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Inanaccreting X-ray pulsar, aneutron star accretes matter froma
companion star through an accretion disk. The magnetic field of the
rotating neutron star disrupts the inner edge of the disk, funnelling the

gas to flow onto the poles onits surface. Hercules X-1is a prototypical
persistent X-ray pulsar about 7 kpc from Earth. Its emission varies on three
distinct timescales: the neutron star rotates every 1.2 s, it is eclipsed by its
companion each1.7 d, and the system exhibits a superorbital period of 35 d,
which has remained stable since its discovery. Several lines of evidence
point to the source of this variation as the precession of the accretion disk
or that of the neutron star. Despite the many hints over the past 50 yr, the
precession of the neutron star itself has yet not been confirmed or refuted.
X-ray polarization measurements (probing the spin geometry of Her X-1)
with the Imaging X-ray Polarimetry Explorer suggest that free precession of
the neutron star crust sets the 35 d period; this has the important implication
that its crust is somewhat asymmetric by a few parts per ten million.

Hercules X-1was observed by the Imaging X-ray Polarimetry Explorer
(IXPE)' over 17-24 2022 February (255 ks), at the beginning of the 35 d
precession cycle, the so-called main-on state” and again in January and
February 2023 during the short-on state (148 ks) and the main-on state
(245 ks), asshownin Fig.1. The gas-pixel detector on IXPE registers the
arrival time, sky position and energy of each X-ray photon and uses the
photoelectric effect to provide an estimate of the position angle of each
photon’. During each observation, photon arrival events registered
between energies of 2and 8 keV within 52 arcsec of the position of the
source were extracted for analysis. We did not subtract the background
in the analysis as a bright source such as Hercules X-1 dominates the
background over a very large region of the detector*. The times of
photonarrivals were corrected for the motion of IXPE around the bary-
centre of the Solar System and for the orbit of the neutron star about
its companion; consequently, the times of arrival are calculated for a
frame of reference moving with the neutron star. The details of the data
reduction are outlined in the methods section of Doroshenko et al.”.
Our analysis focuses on the geometry of the spinning neutron star
over the pulsar rotation period and the superorbital period. We used
amaximum likelihood technique’ to determine the mean polarization
properties averaged over the pulsar orbit, as shown in Fig. 1. These

results (averaged over the orbit and rotational phase) agree with those
reported previously®; however, polarization measurements averaged
over therotational phase cannotaccurately probe the rotational state
ofthe neutron star. Measurements averaged over the rotational phase
follow the polarization of the dominant pulsed component at each
superorbital phase; therefore, we also measured the polarizationas a
function of rotational phase during the different superorbital states
of the system, as presented in Fig. 2. We fixed the phase of zero in the
two main-on epochs to the peak of the X-ray light curve. For the
short-on, we fixed the phase of 1/2 to the peak of the light curve, in
agreement with previous work’. Our results do not depend on the
choice of phasingamongthe epochs. We tracked the observed polariza-
tion angle (PA) as the star rotated to determine the geometry of the
spinning neutronstar and to study the geometry as the system evolved
through the superorbital period. As already apparent in Fig. 1, the
source appears much fainter during the short-on than during the
main-on (this is often attributed to occultation by the accretion disk’),
so the count rate for the short-onin Fig. 2 must be inflated by a factor
of ten to be visible clearly. The polarization degree (PD) in the two
main-onepochsisabout 5% to15%, and in the short-on, it isabout two
times larger. The pulse profile and PD are consistent between the two
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Fig.1|Evolution of the observed flux, PA and PD from Her X-1. Flux from

IXPE is depicted by a grey curve and from Swift by olive. PD is depicted by green
triangles (left y axis), and PA by red circles (right y axis). Time and phase of the
35dsuperorbital precession cycle are given by the two x axes. The turn-on time
on 18 February 2022 was estimated from IXPE data. Those of 26 December 2022
and 30January 2023 were estimated from Swift data. The main-on lasts from
precessional phase 0to 0.3 (26 December 2022 to 8 January 2023), and the short-

onlasts from 0.5to 0.8 (15-25January 2023). These phases repeat every 34.84 d
(the superorbital period). The reported values and the uncertainties correspond
to the mean values and 10 (68%) confidence intervals and agree with previously
reported results*®. The shaded regions depict the intervals when the companion
star and its accretion stream eclipse the neutron star. We define the superorbital
phase of zero to coincide with the beginning of the main-on?’.

