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Abstract

The binary Hercules X-1 exhibits a 35-day brightness X-ray cycle, including a Main High state and a
Short High state which are separated by two Low states. The cycle is due to blockage of the neutron
star by a rotating twisted disk. The best available 35-day average lightcurves are from Swift/BAT
observations in the 15-50 keV band and from MAXI observations in the 2-20 keV band. The current
work fits the 35-day X-ray lightcurve from Swift/BAT and fits the MAXI 35-day X-ray lightcurve
using a disk plus corona model. The parameters of the disk and its corona from the two data sets are
consistent with eachother. The fit of two different data sets with the same model verifies the reliabilty
of the disk plus corona model and its parameter values. We find the inner corona radius is significantly
smaller than the inner disk radius, consistent with the conclusions of pulse shape studies. The system
inclination of 85.12 4 0.24° is consistent with the recent value derived from MAXI observations alone,
and much improved compared to earlier estimates (~82 to 88°). This results is significantly improved
binary system parameters, including neutron star mass, companion mass and companion radius.

Keywords: long-term cycles; radiation transfer; X-ray observations; accretion disks

1. Introduction

The X-ray binary system Hercules X-1 (or Her X-1) consists of an accreting neutron star with a a
~2.3 Mg companion, HZ Her [1,2]. It has a 1.7-day orbit [3] and a 35-day cycle [4,5].

The 35-day cycle is composed of a bright Main High state, an intermediate brightness Short High
state (~20% as bright) and faint Low states (a few % as bright as Main High) separating the two high
states. A detailed breakdown of the state changes for the 35-day lightcurve is given by [6] in their
Table 2. The variation in X-ray flux is mainly caused by the blockage of the line-of-sight to the neutron
star by the disk, e.g., [5], [7], [8]. However there is a significant to the cycle by X-rays scattered from
near the inner part of the accretion disk [7,9,10].

The overall need for a warped accretion disk in Her X-1 was established by [8] which analyzed
optical variability, and a satisfactory mechanism for warping was given by [11]. The warped disk’s
link with the observed pulse shape systematic variation with 35-day phase was shown by [7]. The
measurement of the twist and tilt from models fit to the X-ray lightcurve (in particular, the RXTE/ASM
one) was first carried by [9]. Somewhat later, an ultraviolet light-curve was measured and then
modelled with the warped disk model [12]. Thus in multiple aspects (X-ray, UV and optical light-
curves, and 35-day evolution of the pulse-shape) a warped accretion disk is required to be present in
Her X-1.

Here we are concerned with construction of a 3 dimensional model which can reproduce the
35-day observed X-ray lightcurve. We use ray-tracing simulations to calculate the lightcurve from the
model using the Shape software package [13]. The goal is to constrain the properties of the disk by
constructing a radiation transfer model which reproduces the 35-day X-ray light-curve of Her X-1. Ref.
[9] used analytical models for the optical depth through the disk to the neutron star. Ref. [14] applied
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the precessing outer disk ring model of [15]. In that, a ring at the outer edge of the disk precesses via
tidal forces from the companion star, when there is enough thermal energy in the ring.

Most recently, the ray-tracing software Shape [13] was applied by Leahy and Mendelsohn [16]
to model the average 35-day lightcurve compiled from MAXI [17] observations by [18]. An accretion
disk corona was found to be necessary to fit the lightcurve and a tight constraint on the inclination of
the Her X-1 binary was obtained. The current work is an extension of the work of [16] by applying
the model to Swift/BAT observations [19] (hereafter referred to as BAT) in addition to the MAXI
observations. The combination of modelling data from two different instruments and two different
energy bands significantly improves the reliability of the modelling. Section 2 describes the data used,
Section 3 discusses the analysis applied to the data and Section 4 gives the model description. The
results are presented in Section 5, with discussion of implications of the model in Section 6, ending
with a summary section.

