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Abstract. The transient X-ray pulsar Cepheus X-4 underwebe -2<10~3 yr—!. The X-ray pulse profile showed significant
its latest outburst in 1997, during July—August, which lasted fenergy dependence.
about 30 days. The Pointed mode Proportional Counters (PPCs)Another outburst in Cepheus X-4 (Cep X-4) was identified
of the Indian X-ray Astronomy Experiment (IXAE) on boardoy ROSAT in 1993 June (Schulz et al. 1995). The pulsar was
IRS-P3 satellite observed the source in its declining phase doipserved in two extreme intensity states, during an outburst and
ing 1997 July 28 to July 30. The timing analysis of the dat#so in a quiescent state in which source flux was lower by a
confirms the 66 seconds pulsation of the neutron star. The ffetor of 16. The X-ray pulsation period during the outburst was
ray pulse profile obtained in two energy bands between 2 dodind to be 66.2552 0.0007 seconds. In contrastto the GINGA
18 keV, shows energy dependent variations. The pulse profiésults, the source showed a spin-down episode between the
obtained by us in the declining phase of the outburst when tiveo outbursts withP/P of +1.8x10°° yr—!. The pulse profile
X-ray luminosity of the source was abouk60°° ergss!, is between 0.1 and 2.5 keV showed energy dependence.
distinctly different from the one observed with the RXTE in The BATSE (Fishman et al. 1989; Horack 1991) on board
the earlier phase of the outburst. It is found that near the eBdmpton Gamma-Ray Observatory detected the two outburst
of the outburst, the relative strength of the two pulses of tloé Cep X-4, the outburst of 1993 and its latest outburst of 1997
double-pulse profile got reversed and the inter-pulse becaéison et al. 1999). The results obtained from these outbursts
more dominant compared to the main pulse. The observatidmdicated that the transient pulsar is in the spin-down phase
can be interpreted in terms of a luminosity dependent emissigith a period P = 66.2770 seconds (MJD 50,641) &HB of
profile of the pulsar, where depending on the pulsar geome#9x10-° yr—!. The X-ray pulse profile obtained at various en-
with respect to line of sight, one of the emission patterns, eithengies in 2—30 keV range from RXTE data showed energy and
a pencil-beam or a fan-beam, becomes more dominant. Thigignsity dependent variations (Wilson et al. 1999).
due to the changes in the pulsar magneto-sphere below a speThe All Sky Monitor (ASM) of Rossi X-ray Timing Explorer
cific luminosity, which may cause relative changes in accretigRXTE) also detected the latest X-ray outburst of Cepheus X-4
process onto the two poles of the neutron star. in 1997 July which lasted for 30 days starting at epoch MJD
50,630. The one day average light curve is shown in Fig. 1. The
Key words: accretion, accretion disks — X-rays: stars — stargeak intensity of the latest outburst is about 45 mCrab which is
pulsars: individual: Cep X-4 almost half the peak intensity of the outbursts observed earlier.
However its duration of about a month, is similar to that of the
three earlier outbursts. Out of two classes of outburst activity
observed in the Be binary systems (Bildsten et al. 1997), the
outburst of Cep X-4 could be associated with the Class | activity
Cepheus X-4 was discovered in 1973 as a transient X-ray soutice to its long duration of 30 days without any appreciable
by the OSO-7 satellite (UImer et al. 1973; Markert et al. 1973)hange in the pulse period during its outburst phase. Class | type
X-ray pulsations in the source were discovered (Makino et altivity pertains to periodically occurring outbursts associated
1988; Koyama et al. 1991) in 1988 March, by the GINGA satelvith the periastron passage of the neutron star while Class Il is
lite, during its outburst which lasted for about 30 days reachirgegular transient activity, with higher luminosity and outburst
a peak intensity of 100 mCrab. The X-ray pulse period wascuring at arbitrary orbital phase. Large and steady change
found to be 66.249@- 0.0001 seconds and the ratio of the pdn the spin-up rates are observed due to formation of transient
riod derivative and the perio/P of the pulsar was found toaccretion disks during the class Il outburst activity in many
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transient Be/binary systems (Kriss et al. 1983; Stella et al. 1986%°
Motch et al. 1991).

