PROCEEDINGS

OF SCIENCE

Hercules X-1: variations of the cyclotron line energy
with flux, with phase and with time

Rudiger Staubert *'

Institut fir Astronomie und Astrophysik, Universitat Tidpgen, Sand 1, D-72076 Tubingen,
Germany

E-mail: st aubert @st r 0. uni -t uebi ngen. de

Her X-1 is one of the the most intensively studied Accretingay Binary Pulsars (AXBPSs).
This is largely because it is a bright and persistent X-ralgauy showing the largest variety of
observable phenomena, partly due to the favorable geormettyserving the binary nearly edge-
on. Her X-1 is the binary X-ray pulsar in which the first cyctwi line (or Cyclotron Resonant
Scattering Feature - CRSF) was detected in 1976. Sinceeehave made an effort to observe
the source and the CRSF around 40keV as often as possibig, theise X-ray satellites which
cover the high energy X-ray range. Extended contributigesfeom the Rossi X-ray Timing
Explorer (RXTE), INTEGRAL, Suzakuand Swift. The most recent contribution with a new
degree of quality is from the high energy imaging telescopeéNaStar We have found that
the CRSF is variable with flux, with phase (both pulsatiorad arecessional phase) and with
time. The historical evolution of the pulse phase average8E centroid energydx since its
discovery is characterized by an initial value around 35 keVabrupt jump upwards to beyond
~ 40keV between 1990 and 1994 and an apparent secular decagftee Much of this decay,
however, was found to be due to an artifact, namely a coioeldtetween g, and the X-ray
luminosity Ly discovered in 2007, amounting to a change-of% in energy for a factor of two
in luminosity. In observations since 2007, however, we now & statistically significant trend
of a true secular decrease of the cyclotron line energy. titiad, we discuss recent results
of pulse phase spectroscopy and evidence for the suspemtiadion in Eyc with phase of the
35d precessional period (which is observed both in the nadidul of the X-ray flux and in the
systematic variation in shape of the 1.24 s pulse profile).
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Table 1: Details of recent observations of Her X-1 BYyTEGRAL, RXTE Suzakuand NuStar

Observatory  Date of Center Obs ID Exposure
observation MJD [ksec]

INTEGRAL 2007 Sep 03-08 54348.86 Rev. 597/598 414.72
RXTE 2009 Feb 04/05 54866.95 P 80015 22.19
Suzaku 2010 Sep 22 55461.63 405058010/20 41.66
Suzaku 2010 Sep 29 55468.51 405058030/40 45.66
INTEGRAL 2010 July 10-18 55391.43 Rev. 945-947 621.03
Suzaku 2012 Sep 19-25 56192.23 4070510-10,20,30~ 70
NuStar 2012 Sep 19-25 56192.23 3000200600-2,3,5,7 72.9

1. Introduction

The X-ray spectrum of the accreting binary pulsar Her X-1haracterized by a power law
continuum with exponential cut-off and an apparent like-Ifeature, which was discovered in
1975 (Trumper et al. 1978). This feature is now generallyeptad as an absorption feature around
40 keV due to resonant scattering of photons off electrongjuantized energy levels (Landau
levels) in the Teragauss magnetic field at the polar cap afi¢hron star. The feature is therefore
often referred to as a Cyclotron Resonant Scattering Fe§@RSF). The energy spacing between
the Landau levels is given bycfe = heB/mec = 116keVB1,, whereBis = B/10%G, providing a
direct method of measuring the magnetic field strength asitecof the generation of the X-ray
spectrum. The observed line energy is subject to grauvitaticedshift,z, such that the magnetic
field may be estimated b, = (1+z) Eqps/11.6keV. The discovery of the cyclotron feature in
the spectrum of Her X-1 provided the first ever ‘direct measwent’ of the magnetic field strength
of a neutron star, in the sense that no other model assursi@nneeded. Originally considered
an exception, cyclotron features are now known to be ratbemeon in accreting X-ray pulsars,
with more than a dozen binary pulsars being confirmed cyaidine sources, with several objects
showing multiple lines (up to four harmonics in 4U 0115+6Rgviews are given by e.g. Coburn
et al. 2002, Staubert 2003, Heindl et al. 2004, Terada e0&i7 2Nilms 2012.