2. 35-Day X-Ray Lightcurves of Her X-1 from BAT and MAXI

For the 35-day light-curve we use the BAT data (energy band 15-50 keV [19]) and the MAXI data
(2-20 keV [17]). BAT and MAXI regularly monitor Her X-1 and both have been doing this for more
than 10 years, thus they both have complete coverage of the 35-day cycle over a large number of cycles
and ideal for constructing an average 35-day lightcurve, unlike higher sensitivity pointed instruments.
35-day average light-curves were constructed from BAT and MAXI data by [6] and [18], which used
a cross-correlation analysis to phase align the 35-day cycles. Those lightcurves had X-ray eclipses
removed prior to analysis. That was necessary because the 1.7 day periodic Her X-1 X-ray eclipses of
the neutron star do not align with the 35-day cycle. A 2% systematic error was included in addition
to the statistical errors on the count rates. The 35-day lightcurves from BAT and MAXI are given in
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Figure 1. Swift/BAT and MAXI count rates and errors (from [18]) for the Her X-1 35-day cycle, with 35-day phase
0 set at peak of Main High state. Eclipse data were excluded prior to analysis.

For the current work, a quantitative method to identify phases where dips significantly affect the
lightcurve is followed, which is significanty improved from the method of dip removal in [16]. This
change in choice of removed data affected ~ 10 phases of the 100, and had a noticable effect on the
modelling results carried out below. Here we use significant changes in softness ratio as a reliable
indicator of dips, which are caused by cold matter absorption and are accompanied by decreases of
softness ratio [20]. Figure 2 show the MAXI to BAT count rate ratio and its errors, calculated including
error propagation, vs. 35-day phase. For comparison the BAT count rate (scale to fit the plot) is shown.
The points that deviate more than 2 o below the softness ratio at peak of Main High (6.7) are flagged
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and removed from both MAXI and BAT lightcurves. The exception is that no points are removed from
Main High Turn-on (35-day phases 0.86 to 0.95) where the outer edge of the disk is known to cause
cold matter absorption and low softness ratio. We note than none of the points are more than 2 ¢ above
the softness ratio at peak of Main High. Some of the points at low count rate are not more than 2 o
from this value but the error bars are larger than the full scale of 0 to 10, so they are not plotted. The
total number of removed points is 10.
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Figure 2. MAXI (2-20 keV) to BAT (15-50 keV) softness ratio and its error vs. 35-day phase. The BAT lightcurve
(scaled vertically for comparison with the softness ratio) is shown by the red points. The red horizontal line is the

softness ratio at peak of Main High State.

3. Analysis Method

The Shape software allows one to specify an emitter as a point source of radiation and a surround-
ing matter distribution through which the radiation propagates to the observer. The point source
emitter is given an emission spectrum specified by the user. The matter distribution is specified by
objects with geometircal boundaries (e.g., a sphere or cylindrical ring) and formulae for the density
dependence within each object are specified by the user. Absorption or scattering cross-sections for
each object are also specified by the user. Ray tracing using the standard radiation transfer equations
is carried out to produce a sky-plane image in the direction of the observer from the radiation after
transmitting through the matter distribution. Lightcurves are obtained by integrating spatially over
the simulated sky plane image. More details are given in the documentation for Shape [13].

For Her X-1, the 35-day lightcurve is caused by radiation from the neutron star propagating
through a tilted and twisted accretion disk, with its corona, which rotates with a 35-day period. The
disk rotation axis is the binary orbital axis and the observer is located at inclination 85 degrees [16], i.e.,
5 degrees from the orbital plane. The measured spectrum of Her X-1 during peak of Main High [21] is
used to specify the spectrum of the emitter at the origin of the Shape coordinates, which represents
the neutron star. We use Shape to contruct a geometrical model for the accretion disk and its corona
around the emitter (the neutron star). The disk is rotated to different angles in steps from 0 to 360
degrees and ray-tracing carried out at each angle to produce a simulated 35-day lightcurve.