Applying the relationship of Corbet (1984) between the spin ]l
and orbital periods in the Be binary pulsars, a minimum limit 4o - ]l Hll ll
of 100 days is estimated for the orbital period of Cep X-4 from ]l
GINGA observations (Koyama et al. 1991). The correspondi@ I J[j[ XTE(2)
mass of the companion star was found to be greater than10 M ,, | ]l| H
for a 1.4 My neutron star. These estimates of mass of the coe- }
panion star, large orbital and spin periods and recurrent transiént j[ll J[]l J[
nature of Cep X-4 are consistent with the general properties ot a HH I Jf]l H h H hl ]l
Be binary system. Recent optical observations have confirmed’ | H{HJ‘ ! J‘H P
the Cep X-4 system to be a Be /X-ray binary (Bonnet-Bidaud
& Mouchet 1997). If Cep X-4 is a Be binary, as inferred from
the optical observations, such outburst should be recurrent ang
periodic due to periastron passage of the neutron star through 5 30 n 0 0 -~ 20
the Be star disk. The long term ASM light curve may, therefore, Time (MJD 50600 + t)
reveal many interesting details about the nature of outbursts il 1. Outburst profile of Cep X-4 observed during 1997 July-August
also provide information about the orbital parameters of the Bg ASM of RXTE. The RXTE and IXAE mean observation epochs
binary system. are marked as XTE(1), XTE(2) and IXAE(3) respectively. The verticle

In this paper, we report a detailed study of the 2—18 keliies on data points denote errors atlével.
pulse profile obtained during the later part of the decay phase
of the latest 30 days outburst of Cep X-4. The Indian X-rafable 1.Pulse period history of Cepheus X-4
Astronomy Experiment (IXAE) observations carried out for 3
consecutive days were made after the RXTE observations. Teservation  Satellite MJD Pulse Period Ref
double-peak pulse profile obtained in the later part of the dec¥gar
of the outburst, when the source luminosity decreased to aboe$s April GINGA  47263.5 66.249@ 0.0001  [1]
6x10% ergs s'!, is found to be inter-pulse dominated compared
to the main-peak dominated double-pulse profile observed 1883 June ROSAT  49160.0  66.25520.0007  [2]
BATSE and RXTE. The observations of IXAE thus provide
additional opportunity to study the luminosity dependence 97 July
pulse profile of the source.

BATSE 50633.0 66.2710.0017 [3]
50635.0 66.273@ 0.0017
50637.0 66.2748 0.0017
50639.0 66.2743 0.0017

2 Observations 50641.0  66.276% 0.0017

50641.0 66.2775 0.0017

The X-ray observations were carried out with the Pointed Proe97 July RXTE 50647.05  66.2770.017 [3]

portional Counters (PPCs) of the Indian X-ray Astronomy Ex-

periment (IXAE) on board the IRS-P3 satellite. The complete 50654.17  66.27& 0.017

instrument and operational details are described in Agrawal&@7 July IXAE ~ 50658.12  66.27+ 0.04 (4]

al. (1997) and Agrawal (1998). The three identical PPCs sen-

sitive in the energy range of 2 to 18 keV, have a total effective

area of 1200 crhand a field of view of 2.8 by 2.3 FWHM. _

The PPCs can be operated in one of its many operational mog@¥erage of three days of IXAE observations. _

i.e., fast, medium, nominal, slow or pulsar mode. Cep X-4 wa&eferences|1] Koyamaetal. (1991 Schulz etal. (19953] Wilson

observed by the PPCs in the nominal mode in which counts g}@l. (1999)4] Present Work

sampled with 1.02 second integration.

The outburst of July 1997 was observed by three satellitethe 2—-18 keV band or 6:21.0*° ergs s ! in 0.1-100 keV band
borne experiments consecutively. BATSE observed the sourcésiestimated. The IXAE and the RXTE observations were made
the initial rising phase of the outburst during July 3—15 followeith the declining phase of the outburst. Data obtained with the
by PCA of RXTE on July 18 (source flux 23 mCrab) and PCA on-board the RXTE at two different epochs July 18 and
again on July 25 (source flux 8 mCrab). The IXAE observa- July 25 were used for comparison.
tions were made during July 28-30 (MJD 50,658-50,660) when
source flux had decreased to about 4 mCrab, yielded 12000
useful data. The PPCs recorded about 5.6 csos an average
during the IXAE observations. Assuming a distance oftd& The PPCs record the data in individual memories along with
kpc (Bonnet-Bidaud: Mouchet 1997) and the spectral shapthe timing and house keeping information. In nominal-mode of
givenin Koyamaetal. (1991) a luminosity of 440%° ergss!  operation of the PPCs, data were acquired for about 15 to 20

