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Abstract. We present results from four observations of the ac- P iose
creting X-ray pulsar Vela X-1 with the Rossi X-ray Timing / euton staN

Explorer RXTH in 1996 February.

The light curves show strong pulse to pulse variations, whi
the average pulse profiles are quite stable, similar to previous
results. Below 5keV the pulse profiles display a complex, 5-
peaked structure with a transition to a simple, double peak above
~15keV.

We analyze phase-averaged, phase-resolved, and on-pul
minus off-pulse spectra. The best spectral fits were obtained
using continuum models with a smooth high-energy turnover.
In contrast, the commonly used power law with exponential
cutoff introduced artificial features in the fit residuals. Using a Feb. 2
power law with a Fermi-Dirac cutoff modified by photoelectric ;
absorption and an iron line, the best fit spectra are still unaccept- ¥ Feb.23
able. We interpret large deviations aroun@l5 and~55 keV as Farh
fundamental and second harmonic cyclotron absorption lin&#g. 1. Sketch of the Vela X-1 system (center of system). The dashes
If this result holds true, the ratio of the line energies seemsfgrk the approximate orbital positions when the observations were
be larger than 2. Phase resolved spectra show that the Cycloﬂﬁ‘lqe' The movement and the Roche-deformation of HD 77581 have
lines are strongest on the main pulse while they are barely visiBRE" neglected.
outside the pulses.

Feb. 27

HD 77581

e
Feb. 25

~ 4103 erg /s, but can also suddenly change to less than 10%
Key words: X-rays: stars—stars: magnetic fields —stars: neutrhits normal valuel (Inoue et al., 1984). The reason for this vari-
— stars: pulsars: individual: Vela X-1 ability is still unknown. It might be caused by changes in the ac-
cretion rate due to variations in the stellar wind or the formation
of an accretion disk (Inoue et al., 1984). For an in-depth discus-
sion of the system parameters, see van Kerkwijk et al. (1995).
1. Introduction Vela X-1 is a slow X-ray pulsar with a period of about

Vela X-1 (4U0900-40) is an eclipsing high mass X-ray bi-283 seconds (Rappaport & McClintock, 1975). Despite signif-
nary consisting of the 28/ BO.5Ib supergiant HD 77581 icant pulse-to-pulse variations, the pulse profile averaged over

and a neutron star with an orbital period of 8.964 grany pulses is quite stable (Staubert et al., 1980). The profile

(van Kerkwilk et al., 1995), corresponding to an orbital ra(;hanges,from a complex five-peaked structure at energies below

dius of aboutl.7 R, (Fig.[). The system is at a distance of“5 keV to a simple dpuble peaked structure at energies above
2.0kpc [Sadakane et al., 1985). Due to the closeness of the it keV (Raubenheimer, 1990). _ ,

tron star and its companion, the neutron staf ¢1.4M ), The X-ray spegtrum of Vela X',l is usually Qescrlbed
Stickland et al., 1997) is deeply embedded in the strong stefy @ Power law with an exponential cutoff at high ener-
wind of HD 77581 ( ~ 4106 M, /yr,Nagase etal., 1986).9'95 and an iron K line at 6.4keV |(Nagase et al., 1986;

Thus, the system is a prime candidate for the study of X-ray pAyIt€ etal., 1983; Ohashi et al., 1984). BelevB keV, a soft

duction via wind accretion. The X-ray luminosity is typicallyeXCess is observed (Lewis etal., 1992; Pan etal.,]1994). The
Y YIS P ysspectrum is further modified by photoelectric absorption due

Send offprint requests td. Wilms to a gas stream trailing the neutron star and due to circum-
Correspondence tavilms@astro.uni-tuebingen.de stellar matter| (Kaper et al., 1994). This results in significantly
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Table 1.Details of these observations of Vela X-1 WRXTE The on Table 2. Rebinning of theHEXTEdata. The factor is the number of

source time corresponds only to tREA instrument channels rebinned into a new channel.
No. date JD (center of orbital onsource Group low —high factor
observation) phase time 1 20 — 39 4
1 1996 February 22 2450135.66 0.311-0.324 6048s 2 40 - 63 6
2 1996 February 23 2450137.30 0.492-0.509 5696s 3 64 - 103 8
3 1996 February 25 2450139.17 0.701-0.717 5536s 4 104 - 153 10
4 1996 February 27 2450140.79 0.884-0.895 5820s 154 - 255 20