A separate calculation is carried out in Shape for the radiation transfer for absorption and that
for scattering. The results from these two calculations are called the direct radiation and the scattered
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radiation, respectively. The first calculation includes absorption cross-sections and scattering cross-
sections but only keeps track of rays that are not scattered on their way to the observer. The second
(scattered) calculation also includes absorption and scattering cross sections, but tracks only scattered
radiation. To fit the result of a Shape model calculation to the observed we apply an overall scale factor
and a phase shift. The phase shift is needed to shift the initial rotation angle of the accretion disk to
match the start of the observed lightcurve. As noted previously [6] the definition of start phase for
the 35-day cycle has been different in different analyses: some use start of Main High (with different
definitions of start, e.g.,: first detection, 20% of peak- some of which depend on the sensitivity of the
instrument). Here we use 35-day cycle phase 0 to be peak of Main High.
The scaled and phase shifted model light-curve is:

M(¢35) = A x Mg (¢35 + ¢o) + B X Mscat (¢35 + o) (1)

where My;, and Mg, are the direct and scattered radiation calculations, respectively, and ¢y is the disk
rotation at 35-day phase ¢35 = 0. The fitting is carried out using x> minimization. The disk model is
then adjusted, by changes to one or more model parameters and Shape is run again to produce new
Mir(¢35) and Mseqt (¢35) lightcurves, which are fit to the observed lightcurves to yield a new x? value.
New parameters are chosen with the goal of improving the model fit to the data. This is repeated
hundreds of times as necessary. Typically each Shape run (M, (¢35) or Mscat (¢35)) takes ~ 30 minutes
to run. The final result is a model where adjustment of the parametes no longer improves the fit to the
data.

To obtain model parameter uncertainty estimates we follow the procedure in Chapter 15 of [22].
One parameter is varied around its value for the bestfit model, with three or more values, then a
quadratic equation is fit to the x> dependence on that parameter. The maximum and minimum values
of that parameter are found by the values where the quadratic intercepts x2,,, + Ax?, with x2,. is the
minimum of the quadratic and Ax? is chosen to yield the +1-¢ confidence range.

4. Model Description
4.1. Simulation Implementation

The Shape software has the matter distribution: a) bounded by any number of 3-dimensional (3D)
basic shapes, such as spheres, cylinders and cones, positioned and oriented inside a 3D rectangular
grid which specifies the outer boundaries of the computation; and b) further given by density functions
inside each basic shape. Here, the orbital plane is the z = 0 plane and the emitter (neutron star) is at
x =y = z = 0 so that the disk rotates around the z-axis as 35-day phase progresses . We approximate
the emitter spectrum as a blackbody over the energy range of each of the observations (2-20 keV for
MAXI and 15-50 keV for BAT).

The accretion disk has low ionization state so we take the absorption cross-section to be a sum of
the photoelectric and Thompson cross-sections (the latter accounts for X-rays that are scattered once
then absorbed). The matter in the corona is highly ionized so the cross-section is that for Thompson
scattering. In Shape one can split the spectrum into several several energy bands, so that each energy
band has a separate ray-tracing calculation, after which the energy bands are summed. We compared
using 7 energy bands (each for 15-50 keV for BAT, and 2-20 keV for MAXI) and using 3 energy bands
and did not find any difference in the resulting lightcurves. Thereafter 3 energy bands were used. The
Shape calculations were repeated for 41 different consecutive rotation phases of the accretion disk to
create a model light-curve over the full range of 35-day phase. The model was then interpolated to the
observed phases for fitting. Different interpolation methods were compared and cubic spline with
linear endpoints was found to be the most accurate, thus was adopted.

