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Ahbstract

T'he Medim Fnergy experiment on=hoard the EXOSAT satal-
lite obwerved Uhe X -roy binaey system 41 153852 on four oe-
casiene during March and Angust 1984, Observed pulsation
perviols of 53007 2 0,00 sec (17 March) apd 530,14 £ 0.03 sec
(M Awgnat) indicate that the neutron gtar in the 410 1538-52
uystemn continued {o spin down with P = 3.0 107" sec/sec
(=200 ¥r1) i the penod 1976-188R. The eclipee
Trnngition e of = 000 days gives ae heght of -~ L5 - 10%
em lor the nlmosphere of the aplical counterpart. The phase-
average X-ray spectonm, consistent with » power—law of pho
lon spoctenl index of ~ 1.5 (17 March) and ~ 1.4 (10 August),
eliswe ain leon line with an EW. of ~ 100 V. The specizal
form shows varntions with pulse-phase,

Kevwords: Stars: neutron — X-ray: bingnes

l. Intreduction

The X-ray source 41) 1535-52 (Hef. 1) belongs to that par-
leulur elass of sbjecls which show & pulscd cmission when
observed mn the X-ray energy band. It 1= 2 binary system
formed by a 145 wag BO supergiant, QV Nur (Rels. 2.2.4],
and & neutron star which sping with a penod of about 530
sec (Refs 5.6] The X—ray lummosity of 417 1532-52, assom-
ing a distance of 8§ kpe (Hefe. TR, 15 about 2. 107 erg/eec.
This system alen exhibits 2 (051 day loug X-ray echpse with
i period of about 3,73 days, sssumed to be the orbital period,
and a projected Xeray source semi-major axds of 33 li—sec
(Refs, 6,8,9,14), From these values it is nof possible to dis-
tinguisl if OV Nor fills or shghtly wndecfills 165 Roche lobe,
end therefore if 40 1535-52 15 & wind-fed or a digk-fed binary
syatem. From the value of the typieal mass—lose rate rom 2
supergiant a5 Q% MNor, of the order of 107F M /yr, we can
only infer that the wind activity is surely of greal imporiance
in Lhe dymamics of this systom.

The X-tay spectrum of 41 1538-52 has been well fitted
by Lhe typical mode] for X-ray pulsars, namely 2 power-law
continuum maodified by an high energy cutoff, although the
problem of contamination by the galectic ndge emission, as
poanted out by Maokishime «f ol {Rel 10), may still exists.
An Iron K, comssion hne with en EW. of about 50 eV has
alrer heen detected al 5.3 ke by Makishims e ol (Ref. 10)
wned with an EW. of about 670 eV by White e al. (Hef. 11)

In this paper we teport cesulty Teow w beaporal wid apec.
tral analysin performed an four BEROSAT absarvations, pari
of which were taken from the EXOSAT archival, carrvied oul
during March and August THE4,

2. Observalions and analysis

The X -tay salellite EXOSAT obuerved 40 1538-53 on lour
aceastons on 17 March and 7, 10 aned 11 Anguat 1984, Detaala
for each obscrvation are given o Table 1, The present anal-
yuis 15 based on data from the Argon cells of the Medium
Euergy (ME) detector array,  The description af the KX
OSAT mission and scientific instruments may bo found in
Taylor et al. (Rel 12), de Kocke of ol {Ref 13) aod Tirner
et al “h‘[. I-l].

The background sulitracted X-ray light curves ahtajned
in the four EXOSAT observations in the 1 11 heV encrgy
range verses binary phase (we folded the data with the orbital
parameters given by Makishimo «f 2l {Bell 10}) are shownin
Fig. 1a and ih with 510 sec time resolation. The intensity wos
highly vereble; in the fisst observalion we can distinguish an
episode of increamng lnminosity about 5000 sec long, while an
intensity dip about L0} sec long is present at the heginning
of the thicd observation. A graduoal entry into echipse of the
X-ray source, with a transition time of about 3000 sec, is
clearly visible in hoth the second and the fourth observation.
Thiz time, consistent with the value reported by Makishima
«t ul (Ref 10) (although their data did not cover the ingress
g5 the EXOSAT data did, hecanse of the orbit of the Tenma
shservatory), gives a scals height of ~ L5 - L0* em for the
atmosphere of QV Nor using the orbital parameters given hy
Mazkishima «f ol { Hef. 10).