increased absorption at orbital phagek5. In addition, erratic

increases oNI_{ by a factor of 10 are seen at all orbital p_ha%ﬁXTEepoch 1 data (Stark, 1997), and we were forced to use
(Haberl & White, 199,0)' At energies above 20keV, evlden%dif‘ferent approach to background subtraction. Sincétba

for cyclotron absorption features aeTkeV and~54 keV has is not turned off during Earth occults an approximation to the
been_reported fromtheH|gh EnergyX-Ray ExpeanE){(E_) averagePCA background spectrum can be obtained by accu-
on Mir (Kendziorra et al., 195_)2)’ frorfﬁmg_a_(Mlhara, 1995), mulating data measured during the occult. For this, data where
and fromBeppoSAXobservations (Orlandini et al., 1998), IOufhe source was at least below the horizon was used. Because
to date no statistically compelling result on both lines has beﬁ% background depends on geomagnetic latitude, which varies

obtained. throughout the spacecraft orbit, it is obviously not possible to

In th'§ paper we prese.”t the results of the a}nalyses of fcﬁgnerate a time variable background estimate from occultation
observations of Vela X-1 witRXTE The observations and datay,;» Therefore. the light curves presented here are not back-

t
reduction are described in Sddt. 2. In Selct. 3 we discuss the Iig
4

doul il i< d dtoth | und subtracted. To check the validity of our approach in the
curves and pulse profiles. S¢ét. 4 is devoted to the spectral a ckground subtraction we compared spectra obtained during

ysis, including spectral models, phase averaged spectra, phaggh occults from later post gain-shift data with background
resolved spectra, and a comparison with other instruments. E{e, .4 estimated for these data. In general, the agreement be-
nally, we discuss the results in S€ét. S. tween the estimated and the measured spectrum was good for
these data. This suggests that our approach will result in an ad-
2. Observations and data analysis equate background subtraction, especially considering the fact
that our data are completely source dominated. Finally, due to
uHcertainties in the response matrix above 30keV and since
91 high energy channels might be background dominated, we

We observed Vela X-1 witRXTEfour times, covering nearly a
complete binary orbit from phase 0.3 to 0.9. Each observati
was between'5ksec and 6 ksec long (see Table 1 anl Fig,; ted the PCA energy range from 3 to 30 keV,
The observations were carried out between 1996 February ;
. : The HEXTE consists of two clusters of four Nal/Csl-

and 1996 February 27. The exact time and duration of each L .
observation are given in Tall[¢ 1. In our analysis we used d C%SSW'Ch scintillation  counters, - sensitive from 15 to

) keV. A full description of the instrument is given by

from bothRXTEpointing instruments, the Proportional CounteEzothschild et al. (1998). Our observations were made before

?;E\%#SC% 21?/2i;hscggtg;r:einerzgi/oi\(:%;lmlgﬁlzsr)iﬁe\:\l/rgirs“”&e loss of energy information from one detector, so we
onl datéwhere Vela X-1 wasFr)nore thadf above the h(,)rizon Rave the full HEXTE area. Background subtraction is done
y . ‘Qy source-background rocking of the two clusters which pro-
To extract spectra and light curves, we used the ;tandard R vides a direct measurement of tREXTEbackground during
analysis softwaréTOOLS 4.0and software provided by thethe observation such that no background model is required.

HEXTEinstrument team at UCSD. . ; L
X ) . . his method has measured systematic uncertainties %
The PCA consists of five co-aligned Xenon proportiona . .
. . . Rothschild et al., 1998). We used the standard response matri-
counter units with a total effective area of about 6600 o
e . ces dated 1997 March 20 and treated each cluster individually
and sensitive in the energy range from 2keV A&0kev in the data analysis. We ignored channels below 20, and to im
(Jahoda et al., 1996). Light curves with 250 ms resolution and ysIS. 9 X

energy spectra in 128 pulse height channels were collected. BoHe the statistics of individual energy bins, we rebinned the

spectral fitting, we used version 2.2.1 of fA€Aresponse ma- raw (~1 keV wide) energy channels as enumerated in Table 2.

trices (Jahoda 1997, priv. comm.). Due to the high statistical

significance of the data, we applied systematic uncertaintie2td. Spectral models

the spectra. These were determined from deviations in a fi

the Crab Nebula and pulsar spectrum and had values of 2.

below 5 keV, 1% between 5 and 20 keV, and 2 % above 20 kddespite two decades of work, there still exist no convincing the-
Background subtraction in theCA is usually done using oretical models for the shape of the X-ray spectrum in accret-

a background model. This model does not work yet with thisg X-ray pulsars (cf. Harding, 1994, and references therein).