The dimension of the Shape grid was 2563 cells, or 5.12 x 10° km across per dimension, in order
to fit the disk (which has diameter 4.2 x 10° km). Each grid cell is thus 10* km on a side. R;,, and Roy:
for the disk were fixed at 5 x 10° km and 2.1 x 10° km. The inner radius was taken larger than the one
for the physical disk so that we could resolve the inner disk in the model disk.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.2293.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 October 2025 d0i:10.20944/preprints202510.2293.v1

50f15

4.2. Disk Properties

The disk geometry was specified using a series of rings, each with height z from —z;4y to +Zax
and radius r from R;;, to Ry,t, with 7, z and ¢ standard cylindrical coordinates of a ring. The warped
disk is formed by an adjacent series of rings, with each ring having its own tilt angle from the orbital
plane and twist angle (angle between the grid x-axis and the line of nodes for that ring). These angles
for the inner and outer rings are parameters of the model, with those for intermediate rings specified
by linear functions. During the 35-day cycle, the blockage of line-of-sight to the X-ray source is done
by the outer and inner edges of the disk [7], which is ensured by the linear functions. An disk rotation
phase (¢o, Eqn(1)) is added as part of fitting process, thus a fixed inner twist involves no loss of
generality.

The geometry of the disk is shown in Figure 3. Within the disk the density distribution is taken to
be Gaussian with scale-length H, centred at z = 0 for each ring: ng x e(fﬂiz)2 where z,,,, is taken to be
several scaleheights (=~ 4). The previous work of [16] details the different tests that showed the disk
vertical density funtion is best represented by a Gaussian. Thus the density is concentrated toward the
(tilted and twisted) center plane of the disk. The disk is required to have to an atmosphere (vertical
gradient) in order produce the gradual rise to and fall from the Main High state whis is observed.

Figure 3. The inner and boundaries of the disk and corona. The top panel shows the observer view at 35-day
phase 0; the observer is situated at 5 degrees above the orbital plane. The bottom panel shows the top view from
perpendicular to the orbital plane. The inner and outer boundaries of the corona are the small and large blue
spheres; the inner disk boundary is the white cylinder, the top and outer disk boundaries are shown by the pink
to brown to yellow colored rings. The corona has a powerlaw density distribution; each disk ring has a Gaussian
density distribution.

4.3. Corona Properties

The corona consists of ionised gas (free electrons) above and below the disk which make a
contribution to the 35-day lightcurve. A spherical corona with powerlaw density profile is adopted,
motivated by the form of the corona used by [10]: 1oy (g=—)*, Reorin < 7 < Reorout With Reor in
and Ry out the inner and outer radii, a.,, the powerlaw iri(gl'gx and 1., the density at Ry i 11cor Was
setto 3 x 101 m—31, Reorout was fixed at 1.2 x 10® km, because the fitting was not sensitive to Rcor out-

! However this is degenerate with the constant B in Equation (1). Shape does not track multiple scattering, so that the density

constant is not accurate.
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4.4. Radial Scaling Factor

The Shape model consists of a disk with a z dependence but no » dependence. However the
equivalent physical disk it represents does have a ry,s dependence, where 1, is the radial coordinate
for the physical disk. This is because the inner radius is scaled up by a factor 1250 for the Shape model:
from a physical disk inner radius of 400 km to the model disk inner radius of 5 x 10° km, but the outer
radius is not scaled up. Column densities (integral of density along the line of sight) determine the
resulting radiation transfer, and the real disk has smaller line-of-sight for the inner rings, proportional
to the scaling factor fscqe = 7pnys /7 for each ring, which varies from 1/1250 for the inner ring to 1 for
the outer ring. Assuming a linear variation, f;, follows the relation:

fscale = (7' - Rin)/<Rout - Rin) X (1 - Rin,physical/Rin) + Rin,physical/Rin
= (r—Riu)/(Rout — Riyy) x (1249/1250) 4+ 1/1250, R;;, < ¥ < Rout (2)

