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ABSTRACT

The centroid energ¥,. of the cyclotron line in the spectrum of the binary X-ray ulsler X-1 has been found to decrease with
time on a time scale of a few tens of years - surprisingly sinastrophysical terms. This was found for the pulse phaseaged line
centroid energy using observational data from various segtellites over the time period 1996 to 2012, establishingduction of

~4 keV. Here we report on the result of a new observatioN TAR performed in August 2015. The earlier results are confirmed
and strengthened with respect to both the dependenEg,obn flux (it is still present after 2006) and the dependenceroa:tthe
long-term decay continued with the same rate, correspgrtdia reduction of5keV in 20 years.

Key words. magnetic fields, neutron stars, — radiation mechanisméotcgn scattering features — accretion, accretion columns
binaries: eclipsing — stars: Her X-1 — X-rays: general — ¥sratars

1. Introduction - Variation with X-ray luminaosity, on both long and on shamée

. . L _scales|(Staubert etlal. 2007; 011);
This note is a continuation, an update, and an extension o{ariation with phase of the 35d precessional period (albei
Staubert et all(2014), hereafter “Paper 1", which esthbtishe  ather weak) (see Paper 1):
long-term change in the cyclotronline energy in Her X-1. 8@ _ y/ariation with time: 1) a rather sharp jump upwards in egerg
introduction to this source, a well-studied accreting X-baary  around 1992 (Gruber etlal. 2001, Paper 1), and 2) a true decrea
pulsar, we therefore refer to Paper 1, except for brief réman i the phase-averaged line energy after 1993 with a magmitid
the cyclotron line. The continuum spectrum (a power law With 5 kev over 20 years (Paper[L; Staubert 2014; Klochkovlet al.
exponential cutf) is modified by a line-like feature. This fea{3075).
turedlscovered in 1976 in a balloon observation (Trinepel. Here we present the results of a new measurement of the
1978), has been re-measured numerous times and is now & energy by NUSTAR, performed in August 2015. The earlier
erally accepted as an absorption feature around 40keV dugdg,jis presented in Papel 1, Stadbert (2014), and Klockikal/
resonant scattering of photon§ electrons on quantized energy41s) are confirmed and strengthened with respect to beth th
levels (Landau levels) in the teragauss magnetic field giol&  qonongence .y on flux (it is still present after 2006) and the

cap of the neutron star. The feature is therefore also B0 yonendence on time: the long-term decay continued at the sam
as acyclotron resonant scattering featu@RSF). The energy 41

spacing between the Landau levels is giveriEgy: = ieB/(meC)
= 11.6 keVB1,, whereB1,=B/10'2 G, providing a direct method _
of measuring the magnetic field strength at the site of thesem?. Observations

sion of the X-ray spectrum. The observed line energy is sUBa, x_1 was observed on August 34, 2015, in a campaign co-
ject to gravitational redshift at the location where the line isordinated byNuSTAR (Harri tal 2’ 013) :and\ITEGRAL
formed, such that the magnetic field can be estimateBby- : [2003). For this contribution we restrict seives
(1+2) Eqpg11.6 keV, withEops being the observed cyclotron liney, o resyits of the first 13.5 MUSTAR observation (ObsIDs
energy. The discovery of the cyclotron feature in the speedf 94145002002, MID 57237.70 - 57238.26) with a total on-sourc
Her X-1 provided the first ever direct measurement of the ma1%'tegration tim,e of 27.1ksec. This is a Main-On observatbn
netic field strength of a neutron star, in the sense that nerotlzgs_day cycle 457 at phase 0L Fhe mearNUSTAR count rate
model assumptions are needed. Originally considered BPEXCyuring this time was- 435 ctgs (5-79 keV). This count rate is
tion, cyclotron features are now known to be rather common &ry low for Her X-1, but turned out to be quite useful sincet
accreting X-ray pulsars; 25 binary pulsars have now been cong e the dynamical range of observed fluxes (in fact theow
firmed as CVC"_’”O” line sourcé_s_(ﬁ;ab_aﬂ_em_&ﬂllmsjma. level at which the cyclotron line energy has ever been mea3ur
The centroid energy ofthe qyclotron line of Her X-1 has_bequ,e note that for comparinglux, we use the maximunMain-
found to vary systematically with respect to the followirglyiv - op, flux in units of RXTE/ASM-ct's, as today it is determined
ables_: . . ) ) through the monitoring observations Byvift/BAT. The conver-
- Variation with phase of the 1.24s pulsation, with a peak-t@jon hetween these two units is as follows: (2-10 keV ASMsts
peak amplitude of 25% [Voges et al. 1982; Vasco eflal. 2013);. 93 0x (15-50keV BAT-cts cm? s1). We determined the re-
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for background determination (with 2192 of the Her X-1 flux,
. which is negligible). Both telescopegtectors were used to gen-
a1 RXTE %}/ erate spectra in the 5-79 keV range. When combining theae dat
40 % for a common spectrum, a normalization factor was a free pa-
§ s Suzaku 05 cor rameter_
et s L — For the spectral model we chose théghecutl model,
w ® /T / / TF which is based on a power law continuum with exponential cut-
3 suzakw06cor o/ oo //%' Susala 108 off; the CRSF is modeled by a multiplicative absorption lindwvit
1 wemris oo g ma b wsmaz a Gaussian optical depth profile. In order to smooth the jump i
sl o the derivative of théaighecut function at E;, a multiplicative
. = Gaussian was used, aslin Coburn étlal. (2002). The spectral fit

