M]JDB,.¢(TT) is the reference time of the instrument: MJDB,.¢(TT) =
M]DBiefint + MJDBief, frac = 49353.000696574076 s.
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For the calculation of the orbital ephemeris, we use:
Pory(t) = Poyp(0) + (M]D - Tn/Z(O)) * porh(o) ()

where we use the constants from Table 3 of [4]: T, />(0) = 46359.871940, P,,;(0) = 1.70016759, and
B,,;(0) = 1.70016759. The average orbital period over time T,;/5(0) to time t is:

Pm;(f) _ Porb (0) ; Porb(t) (3)

because the orbital period is increasing linearly with time. The time T from the reference time is
T =t — T /2(0). The orbital phase, ¢,,;,, with phase reference 0 defined as mid-eclipse of the neutron

star by the companion star, is given by the fractional part of L. and the number of orbital cycles,n,

Pay (1)
is given by the integer part of #(t) The softness ratio, SR, here for band b over band d, is given by:

b
SR=~ @)

with b and d the count rates in bands b and d, respectively.

2.3. 35-Day Phase Determination

35-day phase, ¢35, was calculated as:

t— 32 t— 32
= = 5
(P35 PSS tiﬁ_l — t%S ( )

where ¢ is time of the data, t, is the start time and P> is the length of 35-day cycle number 1. We used
the values of t, and P3° from [10] as initial values for calculation of 35-day phase. For each value of n,
we selected the nearest value of ¢ to £3°, with £3° < t.

We used Tables 1 and 2 from [10] for the calculation of the 35-day phase and cycle definition,
because ASM and BAT time peaks have been well-determined and cover a wide range of time. The
table was divided into two parts: an interval of MJD 50146.553 to 53403.780 for the ASM table, and an
interval of MJD 53437.822 to 58691.994 for the BAT table. The first part contained 94 cycles of ASM
data and the latter contained 152 cycles of BAT data giving a total of 246 cycles?

The original cycle numbering of the ASM table was kept, but the numbering of the BAT table
was changed to be consecutive with the ASM numbering (cycle 0 was renumbered 97, etc., the same
as in Table 4 of [10]). A few modifications to the original values of t,, and P,?S were made, within the
uncertainties of the ASM and BAT peak times, as described in Section 3.1 below. Table 1 shows all the
changes made, ranging from 1 to 3.4 days.

Table 1. Modified 35-day cycle peak times.

Cycle Newcycleno. New peak time Days added

ASM 59 59 52107.6 1

ASM 81 81 52879.2 12

ASM 82 82 52916.5 1.2
BAT 1 97 53477.0 2
BAT 2 98 53509.6 3.4
BAT 3 99 53544.8 14
BAT 4 100 53581.9 1.9

2 In the original ASM/BAT table, a total of 248 cycles were included because of the repetition of BAT cycles 3 and 4.
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3. Results

3.1. 35-Day Phase Lightcurves

The data were first filtered to remove the Anomalous Low States (ALS) 1 and 2. To remove ALS1
and ALS2, we initially used the intervals measured by [33] (their Table 1). Then we carried out a new
examination of the ASM, BAT and PCA lightcurves, which led us to redefine the ALS periods: ALS1
goes from MJD 51230 to 51755, and ALS2 goes from MJD 52980 to 53100.

The initial plots of count rate vs. ASM/BAT-determined 35-day phase served as a reference
to find misplaced data caused by incorrectly calculated 35-day phase. This can happen because of
the uncertainties of 35-day phase determination from ASM and BAT, which is caused by the low
signal-to-noise of the ASM and BAT data and incomplete sampling of the 35-day cycles. The errors in
phase were found as data which did not fit the characteristic shape of the 35-day lightcurve. E.g., we
found isolated points at high count rate between 35-day phases 0.18 and 0.24, and between 35-day
phases 0.6 and 0.645: these were caused by the repeated cycles 3 and 4 in the ASM-BAT table, which
were then removed. Another the group of points between 0.63 < ¢35 < 0.64 at low count rate
(5.88 < Band b < 9.15) indicated an adjustment to the 35-day cycle lengths for cycles 97 and 98. The
mean adjustment of 1.7 d is consistent with the estimated ASM/BAT measurement error of ~2 days,
estimated by comparing 35-day cycle lengths from BAT with those from ASM (Fig. 8 of [10]).

