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The accreting X-ray pulsar Her X-1 shows two types of lomgpteariations, both with a period
of ~35d: 1) A modulation of the flux with a ten day loridain-Onand a 5d longShort-On
separated by tw@ff-states, and 2) A systematic variation of the shape of thiéslilse profile.
While there is general consensus that the flux modulationéstd variable shading of the X-ray
emitting regions on the surface of the neutron star by thega®ing accretion disk, the physical
reason for the variation of the pulse profiles had remainetirowersial. Following the suggestion
by Trimper et al. (1986) thatee precessiomf the neutron star may be responsible for the
variation of the pulse profiles, we had developed physicalei®of strong feedback interaction
between the neutron star and the accretion disk in ordemtiaiexthe seemingly identical values
for the periods of the two types of variations. In a deep asialgf pulse profiles observed by
several different satellites over the last three decadddaow that the clock behind the pulse
profile variations shows exactly the same erratic behawdhaturn-on clock, even on short time
scales £100d), suggesting that there may in fact be only one 35d dlotthe system. If this is
true, it presents a serious challenge for the idea of freeggsion of the neutron star and calls for
alternative physical models for the variation in pulse €hap
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Figure 1: Average 35d flux profile of Her X-1, generated by accumulaligbt curves observed by
RXTE/ASM for 35d turn-ons around binary phase 0.2 (Fig. 3 of Kkmhet al. 2006). The vertical
lines indicate the binary eclipses.

1. 35d flux modulation and turn-on history

Her X-1 shows modulation of its X-ray flux on & 35d period, with a "Main-On" and a
"Short-On", separated by two "Off" states. The sharp irseaf the flux defines the beginning of
a cycle and is called "turn-on”, it generally occurs eitheruad binary phases 0.2 or 0.7. Fig. 1
shows the mean flux profile for phase 0.2 turn-ons as obseétXi E/ASM (Klochkov et al.,
2006). The 35day modulation of the X-ray flux is generally laiged by the precession of the
accretion disk, that regularly blocks the view to the X-rayiting regions near the magnetic poles
of the neutron star.

The 35d turn-on clock is quite irregular, allowing the ldmgf an individual cycle to be either
20.0x Pyrp, 20.5x Pgrpy, 0r 21.0< Py, (Staubert et al., 2006) (with a small fraction of cases shgwi
longer or shorter cycles). Adoptingsd>= 20.5x Py, (= 34.85d) as the mean ephemeris period,
the turn-on history can be described by the so cal@d C)—diagram, which plots the difference
between the observed turn-on and the calculated turn-amy(ttss ephemeris period) as a function
of cycle number (or time). Fig. 2 show® (- C) since the discovery of Her X-1 until today as a
function of time in MJD. The two versions of the diagram (leftd right) differ in the number of
35d cycles assumed to have occurred during the 602 day longnalous Low (AL3), which is
centered at- MJD 51500. During this gap, the X-ray flux was very low becanfdae blocking by
the low inclination accretion disk. For the interpretatmfri-ig. 2 we refer to Staubert et al. (2009),
in the following called the "Two-clocks paper". In Fig. Ziléhe gap corresponds to 18 cycles with
a (short) mean duration of 19<P,,, which is probably the correct physical interpretation dor
continued precession of the accretion disk. In Fig. 2-riglktgap corresponds to 17 cycles with
a (long) mean duration of 20:8,, which can be associated with a semi-regular clock with a
mean period of 20.8P,, = 34.88 d. In the "Two-clocks paper" (Staubert et al., 2008 period
was associated with an underlying clock, viewed to be ratbgular, namely (free) precession of
the neutron star, assumed to be responsible for the obsperadlic variation of the shape of the
pulse profiles. In this model, it was assumed, that the psame®f the neutron star is theaster
clock and that the precession of the accretion disk is locked tooffithe neutron star by evidently
existing strong physical feed-back in the system, (neayyichronizing the periods of the "two
clocks".
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Figure 2: Turn-on history of Her X-1: the@ — C)-diagram.Left: assuming that during the Anomalous
Low around MJD 51500 (AL3) there were eighteen 35d cyckight. the same assuming that there were
only seventeen 35d cycles (see Staubert et al., 2009 anfbtdxtther discussion).