25 30 35 40 45 50 55 60 65 70 75 80 85 90 IS good (reduceQ2=1.14 for 1777 degrees of freedom (dOf)),
ASM flux (ctsls) yielding parameters that are very consistent with thosedou

Fig.1. Positive correlation between the cyclotron line ener eviously. The observed centrou_j energy of the_CRSEcg,s
an% the maximum X-ray flux of the corresyponding 35-day ng{34.79¢ 0.22 koeV. Throughout this work uncertainties quoted
cle. Here, Fig. 1 of Paper 1 is reproduced with the NwETAR are at the & (68%) level.

point addedE.y(observed)= 3479 + 0.22keV. The blue di- o ) ) )

amonds are values observed until 2006, the red dots are 4fVariation of Ecyc with luminosity

ter 2006. Th_e solid red line is a linear fit to data until 200G ey the first observations of Her X-1 bRXTE in 1996 and
with the original slope of 0.66 keYASM ctg’s), as found by 1997 which yieldedEy. values slightly lower than those of

&MI.MZQO?). The dott_ed red line is the best fit ¢o “EGRQBATSE andBeppgSAX a few years earlier, we had sus-
data after 2006 with the slope fixed to the same value. The ﬂHécted that there might be a slow decayEgf, with time. This
level of the new observation (2.96 ASM-(spis very low, €x- mqgtivated repeated and successful observing proposalsieve
tending the dynamic range of observed fluxes to the low eqgjioying two decades. In a series BIXTE observations until
(missing for t_he time after 2006). The new value fits well int9n05 the apparent decrease seemed to continue until tigis da
the general picture. While working with a uniform set oRXTE data between 1996
and 2005 trying to establish this decrease, we instead\ised

lationship by using flux measurements of times when both if1at there was a dependenceggjc on X-ray flux [Staubertetal.
struments operated simultaneously (see the Appendix)c@he 12007). This degraded the suspected decrease with time-signi
respondingViain-On-fluxfor cycle 457 was (®6+ 0.28) ASM-  icantly, such that it was neglected at this time. The cotiwla
cts's. We have verified that the maximum flux of thiain-Onis ~ found betweerEc,c and flux (luminosity) was positive, i.e., the
a good measure of the luminosity of the source during theecy@yclotron line energyEc,c increases with increasing X-ray lu-
(Iﬁgam_alllﬂl). minosity Lx. Her X-1 was thus the first source that showed
For this work we have neglected the point measured Bye Opposite behavior to those high luminosity transientees
INTEGRAL in 2012 because of the unexplained high valuld Which a negative correlation had already been seen in 1995
(see discussion in Paper 1). A re-analysis of these datatiéth (Mihara 1995). Today we know more confirmed sources with a
newest calibration, which will be contained in the new asily Positive correlation than with the negative one, see §kct. 7
software (OSA-18, to be released later this year, has shown, Figurell reproduces the correlation graph of Paper 1 (Fig. 1)
that this data point indeed needs to be corrected downwardWith the new data point added ("NuSTAR 15"): the observed
publication in which calibration issues and the evolutiénhe Pulse phase averaged CRSF centroid enerdy,js= 3479+
various software releases will be discussed in depth isépgr 0.22keV. As noted in Paper 1, the values after 2006 are signif-
ration. We also stress that the inclusion of this point (ewéh icantly lower than those before, which already clearly algra
the high value) in no way alters the fit results and the overait  decrease in the cyclotron line energy with time. In the eagiot -
clusions (the statistical weight is simply too low). Theuksof ©0f 2014 the flux dependence for data after 2006 was less ofviou