main-on epochs®, More dramatic changes are apparent when one
examines the PA as a function of spin phase. The evolutions of the PA
over thespin period during the two main-on epochs are nearly identical
up to an offset. Over the course of the year, between the two main-on
epochs, the mean PA decreased by 9.2° + 1.8°. The variation of the PA
during the short-on, onthe other hand, was much smaller than during
the main-on.

The neutron star in Hercules X-1 does not rotate as an isolated
rigid body’. The magnetic field, whose geometry we measured through
the polarization, isanchored to the rigid crust of the neutron star and
transmits torques from the accretion flow. For Hercules X-1, the total
precessional torque exerted magnetically by the accretion disk on the
neutron star crust is'®"

B 2 R -3
oy cinl pe p m 36
~ 2sin 95m2ﬁ(3x10uc> (1000km> x 10°¢ dyncm,

where B, is the magnetic field strength at the pole of the neutron star?,
R..isradius of theinneredge of the accretion disk and Sis the misalign-
mentangle between the angular momentum of the spin of the neutron
star and the angular momentum of the orbit. The dependence on the
angle between the spin axis and the magnetic axis (6) depends on the
details of the magneticinteraction at the surface of the disk; the result
given hereis forahybrid model. For afully diamagnetic or magnetically
threaded disk, sin’6 is replaced by 3 cos? 0 — 1. Furthermore, the
magnetic field exerts an additional torque on the disk that tends to
warp it

prec
N, tot
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Both of these torques vanish if the accretion disk lies above the rota-
tional equator of the neutron star (8= 0); however, the misalignment
between the neutron star spin and the orbit was measured to be at least
24° (ref. 2),so sin2f > 0.7. Thus, both the precessional and warping
torquesare finiteand vary with the angle between the spinaxisand the
magnetic axis (0). Furthermore, the magnetic field passes through the
core of the neutron star where it interacts with the core superfluid, so
the core also exerts torques on the crust. As the moment of inertia of

thecrustisabout one hundredth of the entire neutron star (102 g cm?)®,
the crustitselfreaches anapproximate torque equilibrium, so that the
net torque on the crust is small’.

The measured PA probes the instantaneous rotation axis of the
neutronstar crust. If the neutron star crust is prolate, oblate or triaxial
andifthe spinaxis does not coincide with asymmetry axis of the crust,
the rotation axis can move relative to the crust (that is precess in the
body frame), even in the absence of a net torque over the precession
period of the neutron star. This would change the evolution of the PA
with spin phase. We caninfer that the neutronstar is nearly symmetric
to within a few parts per ten million from the ratio of the spin period
of 1.2 s to the potential precession period of 35 d (the superorbital
period)™. If the angular momentum of the crust is conserved, the
orientation of the rotation axis relative to the observer (in the space
frame) remains constant also to within afew parts per ten million, and
therefore, any observed changesinthe orientationinthe space frame
are a hallmark of anet torque on the neutron star crust.

Tomeasure the orientation of the rotation axis relative to the crust
ofthe neutron star and relative to us, we fitted the photon arrival times
and photo-electron angles directly to a rotating vector model (RVM;
Methods) of the PA®. The RVM measures the instantaneous rotation axis
of the neutron star crust in the space frame through the parameters x,,
(the positionangle of the rotation axis on the sky in degrees east of north)
and i, (theinclination of the rotation axis with respect to the line of sight)
andinthebodyframethrough the parameters 8 (the magnetic obliquity
or the angle between the magnetic pole and rotation axis) and ¢, (the
longitude of the magnetic pole relative to the point of zero phase). The
coloured curves in Fig. 2 depict the best-fitting RVM models for the
measured photo-electron trajectories. The best-fitting parameters for
thesefitsaregivenin Table1,and the covariances are shownin Extended
DataFigs.1-5.Figure 3 depicts the varying geometry schematically. The
values for the first main-on epoch agree with those measured by Dor-
oshenko et al.”within the uncertainties. To examine whether the param-
eters changed over the course of a single main-on phase, we fitted only
the datafor thefirsttwo orbital periods (early epoch1) and the final orbit
(late epoch 1), and we present these results as well. During the first
main-on, the RVM parameters did not vary substantially. However, the
differences are significant among the three epochs: first main-on,
short-on and second main-on. In particular, as indicated by the
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Fig.2|IXPE observations of Hercules X-1as a function of spin phase. The top,
middle and bottom rows show with black error bars the IXPE count rate, the PD