After the adjustments of Table 1, the 35-day lightcurve showed no outlying data. We initially used
the 35-day phases for the eight states of the 35-day cycle summarized by [34] (their Table 2). However,
with the higher sensitivity of the RXTE/PCA data compared to the ASM or BAT data, we were able to
better determine the 35-day phase boundaries of the states. The adjusted 35-day phase boundaries of
the states are shown in Table 2. Figure 2 (top panel) shows these phase boundaries as vertical lines.
The 35-day lightcurve for the PCA data show a fast turn-on and a slow decline for MH and for SH
states. All eight states are better defined by the PCA 35-day lightcurve here compared to the BAT or
ASM 35-day lightcurves [10] because of the higher sensitivity of the PCA data and the updated 35-day
cycle timing here.

Table 2. Definition of state intervals in 35-day phase for PCA data.

State Start phase End phase Duration
MH Turn-on 0.786 0.815 0.029
MH 0.815 0.997 0.182
MH decline 0.997 0.180 0.183
LS1 0.180 0.368 0.188
SH Turn-on 0.368 0.379 0.011
SH 0.379 0.454 0.075
SH decline 0.454 0.624 0.170

LS2 0.624 0.786 0.162
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® Bandd

7 0.18 start of Low State 1
~0.368 start of Short High Turn-on
7 0.379 start of Short High

7 0.454 start of Short High Decline
7 0.624 start of Low State 2
~0.786 start of Main High Turn-on
~0.815 start of Main High
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0.3 0.4 0.5
35 day phase

Figure 2. 35-day cycle RXTE/PCA lightcurve of Her X-1 for Band d (9-20 keV, top) and softness ratio SR
(Band b/ Band d). The dashed lines delimit the intervals for each state. These include all observations
of Her X-1 by RXTE/PCA. The points with SRS 0.3 are those that show cold matter absorption.

3.1.1. Orbital phase lightcurves

Orbital lightcurves generated for Band d and SR (Band b/ Band d) are shown in Figure 3, for MH
and MH turn-on (left panel) and for MH decline (right panel). Band d and SR lightcurves are shown in
Figure 4 for SH, SH decline and SH turn-on (left panel), and for LS1 and LS2 (right panel).
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Figure 3. Cont.
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Figure 3. Orbital phase Band d lightcurves for (a) MH turn-on and MH; and (b) MH decline. SR vs.
orbital phase for: (c) MH turn-on and MH; and (d) MH decline.
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Figure 4. Orbital phase Band d lightcurves for (a) SH turn-on, SH and SH decline; and (b) LS 1 and 2.
SR vs. orbital phase for: (c) SH turn-on, SH and SH decline; and (d) LS 1 and 2.

3.1.2. Eclipse Lightcurves

Eclipses during MH are well defined and occur over orbital phases 0 to 0.07 for egress and 0.93
to 1.0 for ingress (e.g. Fig. 1 of [5]). To clearly see the eclipse lightcurves, some data on either side of
eclipse is included, i.e. the orbital phases plotted are expanded to 0 to 0.1 and 0.9 to 1.0. 1 was added
to the 0.0 to 0.1 orbital phase data to make the phase continuous over eclipse (0.9 to 1.1). Because of the
large dynamic range of count rates, the resulting lightcurves are plotted on log scale: Figure 5 shows
the eclipse lightcurves in Band d for MH, MH decline and MH turn-on. Figure 6 shows the eclipse
lightcurves in Band d for SH, SH decline and SH turn-on (left panel) and for LS1 and LS2 (right panel).
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Figure 5. 9-20 keV (Band d) eclipse lightcurves for MH, MH decline and MH turn-on. The grey line is
the coronal scattering model from [29].
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Figure 6. 9-20 keV (Band d) eclipse lightcurves for SH decline, SH and SH turn-on (left panel) and for
LS 1 and LS 2 (right panel). The grey line in each panel is the coronal scattering model from [29].