the other observations from the Agust 2015 campaign will Je new data point nicely confirms our previous assumptiah th

presented elsewhele. the same flux dependence prevailed after 2006 (dotted red lin
in Fig.[ is a fit through the data after 2006 with the same slope
3. Spectral results as the solid red line).

The spectral analysis was performed using the standanda@ft 5 \/griation of Eqyc with time: the long-term decay
as part of HEASOft (Version 6.16) provided by th&/uSTAR

team.NuSTAR employs two focussing X-ray telescopes allowThe long-term decay of the pulse phase-averaged cycldtren |
ing observations in the 3-79 keV energy range, each withwits o €nergy Ecyc was finally established by Staubert et al. (2014)
CdZnTe pixel detectof (Harrison et 13). The calilratf (Paper 1) using data fromf@rent observatories taken between
these instruments is described in Madsen ef al. (2015).Heor £996 and 2012. A linear reduction iy of ~5keV over a time
Her X-1 analysis, detector events from a region of 120 arcs&ame of 20 yrs was measured with high significaned g stan-
radius around the source position were used. A region atahe gard deviations).

riphery of the field of view with a radius of 80 arcsec was used Here, we add the latest data point taken MySTAR in
August 2015. First, we consider the time evolution of the flux
? httpy/www.isdc.unige.clintegrafanalysis#Software normalizedEy. for two different time periods: 1996 — 2006
% The data from the simultaneous observations NySTAR and and 2006 — 2015 (separated at M3B34000) . The normal-

INTEGRAL will allow the respective inter-calibration to be studiedzation to the reference flux of 6.8 ASM-géswas done us-
again.

4 httpy/heasarc.nasa.gfveasoft 5 |nttpy/heasarc.nasa.gbanadyxspe¢dmanual
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Fig. 2. Her X-1 pulse phase averaged cyclotron line energigsnormalized to a reference ASM count rate of 6.8<tssing a flux
dependence of 0.44 k¢¥SM-ctg/s. The new flux-normalizefluSTAR 2015 value is 3819 + 0.24 keV. The best fit dashed line
defines a linear decline @&, with time with a slope of-7.23x 10*keVd1.

ing a slope of 0.44keV per ASM-¢ts which is the best fit Table 1. Parameters of the bi-linear fit with Equation (1)
slope from the simultaneous flux- and time-dependence of e E.c values observed between 1996 and 2015 (excluding
previous data set. The slopes for those two time periods aNTEGRAL12). The reference flux isok= 6.8 (ASM-ctgs) and
(-3.2 £ 0.7) x 10*keV/day and £7.0 + 0.4) x 10*keV/day, the reference time isgl= MJD 53500.
respectively, constituting a significant steepening inldter pe-
riod. _ o _ Eo a b X2 dof

We then repeat the simultaneous fit with two variables (the [kev] [keV/ASM-cts's]  [10° keV/d]
dependence on X-ray flux and the dependence on time) as i ~
Paper 1, with thé&VuSTAR 2015 point added, such that the com- 139252007 044006 123£039 204 19
plete data set of 1996 — 2015 is ufebh order to separate the
two variables, the following function was used:

Ecyc(calc)=Eg+a- (F—Fo)+b- (T - To) 1)
cluding the data points), however, is not easy to read intjpeac

§Ve therefore show two corresponding 2D plots that make use of
normalized values.

