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Hercules X-1 is an accreting X-ray binary with well-determined properties based on measurements
of light-curves and spectra since its discovery in 1972. Since discovery, it has been observed with
most major X-ray astronomy instruments. Analyses of Her X-1 over the past decade include, among
others, observations from RXTE/PCA and ASM, Suzaku, NuSTAR, AstroSat and Swift/BAT.
These have added to the range of phenomena detected from this system. New aspects of the binary
are reviewed. The data are being used to test models for the system, including the nature of the
companion star (HZ Her), the accretion column on the neutron star, the shape of the accretion disk
and its shadow, and the accretion stream.
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1. Introduction

Hercules X-1 is a bright X-ray binary which was discovered early (1972) in the history of
X-ray astronomy [1]. Here we summarize the highlights of previous work illuminating the nature
of the X-ray binary. The discovery paper [1] reported 1.24 s X-ray pulsations from the rotating
neutron star and measured a 1.7 d orbital period from Doppler time delays. Further observations
with UHURU [2] revealed a 35-day repeating cycle of “on” and “off” states for which the flux was
bright and faint, respectively, as well as the light curve for the “on” states which exhibits a rapid
(few hour) rise of flux, followed by a slow (several days long) decline of flux.

An early explanation for the 35-day cycle was that it was driven by precession of the companion
star (HZ Her) which had its rotation axis tilted with respect to the binary axis [3]. Thus the accretion
stream from the companion would be in a plane tilted at an angle from the binary equatorial plane.
The accretion stream plane would rotate at the precession period of the companion, producing a
twisted accretion disk. This twisted disk rotates at the companion’s precession period, thus providing
a 35-day cycle during which the neutron star would be blocked from view by the disk for roughly
half the period (Figure 2 in [3]). However, a consistent explanation of the physical mechanism
causing the twisted disk was not obtained until the radiation-driven model of [4]. Almost at the
same time, long term observations of the 35-day cycle gave the first measurements of the average
shape of the 35-day light-curve [5]. The modelling study of [6] utilized that data to infer the shape
of the twisted accretion disk.

Observations of the optical radiation from the companion star HZ Her over a 35-day cycle [7]
was the next break-through in understanding the shape of the accretion disk. The optical light-curve
is mainly driven by the X-ray illumination, and subsequent heating, of the face of HZ Her which
faces the neutron star. This makes the illuminated part of the HZ Her much brighter than it would
otherwise be with a temperature ~16,000 K for the heated surface compared to ~7000 K for the
unheated surface. The moving X-ray shadow cast by the precessing tilted accretion disk results in
the shape of the optical light-curve. Thus the optical light-curve provides clear evidence that of the
existence of such a disk. [8] analyzed UHURU observations of Her X-1 during the ~22-day long
“off” state and discovered a secondary peak in X-ray emission, at ~20% of the intensity of the main
“on” state, which lasts ~5 days. The main “on” state is now known as the Main High state and the
secondary “on” state is known as the Short High state, while the two very low intensity intervals,
between Main High and Short High and between Short High and the following Main High, are
known as the Low States.

In addition to the 35-day cycle, the light-curve exhibits frequent and regular short and strong
decreases, called dips. The first comprehensive study of dips was by [9]. A steady shift of orbital
phase of dips with 35-day phase (the marching dips phenomenon) was found. The first spectral
study of dips, which are observed during Main High, was presented by [10] using the spectral and
time resolution enabled by GINGA observations. High signal-to-noise spectra were obtained with
observation times between ~30 and 200 s. The partial covering model for the spectrum was shown
to fit the Main High spectrum of Her X-1. The Main High spectrum is dominated by X-rays between
~2 and 20 keV, with significantly less flux outside that band. During dips the main change was
the increase of cold matter column density, accompanied by changes in fluorescent iron intensity.
[11] presented a comprehensive study of dips observed in Her X-1 by GINGA. In addition to Main
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High state dips, dips during Short High were measured. Dip durations were shown to be highly
variable, from ~1 minute to 6 hours. The column density of dips was found to show a clear increase
with orbital phase. More comprehensive studies of dips were carried out using RXTE/PCA data.
[12] analyzed the frequency of dips vs. orbital and 35-day phases, finding strong dependence on
orbital phase, with Main High affected by dips for ~30% of the time, and Short High ~75%. [13]
characterized 370 individual dips with durations of 32 s to 15 hr.

Further clues on the X-ray binary and its disk were obtained from analysis of the energy
dependence of the X-ray pulsations [14], observed at the rotation period (1.24 s) of the neutron star.
At energies below 1 keV, the pulsations are smoother and out of phase by ~180° with respect to the
higher energy pulsations. This is evidence that the low energy X-rays are reprocessed by the inner
edge of the accretion disk: the far side of the inner edge is visible to the observer and it is bright
at < 1 keV when the > 1 keV X-ray beam from the neutron star is pointing away from us (180° in
pulse phase after the > 1 keV X-ray beam is pointing toward the observer). The full nature of both
the 35-day dependence of the pulse shape, and the pulse shape dependence on X-ray energy were
revealed by the study of [15]. That work conclusively showed that both the 35-day light-curve and
the 35-day cycle in pulse shape were caused by the precessing accretion disk.