2. Pulse profile variations

In observations of Her X-1 b¥EXOSAT in 1984, Trumper et al. (1986) discovered that the
1.24 s X-ray pulse profiles vary in shape as a function of theselof the 35d flux modulation.
Observations bysingain 1989 and byRXTE starting in 1996 confirmed these findings and have
added a wealth of detailed information on the combined psitsge and spectral evolution of the
pulsars beamed emission (e.g., Scott et al., 2000). Truetpal (1986) had suggested that the
systematic variations in pulse shape is due to free premes$ithe neutron star: the viewing angle
towards the X-ray emitting polar cap region of the neutram garies with the phase of the neutron
star precession. Shakura et al. (1998) applied a model oé@egsing triaxial model to pulse
profiles of Her X-1 observed bIHEAO-1, Ketsaris et al. (2000) did so for profiles observed by
RXTE/PCA. Using all observations bR XTE from 1996 until 2005 we have verified that the shape
of the pulse profiles is reproduced evernd5 days. A careful timing analysis was performed of all
archivedRXTE data on Her X-1 and pulse profiles were generated by foldirly thie measured
pulse periods. As an example, Fig. 3-left shows a set of qrisfies (PCA, 9-13 keV) for eight
different 35d phases. The variation of the pulse shape d&avi This systematic analysis has lead
to the development of the "Two-Clocks-Model" (Staubertlet2909) and the successful modeling
of the observed pulse profiles by a model of point- and rikg-&#mission from the polar caps of a
neutron star with an offset-dipole field under the assumptidfree precession (Postnov, 2004).

We have then started a model-independent investigatidmegderiodic pulse profile variations
by constructing a template of those variations for the Hek Main-On" for photon energies 9—
13 keV. A set of observations were selected, providing a gamatrage of the 35d phase range
-0.05 to 0.15. This template contains flux normalized pulsdiles for every 0.01 in phase. Any
9-13 keV pulse profile observed during a Main-On can then lepened to this template and
the 35d phase can be determined ff. minimization). For theRXTE data we find that this
is generally possible to an accuracy=00.02 in phase. First results of using this template with
profiles observed bysingg RXTE and INTEGRAL were presented by Staubert et al. (2010),
showing that the turn-on history and the history of variagi@f the pulse profiles appeared to be
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Figure 3: Left: Pulse profiles of Her X-1 of 35day cycles of Dec 01 (cycle n&@3)3and Nov 02 (cycle
no. 323) as a function of 35 day phase (RXTE, 9—-13 k&/yht. 3D pulse profile template for the Her X-1
Main-On (35d phase -0.05 to 0.22) of cycles 313 and 323 in tieegy range 9-13 keV. The resolution is
128 bins in pulse phase and 28 bins in 35d phase.

strictly parallel, implying that the neutron star precesdif it is indeed the reason behind the pulse
profile variations) is synchronized to the precession ofiteretion disk. This raised the question,
how the neutron star would be able to significantly changerigeessional period on rather short
time scales.

We have since refined this method by constructing an extetetaglate fromRXTE/PCA
observations of two 35d cycles (nos. 313 and 323), whichtkageprovide a uniform coverage
of a complete "Main-On" in the 35d phase range -0.05 to 0.8ainawith a resolution of 0.01.
The details of the construction of this template, its chi@stics, and its usage are described by
Staubert et al. (2011) (this Volume). A 3D-representatibthe template (being a matrix of 128
bins in pulse phase by 28 bins in 35d phase) is given in Fiigtg:r

3. Results and discussion

We compare the characteristics of the two 35d modulatiohthéoflux and of the variation
in pulse profiles) by plotting both into a®(- C)-diagram. For the flux, we use the turn-on, also
called the "accretion disk phase-zero" and plot the-(C) as in Fig. 2-right. Correspondingly, we
determine a "pulse profile phase-zero" for all the Main-Gmavhich there is at least one observed
pulse profile (for most Main-Ons there are several profileBhe "pulse profile phase-zero” is
defined and calibrated using those cycles which were useshiireict the template: for cycles 313
and 323 both times of "phase-zero" are identical (by dedinjti For any other cycle "pulse profile
phase-zero" is found by determining the 35d phases of ailad@ profiles by comparison with
the template and a subsequent linear extrapolation to pteaeeusing the fixed period of 34.85d
(see Fig. 5-left of Staubert et al., 2011). Using pulse psfdf other Main-On cycles of Her X-1
observed byRXTE over the last three decades plus one fr@ingaand one fromINTEGRAL,
we find that these systematic variations are very stableeprdducible. The constructed template
therefore allows to determine the 35d phase for any obsaviaid-On pulse profile in the 9—
13 keV range.
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Figure 4: (O —C) values in units of days for observed turn-ons (green) amcgsdofar generated "pulse
profile phase-zero" values from pulse profile fitting (martggrusing profiles 9-13 keV profiles for several
Main-Ons observed bRXTE, plus one fromGingaand one fromNTEGRAL.