and the PA, respectively. Left, middle and right columns are for the first main-on
(February 2022), the short-on (January 2023) and the second main-on (February

2023), respectively. Error barsindicate Alog L = 1/2 and are equivalent to 10. The
solid red, dashed green and dot-dashed blue curves in the bottom row depict the
best-fitting RVM models for the first main-on, the short-on and the second
main-on, respectively.

phase-resolved polarimetry, the position angle of the spin axis on the
sky (x,) changed by 9° (8°6 + 2°2) between the two main-on epochs
whereas the other parameters remained the same within the uncertain-
ties. This indicates that the angular momentum of the crust changed
from February 2022 to February 2023. The average torque to achieve
this over the 350 d between the two observations is 3 x10* dyn cm, a
factor of sevensmaller thanthe torques that the disk applies on the crust.

Furthermore, between the short-on and the latter main-on, there
isstrongevidence (p = 0.008) that the angle between the spin axisand
the magnetic dlpole @) is Iarger durmg the main-on than during the
short-on: 16. 0° oversus 3. 7°_1 9.. Thelarger value of @isreflected in
thelarger amplltude of modulation in the PA that we noted earlier. In
principle, a larger contribution of scattered X-rays could reduce the
swing in polarization during the short-on as well, but this would also
reduce the PD below what is observed. Furthermore, observations of
the winds and corona through the superorbital period™" support the
conclusion that scattering did not contribute much to the observed
radiation during this epoch. The change in the value of @ between the
short-on and the second main-on indicates that the spin axis of the
crust moved relative to the magnetic axis of the neutron star. Aswe do
not see evidence of a change of i, or x, over this short 16 d period, we
argue that anet torque is not required to account for this precession,
sothatitisapproximately free. Furthermore, the torque that would be
required to cause the spin axis to move through a symmetric crust by
12° over 16 d is 6 x 10* dyn cm. This exceeds the torque that the disk
exerts onthe crust by afactor of three'>" and would very probably also
cause the orientation of the spin axis to change with respect to the sky
by acomparable amount, which was not observed. Consequently, the
approximately free precession of the modestly asymmetric crust over
the 35 d superorbital period remains as the most conservative explana-
tion for the observed short-term changes in the geometry. We argue
in Methods that the observed PAs are consistent with a prolate
triaxial' crust; however, both the angle between the spin axis and the
symmetry axis and that between the magnetic pole and the symmetry
axis must be smaller than previously proposed'®, about 10° rather
than30° or 50°.

The neutron star crust and the core are strongly coupled, and in
the absence of torques, the relative motion between them dissipates
on a timescale of minutes to hours’. The coupling between the crust
and the superfluid within the crustis mediated throughthe pinning and
unpinning of vortices on nucleiin the crustin a process called vortex
creep. Typically, the lag between the crust and the crust superfluid
is larger than that between the crust and the core superfluid. These
dissipative processes would dampen the wobbling of the crust over
atimescale of afew hundred years in the absence of external torques.
On the other hand, the external torques, supplied by accretion in the
case of Hercules X-1, can support an equilibrium in which the external
torquesonthecrustbalance boththetorquesbetweenthe crustandthe
core superfluid and the larger torque between the crust and the crust
superfluid, so the crust itself can exhibit a precession approximately
free of torques. Infact, anexternal torque, like the one exerted by accre-
tion, can drive the crust to precess. The amplitude of the precession
would thendepend onthelong-term behaviour of the external torque.
Thistorqueincreases with the sine of the misalignment angle between
the spin axis and the figure axis of the neutron star crust, so larger mis-
alignmentsrequire larger torques to maintain, and a stable equilibrium
with approximately free precession of the crust can be achieved.