with F being the X-ray flux (the maximum flux of the respectiv
35d cycle) in units of ASM-cfis, as observed bRXTE/ASM
Efindqr fﬂvgbﬁ/ B’.At‘:;)_i_ W—Ith53|:£06 §rﬁ0 Q__SI.M-ctgé?,t andT becljng 1) We normalized the observégy. values to the reference
ime In with 1o = - N€ brnear it 1 a good de-q, . 5t 6.8 (ASM-ctgs) using the flux dependence found in the
scription Of the complete 1996-2015 data set. Thefit PaRISCl ;1 \ltaneous fit and plotted it against time. Figlife 2 shows
are given in Tabl€ll. A comparison of the fit parameters W@e remaining linear time dependence &, aemonstrating
those of fit No. 4 in Table 4 of Paper 1, shows that all pararsetgy, . long-term decay oF. with a slope of 06,7 23+ 0.39) %
,?hre #ncréangetzlj(only _thel_unh(ilertaint)l/l of para;meter a" desgi 10*keV/day (or-0.26 + ((:)y(614 keVyr) . The daéhea Iiﬁe is the
e flux dependence is slightly smaller now). ; 4 eU= AT s

Equation (1) constitutes a plane in 3D space defined by tw.%ear be.St fit. The new data point ("NUSTAR 157) is very con-

three quantities ASM-flux, time, arff,c. In principle, the sit- sistent with the earlier data.

: : . 2) We normalize the observegl,. values to the reference
uation could be displayed by a 3D plot. Such a plot (also in- ; ye .
play y P plot ( rtllme To = MJD 53500 using the time dependence found in

& All points in this data set are from observations taken dutime the simultaneous fit and plotte against flux. Fighte 3 shows
Main-Onof Her X-1 at 35d phases less than 0.2. the remaining linear flux dependence Bf,.. The slope is
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0.44 + 0.06 keV/(ASM-ctg/s), which is the same as in Paper 1,
but slightly lower than the value first found in the discovpay
per of Staubert et al. (2007), where only data until 2005 amd n w0

time dependence were considered. %EP/
After including the 2015 data point dfuSTAR the fact L
noted in Paper 1 that the fit is slightly better when an addi- < { ;7 +
tional quadratic termd (T — Tp)?) in the time dependence is £ L = -
introduced, continues to be validy E (39.41+ 0.11)keV,a = g ) =

(0.38+0.07) keVJASM-ctg's,b = —(6.68+0.48) 10*keV/d, and
c=—(53+28) 10®keV/d?, with y? = 16.7 for 18 degrees of
freedom. The improvement jp? with respect to the purely lin-
ear fitis, however, marginal; an F-test gives a probabili§y. %%
for the improvementiy? being by chance when introducing the 5

quadratic term. 25 30 35 40 45 5£SM ﬂff (C‘SI:),O 65 70 75 80 85

If we determine the decay rate By in the very recent time

frame, using only the two values measured\ySTARin 2012
and 2015, we find«8.5 + 0.3) x 10~*keV/day. We note that

NuSTAR 15

@
I3

Fig.3. Her X-1 pulse-phase-averaged cyclotron line energies

owing to the very accurate measurements\NuSTAR the un-' Ecyc normalized to the reference time MJD 53500 using a time
certainty is quite small (similar to that of the fit to the cetp dePendence of7.22x 10"*keVd™*. The new time-normalized
data). NuSTAR 2015 value is 349+ 0.24 keV

We also refer to the independent analysis of spectral m _r;]eas;)llcljc:n!noef geﬂf:xt(g%m_ec?ggeg fit for the flux depeceartEe,.
surements byswift/BAT, which confirms the decay d&,c over ' '
the time frame 2005-2014 (Klochkov ef al. 2015). In this work
each data pointis an average over several 35-day cycldegteg
ing (in a sense averaging over) the flux dependence of the cy-
clotron line energy. Adding these points (which generalyé

larger uncertainties) to the previous data set, we find ey t MJD 57340. Such lows happen irregularly on a time scale
closely match the earlier picture and the parameters ofrikar of ~5yrs or~10yrs. It is a known feature that the flux fades

fit (simultaneous in flux and time) are not changed. However, P
\ X gradually when going into such a low (Coburn et al. 2000).
owing to the wider spread of the BAT data, the redugéds We would like to point out that the perfect correlation be-