;.1. Continuum models
0
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102L | same value as the energy of the first line-like feature and both
are strongly correlated. These two line-like features might easily
- be misinterpreted as a cyclotron absorption line and its second
0 harmonic.
% 107~ Itis obvious, therefore, that the explicit form of the contin-
o uum s crucial for the detection of absorption (or emission) lines
g’, i like those resulting from interactions between Larmor electrons
€ 102] and X-rays at the cyclotron energy. But as the real continuum is
8 not known the only thing we can do is to avoid those continua
- from which we know that they introduce artificial features in
the fit residuals.
104 We used the so-called Fermi-Dirac cutdf{COin the fol-
By lowing) first mentioned by Tanaka (1986), which has a smooth
0.15- b and continuous turnover.
° b 1
B0.00F . . CE)=FE"“x 2
© = — . E—FE
e ] exp ( Efora ) +1
015, el

Fig. 2. A simulated spectrum based on a power law with a smoo
cutoff. This spectrum has been fit with tHeLCUT model with

Energy in keV

100

FEcut =20keV. The ratio is given by (data-model)/data.

Due to historical reasons, the parameters ofRh€UT- and

the FDCO-model have the same names, but we stress that it is

rhot possible to compare them as the continua are different.

t - .
Another spectral model avoiding a sharp turnover is the

Negative Positive ExponentiaNPEX model introduced by

Mihara (1995):

Therefore, we are forced to use empirical spectra in the modelg) = (A, - E=* + A, - ET92) x exp <_ E > (3)
ing process. Efoa

As in previous observations wittGinga and HEXE \hereq,, a; > 0. This model can fit very complex continuum
(Mihara, 1995; Kretschmar et al., 1997c), we found itimpossisyms, including dips, nearly flat areas, and bumps strongly
ble to fit the spectra with thermal bremsstrahlung or blackbod¢pending on the normalization of the power law with the
spectra, while we were able to fit our spectra with a power Igyysitive photon index. If the second photon index is fixed at
modified by a high energy cutoff. The standard version of this\ajue ofa, = 2.0 this model is a simple analytical ap-
cutoff (PLCUT henceforth) is analytically realized as follows,roximation of a Sunyaev-Titarchuk Comptonization spectrum
(White et al., 198B): (Sunyaev & Titarchuk, 1980). Mihara (1995) found that this re-

stricted form of the model was able to describe a large variety
(1) of X-ray pulsar spectra.
We fit our spectra with both tHEDCOand theNPEXmodels
O?pd found that both provided reasonable descriptions of the
{:ontinua(see Seci.4.3.1). In comparison, fieCO spectrum

B 1 for £ < Ecut
C(E)=E"“x exp — (M)forE > Eeut

Efora
In this model, the high energy cutoff is switched on at the cut

energy,E.., and the derivative is discontinuous at this pomapgeared to give more reliable results. With MREX model
The source spectrum, however, most probably does not hgv

such a sudden turnover. Instead, the importance of the cu%ﬁ normalization of the second power law was often set to

S . o : actically zero by the fit software, resulting in a standard power
might increase steadily from insignificance at low energies urii : . )
. . aw with exponential cutoff. We therefore decided to use the
it dominates the power law above the cutoff energy. If such

spectrum is fit with thd®LCUT model, the resulting residuals':ibCo model for detailed fits.
are likely to mimic a line feature ak.,;, and might lead to
erroneous conclusions (Kretschmar et al., 1997b).

To demonstrate the effects of applying #leCUTmodel to
spectra with a smooth continuum, we simulat&CAspectrum

using a power law with amoothexponential turnover, includ- bey an exponential term of the foraT ™), wherer is the op-

ing an iron line at 6.4 kev a_nd ph(_)toelectnc absorption. T ical depth of the absorption as a function of energy. This term
spectral parameters for the simulation were chosen to be appro-

priate for Vela X-1. We then tried to use the standBtdCUT 'S multiplied by a continuum model (SeCL.211.1). The first line

model to describe this simulated spectrum. The result is s,hovn\}r(1)deI is a simple Gaussian profile for the optical depth. The

in Fig.[2. The fit features a deep absorption line-like feature %\?Cond has a Lorentzian profile of the foim (Herold, 1979)
about 20keV and some sort of additional cutoff (or a secon?  A(WE/Ey.)?
absorption line) above 40keV. Note that,; has almost the ™ )= (E — Eeye)? + W2