4. Discussion

4.1. 35-Day Phase Lightcurves

The unbinned 35-day lightcurves are shown in the upper panel of Figure 2. The lower panel shows
the SR, which indicates absorption by a value <0.3 and no absorption by a value 20.3. The relation
between SR and absorption by dips was demonstrated by [21,23] and absorption by companion eclipse
by [35]. The time resolution of the ASM and BAT lightcurves [10] was low enough that most dips
are not resolved so that dip and non-dip data are mixed. However the PCA standard products time
resolution of 16 s is enough to resolve and separate dip data from non-dip data [21].

The PCA 35-day lightcurve shows numerous dips, consistent with the finding by [9] that for
~50% of the time Her X-1 shows absorption. After removal of absorbed data with SR< 0.3, the 35-day
lightcurve retains a factor ~2 variation at any given 35-day phase. This was previously known from
the long record of 35-day cycle strengths from ASM and BAT (e.g. Fig.1 of [33] for ASM or Fig.2 of [10]
for BAT). The PCA 35-day lightcurve presented here will be a valuable input for models of the 35-day
cycle which use the shape to constrain the shape of the accretion disk, similar to the work of [7,11].

4.2. Orbital Lightcurves

A recent study of orbital X-ray lightcurves of Her X-1 was done by [1] using RXTE/ASM, MAXI
and Swift/BAT data. They considered the six 35-day states of MH turn-on, MH, MH decline, LS 1, SH
combined (SH turn-on, SH and SH decline) and LS 2, then subdivided MH into four pieces (MH-a,
MH-b, MH-c and MH-d) for study of the main dip progression with 35-day phase. With the low
sensitivity of ASM, MAXI and BAT data and the long-term observations, the orbital lightcurves were
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created using binned data. The PCA data analysed here has much higher sensitivity (factor of 210
smaller errors). This allowed creation of PCA lightcurves for the eight 35-day states using unbinned
data, which reveals the dips and the variability of Her X-1 at each orbital phase.

The MAXI, BAT and ASM lightcurves from [1] (their Fig.1 and Fig. Al) are significantly different
between their six states, but agree well with our PCA lightcurves (Figure 3 and Figure 4) for those
same states. In particular, for MH the lightcurve is nearly flat-topped except near eclipse egress and
for dips after orbital phase ~0.75. The better time resolution and sensitivity of the PCA data show
that MH has a rapid rise at egress and that the bump at orbital phase 0.9 is caused by a mixture of
un-absorbed data with absorbed data. For MH turn-on, the BAT/MAXI/ASM lightcurves show two
maxima at orbital phases 0.3 and 0.8, however the PCA data shows only a single maximum at orbital
phase 0.8. This is likely caused by the incomplete coverage of different 35-day cycles by the PCA, so it
missed catching MH turn-ons near orbital phase 0.3. MH decline for the BAT/MAXI/ASM lightcurves
has a dip at orbital phase 0.4 which is seen in the PCA MH decline lightcurve (Figure 3).

For SH, the PCA lightcurve has a smooth maximum near orbital phase 0.4 similar to that seen in
the BAT/MAXI/ASM lightcurves. For the BAT/MAXI/ASM SH lightcurves, late orbital phases (=0.5)
are quite weak. The PCA SH lightcurves show that this is caused by the much higher occurence rate
of dips after orbital phase 0.5 ((c) of Figure 4). The LS 1 and 2 lightcurves show clear modulation in
the PCA data not seen in the BAT/MAXI/ASM SH data, because of the lower sensitivity and larger
background uncertainties for the latter. Overall, given the limitations of the data (low sensitivity for
BAT/MAXI/ASM, and incomplete coverage for PCA) the lightcurves agree very well and exhibit
features which are consistent between the different sets of data.

4.3. Eclipse Lightcurves

A main new result is that eclipse lightcurves (Figure 5 and Figure 6) have now been produced for
other states than MH, including MH decline, SH, SH decline and the Low States 1 and 2. The evidence
for a bowl-shaped eclipse, previously known for MH only, is now demonstrated for these other states.
The evidence is clear for MH and SH states, and less clear for the Low States, because of incomplete
observations. Future observations of eclipses with other instruments, such as those on the AstroSat
satellite, could confirm the bowl-shaped eclipses for the Low States.