50659.11
50660.10

§.Ojknalysis and results
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minutes for five consecutive orbits in a day. Therefore, for ea§h (0 ema ey
PPC there are 5 stretches of binned data for each day of @b ]
servation. Time corrections were applied and background sdib-
tractions were carried out prior to adding the three PPC dat®
files. The relevant data were accumulated in three energy bagds () 2-18 kev
i.e. 2to 6keV, 6 to 18 keV and the summed 2 to 18 keV bang. b
The epoch folding technique was used to search for pulsaticgﬂs
with period around 66 s and a pulse period of 6622D.04 s L T
was obtained. The uncertainty in the pulse period corresponds ° 08 Phose '
to 1o level and was calculated using the technique described ) i ) ) )
in Leahy (1987). The IXAE period is consistent with the puls'(:a'g' 3. Comparison pulse profile of Cep X-4 at different intensity of

- - - source during the decline phase of the 1997 outburst; Top pannel shows
period of 6.2 0.02 s obtained from the RXTE data (WllsothTE profile of MJD 50,647 when the source intensity was 23 mCrab

et al. 1999). These observations imply spin-down of the puolf_ld bottom pannel shows RXTE profile on MJD 50,654 when the

sar when one compares the periods measured during the eagligfce intensity was about 8 mCrab. The error bars derived from count-
outbursts. A summary of all the pulse period measurementsgf statistics are 4 confidence limits.

Cep X-4 available so far is given in Table 1.

The X-ray pulse profiles of Cep X-4 from the IXAE obsertaple 2. RMS Pulse Fraction(RPF) comparison of Cep X-4
vations were obtained by combining all the data from three days
of observations. These are shown in Fig. 2 in 2—-6 keV, 6-18 kg\jp | RPF %) RPF (%) RPF(%
and 2-18 keV bands. There is an indication of energy dependent 2_6keV 6—18 keV 2-18keV
variability in the pulse shape. The X-ray pulse profiles obtain@de47 05 23 3356044 43.55- 030 39.47+ 0.25
from the two RXTE observations are shown in Fig. 3 for conpgs4.17 8  27.06 078 31.19- 059 2942+ 0.47
parison. Both the profiles show a double-pulse shape but in igs59.11 4 1452 2.05 11.19+2.26 12.85+ 0.69
IXAE pulse profile, the inter-pulse is dominant over the mairy yonotes source intensity in mCrab.
pulse.

The RMS pulse fractions estimated from the RXTE and the
IXAE profiles are tabulated in Table 2 in three energy bandswer values as the source luminosity decreases as evident from
with decreasing source flux for comparison. Variation of tHhe RXTE data. The pulse fraction obtained from the IXAE
RMS pulse fractions as a function of energy, obtained froabservations at much lower luminosity shows no statistically
the RXTE (Wilson et al. 1999) and the IXAE data, is shown igignificant variation with energy.
Fig. 4. The errors in the data reported are shown by vertical lines
and are contained in the symbol used. There is an indication tﬁabiscussion
the pulse fraction decreases with decrease in the source inten-
sity. It can also be noted from Fig. 4, that energy above whidie following important features were noticed during the obser-
the pulse fraction starts dropping, shifts progressively towardstions of Cep X-4 with the IXAE. We have observed a decrease

™o
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while the outburst was gradually decaying. From Table 2, it can

o MID 50847 1 be seen that when the source is bright, decrease of luminosity by
. ﬂjﬁ ZZZ: : a factor of 3 results in a change in pulse fraction by a factor of
1.3. At lower luminosity, however the change in pulse fraction
is larger, by a factor of 2 or more, with change in luminosity
by a factor of 2. This is indicative of a sudden change in pulse
fraction at lower luminosity. Since decrease in pulse fraction
7 with luminosity is not due to propeller effect, the most prob-
able reason for this change could be due to different mode of
] accretion occuring below a critical luminosity.

| Appreciable plasma entry by any mode (Elsdelamb

R S— 1984) produces copious emission of X-rays from the stellar

20 30 surface. The fate of the plasma approaching the magnetosphere
Enerqy (keV) depends on how the luminosity of the star compares to a critical