For r < Ry, a formula for f;.,, has to be specified: one suitable choice is f;.;, = 1/1250 for r < Rjy,.
Thus the densities for the physical disk and physical corona increases by a factor of 1/ fs,;,.=1250
for r < Ry, and by factor 1/ feq.(7) for R;;, < r < Rout. One can assume more complex forms for
the scaling factor. E.g. to get a standard « disk model [23], the Case b disk has a midplane density
o r733/20 and the Case c disk has a midplane density « r~15/8. For these two cases one would replace
the (r — Ri,) / (Rout — Ryy) factor in the formula for f;.,, by the factors [(r — R, )/ (Rout — Riy)]3/%0
or [(r — Rip)/ (Rout — Riy)]'®/8, respectively.

As done for the disk model, the corona model inner radius is scaled up by a factor of 1250 to
obtain the same disk line-of-sight blockage as the physical case. This implies the density of the physical
disk is scaled up by this same factor to obtain the same scattering column density. The outer corona
physical radius is scaled down by the factor fy.,;, from the model radius r = Rcorout- The inner and
outer boundaries of the corona are illustrated in Figure 3.

5. Results

As described above the initial disk plus corona model was adopted from the work of [16]. The
two data sets that were modeled were the BAT 35-day lightcurve and the MAXI 35-day lightcurve
from [18]. The removal of lightcurve phases where the count rates are affected by dips was carried out
as described in Section 2 above.

The inner radius of the corona, R, i, strongly affects the strength of scattered radiation over the
35-day cycle: due to the blockage of the inner part of the corona by the disk. We specify R, i, by its
ratio to the inner radius of the disk (R;,) . The outer corona is visible for most of disk rotation phase
and less modulated.

Figure 4 shows simulated images of the scattered radiation from the corona at 35-day phase 0.0,
when the line-of-sight from neutron star to observer gives maximum visibility at peak of Main High; at
35-day phase 0.35, in the middle of the first Low State, when the disk maximally blocks the line-of-sight
from neutron star to observer; and 0.52, when the line-of-sight from neutron star to observer gives
the maximum visibility at peak of Short High (but less than that for Main High). For phase 0.0 the
part of the corona above the disk is visible, whereas for phase 0.52 the corona below the disk is visible
and during the two low states both sides of the corona are visible, but the central part of the corona is
blocked by the disk.

The disk outer radius was set to 2.1 x 10° km. The inner radius was set to 5 x 10° km, to include
enough computational cells (10* km across) to obtain a resolved ring. The inner twist angle of the
disk was set to 75.5 degree, but this is not a restriction for the fits because it is degenerate with the
parameter ¢ in Equation (1). The set of fixed parameters is shown in the top part of Table 1.
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Table 1. Disk with Corona Model: Best Fit Parameters and Uncertainties.

Fixed parameters Value
Disk Inner Radius R;,, (km) 5 x 10°
Disk Outer Radius R,y (km) 2.1 x 100
Inner Twist (degrees) 75.5
Corona Outer Radius 5
Rcor,out(km) 1.2>10
Variable parameters Value lo-error
(geometry)
BAT Inclination (Degrees) 85.17 0.15
MAXI Inclination (Degrees) 85.07 0.19
BAT Inner Tilt (degrees) 22.5 0.7
MAXI Inner Tilt (degrees) 24.0 1.0
BAT Outer Tilt (degrees) 17 3
MAXI Outer Tilt (degrees) 24 4
BAT Outer Twist (degrees) 22 4
MAXI Outer Twist (degrees) 22 4
BAT Reop,in/ Rin 0.26 0.05
MAXI R opin/ Rin 0.23 0.06
Variable parameters (other)
BAT Disk Density (m~3) 3.1 x 109 0.4 x 1090
MAXI Disk Density (m~3) 3.2 x 10% 0.6 x 10%°
BAT Inner Scale Height (rad) 0.22 0.06
MAXI Inner Scale Height 0.30 0.08
(rad)
BAT Outer Scale Height (rad) 0.088 0.018
MAXI Outer Scale Height 0.100 0.023
(rad)
BAT Corona Powerlaw Index -0.6 0.5
MAXI Corona Powerlaw 13 06
Index
BAT Disk Phase Shift (35-day 0211 0.006
phase)
MAXI Disk Phase Shift
(35-day phase) 0.205 0.007
Goodness of fit
BAT x? 160
MAXI x? 105