Here we summarize some results, including our most recess, cabout the variability in
cyclotron line energy. The application of pulse phase spscbpy techniques has demonstrated a
very strong variation in g as function of pulse phase. Considering this pulse phasatiear and
the variation in pulse shape with 35d phase, there must beativa in the phase averagedyE
with 35d phase. From a long-term study, we present the faisgtally significant evidence for a
true secular decrease of the phase averagrd\&e speculate about the physics behind the secular
decrease as being connected to changes in the configurétibe magnetic field structure at the
polar caps of the accreting neutron star.

2. Data base and method of analysis

Her X-1 is probably the best observed accreting binary Xmalgar. Its X-ray spectrum and
the cyclotron line (CRSF) has been measured by many instriaséce the discovery of the CRSF
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Table 2: Recent cyclotron line energy measurements in Her X-1INSFEGRAL, RXTE, SuzakuandNuS-

tar. Uncertainties are at the 68% level. The tfozakudata points from 2005 and 2006 are from Enoto et
al. (2008), adjusted to describing the cyclotron line by aisa#&an line profile (see text). ThuStarvalue,

as provided by théJuStarteam, is preliminary. 35d cycle numbering is according sugert et al. (1983,
2009a).

Satellite Observation 35d Center Cyclotron Line  max. Flux
month/year cycle [MJD] Energy [keV] [ASM cts/s]
RXTE Feb 2009 388 54866.60 IB+0.65 594+ 0.50
Suzaku May 2005 353 53648.90 3B0+1.00 480+0.35
Mar 2006 358 53823.90 3B0+1.00 470+0.35
Sep 2010 405 55461.60 BD+0.34 756+0.23
Sep 2012 426  56192.23 not yet analysed946- 0.20*
INTEGRAL July/Aug 2007 373 54348.00 IHD+0.60 4504+ 0.48
July 2010 403 55389.30 3B+0.60 850+ 0.24
June 2011 413 55738.47 3A+0.28 7.00+0.20
NuStar Sep 2012 426  56192.23 30D+0.15 6.94+ 0.20¢

* The maximumMain-On flux was determined using the monitoring dataRXTE/ASM and
Swift/BAT (since 2012 from BAT only); the conversion is: (2-10 kASM cts/s) = 90 * (15-
50 keV BAT cts cmi2 s 1)

in 1975 (Trimper et al. 1978). The data base behind previoesglorted results are summarized
in corresponding Tables of the following publications: BGeauet al. 2001, Coburn et al. 2002,
Staubert et al. (2007, 2009a, 2013), Klochkov et al. (2008,12 and Vasco et al. (2011, 2013).
Details about more recent observations (proposed by oupgtaring the last five years) B)XTE,
INTEGRAL, Suzakuand NuStarare given in Tables 1 and 2. Generally, Main-On state observa
tions (35 day-phases 0.22) were used. The spectral analysis was performed usingtdineard
software appropriate for the respective satellites (seeptiblications cited above). Unless oth-
erwise stated, the spectral model used was a power law witbnextial cut-off fii ghecut ,

cut of f pl , Ferni Di rac)for the continuum and a multiplicative absorption linelwét Gaus-
sian optical depth profile for the cyclotron line. Detailsloé fitting procedure can be found in the
papers cited above. Here we discuss results of the spentibises of pulse phase resolved and
pulse phase averaged spectra, a dependence on 35 phaseedayused time.

3. Variation of the cyclotron line energy Ecyc

We will discuss the variability in the energy of the Cyclatr&esonant Scattering Feature
(CRSF) in Her X-1 with regard to the following variables:
- Variation with the current X-rajuminosity, both on long and on short time scales
(the 35d precessional period and the 1.24 s pulse periqubatigely).
- Variation withphase of the 1.24 s pulsation.
- Variation with phase of the 35d precessional period.
- Variation withtime, that is a truesecular decay.
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Figure 1: Left: The positive correlation between the cyclotron line egeagd the maximum X-ray flux
of the corresponding 35day cycle as measuredRR§TE/ASM (see Fig. 2 of Staubert et al., 2007) with
eight added pointsINTEGRAL 2005 (Klochkov et al. 2008)Suzakuof 2005 and 2006 (Enoto et al.
2008),RXTE 2009,INTEGRAL 2010,Suzaku2010 andNuStar2012 (preliminary). The solid red line is
a linear fit, defining a slope of (874 0.11)keV/(ASM cts/s). TheSuzakupoints of 2005/2006 have been
‘corrected’ upward by 2.8keV, to account for the differerasising from the fact that in the analysis by
Enoto et al. (2008) the Lorentzian profile was used, whileafbothers the Gaussian profile was used.
Right: Mean dependence of cyclotron line energy on pulse phasthédviain-On of 35d cycle 323, as
observed byRXTE/PCA in 2002 November. The solid red line represents a bdsirfition (a combination
of two cosine components). The dotted lines are pulse psadfilthe 30-45keV range for five different 35d
phases: 0.048,0.116, 0.166, 0.21 and 0.24. The main pysedsessively moving to the right.