Fig. 4. RMS pulse fraction measurements in different energy banB4ninosity Lei¢ given by
between 2-30keV from two RXTE observations atMJD 50,647 . 36 1/4 1/215—1/8 1

b MJD 50,654 (adapted from Wilson et al. 1999) andhe IXAE  Lerit = 2.0 X 107557 (M/Mg)/“Rg "~ ergss ™.

observations on MJD 50,658-50,660 during the decay of the 199igis Juminosity defines a corresponding critical mass accretion
outburst of Cep X-4. The errors on data points are represented Bya

vertical line with confidence limit of &.
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in the pulse fraction in Cep X-4 with luminosity as it was seehhe critical luminosity thus estimated for Cep X-4 is found to
in other pulsars. The pulse profiles obtained with the IXABe L..;; = 3x 10°¢ ergs st and critical mass accretion rate is
show some evidence of energy dependence like the one astimated to bé/.;; = 1.6x106 g s,
observed with the RXTE. A remarkable change in the pulse- Since the observed luminosity (6<20%°) during the IXAE
profile of Cep X-4 was observed with change in the sourcdservations is almost a factor 4 less than the critical value,
luminosity. The main-pulse dominated double pulse changedttés possible that there are additional modes of accretion at
inter-pulse dominated double pulse profile when the lumind$ie observed luminosity (Elsndc Lamb 1977;1984). These
ity was 6x10% ergss'. These features are discussed here auditional entry modes of plasma could enhance unpulsed (dc)
detail. component of the emission, with the result that the pulse fraction
The phenomenon of decrease in X-ray pulse fraction wheray decrease to the observed levels.
the source flux drops below a certain threshold, has been ob-From the pulse shape observed in the two energy bands
served in other X-ray pulsars like GX 1+4 and GRO J1744-2®m the IXAE observations there is a suggestion of distinct
and it has been interpreted as due to the “Propeller effect” (Qwio pulses at low energy which seem to merge in higher energy
1997). We show here that the decrease in the pulse fractiorband. Moreover, the inter pulse at higher energy band appears
Cep X-4 is not due to such an effect. more assymetric and sharper. Since these features are similar to
The minimum luminosity k(min) at which an X-ray pul- those seen in the RXTE profiles, model described by Wilson et
sar turns off due to the centrifugal inhibition of accretion, thal. (1999) may be applicable to the IXAE profiles.

Propeller effect is given by (lllariono& Sunyaev 1975) Complex changes in the pulse profile with luminosity have
] 37 6 . a3 been seen in other X-ray pulsars such as GX 1+4 (Paul et

Lx (min) ~ 2x107(R/10° cm) ™" (M/1.4 Mg) al. 1997) and EXO 2030+375 (Parmar et al. 1989). The phe-
% (1/10%° G em®)?(Pg/18)"7/% ergss™! nomenon observed here, namely, the change in the pulse pro-

. ) file with decrease in luminosity bears a close resemblance to

Where R, M, and R are radius, mass, magnetic moment angl, seen in EXO 2030+375 (Parmar et al. 1989). A geometri-
spin perlqd of t_he neutron star respectlyely. For a d|pole—lllg%‘| model was applied by Parmar et al. (1989) to describe the
field configurationy. = Bx R°, where B s the surface polary, ;se shape during the outburst activity of EXO 2030+375. The
magnetic field strength. UsinB = 2.6 10' GO(M|hara etal. Harameter values established with decreasing luminosity indi-

1991) anl R = 10 cm, one obtaing = 2.6x 10 G e cate that around a luminosity of«4.0% ergss'!, the pencil-

With this value ofy, Py = 66.27s and M = 1.4 M, oné o5 hecomes dominant compared to the fan-beam along with
optams_mwmumIum|n05|tybelowwh|ch the “propelleref“fect’increase in the unpulsed (dc) component. Moreover, the rela-

will setin Cep X-4 as tive intensity of total emission emanating from two poles get
Ly (min) = 7.6x 103 ergs s~ reversed, that is, total emission from one pole become much
stronger compared to the other pole. Since EXO 2030+375 has

The Cep X-4 luminosity during the IXAE observation is esmagnetic dipole moment similar to that of Cep X-4 (Reynolds

timated to be 6.210% ergss!. It is therefore inferred that et al. 1993), one can treat,L, same as estimated above. The
the accretion process was active during our observation peraidinge in the pulse shape observed for Cep X-4 during the IXAE
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observation can possibly be explained qualitatively along siflReferences

gar;g;gs. Durl?g tL\gr(]jgclay otl‘hthetﬁutburs:hat a Iumln(;sny qﬁf\grawal P.C., 1998, Proc. of Int. Collog. on perspectives of high energy
x ergss (whichis less than thed), the source shows astron. and astrophy., Universities Press Hyderabad, India, 408.