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Images of the scattered radiation from the corona at three 35-day phases: 0.0 (peak of main high), 0.35

(middle of first low state) and 0.52 (peak of short high). The sizes of the images are the same- just larger than the
outer boundary of the corona. Each image is scaled logarithmically in brightness with maximum at the brightest
pixel, so that the outer corona is seen more clearly during the low states when the bright region of the corona is
blocked most by the disk.

We initially fit the BAT lightcurve to obtain best fit parameters for the BAT data, then fit the MAXI
lightcurve to obtain best fit parameters for the MAXI data. The best fit model parameters and their
errors for BAT and for MAXI are given in Table 1 and the best fit light-curves are shown in Figure 5.
The 10 (68.27%) parameter errors were obtained the standard method for non-linear model fitting [22].
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Figure 5. The best-fit model light-curves compared to the 35-day observed lightcurves. The blue line is the total

model and the magenta and cyan lines are the absorbed and scattered components. The top panel shows the
model and the BAT data; the bottom panel shows the model and the MAXI data.
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6. Discussion
6.1. Model Fitting Process

The fit residuals for both BAT and MAXI best fit models are shown in Figure 6. Their are some
35-day phases of higher residuals: Turn-on to Main High (phase ~0.87) and Decline (~0.18)°. This
indicates some systematic errors in the data or the model at these 35-day phases. A likely explanation
is that the effects of dips has not fully removed in our choice of omitted 35-day phases (see Section 2).
Dips occur over a wide range of 35-day phase [20] and neither BAT nor MAXI are sensitive to detect
most dips: only the strongest dips affect the MAXI to BAT softness ration. Thus we cannot fully remove
dips, which limits the accuracy of the modelling. The effect of systematic effects in the data is partially
mitigated by modelling data sets from 2 different instruments (BAT and MAXI).
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Figure 6. The residuals between the BAT data and MAXI best-fit model (blue points) and the residuals between
the MAXI data and best-fit MAXI model (blue points).

To estimate errors in the model, we used the standard process for determination of parameter
errors for x> minimization of a nonlinear model. The model fit to the BAT data agrees with the model
fit to the MAXI data within 10 of the combined BAT and MAXI errors for all the variable parameters.
This 10 combined error is given by

_ 2 2
Perr - \/PBAT,err + PMAXI,err (3)

where Pp a1 oy and Ppraxj err are the parameter errors from the BAT fit and from the MAXI fit, respec-
tively. P, is also the error in the mean of the BAT and MAXI parameters. Because the two models
give consistent parameters, the best fit disk plus corona model can be taken to have parameters equal
to the mean of the BAT and MAXI values, with parameter errors given by the combined error above.

2 See Table 2 of [18] for phases of the different states of Her X-1.
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6.2. Interpretation in Terms of a Physical Model

This work uses Shape which carries out a radiation transfer for direct/absorbed X-rays and
separately for scattered X-rays. For direct X-rays, the key physical quantity at any 35-day phase (i.e., at
a particular observer direction) is the column density for absorption measured on the line-of-sight.
For scattered X-rays (the single scattering case considered here), the key physical quantities are the
column densities for scattering along all lines of sight from the central X-ray source at the origin. Both
of these are invariant to a change in radial scaling of the disk if one conserves the column densities:
Jsn ds where § is the direction of the single line-of-sight from neutron star to observer for the absorbed
X-rays calculation and § refers to all lines-of-sight surrounding the neutron star for the scattered X-rays
calculation. As discussed in Section 4.4 the physical disk has local densities scaled up by the inverse
of the local scaling factor f;..(r) that is the ratio of physical radius to model radius. We note that
angular quantities are not affected by the radius scaling.