The observational result in the form of a® { C)-diagram is summarized in Fig. 4. The
green points (connected by the solid green line) represenbbserved turn-on times (equal to
"accretion disk phase-zero"). The magenta points reptréisenimes of "pulse profile phase-zero"
as determined from the comparison of observed pulse prafitbsthe pulse profile template and
subsequent extrapolation to phase zero. The observaduitince is quite clear: within statistical
uncertainties, the values for phase-zero as determinetebiwio different methods are identical,
and the "pulse profile clock” is just as irregular as the "tomnclock". Both clocks appear to be
perfectly synchronized. We emphasize here, that the alesudtiis completely model independent,
it is obtained using observational data only. However, #test results from the continued effort
in modeling the observed pulse profiles by a model assumaw® grecession of the neutron star
(Postnov, 2004; a publication is in preparation) leads éoshme conclusion. This does suggest
abandoning the concept of “two clocks" and to assume théeexis of justone underlying clock
which controls the variations of both zero-phases: thahefttrn-ons, and that of pulse profile
phase zero.

What does the above result mean for the concept of (freepgsan of the neutron star in
Her X-1? We distinguish between two assumptions.

First, assuming the precession of the neutron star doesdnebest and is responsible for the
variation of the pulse profiles and for those of the turn-ares, we would then have to explain, how
the neutron star could change its precessional period ralgvercent on rather short time scales
(~100d). There seem to be no external forces that are stronggkrto change the precessional
period, e.g. by applying a torque to the principle axis oftiae The only possible origin could be
inside the neutron star, that is, if glitches occur or if tbenplex physics of the interior of a highly
magnetized neutron star with its crust and liquid core diohafor time variable phenomena. For
the relevance of free precession to our understanding demetsupra-nuclear densities, see e.g.,
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Link (2007). Equally difficult is the explanation of how theutron star, if it is indeed the one
master 35d clock in the system, would be able to transmitrgsgssional motion to that one of
the accretion disk (assuming that our long-term conceporigect, that the turn-ons are due to the
precession of the accretion disk). We do indeed see stratgldack in the binary system, which
has lead Staubert et al. (2009) to assume that the precesdiom neutron star may be the master
clock in the system, under the assumption, however, thah¢lron star clock would be rather
stable and that the accretion disk would have "a life of itm'oproviding the freedom to deviate
from the strict clocking of the master - as observed in tha-tur history. We now see, that the
turn-ons and the pulse profiles vary in strict synchronimatrequiring extremely strong feed-back,
the existence of which appears questionable. Certainlynantron star precession would be far
from "free".

Second, assuming that there is no neutron star precessionowd need a different expla-
nation for the variation of the pulse profiles in synchrotia with the turn-ons. We would have
to assume that the precessional movement of the outer edfpe atcretion disk, thought to be
responsible for the 35d flux modulation, is mirrored at theeinedge of the accretion disk, and
that its interaction with the magnetosphere of the neuttanand the way in which the accretion
of matter proceeds along the field lines of the (probably)tinpale magnetic field, is varying with
precessional phase. Scott et al. (2000), on the bas&Brmgfaand earlyRXTE observations, pro-
posed a model in which the changes in the shape and speqgtedrapce of the pulse profiles are
gualitatively explained by a combination of occultationtbé X-ray emitting regions by a tilted
and twisted precessing inner accretion disk and changée iadcretion geometry by the changing
relative orientation between disk and neutron star magpétre. A detailed quantitative model
would be needed to verify this idea for the generation of thdtimomponent pulse profiles.
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