2.1. Timing analysis

In the fisst and thicd ohservations the single 530 rec X-ray
pulses from 417 1538-52 are well visible and so lhe arrival
times of cach individual pulse conld he determined, by mea-
suring the times of pulse minima, aller smootling the dala to
redace the effect of random Huctuations, and then using the
pulse minima as fiducial points. The pulse armval limes vo ob-
tained were correched Lo solar system barycentre and for Lhe
wrhital motion of the X-ray source. A leasl squores anaolysis
was used to determine the best fitting constant pulse periad,

In the other two ohservations the single pulses are not
well vimble so we divided the part of abservation in which
the source is nob in eclipie inbo intervals of Jength 2000 (o
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titney of these pulses, A lenst squares analyas was then wied r ol n=
i =+ l-- -
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servilion and for o period of 530,14 4 003 sec for the third, o I
plis Lhe a.vaih?.hlr data from the second and fourth olmervi- & r il
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B2 was spinning-dewn dunng 1985-R4 with P 0 - 2300 @ l’ | | | =
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TABLE 1: JOUBNAL OF OBSERVATIONS

MNr. Date Siart Time Duretion Binsry  Helf ME
(b (1T} [sech Phass®  on Sonrce
1 I'r .irf.uu T 1584 et Jam 35400 D151 H2

2 T Auguost 1934 bl 1 16400 087002 H2

3 10 August 19R4 02* 45= dLE00 D4R-D5d Hi

4 Il Augnst 1984 12" 53 25000  0.86-0.93 H2
Y Eplemeris wezs taken from Hef 10

TABLE 2: PULSE PERIOD HISTORY OF 417 1538-52

Dlate of Epoch Pulse Penod  Satellite lief
Liheervation (T = 2 4400, 50HY ) (eec)
35 August 1076 kA RER93 1010 OSO 8 6
6 Seplember LOTH 30202 528.66 & 0.36 Areel V i
i Beptember 1976 anaza 20,90 1 .78 Armel V i
'-'3 Aprl 1076 a7 520.60 £ 0.34 Artel 1V ]
2 July 1983 L5182 520792 L 09 Tenmu 10
17 Murch 1984 aTTT. G2 OT 016  EXOSAT this paper
U Augunt T8R4 AP0 5004 L 003 EXOSAT  this poper

2 Mareh 1955 T223.0 S30.420 = 0,014 ingn 15
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2.2, Apecriodic variability

In the study of the temporal bebavior of 4T 1538-52 we in-
vesligated the intensity variability not associated to the pul-
gatinn, the en called aperiodic varishility, in order Lo oblan
infurmation nbhout the time scnles of the vanations, and there
fore to axtract some hinto ne to 11 Pus:,i;bir_- PhFEi[El pro-
vessen wlich way origoete them. In doing this, we studied
the Fower Spectral Denmty (PS5 function of the inlensily
ol AW 1038=02 [ur Loth the first and (hird observations. The
line resolution of 1he cound data wan 10 eec and the 1-8 ke
energy hamd was chosen sy i was in this cnergy renge that
Hhe best surmal-to-nose ratio was abtamed

We perlommed our opolysiy dividing the first observation
into 8 rns and the third sheervation into 4 runs o uallni:lilus
S12 dato points eacl. We then computed by means of & Fast
Fourier Transform algorithm the PSD for wach run Then
o ench ohiervation we obtuined the average PSD and we
subtracted 1he vanance due to the counfing sintistics  The
I'I"RIIH I Jirey Ii|III'|l.'II ill ]'-'i|_!‘ 3:’1 JI.“T.1 EL .rl.,lr !,||_'|1 h 1]:1:' r;:'lufr\'nlloqg_