2.1.2. Absorption line models

Two models are generally employed to describe cyclotron ab-
sorption line profiles. In both cases, the absorption is described

(4)
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Fig. 3. PCAlight curve of observation 1. The first gap is due to the
South Atlantic Anomaly and the second to an Earth occultation.
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= F ] Fig. 5. Energy averaged®CA pulse profiles for observations 1 to 4
< r (panelsa to d). The profiles were derived by folding with a period of
ol 1000 E 283.0sec in 128 phase bins over the entire energy range.
oi R observed. After that, the count rate increased and reached its
0220 0225 0230 0235 0240 0245 normal value of about 1800 cts/s within one pulse period. This
Time (JD-2450137.0) behavior has been observed before by Tnoue et al. (1984) and
Fig. 4. The beginning of th&@CAlight curve of observation 2 with an !.apshpv ?t al. (1992), but its cause is still unknown and further
extended period of time where no pulsations are observed. investigations are needed.

We derive an average pulse perio@88.4+1.7 sfor all four
observations, consistent with the value reportedByf SEfor

I.n this caseJV" is the line Widt.h’A the_ depth, an.CECYC the this epoch[(BATSE Pulsar Team, 1996). In Eig. 5, pulse profiles
line energy. The fundamental line and its harmonics may be ¥t the wholePCAenergy range are shown

cluded l_)y_employing multiple absorption terms, with or without Despite the fact that these pulse profiles were obtained at
c_ons_tralmng the relative values of the p a_rameters (e.g.the r etJﬁ‘ferent orbital phases, they are quite similar, with differences
tive _Ilne energies or depths). The statistics of our observati ssibly somewhat affected by the low number of pulses added
are insufficient to choose betweerj these MO models, and ‘t"” HBout 20). Energy resolved pulse profiles (Eig. 6) illustrate the
reported here employ the Lorentzian profile. The quoted widt 8mplex behavior found by Raubenheimer (1990): At energies

thus refer to the parameter. below~5 keV, avery complex five peak structure is present. The
main pulse consists of two peaks with a deep gap between them,
3. Light curves and pulse profiles while the secondary pulse consists of three peaks. At higher
. . . energies this structure simplifies until the pulse profile consists
The average PCA count rate in our four observations is betwe . : ;
1800cts/s in observation 1 and 1000 cts/s in observationscﬁéir?wo pulses with nearly the same intensity abevis keV.
corresponding to a normal to low flux level. In addition to this
normal behavior we observed two special events: 4. Spectral results
1. An increase of the count rate in a flare-like event wit
a maximumPCA count rate of about 7000 cts/s during obseg—'l' Phase averaged spectra
vation 1 (see Figl]3). Due to an Earth occultation, we did nbtaddition to th&DCOmodel we allowed for photoelectric ab-
observe the end of the flare: after the occultation, Vela X-1 wasrption and an iron fluorescence line at 6.4 keV in our spectral
in its normal state again. fits. The iron line is thought to originate in cold, circumstellar
2. An interval of about 550 s duration at the beginning ahaterial where some X-rays are reprocessed. While we found
observation 2, where the average td®alA count rate (i.e., a relatively narrow line in observations 1 and 4 it was impos-
including the background contribution 6f150 cts/s) was be- sible to obtain an acceptable fit with a narrow line for observa-
low 400 cts/s (Fid. ). During this interval, no pulsations werions 2 and 3. Instead we obtained line widths of about 1.3 keV
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Table 3.Parameters of tHeDCOmodel with an Iron line, photoelectric
absorption, and cyclotron absorption lines. The symbols usedare: i g
neutral Hydrogen column, in0%? cm ™2, E.yut, Eroq: parameters of  100.
the FDCO model (cf. El2), Fe: width of the Gaussian iron line in 600 -
keV (the energy of the line was fixed at 6.4 ke, Depth 1, and 40057
Depth 2: Parameters of the cyclotron line, the width of which was fixed ™,
to 5keV, Factor: Coupling factor between the fundamental cyclotron200.¢
line energy and the first harmonic, DOF: Degrees of Freedom of theﬁo0 [
i o T
fit. ﬁ 400.f
}g L
Obs. 1 Obs. 2 Obs. 3 Obs.4 &
Q
Nu 92705 42106 223406 3gjfll §
a 129%50;  167%g0: 167705 0.94T0h R
Feut 33474 399711 377713 21073}
Eiola 8311, 6.970% 917+ 133701 E
Feo 061700 1.297075 162753  0.60701; oy
Eeye 241797 226°18 216105  23.3103 3oo:f
Depth1 01877 007150 016705 014300 200.F ]
Depth2  0.321919 - - 1.379-28 L ]
P -0 -0 100.¢ 15- 60 keV
o +0.10 o e b b e e b e b e b e e b e e e
Factor 233 05, +0.01 oo onigie 00 02 04 06 08 10 02 04 06 08 10
Constant  0.780959 0.711001  0.72%051  0.78%00] Phase Bin
x* (DOF) 66 (94) 55 (96) 68 (95) 63 (92) Fig.6. Observation 1 pulse profiles in 6 energy bands. The profiles

consist of 128 phase bins.

