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Phase-resolvedd spectroscopy of the atoll sources
1636-536/V8011 Ara and 1735-444/V926 Sco
T.. Augusteijn, F. van der Hooft, J.A. de Jong, M.H. van Kerkwijk and J. van Paradijs
AstronomyAstronomy & Astrophysics submitted (1994)

Abstract t
Wee present phase-resolved spectroscopy of the optical counterparts V801 Ara and
V9266 Sco of the atoll type low-mass X-ray binaries 1636-536 and 1735-444. To assist
inn the interpretation of the spectroscopic observations we derive new ephemerides
forr the photometric variations of both sources. Superior conjunction of the radialvelocityy variations occurs at photometric phase ~0.7 in both sources, which indicates
thatt these variations are dominated by a component originating from the point where
thee mass stream from the donor star intersects the outer disk. We find that the
propertiess of 1636-536/V801 Ara and 1735-444/V926 Sco are very similar.

4.11

Introduction

Thee optical continuum and line emission of luminous (Z-x ~ 1036 ergs s" 1 ) low-mass X-ray
binariess (LMXBs) is dominated by reprocessing of X rays in matter surrounding the X-ray
source.. The phasing and amplitude of orbital light-curves of LMXBs indicates that most of the
opticall continuum emission originates in the accretion disk around the neutron star primary,
withh a significant contribution from the part of the secondary that is not shielded from X rays
byy the disk (Van Paradijs 1983; for a review see Van Paradijs and McClintock 1994a).
Thee optical spectra of LMXBs usually consists of a blue continuum and a few rather weak
high-excitationn emission lines (in particular He II 4686 A and the N HI / C m 4630 - 4650 A Bowen
blend).. Also Balmer emission lines are frequently observed. Few phase-resolved spectroscopic
studiess of LMXBs have been published, the main reason for this being their optical faintness,
typicallyy V£ 17 mag. These studies have mainly been limited to the "blue" (~4000-5000 A) part
off the spectrum; in most cases radial velocity variations were only detected in the He II 4686 A
andd N III / C m 4630 - 4650 A lines (with equivalent widths of a few A these are usually the
strongestt emission lines in this spectral region), and occasionally in the hydrogen Balmer-lines
(whichh tend to be somewhat weaker). In most objects superior conjunction of the line emission
regionn occurs at photometric minimum, indicating that the line emission originates from the
diskk centered on the neutron star.
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Inn this paper we report the results of spectroscopic observations of V801 Ara and V926 Sco,
thee optical counterparts of the atoll sources (Hasinger and Van der Klis 1989) 1636-536 and
1735-444,, respectively. These two source are in many respects very similar; both show X-ray
bursts,, they have similar photometric periods (3.80 and 4.65 hr for V801 Ara and V926 Sco,
respectively),, and they are of similar apparent brightness in the optical and in X-rays (see Van
Paradijss 1994 and references therein). In the past spectroscopic observations of these sources
havee been limited to a few low signal-to-noise spectra (see, e.g., Canizares, McClintock and
Grindlayy 1979; Hutchings, Cowley and Crampton 1983; Smale et al. 1984; Cowley, Hatchings
andd Crampton 1988) covering only a part of the orbital period. Recently Smale and Corbet
(1991)) presented a phase-resolved spectroscopic study of the Ha emission line in V926 Sco.
Thesee authors found that there were two components which contributed to the radial velocity
variationss of Ha; a "base" component which they associate with emission from the disk centered
onn the neutron star primary, and a "peak" component which originates in the accretion stream
orr the "disk bulge" (the point where the stream intersects the outer disk).
Inn Sect. 4.2 we first present some new photometric observations of V801 Ara and V926 Sco,
whichh we used to improve the photometric ephemerides and assist in the interpretation of the
spectroscopicc observations. In Sect. 4.3 we present out spectroscopic observations. We discuss
ourr results in Sect. 4.4.