3.1 Variation of E¢yc with luminosity

For Her X-1 the dependence of the centroid energy of the phaseged cyclotron line on
X-ray flux was discovered by Staubert et al. (2007) while yriah an extended set of observations
from RXTE. As reference X-ray flux the maximum of the 2-10 keV flux of tegpective 35d cycle
as measured by the All Sky Monitor (ASM) dRXTE was used. The correlation was found to be
positive, that is the cyclotron line energyyEincreases with increasing X-ray luminosity.

The opposite behavior, a negative correlation (a decrebggye with increasingL,), had
first been noted by Mihara (1995) in observations of a few Highinosity transient sources
(4U 0115+63, Cep X-4, and V 0332+53) IBinga This negative correlation was associated with
the high accretion rate during the X-ray outbursts, as dwedbange in height of the shock (and
emission) region above the surface of the neutron star Whging mass accretion radd, In the
model of Burnard et al. (1991), the height of the polar adenestructure is tied td. From this
model one expects that an increase in accretion rate leasit@wrease in the height of the scat-
tering region above the neutron star surface, and ther&aedecrease in magnetic field strength
and hence E.. During the 2004/2005 outburst of V 0332+53 a clear antralation of the line
position with X-ray flux was observed (Tsygankov et al., 200@e case of 4U 0115+63, however,
is doubtful: while both Nakajima et al. (2006) and Tsygankbal. (2007) had found a general
anti-correlation betweencl and luminosity inRXTE data of the Feb—Apr 1999 outburst, Miiller,
S. et al. (2012), analyzin@XTE and INTEGRAL data from an outburst in March/April 2008,
have found that the negative correlation for the fundameytotron line is likely an artifact due
to correlations between continuum and line parameters whigrg the NPEX continuum model.
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The positive correlation in Her X-1 was secured by a re-agislpf the sameRXTE data
by Vasco et al. (2011), using the bolometric X-ray flux as nefiee. This analysis confirmed
that the originally used 2-10keV flux is a good measure of tlerbetric luminosity. While the
above discussed analysis tests the correlated variabfliBt,c andLy on long time scales (35d
and longer), the "pulse-amplitude resolved" analysis afckkov et al. (2011) does so on short
time scales (down to the pulse period of 1.24 s). Selectitgepwith amplitudes in certain ranges
and producing mean spectra for each pulse amplitude rangegesl that the cyclotron line energy
scales positively with the mean pulse amplitude. In addjtibwas found that the photon index
I" of the underlying power law continuum scales negativelyhwiite pulse amplitude. The same
behavior was seen in data of the transient A 0535+26. A rqualse phase resolved analysis of
A 0535+26 observations bR XTE andINTEGRAL showed that data of one of the two peaks (of
the double peak pulse profile) displays the same trend whike af the other peak do not (Mdiller,
D. et al., 2013). Applying the same "pulse-amplitude resdhvtechnique to data of V 0332+53
and 4U 0115+63, Klochkov et al. (2011) found the same behasariginally detected in data
sets that were selected on much longer time scalgg:dEcreases aridincreases with increasing
Lx. Finally, we mention that a positive correlation of Ewith Ly was also seen bfNTEGRAL in
a flare of GX 304-1 (Klochkov et al., 2012).