(obs. 2)to 1.6 keV (obs. 3; cf. Talile 3). Similar values have been 10?
found in someEXOSATobservations| (Gottwald et al., 1995),
later ASCA measurements did not find evidence for such small
line widths. We caution, however, that our broad line widths 10°
might also be due to the finite energy resolution of the det e-
tor in combination with response matrix features. Due to t
gas stream trailing the neutron star, the photoelectric absorptgbnlo-z L
increased dramatically between the second and the third obg&er-
vations. Since the lower energy limit of our spectra is 3 keV we
are not able to observe the soft-excess below 4 keV reported by _,
Lewis et al. (1992) and Haberl (1994). 0
Still, this description of the data is not acceptable, show- ] e
ing significant deviations near 25 keV and 55 keV. We interpret 0151 4 ‘PMH ]
these features as fundamental and second harmonic cyclotr@p 1 J—— +¢+ .
absorption lines. Therefore we included a cyclotron absorptiod e WWM UF $
component in our fits. -0.15F L ol L w
Initially, we coupled the fundamental and second harmonic 10 100
line energies and widths by a factor of 2. Since the statistics of
the data were inadequate to constrain both the widths and del%tiB.sr Fit with the FDCO model, photoelectric absorption, and an
of bothlines, we also fixed the width of the fundamental line togygitive iron line at 6.4 keV to the observation 4. The upper panel shows
value of 5keV [Harding, 1991). While formally acceptable fithe data and the model for tiRCAand for bottHEXTEclusters. The
for all observations were found, the second harmonic line hagler panel shows the corresponding ratios.
a depth of nearly zero. This contradicts the apparent presence
of a feature near 55 keV seen in the residuals of most fits (see
Fig.[7). We concluded that the second harmonic line is coupleding this modified model, we found the fundamental line in all
to the fundamental line with a factgreaterthan 2.0. four observations, however with variable depth (see Table 3).
Therefore we introduced a variable coupling factor as a néhe energy of the fundamental cyclotron line is found between
free parameter. We used the same parameter to specify the2@keV and 25 keV. A second harmonic line is seen in observa-
tios of line energies and widths (Harding 1997, priv. commJdions 1 and 4; however, a second line did not improve the fit for

[

Energy in keV
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0.0 0.5 10 15 20 Fig. 10. Variation of the spectral parameters over the pulse of obser-
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Fig. 9. Definition of the ten phase bins for observation 1. level.

Table 4. Comparison ofy? and F-test values of all four observations

. . . for fits without, with one, and two cyclotron absorption lin€xF) is
observations 2 and 3. Where a line was present, it was cou %egprobability that the improvement is accidental.

to the fundamental line by a factor of 2.3 to 2.4 (corresponding
to aline energy of- 56 keV) instead of 2.0. Tablé 3 summarizes
the results of the fits to all four observations. To test the signif-

icance of both lines we used the F-tést (Bevington, 1969). Thelines ~ 221.2(97) 69.4(98) 128.4(98)  279.4 (96)
results are given in Tablé 4. While the fundamental line is veh/ine 67.1(95) 55.3(9) 68.5(96) 104.7 (94)
significant in all four observations, this is not the case for thig> @(F) 0.0% 0.0018% <107''% 0.0%
harmonic line. Only for observation 4 is it significant. Note thet '"eS 65(')6 @3 - - 63'15%2)
all uncertainties quoted in this paper represent 90% confidencé QF)  34% _ — <1077%
level for a single parameter.

Obs. 1 Obs. 2 Obs. 3 Obs. 4

line. We therefore restrict this analysis to the continuum and
4.2. Phase resolved spectra fundamental line.

The behavior with phase isthe same for all four observations.
We therefore discuss only observation 1 (sedF1g. 10). The cutoff
In order to study spectral variations with the pulse phase, wrergyE..;, folding energyF:.1q, cyclotron absorption energy
split the pulse in 10 phase bins as shown in [Eig. 9. E.y., and the width of the iron line show no significant variation

With the reduced statistics of these phase resolved speatrgr the pulse phase. In contrary, the photon index and the depth
we were unable to constrain the presence of a second harmarithe cyclotron line are strongly correlated with the pulse phase.