Asthe crust executesits precessional motion, the torque exerted
on the disk by the magnetic field of the neutron star will also vary on
the same timescale because the angle between the spin axis and the
magnetic axis () changes. These torques excite the precession and
warping of the disk, which were invoked to explain the evolution of the
systemthroughthe superorbital phase, and their variation through the
changing value of @ over the precession of the neutronstar crust setsthe
superorbital timescale. From the point of view of the neutron star, these
torques serve to maintain the approximate free precession of the crust
against internal dissipation, which would dampen the precession within
hundreds of years’. The amplitude of the precessionand, therefore, the
magnitude of the internal torques necessary to maintain the precession
depend on the mean value of the accretion torques over the damping
time of several hundred years. In contrast, the external torques depend
onthe currentaccretion. If these two differ by about10%, the resulting
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Table 1| Best-fitting RVM parameters

Mean PD (%) X, (deg) 6 (deg) i, (deg) dof21 Precessional phase AlogL (o)
First main-on 95+05 55.4+1.6 14.530 58+28 0194003 0.088 -1.52
Early 8.6+0.6 57.9+21 16‘31’2"? 641’2 0‘19*:3:82 0.073 +0.07
Late 9.3+07 52.2+27 1 5,93:3 853; 0.22jg:gg 0.162 +0.05
Short-on 17.8+1.4 41.9+2.2 3.7ﬁ-g 9033 O‘Sngé% 0.687 -0.19
Second main-on 91+0.5 46.8+1.5 16.0:‘7;:13 563‘5 0~20i8j8§ 0.159 +0.48

The observations for the first main-on were taken over 17-24 February 2022, and the early portion corresponds to the first 4d of this segment. The short-on was observed over 18-21 January
2023, and the second main-on from 3-8 February 2023. The second-to-last column gives the median precession phase for the observation. The final column indicates the quality of the fit.
When the data are consistent with the model, the log-likelihood (log L) is normally distributed, and the fit quality in the last column is given in terms of the best-fitting log-likelihood compared
to the expected value. Positive values indicate better than expected values. For each parameter, the median and the differences to the 16th to 84th percentiles of the posteriors are given.
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Fig. 3| Schematic showing the geometry varying through the precession
of Hercules X-1. The dark spot on the surface of the neutron star indicates the
location of the magnetic pole.

net torque on the crust could result in the observed net precession of
the spin axis of the crust on the sky. In fact, continued observations
of Hercules X-1could constrain the mean accretion rate over the past
few hundred years as well as details of the crust-superfluid coupling.

Polarization measurements with IXPE haverevealed that the PA as
afunction of spin phase changes over the superorbital period and also
over longer timescales. We interpret these observations as signatures
ofthefree precession and forced precession of the crust of the neutron
starin Hercules X-1, which confirms that the neutron staritself provides
the clock for the superorbital period'” and reveals that torques also
change the angular momentum of the crust on a year-long timescale.
This forced precession may account for the anomalous lows in Hercu-
les X-1and modulations of the superorbital period that occurona5yr
timescale?. Further polarization observations of Hercules X-1will probe
theinterior of the neutron star, in particular the coupling between the
crustandthe superfluid, as wellas the accretion dynamics. Polarization
observations of other X-ray binaries with superorbital periods, acom-
mon phenomenonin these sources, may verify their underlying clocks.