The first report of an extended (months-long) period of weak emission from Her X-1, called an
anomalous low state or ALS, was by [16]. This was suggested to be caused by a temporary change
in disk structure, which was later confirmed by disk model calculations by [17].

The accurate measurement of the broad-band X-ray spectrum of Her X-1 had to await the
launch of the BeppoSAX broad-band X-ray observatory. [18] show that the spectrum has multiple
components: a double power law with power-law break of ~18 keV plus exponential cutoff (with
Efo1a=15 keV and E.,;=24 keV); a low energy black-body with temperature ~0.1 keV; broad
(0.4 keV FWHM) emission near 1 keV assigned to the Fe L complex of emission lines; Fe K-line
emission near 6.5 keV; and superimposed broad (~15 keV FWHM) cyclotron absorption line at 40
keV. The spectrum indicates that several emission regions contribute to the X-ray emission: hard
X-rays from the accretion column, with the cyclotron absorption line, corresponding to a field of
~ 3 x 10'? Gauss originating from the magnetic field near the neutron star surface and co-located
with the column; black-body emission and Fe L-line emission from the heated inner edge of the
accretion disk; and fluorescent Fe K-line emisson from the inner edge of the accretion disk and
from the accretion stream incoming to the accretion column.

2. New Results in the Past 10 Years

Here we present highlights of the new results on the nature of the X-ray binary Her X-1 in
chronological order. This summary is not complete but is meant to represent the most important
results on the physical nature of Her X-1 in the past decade.

The likely-correct model for dips was presented and calculated by [19], which is the impact
point of the accretion stream and the disk, which periodically moves into the line-of-sight from
observer to the neutron star. Further spectral observations with better instruments have improved
the measurement of the spectrum and included partial covering absorption (e.g. [20]). That the
precessing accretion disk produces both the 35-day light-curve and the 35-day cycle in pulse shape
changes was confirmed by [21].
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Accurate RXTE/PCA eclipse ingress and egress timings were analyzed by [22] to derive the
radius of HZ Her (to ~2 parts in 1000). The uncertainty in velocity amplitude of HZ Her (~10%)
and uncertainty in system inclination (~5%) dominate the resulting uncertainty in masses of the
neutron star (1.50 M) and of HZ Her (2.33 My). The evolutionary state and distance to Her X-1
were found by analysis of the optical spectrum of the unheated side of HZ Her combined with stellar
evolution calculations.

The Low and Short High state light-curves and spectra were analyzed by [23] using RXTE/PCA
observations to obtain the best sensitivity yet attained. They showed the low-state flux is dominated
by X-ray reflection off of HZ Her, and that the short high flux has a reflection contribution plus
a larger orbital-phase-independent contribution, which can be attributed to scattered X-ray flux.
The density and shape of the extended scattering corona surrounding Her X-1 was measured using
RXTE/PCA measurements of eclipses by [24].

[25] applied their physically-motivated “radiation-dominated radiative shock model for Comp-
tonized accretion flows” to NuSTAR observations of Her X-1 during Main High. They derived
Comptonizing temperature, radius and average scattering opacity in the accretion column, and the
accretion rate from the spectrum, for the first time. An additional component, a highly ionized
absorber, was detected in the X-ray spectrum during Main High by [26]. This ionized wind/corona,
its outflow velocity and mass loss rate were measured using absorption lines of N VII, O VIII and
Ne X with XMM-Newton [27]. The behaviour of the well-known cyclotron line over the past 20
years was summarized by [28]: it shows a slow secular decline with shorter time-scale variations.

AstroSAT/UVIT observations in the FUV band are near-ideal for studying the X-ray heated
face of HZ Her. [29] measured the 148nm FUYV orbital light-curve during Main High and showed
that it was well modeled by two components: a part which is caused by the changing view of the
X-ray heated face of HZ Her with orbital phase; and a part which is slowly changed from the inner
region of the accretion disk. A fit to the light-curve gave the best-yet constraints on the accretion
disk (tilt and twist angles). The 35-day cycle has been thoroughly characterized using ~15 years of
observations each with Swift/BAT and RXTE/ASM by [30].

3. Summary and Conclusion

This short review of the Her X-1 X-ray binary is meant to serve as a guide to the main results,
historical (in the Introduction) and in the past decade (Section 2). This system, discovered early
in the history of X-ray astronomy, has been an important relatively nearby and un-obscured X-ray
binary which is accessible to observations in many wavebands: infrared, optical, UV and X-rays.
The multi-wavelength view has allowed a wide variety of studies to allow us to deduce the various
components in exquisite detail: the companion star (HZ Her), the accretion disk and its corona, and
the accretion flow/accretion column on the neutron star. In the near future, there is promise to learn
about the accretion stream from studies the light-curve dips.

Her X-1 is likely to continue to serve as a model system for studies of X-ray binaries.
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