4.2.1. Fine phase bins
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I T T 4.2.3. Pulse minus off-pulse
/\ 1 The results from Sedi. 4.2.2 indicate that the cyclotron absorp-

=
o
N

S 40 \i | tion lines originate primarily in the pulsed emission and not
g in the persistent flux. To further study this effect, we created a
}3 L ] “pulsed” spectrum by accumulating the main or secondary pulse
2 1021 + spectra and subtracting the off-pulse spectra. The results of fits
3 Jv{ % to these spectra are shown in TdBle 7: the fundamental as well as
TN the second harmonic line (where observable) are deepest on the
10741 E main pulse and less deep, but still significant, in the secondary
o ‘ ‘ ‘I pulse.
015-a = ‘ - ETME The energy of the cyclotron absorption lines do not vary
0.00 §++H++H+H++++wwww,»wﬁﬂw%@tﬂﬁf ) 1 3 significantly between observations. From the pulsed spectra we
;015 e ‘ A derive average line energies of 24.2 keV for the main pulse and
50155 b ‘ JHFJ& ‘ $¢ HE 24.0keV for the secondary pulse, the difference being well
= 0.00 gﬁm NHMH+MW."+“““*++% - # E within the uncertainty. This seems to be even more the case
o1sE ‘ “M‘ T as there does not seem to be any correlation between the pulse
10 100 phase and the line energy in the ten phase bins (sed_Sedt. 4.2.1
Energy inkeV and Fig[1D).

Fig. 11. a and bFit to the spectrum of the main pulse of observation 4. 1 h€ coupling factor between the fundamental and second

The upper panel shows the folded spectrum and model with both 8rmonic line is greater than 2 in all four observations for those

clotron lines. The two lower panels show the residuals for the aaseBulse phases where a second line is observed. We derive an

with both andb without cyclotron absorption lines. average coupling factor of 2.4 which agrees with the values
previously obtained from the phase averaged spectra and the
main pulse spectra.

The variation of the photon index (FigJ]10) describes a spect@é Comparison with other instruments
hardening during the pulse peaks. This hardening is especially’

significant in the second pulse. The depth of the fundamerdaB.1.Ginga

line varies also significantly over the pulse phase. The cyclotrnme Gingateam used theNPEX model modified by pho-
absorptiop i; gtrongest in the pulse peaks., especially the T@Bectric absorption and an additive iron line at 6.4keV
pulse, while it is quite weak or absent outside the pulses. (Mihara, T995). They found a cyclotron absorption line at

24 keV and its second harmonic line. They used a fixed cou-
4.2.2. Main pulse, secondary pulse, and off-pulse pling constant of 2.0.

. . ... Inordertocompare our results with t&éngaobservations,
To study the second harmonic cyclotron absorption line, it is . .
necessary to increase the statistical significance of the bijig performed fits using thPEXmodel. TabléB shows the
y al sig \aTues found by Mihara (1995) usir@ingadata and fits with
above~50keV. Therefore, we combined the spectra of the tep . - ,
S ) neNPEXmodel to our data. Finally, we compared this fit to fits
phase bins into spectra of the main pulse, the secondary pu . .
; with the FDCO model to see which model describes the data
and the off-pulse according to Fig. 9. The parameters resulti

X : r.
from fits to these spectra are shown in Table 5. The fundamenta te .
LR . . ... Table[8 shows that our results are in very close agreement
cyclotron absorption line is deepest in the main pulse while it is

. . ith the Ginga observation of the fundamental cyclotron ab-

_relatlvely shallow in the secondary pulse and barely detectagéarption line. Both th&DCO andNPEXmodels provide very

n tr|1:e off-pulse. . . i{nilar line parameters. The only significant difference is that we
or the. second ha”?‘O”'C Im?' the results are less StralgE]n'd a coupling factor of about 2.3 (independent of the model),

forward. It is only found in the main pulse spectrum of observa- ile Mihara used the canonical fixed value of 2.0

tions 1 and 4. In both cases itis deep and significant at the 99.3\’ 0 e

level. A fit to the spectrum of the main pulse of observation 4

and the corresponding residuals for models both with and with-3.2. HEXEandTTM onboardVir

out cyclotron absorption lines is shown in Figl 11. In the caseg using both instruments  in  their  work

the other two observations the fit does not improve Signiﬁcanf}{"retschmar etal. (1997c) were able to analyze the brc;ad

with the inclusion of the harmonic line. This is almost certainly

L . f 2to 200keV, i.e., imil TEbut
due to the low statistical quality of the data abev@0 keV. The Energy range from 2 to 200 keV, i.e., very similaRXTEbu

h i i t be ob din th d | Ia%ging the effective area especially in the lower energy band.
armonic fine cannot be observed in the secondary puise y used the standard model: a power law with high energy
the off-pulse except for observation 4, where it is seen in botfj.