Methods

Rotating vector model

Although the structure of the magnetic field in the emission region
of the pulsar is expected to be complicated”, the PA of photons from
different parts of the emission region are expected to follow the mag-
neticfield direction as they propagate in the highly magnetized plasma

surroundingthe X-ray pulsar. Even at large distances from the neutron
star, where the plasma does not affect the radiation, vacuum birefrin-
gence causes the polarized radiation in the magnetosphere to propa-
gateinthe ordinary (O) and extraordinary (X) modes, which represent
oscillations of the electric field paralleland perpendicular to the plane
formed by the local magnetic field and the photon momentum?®-,
Propagation in the normal modes continues within the so-called
polarization limiting radius®. For typical X-ray pulsars, this radius is
estimated to be about thirty stellar radii**. The field is dominated by
the dipole component, so the polarization measured at the telescope
isexpected tobe either parallel or perpendicular to the instantaneous
projection of the magnetic dipole axis of the star onto the plane of the
sky. For this reason, the modulation of the PAwith phase is decoupled
fromthe evolution in PD and intensity and should follow the RVM*>**?¢;

sin@sin(¢ — o)
cos i, sinf cos(¢ — o) — sin i, cos 6’

tan(PA - x,) = Y]

where i, is the inclination of the angular velocity with respect to the
line of sight, x, is the position angle of the rotation axis in the plane of
the sky, @is the inclination of the magnetic dipole to the spin axis, ¢ is
the spin phase and ¢, is the phase of the rotation when the magnetic
dipole axisis closest to the line of sight.

RVM with free precession

To model the polarization direction as a function of rotational and
precessional phase, we use the formalism of Euler angles™ to yield the
following expression:

tan(PA — xy) = [sin 8y sin @ cos ( — ) + sin Oy sin (Y — Pp) coOs @ cos a —
sina cos 6 cos @] [— sin iy sin @ sinasin (Y — ) —

— siniy cos 6y cos a — sin g sin @ sin (¢ — Yp) cos iy cosa +

. . . . . -1
sin 6y cos iy cos @ cos (Y — g) + sin @ sin & cos iy cos BB] s

(2

where yy is the position angle of the angular momentum on the plane
of the sky, 6 is the angle between the symmetry axis with the largest
momentofinertiaand the magnetic axis (the magnetic obliquity), @is
therotationangle, ¢ is the precession angle, ¢ is the longitude of the
magnetic axis using the symmetry axis with the smallest moment of
inertia as areference, a is the angle between the angular velocity and
the symmetry axis with the largest moment and iy, is the angle between
the angular momentum and the line of sight. The angles are depicted
inSupplementary Fig. 1.

Because the asymmetry of the moment of inertia is small, the
values of x,, and iy, are nearly constant in the absence of torques;
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furthermore, the evolution of the angles in the symmetric case where
two of the moments of inertia are equal is straightforward:

Y = 2MVprect, @ = 2TV, L, a = constant. 3)

If the star is oblate, the two frequencies have opposite signs, and the
precession is retrograde. Even in the biaxial case, the observed rota-
tion frequency (defined as the inverse of the timescale between the
crossings of PA through x,,, for example), is not constant through the
precession (Supplementary Fig. 2)'®. The value of v,,, is the mean rota-
tion frequency over the precession period.

The situation for a triaxial body is somewhat more complicated
but also straightforward™. Let us define the three eigenvalues of the
moment of inertia tensor to be I, > I, > /.. If we let &, be the minimum
spin misalignment when the spin axis is nearest to the axis with the
smallest moment of inertia (/,), we can define the following parameters:

,_hh-h)

_ _hh=1)
L -1)

= hb—hy @

tan® a, n

where the time parameter through the precession is given by
= 4K(k)vprect, (5)

where K(k) isacomplete ellipticintegral of the first kind (ellipk in scipy).
The precessionrateis

230 [Uz—b)—h)

3K Ll ©6)

Vprec =

where Q;, is the angular velocity about the minor axis at the time of
minimum spin misalignment.
Using the Jacobi elliptic functions (ellipj in scipy), we have

cn(T]k?)

tan () = Vn e

cos a(1) = dn(t]k?) cos ag, @)

where tan ¢ is inverted to account for the sign of the numerator and
denominator, sotherangeis zero to 2m (for example by using arctan2).
The Jacobi elliptic functions are periodic with a period of K(k), so the
functions ¢(7) and a(7) are also periodic. The expression for the angle
ypensuresthat p decreasesintime, so the precession againisretrograde
as expected. The final parameter is the rotational angle ¢, which is
givenby"