Our current understanding of the physics behind theselatimes assumes that we can dis-
tinguish betweerwo accretion regimein the accretion column above the polar cap of the neutron
star: super- and sub-Eddington accretiofihe former is responsible for the first detected nega-
tive correlation in high luminosity outbursts of transie@ray sources: with increasing accretion
rateM, the shock and the scattering region move to larger heighteathe surface of the neutron
star and consequently to weaker B-field (Burnard et al. 19%l)b-Eddigton accretion, on the
other hand, leads to the opposite behavior. In this regimeemeasingM leads to an increased
ram pressure on the scattering region and a resulting "gouggeto smaller height and stronger
B-field (Staubert et al., 2007). More detailed physical idesmtions have recently been presented
by Becker et al. (2012). The persistent source Her X-1 iglgi@asub-Eddington source.

Fig. 1(left) reproduces the original correlation graph tdubert et al. (2007) with new data
points added (see Table 2). Thg&values measured later than 2007 are significantly lower than
the earlier values, while they maintain a similar positilgps. It is these points that establish the
secular decay of & which will be discussed below.

3.2 Variation of E¢yc with pulse phase

Recently, Vasco et al. (2013) have presented results of jliase resolved analysisRKTE
observations. Fig. 1(right) shows the mean dependenceeafghtroid cyclotron line energy on
pulse phase for alMain-On data of cycle 323 (for 35d phases between 0.1 and 0.22). hieis t
first time that for Her X-1 a phase profile of the centroid cy@a line energy . is produced
with such a high resolution and statistical accuracy (the fmallest bins around the peak of the
pulse have a width of 1/80 of a phase). The shape of the mdaahulst nearly sinusoidal, but for
a good fit, at least two sine functions are needed (solid rez).liThe peak to peak amplitude of
the modulation is~ 21% of the mean energy. There is no 35d dependence of the sh#pis
modulation. Generally, thefz profile roughly follows the shape of the pulse profile, with it
broad maximum close to the maximum of the main peak (pulssg#@.7-0.8). The dashed curves
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are 30-45 keV pulse profiles for five different 35 d phases:ntla@ peak is progressively moving
to the right with increasing 35 d phase3he fact that the pulse moves, while the shape of He E
profile stays constant, leads to the expectation for a vaniat pulse phase averaged,Ewith 35 d
phase (see Section 3.3).

Pulse phase modulation inyz is quite common among accreting X-ray pulsars and is gener-
ally believed to be due to the changing viewing angle unddchvthe X-ray emitting regions are
seen. If we adopt the idea, that peaks in the pulse profile eassociated with beamed radiation
emitted from the accreting regions at the magnetic pole=s the observed pulse profiles are a
representation of the emission characteristics. Duringj/lanéutron star rotation we may be see-
ing the beamed radiation of different emitting spots undemging angles. In addition, variable
absorption and reflection at the inner edge of the precessiagetion disk and possibly a variable
orientation due to precession of the neutron star (Post@64)2may contribute. The situation can
be further complicated by gravitational bending. It is #fere not straightforward to interpret the
observed pulse profiles and the variation g)cEn terms of accretion geometry and beaming char-
acteristics. We note here, that also the photon ifdekthe power law continuum is dependent on
pulse phase with a distinct minimum close to the pulse peakd¥ et al., 2013).

3.3 Variation of E¢yc with precessional phase

A few measured low . values at late 35d phases had led us to suspect that the halse p
averaged cyclotron line energy may not be constant over Slte¥cle. This has triggered pro-
posals for repeated observations of Her X-1 at different phases byNTEGRAL, Suzakuand
most recentlyNuStar These observations are not yet fully analyzed, but usitg filam earlier
RXTE observations (cycle 323), we have already clear indicatitimat there is a weak modu-
lation of Eyc over theMain-On Vasco et al. (2013) had shown, that the shape of thg. (B
pulse phase)-profile is not dependent on 35d phase, whilpuise profile itself is. Fig. 1(right)
demonstrates that the 30-45 keV pulse profiles (this is tleeggnrange which includes most of
the CRSF) clearly move to the right with increasing 35 d phagech means that more and more
photons are found at pulse phases where the cyclotron liexgeis decreasing. So, a modulation
of Ecyc With 35d phase is inevitable. In order to quantitativelyt tess, we have performed a for-
mal folding of 30-45 keV pulse profiles (for 10 different 35kgses) with template & vs pulse
phase)-profiles at the same 35d phases. These templateprwéle constructed by inter- and
extrapolation of the four individual profiles at differeri @ phases given in Fig. 3 and 4 of Vasco
et al. (2013), taking into account that both the maximumealnd the peak-to-peak amplitude are
slightly 35 d phase dependent. By folding the pulse profilihwie corresponding & profile, the
expected pulse phase averagegt Ealue can be calculated. In Fig. 2(left) these calculatédesa
are shown as blue triangles (connected by the solid blug lanslow increase up to phase0.19
is followed by a somewhat sharper decay. For comparisonhew she directly measured phase
averaged Ec values (data points with uncertainties) for 13 small indign intervals covering the
Main-Onof cycle 323. The directly measured values are consistahttivé calculated modulation.
With the final analysis of additional data, more definite dosions are expected. This new result