4.22

Photometry

Thee optical counterparts V801 Ara and V926 Sco of 1636-536 and 1735-444 where both observed
onn several occasions with a CCD camera attached to the 90cm Dutch telescope at the European
Southernn Observatory in Chile. A log of the observations is given in Table 4.1. All observations
weree done using a standard V filter. Typical integration times were 4 min. The observations
off each source were reduced differentially with respect to several comparison stars in the field,
usingg MIDAS and additionally written software operating in the MIDAS environment.
Tablee 4.1 Summary of photometiic observations
Source e

T 8 t a r t (HJD) ) Duration n No.. of Source e
-2440000 0
(day) )
obs. .

1636-563/ / 8750.77539 9
V8011 Ara 8753.90527 7
8844.56250 0
9180.46777 7

4.2.11

0.13574 4
0.04395 5
0.15723 3
0.24024 4

41 1
15 5
51 1
55 5

T gt art(HJD) ) Duration n No.. of
-2440000 0
(day) )
obs. .

1735-444/ / 8826.56152 2
V9266 Sco 8830.60352 2
9195.45703 3
9197.47656 6

0.16602 2
0.19043 3
0.03711 1
0.23828 8

37 7
60 0
11 1
34 4

1636-536/V801 Ara

Duringg the analysis of our spectroscopic data of V801 Ara we obtained some puzzling results
whichh prompted us to re-examine the period determination presented in the literature. We
combinedd our observations as listed in Table 4.1 with the observations presented by Van Paradijs
ett al. (1990). In Fig. 4.1 we present a Fourier spectrum using the Lomb-Scargle method (see
Presss and Rybicki 1989, and references therein) of all these observations in the region around
thee period given in the literature (P = 0.1584949 day; frequency 7.3025 1 0 - 5 Hz). To remove
thee long term variations in the brightness of the source the data from each night were first
correctedd for the average brightness in that night. From Fig. 4.1 it can be seen that the highest
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peakk does not correspond t o the period given in t h e literature. T h e Fourier spectrum shows
thee typical p a t t e r n of peaks t h a t result from the spacing of the observations, centered on the
highestt peak a t a frequency of 7.3232 1 0 " 5 Hz (P = 0.1580475 day). We determined individual
timess of m a x i m u m light for each night with d a t a covering more t h a n 80% of t h e orbital period
byy fitting a sine curve with a period fixed t o 0.158 days. In this way we obtained 22 times of
m a x i m u mm light which we have listed in Table 4.2. T h e errors given in this Table were derived
fromm t h e individual fits assuming a good fit (i.e., the individual points were assigned errors in
T n e cvc
suchh a way as t o obtain x? e d=
k c o u n t s corresponding to a period of 0.1580475
dayy are also listed in Table 4.2. From a linear least-squares fit to t h e arrival times we derive the
followingg ephemeris;
T m a x ( J D 0 )) = 244 6667.3183(26) + 0.15804738(42) X N
(4.1) )
C o v ( T 0 , P )) = 6.7 1 0 - n day 2
wheree t h e error and covariance estimates are based on t h e errors in the arrival times scaled
too give x 2 e d = l-°- F r ° m a 3 r d -order polynomial fit we do not find a significant period derivative,
andd we derive a 3-<7 lower limit to the t i m e scale of period change of | P / P | > 3 10 5 yr, which
iss consistent with period changes found in other LMXBs (see, e.g., Hellier et al. 1990, and
referencess therein). T h e scatter of the individual arrival times around t h e linear fit (0.014 day)
iss substantially greater t h a n the typical errors in t h e arrival times (see Table 4.2) indicating a
largee intrinsic scatter. This is probably the result of the varying shape of the light curve (see Van
Paradijss et al. 1990). We also derived ephemerides where we determined the cycle counts using
periodss corresponding to t h e two peaks on either side of t h e highest peak in Fig. 4.1 (frequency
7.30255 1 0 " 5 Hz, period 0.1584949 day and 7.3438 1 0 " 5 Hz, 0.1576026 day, respectively). In b o t h
casess t h e linear fits have substantially higher scatter, and for b o t h periods we find a significant
periodd derivative (at the 3-<r) on a time-scale of | P / P | = 3 10 5 yr, which is an order of magnitude
shorterr t h a n observed in any other LMXB (see Hellier et al. 1990). We, therefore, believe that
thee ephemeris presented in Eq. (4.1) is the correct one. T h e average light curve of t h e d a t a folded
att the new ephemeris presented in Eq. (4.1) is essentially the same as the average light curve
presentedd by Van Paradijs et al. (1990). We note t h a t t h e period derived by us corresponds to
thee 1 cycle over ~ 5 6 days alias of the period given by Van Paradijs et al. (1990); the distance
inn time between the 4 largest groups of observations used in the latter article are all practically
ann integral n u m b e r of 56 days.
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Tablee 4.2 Times of maximum light for 1636-536/V801 Ara
Cycle e T m a x ( H J D ) )Error r Cycle e T m 4 X ( H J D ) )Error r
-2440000 0 (day) )
-2440000 0 (day) )