toff, photoelectric absorption and an iron line. They found
a cyclotron absorption line at 22.6keV very similar to our
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Table 5. The fit-results of the fits to spectra of the main, the secondary, and the off-pulse. The width of the
fundamental cyclotron line was fixed to 5 keV and the energy of the iron line to 6.4 keV. The symbols have the
same meaning as in Taljle 3.

Observation 1 Observation 2

Parameter Main Pulse  Sec. Pulse Off-Pulse  Main Pulse  Sec. Pulse Off-Pulse

Ny [102em™?] 8571)8 81158 1147199 45157 38154 3.47152

a 12019907 1.071908  1.6171005 1591505 155700 1.811002

Fewr  [keV] 3247133 336725 3247227 351739 40719% 449717

Etoa  [keV] 11.3+1¢ 76114 8.0113 74109 6.0198 4617

Depth 1 0.28709% 018759t  0.10*99%  0.31+9:5¢ - -

Eeye  [keV] 243*%4 249719 234*15  233%0S - -

Depth 2 1.55"0¢2 - - - - -

Factor 2.407531 - - - - -

Feo  [keV] 0541929 058701t 079701 1427012 1317912 1037017

Const. 0.7870°5  0.791%91  0.771392  0.721902 073700,  0.687003

X2 (DOF) 63.9(94) 76.9(96) 50.3(96) 59.0(96)  87.6(98)  78.9 (98)
Observation 3 Observation 4

Parameter Main Pulse  Sec. Pulse  Off-Pulse  Main Pulse  Sec. Pulse  Off-Pulse

Nu [102em™? 225715 2137)f 216707 358710 20273 30572

a 157%931 1437098 1857005 128*003  0.76705F  1.277019

Eewe  [keV] 259770 329%3T  4477)%  315TpL 27.2%07 297759

Eroa  [keV] 122755 10141 6.4%25  11.2%)7 9.6+19  139%290

Depth 1 0.2079%¢  0.10799% 0117392 0297003 0.1670%  0.1077%3

Eeye  [keV] 215107 209716 199°1% 237103 242708 234707

Depth 2 - - - 141567 0.76703F  1.49707

Factor - - - 252012 2127017 23571020

Feo [keV] 1517035 1.61%0%0 1497077 080775 046771 059701,

Const 0.74502 07232 0707002 077739,  0.79%96  0.781061

X2 (DOF) 79.8(96)  43.3(96)  63.5(96) 76 (94)  60.5(94)  57.9(94)

value. They also find a deep second harmonic absorption liien lines in their fit, the first constrained to lie between 10 and
which is coupled to the fundamental line by a the fixed factdO keV, results in a weak feature a24 keV. While this result

of 2.0. Fits to theHEXEandTTM data using th&DCO model was not statistically significant, it makes clear that their data can
(Kretschmar 1997, priv. comm.) resulted in photon indiceadmit a feature near 25keV. Further, their broad-band fits are
cutoff energies, and folding energies which are very similar based on phase-averaged data only, while the present work and
ours. phase-resolve&inga (Mihara, 1995) analyses show that the
line is strongest during the pulse peaks. According to the results
in Table8, thev25keV line is quite weak in the phase average,
having an optical depth only near 0.1. Given tREXETTM,
Orlandini et al. (1998) analyzed Vela X-1 spectra obtained withinga, and nowRXTEall detect a line near 25keV, it seems
BeppoSAXThey simultaneously fit multi-instrument, broadmost likely that this is the fundamental energy, corresponding
band (2-100 keV), phase-averaged spectra usiny@teXand to a surface field of abo10'2 G. As[Orlandini et al. (1998)
Lorentzian cyclotron absorption models. The resulting parameste, itis also possible that the line strength is variable with time,
ters are given in Tablé 8. While tlBeppoSAX NPEarameters making the lack of a detection witBeppoSAXess unlikely.

agree well with bottGingaandRXTE no line near 25 keV was

requiredto achieve an acceptable fit. Based on this fact and based

on theBeppoSAXhoswich Detector System (PSD) data frorh. Discussion and summary

20to 100 keV alone, they argued that the line-&# keV is the
fundamental one. However, they report that allowing 2 abso

4.3.3.BeppoSAX

r'I'r_1e RXTEobservations of Vela X-1 demonstrate the variability
& this source on many time scales. Besides the well known
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Table 6. x? and F-test values for fits to spectra of the main, the secondary, and the off-pulse without,
with one, and with two cyclotron absorption lines.