The PSI} [unclion so oldamed mves the frequency depen
'.'|r"lll.'1‘ I"lf ”Ii‘ 1cn':'llinlllr' II|I 1]||' i1n:|||| vl.'|1;||_' Ly l.]||_' 4;]’)1:[10:;![:{ nons
Poisgoninn lux of the sonrce. The peake visible in the plots
correspond Lo Ui fundwnental frequeney of palention and ss
Lintmonies and wee indicated by armows in Fig. Jnoand 300 As
ean e ieen Trom Aheie guees, e soarce shows aperiodic time
varinbility with tine senles down to the Nyquist frequency of
(5 He

We fitled the power spectra with & power=law of the form
kFU, ahtaining o = 14 for tie first observation and o = 16
fiar the thind, We performed the seme analyeis on data with
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AL 1BEE- B for data with L8 ma time rescolution, relative to the
thied obyervation. The pulaation frequency (fundamental] and the
first mune harmomics are markad by arcews,

16 ms time resolubion taken from the thied ohaervation, The
result is shown in Pig. 40 no power is appacent abiove 0,00 s,
We can extract o 2o wpper limit of she order of 25% o the
aperodic vanations inocannts for ime scales less o S0 aer

2.4, The pulse phase averaged specirum

The spectral energy analysiz has hesn performed osing ool
the date obtnincd from Argon ME detectors in the energy
Fange 1.5-12 keV. In l:lrl."'lu"il.'l.l.ll:'\. rihservationg, the :{—r:a._',' EYHE,
teum of 417 1538-52 was fitted by o power-law plus a low
eneegy absorption and « bigh suergy culefl, e suauarieed
in Table 3. Given the limited enecgy range of our specteal
analyain, we waed as spectral laws a thermal hramestrahlong
model and & power-lew, both of them with low energy pho-
toelectric absorption. Toth & power-law and & thin thermal
bremsstrahlung law fit the deta well, In Table 4 we show the
results of power—law fits for the fizst and the third abserva-
tions. An lron bne with an EW. 2= 100 eV 35 present, This
walu= 15 in agreement with Tenma measnrement [Hef 10}, bnt

& factor 5 smaller than HEAD L-A2 measurement (Rel. LL).

2.4. Pulse profiles with cnergy

The average background subteacted pulse profbes obtained
for the first and third observations by folding the data al
the pulse perind, ate shown in g, 5 and Mg, 6 for differant
encigy renges. They show a double peak structure with the
first brighter than the second; separated by two minima of
The profiles show n dependence
with enetgy and, for Lhe third one, a sharp dip (about 1 sec
long) i prosent in Lhe low enengy Lighl curves al e maximam
of intensity. Al high energies the mam polse is sharper, while
the intorpulse becomes browder.

We have also computed the modulation index, defined as

Tnind F',::'I_
Lvaxl £

where Byay i the madmu intensity b the hackgronnd sul-

about the samc inlensity

BE) = |
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TABLE 3: OTHER SPECTRAL MEASUHEMENTS OF 4U 1538-52

Salcllite Energy  Plolon E. E; Ny Iron Lime Iron Line  Rel
{keV) [ndese (keV) ikeV) {107 H/em®) Energy (keV) EW, (eV)
{A501-8 2-20 .24 0.2 i+ 10 fi
Artel 1V 2=13 11201 64 1.0 ]
HEACD f-A2 2-30 1.42 1742 143 ard oL 140 11
Tenma 2712 LI2E004 18405 69412 37404 63502 52280 10

TABLE 4: EXOSAT SPECTRAL MEASUREMENTS OF 41U 1538-52°

Nr, Photon Ny Iren Line lron Line Flux® o7 ol
CHin Index {107 Hjem®] Energy (keV) E.W. (eV) (2-12 keV)
L 148 0.0 el =02 6.7 £ 0.15 100 -+ 20 320 38734
J 140 4 oy 20403 6.2 £ 0.10 10t -+ 40 3,19 44,34
. II':" LT

L LTERT I i erg bec ! pm?