0 04431.5906 6 0.0048 815969 9 6955.4360 0 0.0051 1
7 74432.6858 8 0.0039 916299 9 7007.5985 5 0.0031 1
13 34433.6320 0 0.0034 416312 2 7009.6344 4 0.0021 1
8859
8865
11339
13485
13490
13504
15950
15956

4 . 2 . 22

9 5831.7150
5 5832.6806
9 6223.6754
5 6562.8386
0 6563.6336
4 6565.8310
0 6952.4270
6 6953.3949

0
6
4
6
6
0
0
9

0.0023
0.0016
0.0012
0.0024
0.0038
0.0038
0.0032
0.0048

316318
616324
216330
418066
818078
818084
227922
830048

8 7010.6001
4 7011.5720
0 7012.5196
6 7286.8426
8 7288.7669
4 7289.7280
2 8844.5708
8 9180.6011

1
0
6
6
9
0
8
1

0.0019
0.0022
0.0055
0.0036
0.0047
0.0040
0.0024
0.0033

9
2
5
6
7
0
4
3

1 7 3 5 - 4 4 4 / V 9 2 6 Sco

Inn Table 4.3 we list the times of maximum light for V926 Sco derived from our observations togetherr with those reported in the literature (see Smale and Corbet 1991, and references therein).
Thee arrival times for our observations of V926 Sco were derived from a sine fit to the data with
aa fixed period of 0.19383 day. The fits were made to the combined data of the first two and last
twoo observations, respectively. Using the period derived by Smale and Corbet we are able to
too maintain the cycle count over the whole data set, and the corresponding cycles are listed in
Tablee 4.3. Prom a linear least-squares fit we derive the following ephemeris;
T m a x ( J D 0 )) = 244 7288.0143(25) + 0.19383351(32) x N
(4.2) )
10

Cov(T 0 ,P)) = 6.110^ day

2

withh a Xred~ ° - 5 3 *° r 3 degrees of freedom. We do not find any significant period derivative,
andd we derive a Z-cr lower limit to the time-scale of period change of | P / P | > 1 106 yr.
Thee phasing as derived from the ephemerides presented in Eqs. (4.1) and (4.2) will be used
throughoutt the remainder of this paper.

Tablee 4.3 Times of maximum light for 1735-444/V926 Sco
Cyclee

T m a x (HJD)
-24400000

Error
(day)

00
16366
19933
150877
169866

5904.0412
6221.166
6290.351
8828.4090
9196.5002

0.010
0.010
0.005
0.0020
0.0048
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4.33