Ref. [29] analyzed binned data for MH eclipses using a corona model. The bowl-shaped eclipse is
evidence for an extended electron scattering corona in the binary system: it has to be larger than the
companion star HZ Her, in order to yield residual X-ray flux at mid-eclipse. The unbinned eclipse data
presented here in Figure 5 shows that the lower pre-ingress flux than post-egress flux for MH is caused
by more numerous dips in the pre-ingress period than in the post-egress period, rather than a different
flux emitted by the neutron star.

The corona model from [29] was fit to the new eclipse lightcurves here for states with enough
data: MH, MH decline, SH, SH decline, and the combined data from Low States 1 and 2. The phase
interval from post-stellar ingress (0.932) to pre-stellar-egress (1.068) was fit using x> minimization with
normalization C as the single fit parameter. The corona model lightcurves (without companion ingress
and egress models) are shown in Figure 5 and Figure 6. Table 3 shows the results of the fits, with C, x?
and x2/dof values, where dof means degrees of freedom.

Ref. [29] (their Figure 4) shows an excess at orbital phase 0.94 above the coronal model best fit for
MH eclipse. We verify the excess here for MH: the fit of the coronal model to data not including the
excess region (orbital phase 0.935 to 0.96) is a significant improvement over the fit to data including
the excess region (see comparison of ‘MH’ and ‘MH no excess’ fits in Table 3, decrease in x? of 940 for
a decrease of 531 in dof). For the other states, the data are too sparse to determine if there is an excess
at similar or other orbital phase during eclipse. The proposed explanation of the excess is scattered
X-rays from the accretion stream. The changing geometry of the accretion stream and its impact site
on the accretion disk surface, described by the model of [17], implies that the excess should change
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its orbital phase with 35-day cycle phase. More complete observation of eclipses for different 35-day
phases are required in order to test this.

Table 3. Fits of coronal model to 35-day states(®.

State C x> dof x%/dof

MH 1273 1630 1531  1.065

MH no excess®)  1.048 690 1000  0.690
MHdec 0953 66 94 0.702
SH 0712 174 278  0.626
SHdec 0599 437 634  0.689
LS1+2 0.751 204 3770  0.550

@: MH turn-on and SH turn-on did not have enough data to fit; LS 1 and LS 2 data were combined into LS1+2; the
orbital phases of eclipse that were fit are 0.0935 to 1.065. ®: for this fit the region with the excess between phases
0.935 and 0.960 was omitted.

Table 3 shows that the normalization of the corona, C, is similar for MH (no excess) and MH
decline but significantly lower for SH and SH decline. Interestingly the normalization for LS is slightly
larger than for SH. Some change in normalization of intensity from the corona is expected because the
changing orientation of the accretion disk implies changing visibility of the inner regions of the corona.
More complete observations of the eclipses would enable testing the shape of the corona by applying a
model for the partial eclipse of the corona by the rotating accretion disk shape (Figure 1).

4.4. Absorption Dips and No-Absorption Dips

As noted above, absorption dips are identified by a drop in SR simultaneous with a drop in count
rate, whereas no-absorption dips will have no change in SR when count rate drops. To identify both
types of dips, SR vs. count rate was examined for each state. Eclipses (orbital phases 0.0 to 0.07 and
0.93 to 1.0) were filtered out of the data prior to the search.

Figure 7 (left panel) shows the resulting SR vs. band d count rate for the MH turn-on, MH and
MH decline (with the MH turn-on points overplotted on the MH points, overplotted on the MH decline
points, in order to see the three sets better; the MH decline points cover the entire region under the MH
points). Absorption dips are seen by the sharp decrease in SR for the points below the main cluster of
non-absorbed data which lies between SR of 0.4 and 0.5. Although there are small decreases in count
rate without decreases in SR (without absorption) within the main cluster of points, there are no deep
drops in count rate without a drop in SR. L.e., we don’t find any no-absorption dips in the MH states.