Observation 1 Observation 2
Main- Sec.- Off- Main- Sec.- Off-

number of lines DOF Pulse Pulse Pulse Pulse Pulse Pulse
0 (98 DOF) 302.3 132.4 58.8 140.6 87.6 78.9
1 (96 DOF) 74.7 76.9 50.3 59.0 - -
Q(F) 00% <107°% 0.06% 0.0%
2 (94 DOF) 63.9 - - - - -
Q(F) 0.06%

Observation 3 Observation 4

Main- Sec.- Off- Main- Sec.- Off-

Number of lines DOF Pulse Pulse Pulse Pulse Pulse Pulse
0 (98 DOF) 131.2 68.2 93.1 339.7 152.2 100.2
1 (96 DOF) 79.8 53.2 63.5 87.6 73.7 62.5
Q(F) 107%% 0.0003% <107°% 00% 107%% 107 %%
2 (94 DOF) - - - 78.7 60.5 57.9
Q(F) 0.065% 0.1% 2.8%

Table 7. Parameters of the cyclotron absorption lines in the “pulsedable 8.Comparison of th&llPEXand Lorentzian cyclotron line param-

spectra for all four observations. eters for phase average spectra found by Mihara (1995) @iitlga,
Orlandini et al. (1998) wittBeppoSAXand our observation RXTE
Main Pulse data. We also show a fit to our data with tRBCO model. For the
Param. Obs. 1 Obs. 2 Obs. 3 Obs. 4 GingaandRXTEdata, the V\‘{Idth of Ehe second harmonic is related to
o o ™ o that of the fundamental by “Factor.
Eeye 24-4f0‘3 24'6:0.8 23-8t1.3 24'ot0.6
Depthl 0.6900% 1.047057 0.357015 0.657012 Param. Ginga BeppoSAX RXTE
Depth2 2.2119%7 - 057708  1.63"}33 NPEX FDCO
Factor  2.583, - 215°F 25305 a1 0.617%0;  0.34005; 042007 094700
o —2fixed —2.170%  —2.0019 0% -
Secondary Pulse Erola 6.401 9.6'1% 7.30:04 -
Param. Obs. 1 Obs. 2 Obs. 3 Obs. 4 Ecye 245702 5330 23.4705  23.3707%
Eoye  23.37% - - 24733 Depth1 0.068y0;; 157G 017745  0.1470¢
Depth1 0.175%% - - 0.137954 Width 1 2.279 2072 5 fixed 5 fixed
Depth2 1.799°% - - 0.945:3 Depth2  0.809:3% - 1.00°99%  1.37092%
Factor  2.49019 - - 2100708 Factor 2 fixed - 235009 2.387019

One of the main goals of our observations — to confirm
strong pulse to pulse variations and the varying intensity statesdisprove the existence of cyclotron absorption line features
we observed a flare and an interval with no observable X-rayound~25 keV and~50 keV has turned out to be more diffi-
pulsations. cult than anticipated. This is due to the fact that the choice of

In contrast, the fundamental accretion and emission geothe continuum model spectrum affects the results significantly.
etry is obviously very stable, as the comparison of the aveks SectiZ1l demonstrates, the unwary use of the “classical”
aged pulse profiles within our observations and with other reigh energy cutoff| (White et al., 1983) with its abrupt onset of
sults (White et al., 1983; Nagase et al., 1983; Chol et al., [1996e cutoff can introduce line-like residuals and thus lead to the
Orlandini et al., 1998) demonstrates. Our energy resolved puistoduction of artificial features in the modeling. This fact,
profiles show the transition from the complex five peak structunehich we have reported previously (Kretschmar et al., 1997a;
at lower energies to the double peak above 15keV in unpregagetschmar et al., 1997b), has led us to study models with
dented detail. The determined pulse period shows a continuattosmooth turnover, especially tiDCO and NPEX models
of the current overall spin-down trend. (Egs[2 andl3). Both fit the data equally well, so we have con-
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