Spectroscopy

V8011 Ara and V926 Sco were observed during two consecutive nights in 1989 with the ESO3.6mm telescope, using the ESO Faint Object Spectrograph (EFOSC) and a grism (B150) which
coverss the wavelength range 3600-5500 A at 1.8 A/pixel. The data were recorded with an RCA
1024x6400 CCD and binned with a factor two in both the spatial and dispersion direction in
orderr to reduce the readout noise. The slit width was adapted to the seeing, and we used a 1'.'5
slitt during the first night and a 2" slit during the second night.
Wee observed V801 Ara on July 5 t h from UT 00:49 to 07:50, collecting 13 spectra with an
integrationn time of 30 min (20 min for the first 2 spectra). Monitoring of V926 Sco started
thee next night at UT 00:36 and lasted until UT 9:05. We obtained 15 spectra of this source
withh an integration time of 30 min each. Wavelength calibration spectra using an He-Ar lamp
weree obtained every 4 spectra, and at the beginning and end of the observations. After each
calibrationn spectrum the target was recentered in the slit. The resolution as derived from the
FWHMM of these He-Ar calibration spectra was 7.5 and 9.5 A for the first and second night,
respectively. .
Alll CCD frames were corrected for the bias and flat fielded in the standard way. All stellar
spectraa were extracted from the CCD frames using an optimal extraction algorithm similar to
thatt of Home (1986) and wavelength calibrated using the time-nearest He-Ar exposure. During
bothh nights additional spectra of flux standards were obtained. The spectra of V801 Ara were
fluxflux calibrated using LDS 749B (Oke 1974), and for the flux calibration of the spectra of V926 Sco
thee standard L870-2 (Oke 1974) was used.

4.3.11

Average spectrum

Thee averaged spectra of V801 Ara and V926 Sco are presented in Fig. 4.2. Both spectra
aree typical for LMXBs, showing prominent emission lines of Hen 4686 A and N m / C m 4630 46500 A superposed on a blue continuum. The N in / C Hi blend is primarily due to three N in
46344 - 4642 A emission lines which result from the Bowen process (Bowen 1935), as was proposed
byy McClintock et al. (1975). The relative strong emission at ~ 4100 A in the spectrum of
V9266 Sco might be (partly) due to the N ill doublet, since no significant ÏÏ6 emission is expected
whenn H7 is nearly absent (McClintock et al. 1978). In both sources the ratio in strength of the
Tablee 4.4 Equivalent widths (EWs) of identified emission and absorption lines in the averagee spectra of V801 Ara and V926 Sco
Line e

A(A) )

3934 4
4102 2
4341 1
4430 0
N I I I / C I I I I 4630-4650 0
4686 6
Hen n
4861 1
H/3 3
4880 0
Diff.. inst.
5412 2
Hen n

Can n
Hff f
H7 7
Diff.. inst.

aa

EW(A) a a
V8011 Ara V9266 Sco
1.1(2) )
-0.6(2) )
-0.8(1) )
1.2(1) )
-3.1(3) )
-2.7(3) )
-0.9(2) )
1.2(2) )
-0.5(1) )

Negative values indicate emission

0.5(1) )
-0.5(1) )
-0.2(1) )
0.7(2) )
-3.2(2) )
-1.7(1) )
-0.5(1) )
0.4(1) )
-0.6(1) )
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F i g u r ee 4.2. Average spectrum of 1636-536/V801 Ara (top), and 1735-444/V926 Sco (bottom)
B a l m e rr lines t o the N i n / C m 4630 - 4650 A a n d He II 4686 A emission is reversed with respect
t oo Sco X - l (see, e.g., Schachter et al. 1989). In b o t h sources the H e n and N i n / C m emission
liness a r e superposed on a b r o a d emission " h u m p " which extends approximately from 4500 to
47000 A. A similar h u m p is also present in the spectrum of Sco X - l , and Schachter et al. (1989)
suggestedd t h a t it is caused by a blend of Fell emission lines. In b o t h spectra there is some
evidencee for the presence of H e n emission of t h e Brackett series H e n 5412 A (Br7) and H e n
42000 A ( B r l l ) ; the latter might be blended with N in / C m 4195,4200,4215 A emission lines.
Interstellarr absorption lines of C a l l 3934 A and t h e diffuse bands at 4430 A and 4880 A are also
presentt in b o t h averaged spectra. T h e identified lines in b o t h spectra and their equivalent widths
( E W s )) are listed in Table 4.4. In this table negative values refer to emission lines. T h e errors
inn t h e equivalent widths were estimated b y looking at the scatter in the values when selecting
differentt wavelength intervals to define the local continuum.