The right panel of Figure 7 shows SR vs. band d count rate for the LS (combined), SH turn-on,
SH decline and SH (with the LS points plotted on top, then SH turn-on, then SH decline, and SH
underneath). Absorption dips in the three SH states are identified by the drop in SR below 0.3
accompanying a drop in band d count rate. For the SH states the proportion of data which shows
absorption is ~70%, in contrast to the MH states with a proportion of data with absorption of ~30%.,
in agreement with [36]. The errors in SR for LS points (and all other points with count rate <6) are
large enough that absorption (or its absence) cannot be identified.

The previous report of no-absorption dips by [27] used 5-9 and 9-20 keV bands from Large
Area X-ray Proportional Counter (LAXPC) on Astrosat. To compare more closely to that analysis
we analysed SR vs count rate with SR given by PCA Bands ¢ (4-9 keV) and d (9-20 keV). Using
SR = Band ¢/ Band d yields absorption dips following a nearly linear decrease of SR with count rate,
in agreement with [27] (their Fig.7) instead of the curved trajectory of points for SR = band B/Band d
as seen in Figure 7 here. However, we did not find any no-absorption dips in the PCA data.

In summary, we did not find any no-absorption dips in our thorough search. We checked
two different definitions of SR, and searched all three MH states and all three SH states
in the entire RXTE/PCA archive of observations of Her X-1. The AstroSat collaboration
has updated the LAXPC data processing software including a new background model (see
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https:/ /www.tifr.res.in/astrosat_laxpc/LaxpcSoft.html). Thus it is possible that the detection of
no-absorption dips by [27] was caused by erros in background subtraction using the older data
analysis package.
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Figure 7. SR vs. count rate plots for the different 35-day states. Left panel: for MH turn-on, MH and
MH decline. Right panel: for SH turn-on, SH, SH decline and Low States (1 and 2 combined). Dips in
the MH states correspond to the points below the main cluster of points between count rates of 20 to
120 ¢/s. Dips in the SH states correspond to the points below the main cluster of points between count
rates of 20 to 120 c¢/s.

5. Conclusions

We report an analysis of the entire archive of Standard 2 data on Her X-1 collected by the
RXTE/PCA instrument to generate lightcurves for 35-day phase, orbital phase and eclipses. The start
times and lengths of the 35-day cycles observed by PCA were updated from initial values derived from
RXTE/ASM and Swift/BAT observations [10] to be consistent with the PCA data. Using the higher
sensitivity 35-day lightcurve from PCA, the boundaries of the eight states of the 35-day cycle (i.e. MH
turn-on, MH, MH decline, LS 1, SH turn-on, SH, SH decline and LS 2) were refined, and the boundaries
of the ALS were adjusted to be more accurate. For MH a rapid turn-on is seen followed by a slower
rise to peak and an even slower decline. SH follows the same pattern but with a peak at ~ 25% of the
MH peak. Absorption dips are present throughout the MH and SH states, and more prevalent during
SH. The orbital lightcurves for the different 35-day states show a progression of changes with 35-day
phase similar to those demonstrated in ASM and BAT data [1,13], but with clear indentification of the
importance of dips on the lightcurves, using SR. The data coverage of the LS states is incomplete and
will require observations with newer X-ray instruments.

Eclipse lightcurves of Her X-1 were generated for the different 35-day states, and show that the
bowl-shape during eclipse is present for all states. The PCA data show that the extended scattering
corona, found during MH [29], is present for the entire 35-day cycle. The scattered intensity from the
corona changes only moderately (~30%, Table 3) with 35-day phase, which is consistent with a corona
larger than the accretion disk, which is partially blocked by the disk as the disk rotates with 35-day
phase.

A search for dips using the 2-5, 5-9 and 9-20 keV PCA data (bands b, c and d) was carried out.
The standard absorption dips were found. However we did not find any no-absorption dips similar
to those reported by [27] in any of the MH or SH states in the entire PCA archive of Her X-1 data.
Because the sensitivity of RXTE/PCA is similar to that of AstroSat/LAXPC, any no-absorption dips
observed should have been detected. In future work the LAXPC data can be reanalysed with the
updated LAXPC analysis software and updated background model. If the no-absorption dips are
verified in LAXPC data, then these must be a rare phenomenon not detected by the PCA instrument.
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