adecrease in pulse fraction and an increase in the strength OfAB%WEﬂ P.C.. Paul B., Rao A. R., et al., 1997, Journal of Korean As-
inter-pulse. These changes could be explained by an increase inygnomical Society 29, S219
the dc component, stronger pencil-beam and pole reversalgagsten L., Chakraborty D., Chiu J., etal., 1997, ApJ 113, 367
seen in the case of EXO 2030+375. Bonnet-Bidaud J.M., Mouchet M., 1997 |AU Circ. 6724

This is compatible with the accretion scenario described Byprbet R.H.D., 1984, &A 141, 91
Elsner& Lamb (1977;1984). At a luminosity below the criticalCui W., 1997, ApJ 482, L163
luminosity as estimated above, additional modes of accretibl§ner R.F., Lamb F.K., 1977, ApJ 215, 897

may be possible. These entry modes of plasma under cer@ﬁ‘ﬂer R-z’ gar&b FK., 128‘: AS\\/]]Z?& ;265 Al 1980, in P
conditions, may affect the change in the beam configurationtg"Mman ©.J.. Meegan L. A., Wison k. b., €t al., , I Froc.
y g 9 of the GRO Science Workshop, ed. W. N. Johnson, (Greenbelt:

pencil-beam dominant emission with increase in the unpulsed NASA/GSFC), 2-39

(dc) part O,f its total emission. The Observ_ed decrease in Grack J. M., 1991, Development of the Burst and Transient Source
pulse fraction could be dge t.o an increase in the uppulsed (dc) Experiment(BATSE), Washington: NASA Ref. Pub. 1268)
component of the total emission. Although observations of EX@hrionov A.F., Sunyaev R.A., 1975, A 39, 185
2030+375 (Parmar et al. 1989) also showed similar changeki#yama K., Kawada M., Tawara Y., 1991, ApJ 366, L19
the profile close to the critical luminosity, more observationsiss G.A., Cominsky L.R., Remillard R.A., Williams G., Thorstensen
during the decay phase of such outbursts are required to confirmJ. R., 1983, ApJ 266, 806
this scenario, which may lead to a deeper understanding of tig@hy D.A., 1987, &A 180, 275
accretion process at lower |uminosity_ Makino F.& GINGA team, 1988, IAU Circ. No. 4577

Markert T.H., Clark G.W., Hearn D.R., et al., 1973, IAU Circ., No.
Acknowledgements. We acknowledge all the scientific and technical 4575
staff of TIFR, Mumbai, ISRO and ISTRAC at Bangalore who were addihara T., Makishima K., Kamijo S., Ohashi T., 1991, ApJ 379, L61
sociated in the successful completion of the Indian X-ray AstrononMotch C., Stella L., Janot-Pacheco E., Mouchet M., 1991, ApJ 369,
Experiment and its operations. We specially thank Mr. K. Thyagara- 490
jan, Project Director IRS-P3 mission, Mr. R. N. Tyagi, Project Manag&armar A.N., White N.E., Stella L., 1989, ApJ 338, 373
IRS-P3 and Mr. J. D. Rao and his team at ISTRAC for their contribfaul B., Agrawal P.C., Rao A.R., Manchanda R.K., 199%//319,
tions. This research has made use of data obtained through the High507
Energy Astrophysics Science Archive Research Center on-line servideynolds A. P., Parmar A.N., White N.E., 1993, ApJ 414, 302
provided by the NASA/Goddard Space Flight Center. We are gratefe¢hulz N.S., Kahabka P., Zinnecker H., 1995, ApJ 295, 413
to an anonymous referee for critically and carefully going through ti§gella L., White N. E., Ronsner R., 1986, ApJ 308, 669
manuscript and providing many valuable comments and suggestisiiger M.P., Baity W.A., Wheatom W.A., Peterson L.E., 1973, ApJ

for restructuring and improvising the presentation of this paper. 184, L117
Wilson C.A., Finger M.H., Scott D.M., 1999, ApJ 511, 367



	Introduction
	Observations
	Analysis and results
	Discussion