4 . 3 . 22

Radial-velocity variations

A t t e m p t ss to fit t h e individual N m Bowen lines in the N i n / C l l l 4630 - 4650 A blend in the
averagedd spectra with a multiple Gaussian profile were not successful and we decided to fit this
blendd with one Gaussian profile. Furthermore, t h e N III / C III blend and the He n emission lines
a r ee n o t well separated (see Fig. 4.2) and we, therefore, fitted the H e n and N i l l / C m emission
liness simultaneously with 2 Gaussians. In order t o constrain t h e fit better we also fitted these
liness together, using two Gaussian profiles, with their separation fixed to the literature value;
t h ee rest wavelength of the N ill / C m blend (4645.3 A) has been calculated as the average of the
wavelengthss of the 6 individual components, weighted by the laboratory intensities as given by
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Tablee 4.5 Radial velocities of V801 Ara and V926 Sco
Source e

EW(A) )
V(km/s) ) V(km/s) )
V a (km/s) )
HJD D
Hen n N m / C i i i i Henn + N in / C m
-2444 7700 Henn + N m / C i i i
216(44) )
240(43) )
216(39) )
171(39) )
70(48) )
225(48) )
80(25) )
9(25) )
-165(41) ) -174(41) )
-17(29) ) -122(30) )
-35(41) )
227(40) )
242(54) ) -104(54) )
-16(39) )
90(40) )
-18(38) )
48(38) )
43(51) )
232(52) )
-124(51) ) -197(52) )
2(77) )
-7(77) )

-7.8 8
-6.9 9
-7.3 3
-5.2 2
-7.4 4
-5.0 0
-5.1 1
-6.9 9
-6.1 1
-5.4 4
-7.0 0
-6.2 2
-5.4 4

96(35) )
157(19) )
147(17) )
1735-444 4 13.54047 7
63(21) )
84(23) )
-25(40) )
V9266 Sco 13.56178 8
99(15) )
48(28) )
91(13) )
13.58309 9
33(12) )
56(12) ) -149(29) )
13.60441 1
-251(12) )
-251(13) ) -268(25) )
13.63923 3
-141(18) ) -251(30) )
-166(16) )
13.66064 4
-54(15) ) -193(32) )
-77(14) )
13.68195 5
-53(16) )
-12(17) ) -207(31) )
13.70326 6
185(17) ) -112(24) )
102(17) )
13.73436b b
74(24) )
18(31) )
58(20) )
13.75566b b
94(14) )
117(15) )
-1(28) )
13.77698b b
19(20) )
-49(26) )
-1(16) )
13.79829b b
-179(13) )
-170(15) ) -222(26) )
13.83016 6
-226(19) ) -291(30) )
-240(16) )
13.85147 7
-131(14) )
-121(16) ) -186(31) )
13.87324 4
Separationn of Gaussians fix to literature value (see text)
bb
Velocities corrected using the Call absorption line (see text)

-5.3 3
-5.0 0
-5.8 8
-5.7 7
-5.1 1
-4.4 4
-5.0 0
-4.8 8
-4.7 7
-5.0 0
-5.0 0
-5.1 1
-4.9 9
-6.4 4
-4.5 5

1636-536/ / 12.54516 6
V8011 Ara 12.55973 3
12.57937 7
12.60069 9
12.63272 2
12.65403 3
12.67535 5
12.69666 6
12.72742 2
12.74874 4
12.77005 5
12.79135 5
12.82069 9

238(25) )
214(14) )
97(23) )
64(20) )
-164(18) )
-37(15) )
158(25) )
244(34) )
5(19) )
24(29) )
105(34) )
-139(25) )
3(37) )