significantly increased (from 1 to beyond 3). tween flux andEqc (Fig. @) indi :
. . eye (Fig.[d) indicates a true reduction of
(\leth hreference to thedApp?Dndlx alndh FH]E"Z we need 10 | minosity (accretion rate) in the source, and not a reduc-
modify the statement made in Paper 1 that the mean maximuMy;qn jn ohservable flux by a progressing shading of the X-ray
X-ray flux (Wh_en averaged over several 35d cycles) is constan emitting region by the accretion disk. This view is further
A new analysis has now found that the data of the last 20yrs supported by the fact that the entrance into a aeamalous

formally define a slight flux reducti_on ot%t_0.0_?_ASM-ctss:. Jow coincides with a strong spin-doflifowing to a reduced
We note, however, that the scattering of the individual nmaxn mass accretion rate).

flux measurements is on the same order of magnitude, the 0b- |4 is'conceivable that the decay B, is actually accelerat-
served variation over several 35d cycles can even exceex 10 ing with time. Even though the combined fit with a quadratic
(a factor of two). term in the time dependence yields only marginal evidence
f ob ional | for a true (negative) quadratic term, a change in the decay
6. Summary of observational results rate is supported by the following two facts. First, usinglu

The current situation regarding the variation of the phase- nNormalized values, we find that the decayFgjc is stronger

averaged cyclotron line energy with luminosity and witheim ~ during the more recent period 2006-2015 than during 1996—
is the following: 2006 (see Section 5). This steepening is highly significant,

] and is in line with the remark already made in Paper 1 that in
1. The latest measurementBfyc confirms that the long-term  the earlier period the flux dependence is the dominfiate
decay of the cyclotron line energy continues as before, with hile in the later period it is the time dependence. Second,
a rate 0f—(0.260+ 0.014) keV/yr (see FigLR). An indepen-  ysing the two observations byuSTAR in 2012 and 2015
dent confirmation of the decay is prowde% alone, a decay rate 0£8.5 + 0.3) x 104keV/day is found,
servations for the time interval 2005-20 kovetal. which is slightly steeper than the slope for the overall geca
[2015). This work provides an idea about the evolution of the from 1996-2015 (see Talle 1).
originally measured (not flux normalize@). values, in a 4. The slight flux reduction 0£15% between 1996 and 2016
similar way to that in Fig. 4 of Paper1. (see Fig[AP in the Appendix) corresponds to a reduction
2. The dependency dc, on flux (or luminosity) as detected  in E,. by ~0.4keV, when the found flux dependence of -
byStaubert et all (2007) is still valid after 2006 (see Elg. 1 (.44 ke\/(ASM-cts's) (see Tabl€l1) is applied. We empha-
and Fig[3). In the combined flux- and time-dependent anal- sjze that this in no way interferes with the reductiorEgj.
ysis of the data available until 2012 (Paper 1) this was an as- with time (by~5 keV over 20 yrs), since the long-term flux

sumption that has now been nicely confirmed (with the help yariation is also taken into account when the two-variable fi
of the accidentally low flux during the last observation -reve  (g£q.[1) is applied.

though regrettable from the statistics point of view).

We would like to add another remark related to the unusually

low flux level that we encountered during the 2048STAR 7 The Gamma Ray Burst Monitor (GBM) ofiermi provides pulse
observation. We have since realized that Her X-1 was d@quencies: httggammaray.msfc.nasa.ggbnysciencgpulsars.htm|

its way to a newanomalous lonthat was reached around
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7. Discussion a variable Dopplerféect is responsible for a shift in the observed
, line energy.

How common are the two dependencies Bf.c - on Iu-  Regarding the long-term change of the cyclotron line energy

minosity and on time - among binary X-ray pulsars? Witl,e repeat here ourearliersuggestl@l[bﬁzom) Hige

regard to the dependence on luminosity, the negative Cgfhalance between the rate of accretion and the rate offsi
relation (a decrease IBEcyc with increasingLx ), was ac- maerial at the bottom of the accretion mound, either byripoe
tually discovered first: in high luminosity transient See8C yation into the neutron star crust or leaking of materiakgér
from observations byGinga [1995). However, of the greas of the neutron star surfabe (Mukherjeelét al.] )201
three sources originally quoted (V 03823, 4U 011863, (¢4, jead to a change in the mass loading and consequently in

and Cep X-4) only one, V 03353, can today be consid-ihe structure of the accretion mound (height or B-field canfig
ered a secure sourfledn Cep X-4 the €ect was never con- ration).