6.3. The Disk and Comparison with Previous Work

A precessing and tilted disk is required to explain the 35-day cycle. Ref. [24] demonstrated that
the pulse shape cycle and 35-day flux cycle were in phase, and separately suggested that neutron
star precession takes place. Some support for this is given by X-ray polarization analyses ([25], [26]
and [27]) but those studies did not consider the effect of disk precession or of corona scattering on
the polarization changes. The smooth pulse profile changes from precession were argued to be in
disagreement with observed sharp pulse shpae changes by [7]. BAT and MAXI observations which
were analyzed here have low time resolution (~ 1000s) [18] thus cannot measure nor are affected
by pulse profile varations. Thus pulse profile changes should not have a strong effect on the disk
modelling carried out here.

Ref. [16] modeled Her X-1’s corona and disk similarly to the work here, using the MAXI lightcurve
with 35-day phases removed from the analysis, to compensate for dips, based on manual inspection
for decreases in count rate. The current work improves on this by using both MAXI (2-20 keV) and
BAT (15-50 keV) lightcurves and removing phases based on changes in softness ratio, which is a direct
indication of absorption by dips. The model parameters obtained by [16] are listed in their Table 2. The
parameters of [16] that agree with our parameters within 1o are (where we use the average of BAT and
MAXI parameters from Table 1 and error given by Equation (3)) : inclination, disk density, inner tilt,
inner scale height, outer tilt, outer twist, ratio of corona inner radius to disk inner radius and corona
powerlaw index. The outer scale height (our value is 0.094+0.029 radians) agrees within 2. We refit
the model to the MAXI lightcurve with the same points removed as [16] and verify their results, thus
the difference must be caused by the different selection of data points removed. The current work uses
a quantitative test to remove dip-affected data thus is more reliable than the results of [16].

The results of the RXTE/ASM 35-day lightcurve analysis were given by [9] with [28] presenting
them in a more useful form (their Table 2). The accretion disk parameters of those two studies agree
within uncertainties. The outer disk scale height here has a value between the layer 1 and layer 2 scale
heights of [28]. However we obtain a better fit to data using a single outer atmospheric scale height,
and the newer data has significantly smaller errors bars. This is due to our inclusion of the corona, not
included in [9] or [28], which better fits the 35-day lightcurve than inclusion of a second layer on the
disk.

Ref. [12] constructed a disk model as a model for far ultraviolet observed light-curve of Her X-1.
The observation was short (0.93 days or 0.55 binary orbit) and the model simulated the changing disk
shadow on the front surface of the star in its orbits with the neutron star and its disk. The resulting
disk model, with 85° inclination assumed, had inner tilt of 11° and disk twist of 110°, compared to the
current work with inner tilt of 23° and disk twist (difference between inner and outer twists) of 52°.
However that disk was optically thick and had no atmosphere, which explains both the smaller inner
tilt and larger twist than the current work. In general, the difference in disk parameters of the current
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study from previous studies can be explained by the use of simpler (less physical) disk models in the
previous studies.

6.4. Disk Corona

A density power law was adopted for the disk corona, as indicated by previous studies of the
corona. Ref. [10] found a powerlaw index of -1.25 for the corona by fitting scattered X-rays during
neutron star eclipse. Our corona powerlaw index (~=-1) is consistent with this. We find the inner corona
extends in to ~0.26 times the inner disk radius of ~ 400 km, i.e., ~ 100 km. This is consistent the
conclusion of [7] from pulse shape analysis that scattering must occur close (~100 km) to the neutron
star.