tracted light curve and J;, i the miinimum, at the given
energy £, 'This index gives informalion on the dependence on
energy of the process which determines (he modulation

The madulstion index T the firsd ochearvation is consin:
tend willh & constant value of -~ (.65, independent of ENCTEY
while for the third observation it shows an increase with en-
ergy frow a value of 0,78 {1 % keV) to 005 (B-13 keV)

3. Discussion

The spectral energy aualysis has confirmed the form of the
spectrum, which is typieal of this class of chjects. while the
peesence of an lron line in the case of & power law specirum
confirms Lhe previcus chservation by Tenma (Tief 10}

From the spectral density analysis performed on the light
curve of AU 1638 52 we were not able to exiract any cher-
actenistic time scale down to ~~ 20 ser: this means that the
process [or the processes ) which vecurs at the magnelosphens
limit and might be responsible of the fluciuations in the ¥
ray inlensity does not show a unique time scale for frequencies
less than 1105 He. No evident feature that could be associated
te quasi—periodic oscillation is apparent i the PSD spectra.

The EXOSAT observations of the X-ray binary pulear
AT 1538-52 confirm the general spin-down trend of the pulse
pericd. Indeed the main theoretical problemw about the K-tay
Vinary pulsar 41) 1538-52 consists in the lack of the seeg.
lar epin-up, theorics of both disk and wind accretion predict
sume occasional spin-down episode bul & net spin-up trend
over lomg time scales (Ref, 16),

The time seals due tn the averclion torque is cowputed
fromn the relation

[0, =M. { (1)

where [ g the moment of inertin of the neatron star, 8, is
the aceretion rate ol motter onto the neutron star aud £z the
specific angular momentum carried by the accreted matier,
[n this eapression the variation of the moment of inertia is
not taken inlo aceonnt, because the time scade doe to Lhis
variulion, £/1, is much longer than 73, /7%,

From the physical parametens of the 40 1538-52 syslem as
reported by Jass and Rappaport (the neubron star mass anid
radius, the superginnt mass; Rel LT}, Parkes ef ol [Lhe mase
loss rate from the supergiant and the terminal velocity of the
wind; Ref 7) and Clark of aof, (the magnetic Aeld sleength of
the neoteon star: Ref 18) the characteristic lengths of acere
tion (zee for example Hel. 18] are:

* Magnetospheric Hading R, = L. 10? cm;

s Aceretion Radius F, = 3. 10" cppe

s Corotetion Hadins R.. 1« W® em.

The fact that R, » &, means thal Lhis source is aeceet
Ing matter. Furthermere M, > K., 50, acenrding lo Stella
el al. (Ref. 18}, 417 [538-52 i5 in the regime of direct wind
accretion. The observed X-ray luminosity of 2 - 10™ erg/sec
(Bel 10} is in agresment. within the wncertainty in the oh-
served walues, with that predicted by Stella ef al. (Rel. [9).
By means of Eq. 1 a walue of P,.,J'PP e =T 0 107 gae-l e
cxpected in the case of wind aceretion with a radial gradient
iz densily and velocity (Ref 20) and a value of ~ _1.3. 19-10
ser”! 15 expected in the case of disk acerclion with magnelic
conpling (Refs. 21,22). Thess values must he compared to the
obzerved value of FlP.=+7a.10-™ m':ctt.

The medule of the expected values of FLIE, ngrees well
with the ohserved one, but the general trend of apiu—up ia
not predicted. [t has heed proposed that the variations. in
the pulse period of wind-fed A-ray pulsars are the result of
small Huctustions of both sigus Lhat occur tandoily on time
seales which are comparable to the orhital period {Hef. 23)
Makishima ef al. (Hef. 10) have shown that the dbuerved pe-
rid change of 417 1538 52 in 1976-1983 s really in agreement,
with this interpretation. The nature of these luctuntions is
to date unknown, Tt can be pointed oul that ne clear pisode
of spinup wae ahserved from his source, therelore o careful
momtaring of 41U 153552 1 necessary in order to clarily ils
temporal behaviour,