firmed, and in 4U 011563, although apparently re-measured
(Tsyagankov et al. 2006; Nakajima et al. 2006; Tsygankov et akknowledgements. The motivation for this paper are new observational data
[2007:| Klochkov et all 201 1L_Mj.'|llgr_e1JaI (2013) have showigken by the NASA satellitdduSTAR We would like to acknowledge the ded-
that the anti-correlations are most Iiker an artifactaduced by ication of all the people who have contributed to the greatess of this mis-
h h . deled 2SO ver! jon, here especially Karl Forster for hi§at with respect to the non-standard
the way the continuum was moaele (See_d@ml heduling of the observations. Further important dataewpeovided by the
To the contrary, the positive correlation was only discowqually successful missio8XTE and Swift of NASA and INTEGRAL of
ered in 2007 by _Staubert etldl. (2007) in Her X-1, a persisten$A- This work was supported by the Deutsche Forschungsgsamaft (DFG)
medium luminosity source. Since then four more sources (joudh joint grants KL 2732-1 and W1 186(L1-1. We thank the anonymous
. " . reteree for useful comments and suggestions.
at moderate to low luminosities) have been found vty in-
creasing with increasing luminosity: GX 304-1 (Yamamotalet
2011; [Klochkov et dl.[2012), Vela X-1[(Firsteial. 2014)References
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Appendix A: Determination of X-ray flux and
ASM / BAT intercalibration w62
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Here we provide technical details on the procedures used-to d
termine the X-ray flux as well as the intercalibration betwee
RXTE/ASM and Swift/BAT. Since the start of the operation of
the All Sky Monitor (ASM) (Levine et al! 1996) on board the
NASA satelliteRXTE in 1996, a high quality continuous moni-
toring of suficiently strong X-ray sources has been underway.
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BAT flux [cts|cm? s]
o
e kK
N

ASM provides average count rates in the 2-10keV range (in ot 1 iyl
units of ctgs) for 90 sec long “dwells” and for one d8y The R I S (R A
operation of ASM ended in early 2010. Since early 2005 the we :

Burst Alert TelescopgBAT) (Barthelmy et all 2005) on board 002 . ‘ ]
the NASA satelliteSwift monitors X-ray sources (in addition to 57403 57408 o7413 57418

detecting gamma-ray bursts). The BAT average count rates ar
given for the 15-50keV range in units of £ts1¢ s), both per
satellite orbit and per dJ. Between 2005 and 2010 both mon-
itors operated simultanously, allowing an inter-calilmaof the

two instruments to be established. 006

A.1. Determination of X-ray flux 0,06 |

As stated in the main text, we take the maximum flux encoun-
tered in eachVain-Onas a measure of the local luminosity of
this 35d cycle. How is this flux determined? Since the discov-
ery of Her X-1 as an accreting binary X-ray pulsar GiHURU

in 1972 (Tananbaum etlal. 1972), it has been known that the o
flux varies strongly on three fierent time scales (in addition to ]

the 1.237 s pulsation): the35d on-df period, the 1.70d binary i
eclipses (o~6 hours duration) and the 1.62d period with simi- et
larly long “dips”. For details on these modulations and thder- 002 ‘ ‘
lying physics, see e.d., Klochkov et al. (2006) and Staudteat. 57403 57408 MJD 57413 57418
(2013). Fig[A1 (upper panel) shows the Her X-1 light curve

of the Main-On of 35d cycle 462, as measured (in orbital av-

; : Fig.A.1. Her X-1 light curve for theMain-On of 35d cycle
BAT. All th f fl I . . 3
erages) bySwift/ three types of flux modulations are 62, representing orbital averages as observe&iift/BAT.