6.5. System Inclination

A comprehensive discussion of the effect of the constraint on Her X-1 binary inclination is given
by [16]. A general discussion of the system parameters of Her X-1 is given by [1]. A recalculation of
the system parameters based on the constraint from the current work (85.12° & 0.24) instead of the
constraint of (85.47° & 0.27) from [16] yields no significant differences, but we summarize updated
values here.

The main implication of the inclination constraint is that the binary system parameters are better
constrained. The projected distance from neutron star to center of mas of a, sin(i) [3] yields the neutron
star semi-major axis a4y = 13.231 & 0.008. The radius of HZ Her, R4y, [1], is better determined: 2.64
t0 2.84x10M cm. Ry,pis measured by eclipse duration corrected by orbital inclination with correction
assuming a spherical star. The Roche Lobe calculator [29], which implements an accurate calculation
of Roche lobe properties, allows one to find companion star radii in units of a. Assuming HZ Her
is Roche lobe filling one finds: front or L1 radius- Ry;/a = 0.54; side or y radius- R, /a = 0.41; top
or z radius- R;/a = 0.39; and backside radius Ry /a = 0.44. The Roche Lobe calculator is used to
determine that the uncertainties in the different radii (in units of a) are ~0.6%.

Rian is from the surface element causing the eclipse to the companion’s mass center. The element
has polar angles 6 = 85.1° and tan(¢) = 90° — Rssn/a, where ¢ is in the orbital plane and the z-axis
normal to the orbit. The Roche Lobe calculator [29] gives the mass ratio q. Using g = 0.67 4= 0.02 (see
below) and the updated a, already given, an updated semi-major axis is found: a = 6.61(4-0.20) x 10!
cm. The uncertainty in g of £3% is the main contributor to the uncertainty in 4.

A smaller radius error yields a smaller error in luminosity of 11% and reduces the size of the
allowed band in Figure4 of [1] to about 55% as wide. The new allowed mass of HZ Her from the
evolutionary tracks is 2.34 - 2.45 M, for the case of increasing radius, which is required for mass
accretion. Table 3 of [1] is recalculated with the new inclination and mass range to give new limits
on the companion velocity amplitude, K. and neutron star mass, M. The new limits are: 110
km/s< K, <116 km/s and 1.52 M5 < M, <1.69 M. This results in a limit on the mass ratio of
0.65 < g = My/M, < 0.69.

The cross-sectional area of the Roche lobe fillling star during eclipse is 0.9455 7R?,, [1]. With the

tan
measured continuum flux during eclipse [30] a new distance D is determined: 6.1 < D < 6.4 kpc.

7. Summary

In this study we constructed a 3D disk plus corona model and applied ray tracing software to
create model 35-day X-ray lightcurves which were fit to BAT and MAXI observations of Her X-1. The
disk and corona properties and system inclination and their uncertainties were determined. The results
of [16] are confirmed with better data than used in that study. Le. the disk has different atmospheric
scaleheights for the inner and outer region, and the scattering corona extends significantly closer to the
neutron star than the inner disk boundary.

The inclination i = 85.12 4= 0.24° improves constraints on the radius (2.64x10" ecm< Ry <
2.84x10'" cm) and mass (2.34 M, < Mpzper < 2.45 M) of the companion HZ Her. The new allowed
ranges for K. are 110 km/s< K, <116 km/s; for neutron star mass are 1.52 My < M, <1.69 My and
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for mass ratio g are 0.65 < g = My /M, < 0.69. The neutron star mass is within the range of masses for
neutron stars (see the review by [31]°) but more accurate than most other determinations.

Studies to be carried out in future that would improve knowledge on the disk plus corona include
the following. More observations in ultraviolet and optical wavelengths which are sensitive to the
heated surface of the companion, followed by modelling of the observations. The disk shadow on the
companion changes with both orbital phase (due to change in observer viewpoint) and 35-day phase
(due to changes in disk rotation). Thus the modeling is more complex than that for the 35-day X-ray
cycle (with no significant companion emission) but would provide an independent test of the disk
plus corona model.
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