2MVyor h=h

230 VU3=L)U3-1h)

@ = [vamtt -
» (8)

% Jo cos? dr’](l - ’Zl;" (coszz/)})

1

Inanapproximation where we neglect the differences inthe moments
of inertia beyond first order, we have (2; o ~ 2mv,,, cos apand

1 L-h

COSAo \f(l; — 1) (I — )

@ =2MVyi —

f (cos?y — (cos?y)) dr’.  (9)
o

Thesetwointegrals canbe expressed in closed form usingJacobitheta
functions with complex arguments'; however, it is straightforward to
integrate them numerically. Although the second termin this expres-
sion is explicitly periodic in T with a period of K(k), the first term is
not, so the star does not necessarily return to the same configuration.

Models for the free precession of Hercules X-1
Several models have been proposed for the free precession of the
neutronstarinHercules X-1to explain the superorbital period. Postnov

etal.” proposed a prolate model to account for the variation in pulse
profiles, and Kolesnikov, Shakura and Postnov'® used a triaxial model
to explain the variation in the spin frequency of the star’®. We first
focus onthese specific models. The key observables are the minimum
and maximum angles between the instantaneous spin axis and the
magnetic pole (6), which determine broadly how the polarization will
evolve through the precessional cycle. Inall cases, we assumed that the
angular momentum of the star makes an angle iy, = 110° with respect to
the line of sight, as this is the approximate inclination of the orbit*¥.
We varied this angle from 60° to 120° and verified that changes in this
angle made only minor changes to the predicted PAs.

Inthe prolate model, theratio of the spin period to the superorbital
periodissimply therelative difference between the moments of inertia,
and the two additional parameters are the time during the precession
when the spin axis passes closest to the magnetic axis and the angle
between the spinand the symmetry axis of the star (the spin misalign-
mentangle). Two prolate models are depicted in the upper two panels
of Supplementary Fig. 3. The upper left one has a spin misalignment
of a=50°and an angle of ; = 30° between the symmetry axis and the
magnetic pole (magnetic obliquity), as proposed by Postnov et al.”.
These angles, along with the precession and rotation angles (¢ and
@), are depicted in Supplementary Fig. 1. This model, in blue in the
figure, predicts a variation in the PA throughout the precession that
is larger than observed (superimposed coloured regions). To achieve
better agreement with the observed PAs, the spin misalignment and
magnetic obliquity must be reduced to 11° and 8°, respectively (upper
right panel). These angles depend modestly on the assumed value of
iy. Both are smaller if iy, < 50° or i, > 130°.

Although the triaxial models cannot be solved using elemen-
tary functions, the evolution can be expressed in closed form'*'25,
In particular, the precession period is determined by the relative dif-
ference between the largest and smallest eigenvalues of the moment
of inertia’®, taken to be 6.7 x 107, The relative difference between the
second largest and smallest eigenvalues is taken'® to be 2.7 x 107. We
examined two pairings for the minimum spin misalignment angle
and the magnetic obliquity, 50° and 30°, as postulated by Kolesnikov,
Shakura and Postnov'® (bottom left panel) and 9.5° and 7.5° (bottom
right panel of Supplementary Fig. 3). In both cases, the magnetic axis
lies towards the intermediate axis of the neutron star. In the bottom
left panel, we see that the variation of the PA is larger throughout the
entire precession period than observed during either the short-on or
the main-on. As with the prolate model, better agreement is achieved
byreducing the misalignment angle and the magnetic obliquity. Doing
soresults in the models in the bottom right panel, which can account
for the observed evolution of the polarization over the superorbital
period.Furthermore, the frequency variations reported by Kolesnikov,
Shakura and Postnov'® are consistent with free-precession models, and
the models that we present here are also consistent with those varia-
tions, as depicted in Supplementary Fig. 2.

Data availability

The data used for this analysis are available through High-Energy
Astrophysics Science Archive Research Center under IXPE Observation
IDs 01001899, 02003801 and 02004001.

Code availability
The software used for this analysis is available at https://github.com/
UBC-Astrophysics/IXPE-Analysis.
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