apparent. In order to find a measure of the true intrinsicJunﬂJ
; : : pper panel: observed flux values. Lower parmdaneddata
nosity (accretion rate), the observed light curves wdeaned with points during binary eclipses and dips, and extrembayst

by removing data points from times of the eclifSeand the d. U inties of individual bed
dips, and also from some other extreme outliers. The clearl§’0Ved. Uncertainties of individual measurements ardoe

light curve of cycle 462 is shown in the lower panel of FFigJA.1Maximum flux are of the order of 20%. The solid red line is the
Such cleaning was performed and two characteristic pan&rxme]-¢’63t fit function as defined in the text (£g.A.1). The maximum
were extracted interactively for all 35dain-Onsobserved by 1ux for this 35d cycle is @52+ 0.002 BAT-ctg(cn?’ s).
ASM and by BAT, the maximum flux and thern-ontime. For
the maximum flux an interval (o£3d) around the maximum
was selected and the formal average (and its corresponding
certainty) of all data points within this interval deterrath The To be able to use flux measurements of the two monitoring
turn-on time was found by taking the center between the timeigstrumentsR X TE/ASM and Swift/BAT in a common analysis,
the first significant flux measurement (at the rise from tfie 0 an intercalibration was performed. We used the overlaptiring
state) and the time of the previous data point. The corredipgn period of about 5yrs (2005—-2010) for which both instruments
uncertainty is half of the dlierence between those two times. operated simultaneously. F[g._A.2 shows a common lighteurv
In addition to the above procedure, a second method weisHer X-1 from 1997 to 2016, showing the maximuvain-On
applied for a limited number of 35d cycles, namely a formattbeflux (see previous section). For this light curve the obsgrve
fit to the cleaned light curve using the following function: BAT maximum values were multiplied with the scaling factor
(2-10keV ASM-ctgs) = 93.0x (15-50keV BAT-cts cm? s72).

o
[=3
=

o
[=}
N}

BAT flux [cts|cm?® s]

e
=]
s]

ﬁ.z. Intercalibration between ASM and BAT

1 1

F(t) = Ap x X
©= A0 L+expGEl)  1+exp(?)

(A1)

This scaling factor was found by plotting the measured max-
imum values of both monitors against each other: a lineao fit t
This second method yielded results that were in good agneemiéose values yielded the conversion factor af831.3. As a sec-
with the former procedure. The solid red line in Hig.JA.1 is thond method, we used the measured one-day averages from both

best fit to the cleaned light curve of 35d cycle 462. monitors: the correlation yielded the same result. In ordésst,
whether the conversion factor showed any time dependerece, w

10 httpy/xte.mit.edu divided the overlapping period into five intervals and detieed

11 httpy/swift.gsfc.nasa.ggresultgtransients the individual conversion factors. The results are sumredrin

12 For the binary ephemeris of Her X-1 2009. TabldAd. We conclude that the values are consistent witia ¢
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Fig.A.2. Her X-1 long-term light curve, showing the maximum flux of b&5d cycle in units of ASM-cfs, as determined from
observations by the monitoring instruments: red pointsfamm RXTE/ASM, blue points are fronBwift/BAT. Measured BAT
values (in units of cfgcn? s)) were scaled to ASM-gisusing the scaling factor determined from the overlapping period (MJD
53433-55248). For better readability of the light curvdyarfew error bars are shown. Thrasomalous low$Coburn et al. 2000)
can be recognized (indicated by AL). The rather low flux vadfi¢he latestNuSTAR observation is also marked (NUSTAR 15).
The solid line is a linear fit to the data (excluding those pobelonging to the ALs). Its slope is -@D+ 0.09) 104 (ASM-ctg's)d,
which corresponds to a small reduction in flux ofd®+ 0.07) ASM-ctgs over 20 years.

stant conversion factor. When producing frequency distifims Table A.1. Conversion factor f between fluxes measured with
of the maximum flux values of Fifl_A.2 (over a time period oASM and BAT for five shorter time intervals and for the total
a few years), we find that they are all consistent with Gaunssiaverlapping time:

distributions with a standard deviation-et ASM-ctgs (around (2-10keV ASM-cts st) = f x (15-50keV BAT-cts cm? s72).

15% of the mean flux). The variation over several 35d cycles,

however, can exceed 100%.

Time interval
MJD

f

53430-53800
53800-54200
54200-54600
54600-54950
54950-55250

96 + 3.2
98+ 2.2
90+ 25
92+32
95+ 25

total time
53430-55250

9B +13
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