374 G CUSUMANO ET AL.

4. References

1. Forman, W, Jones, (1, {Inminsky, L., Julien, P., Mur-
ray, 5., Peters, G., Tananbaum, H., and Giaceoni, 1L 1978,
Astraphysical Journal Suppl. Ser. 38, 357

2. Oowley, AP, Crampton, D, Hutchings, 1.0, Liller, W,
and Sanduleak, N, 1977, datroplysrced Jowrnal (Letters), 218,
Lk, 1

8. Apparao, K.M.¥., Dradt, TV, Dower, R.G., Doxsey, H.E.,
Jernigun, J.G and Li; Fo 1978, Mature, 271, 225

1, Schwariz, ILA., Gursky, 11, Schwartz, J., Brodt, H. and
Dexrey, B 1878, Nafuer, 275, BT

b Davison, PLLN, 7T, Muorthly Notices Df f.4.5, 179,
S50

i, Hﬂ'-"-k"f. “.-”-. Swouk, ] H i BU]I‘H-, E.A. Holl, 55.. Pravilss,
S0 Bub, JH., and Seelenmitras, 11
Jowrnal (Letbers), 210, 111

T, Porken, CE., Murdin, G oand Mason, K.O 1978, Monthly
Netices of .45, 184, 72P

& Crumpton, D, Hutchings, J. 1, and Cowley, AP, 1975,
Asteopfigarcal Jowrnal [Leffers), 225, 1L

177, Astrophysical

. Dhavivon, PN, Watson, MG, and Pye, J.P 1977, Monthly
Nottees of .45, 181, 70P

10, Makishiva, K Koynma, K., Hayakawa, §  and Nagase,
Fo L98Y, Astrophysical Jawenel, 314, 619

110 White, W E,, Swanl, J.H., and Holt, 5.5 1085, Astro-
physical Jonrned, 270, 711

12, Taylor, B.G., Andresen; R0, Peacocl, & and Zobl, R
1981, Spuer Sovo Her., 30, pATS.

3. de Korte, " A1, Bleaker, I.A M| den Boggende, A F.J
Branduasdi-Raymond, ., Brinkman, A.CL, Culhans, L.,
Gronenschild, E.H.DM ., Mason, T aned MeEechuie, 5P, L1981
Space Sei. Rew, 30, 405,

14. T'I.I.ﬂ'lfh M..L-I.., ."':n'li”'l, N nml Zim:ur_'nuu.nnl H.1. LAsL,
Space Soi, Rev, 30, p.bl3.

15, Dagase, I°. 1888, Pub. datron. Soc, ,_irupu.ﬂ, 41, 1.

15, Henmchs, HF. 189583, In dceretion=driven afellue X<pay
sources. Lewin, W.HL.G and Van den Hl_'u.'..'r;'lI BRI, Edito:al
Cambndge Un. Press, pag ddd—424

17, Jdoss, PO awd Rappapot, S A, 1984, Annual reviews of
Astronomy and Astrophpaics, 22, p 517,

18, Clark, W, Woo, 1., Nagae, B, Makishima, K. and
Sakae, T, 1989, Center for Space Heavarch — AT Pocprand,
A,

19, Stelln, L., Whate, N.E., and Rosner, P. 1980, Aatrophysi-
cal Jonrmad, 308, p 660,

20. ‘l‘l'rll‘lﬁ, Y.ML 1081 A.{*l'ﬂnniuy 2 ﬂjﬁiwr}lhyﬂu'yl 102, I]‘-:'!ﬁn

21. Ghowh, P, and Lamb, F K, 19792, Astrophysical feurnal,
232, p.259
22 Ghosh, P ound Lamb, FK. 19798, Astrophysical Journal,
234, p.2ut,

23, Buynton, E.P,, Deetér, 1.E., Lamh, FK,, Zylstra, O,
Pravda, .01, White, N E., Wood, K.5,, and Yentis, [}.J. 1984,
Astrophyseeal Journal {Letters), 283, p 153