IThe definition of pulse phase zero is tied to the "sharp edgtieadecay of the right shoulder of the main peak
(see Staubert et al., 2009b, 2013).
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Figure 2: Left: Centroid pulse phase averaged cyclotron line energiefeteit 35 d phases a¥lain-On
cycle 323. The data points with uncertainties are directsmeaments for ten small integration intervals.
The blue triangles connected by the solid blue line are wahtech are calculated by folding observed pulse
profiles in the 30-45 keV range with template,¢Evs pulse phase)-profiles for the same 35 d phases.
Right: Her X-1 pulse phase averaged cyclotron line energigs Bormalized to a reference ASM count
rate of 6.9 cts/s using the originally found correlationdtion. A break in By is apparent around MJD
54000. Note, that the four points measured last are all lodcating a true secular variation.

adds another piece to the puzzle on the question about tlecphpature of the 35 d modulation
- precession of the accretion disk (and?) precession ofeb&ran star? - and the mechanism of
generating the varying pulse profiles and the varying sped@RSF and continua (see discussion
in Staubert et al., 2009a, 2013 and Vasco et al., 2013).

3.4 Variation of E¢yc with time - secular variation

In investigating the long-term behavior of the pulse phassaged centroid cyclotron line
energy, Staubert et al. (2007) had discovered that depends on the X-ray flux of the source.
Their Fig. 1 compiles the historical measurements untd thme: after the initial measurements
in the range 34-37 keV, a (so far unexplained) upward jumpimed, between 1991 and 1994, to
beyond 42 keV, followed by an apparent decrease with timés décrease had been noticed after
the first observations witRXTE in 1996 and 1997 (in comparison to values fr&iGROBATSE
andBeppdSAX), and had served as an important argument to ask for ofigervations of Her X-

1. But then, Staubert et al. (2007) showed that this decreiiseime was largely an artifact due to
the dependence offz on X-ray flux. PlottingEcyc against the 2-10 keV X-ray flux, as measured by
ASM on RXTE shows a clear positive correlation, with an increasecia By ~ 7% for a factor of
two increase in flux (see Section 3.1). So, here nature haspoed such that later measurements
were (on average) taken when the flux happened to be low (Hersnown for varying its flux
within a factor of two, on time scales of a few 35d cycles).

Now, however, the situation has changed. Here, we repottdbe first statistically significant
evidence for drue secular decay of the phase averaged cyclotron lingerievtom Fig. 1(left), it
is already evident thatdz values measured after 2008 are significantly lower, whilentaming a
similar positive correlation within themselves (possilegs steep). In order to separate the depen-
dence on time and the dependence on X-ray flux, we have naedéaie measured.z values to
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a common X-ray flux (hamely 6.8 ASM cts/s), using the slopeoasd in the original flux corre-
lation. The result is shown in Fig 2(right). The normalizegEalues until 2006 are consistent
with a constant value of 39.8 keV, a significant decreasersafter that. This decrease is consis-
tent with a linear decay with time between 2006 and 2012, bubee abrupt change can not be
excluded. We note, that all measurements used for this ptolr@am observations corresponding
to the Main-On of Her X-1 at 35d phases less than 0.14 (for which the dep&eden 35 d phase
is very weak).

With regard to the physical implications of the now obsersedular decrease of the cyclotron
line energy, we speculate that the phenomenon could be cth® a restructuring of the polar
magnetic field of the neutron star. This may be due to an adprst of the field when coping
with the continued accretion of plasma. Theoreticallyhsscenarios have been investigated e.g.,
by Brown and Bildsten (1998), Litwin et al. (2001), Mukhexjand Bhattacharya (2012) and
Mukherjee et al. (2012).
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