McClintockk et al. (1975).
Inn this way we have derived for each spectrum three radial velocity measurements, one from
thee combined fit to the Hell and N III / C III emission lines, and one for each of the emission lines
separately.. The results are listed in Table 4.5. The errors in the velocities are the formal errors
derivedd from the fit.
Too check the accuracy of our wavelength calibration we measured the Can interstellar absorptionn line in the individual spectra. For V801 Ara we derived an average velocity of +1 km/s
withh a standard deviation of 73 km/s. This latter value compares reasonably well to the formal
errorr of the individual fits to the Can lines which are typically ~-40 km/s.
Inn Fig. 4.3 (top) we present the radial velocities derived for the combined fit to the He n and
NN ill / C m lines in the spectra of V801 Ara folded at the ephemeris given in Eq. (4.1). The
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Figuree 4.3. Radial-velocity variationss of the combined fit to the
Henn + N m / C m lines for 1636536/V8011 Ara (top), and 1735444/V9266 Sco (bottom) folded at
theirr respective photometric periodss presented in Eqs. (4.1) and
(4.2).. The drawn lines represent
thee sine fits to these variations (see
Tablee 4.6). For 1735-444/V926 Sco
(bottomm panel) we also show as
openn circles the uncorrected velocitiess of the 4 spectra that were
shiftedd (see text)

radial-velocityy variations for the fits to the He n line and the N III / C III blend separately look
veryy similar to the curve presented in Fig. 4.3, where we note that that the curve of the combined
fitt most resembles the radial-velocity variations of the Hen line alone (see also Table 4.5). This
iss expected as the Hen line is much narrower than the N m / C l I I blend, and this line will
thereforee dominate the variations obtained from the combined fit. The system velocity and the
radiall velocity amplitude were derived from a least-squares sine fit to the velocities listed in
Tablee 4.5. The results for the velocities from the combined fit, and from the fit to the Hell and
NN ill / C m lines separately are listed in Table 4.6, and the corresponding fit for the velocities
fromm the combined fit to the Hen and N m / C l l l lines is shown in Fig. 4.3.
Forr V926 Sco the Can absorption line is too weak to be fitted in the individual spectra of
thiss source. We, therefore, averaged the spectra taken in between He-Ar calibration spectra
(seee above). In this we we derive velocities of +127(23), +92(26), -68(25) and +91(61) km/s,
wheree the first three values are derived from the average of 4 spectra, and the last value from
thee average of 3 spectra. The values in parenthesis are the formal errors derived from the fit. It
iss clear that the velocity derived from the average of the third group of spectra is significantly
differentt from the other values. A simple explanation might be that the source moved out of
thee slit (either by movement of the telescope or due to atmospheric diffraction) in the course
off the observation. However, the source was recentered after each calibration spectrum, all the
observationn were done using an autoguider, the affected observation were made at relatively low
(1.14-1.40)) airmass, and the total counts in the spectra do not show any trend with time. As the
velocitiess determined from the average spectra for the remaining three groups of observations do
nott differ significantly we have decided to correct the spectra in the third group. This was done
byy shifting the discrepant spectra in wavelength by 2.26 A, which correspond to the difference in
velocityy of 172 km/s (at A = 3934 A) between the third group of observations and the average
off the remaining three groups of observations (see above).
Inn the bottom part of Fig. 4.3 we present the radial velocities derived for the combined fit
too the Hen and N i l l / C m lines in the spectra of V926 Sco folded at the ephemeris given in
Eq.. (4.2). The system velocity and the radial velocity amplitude were derived from a leastsquaress sine fit to the velocities listed in Table 4.5. The results are given in Table 4.6, and the
correspondingg fit for the velocities from the combined fit to the He n and N i n / C III lines is
shownn in Fig. 4.3. Also for V926 Sco the radial-velocity curve obtained from the combined fit
too the He II and N in / C III lines is dominated by the He II line (see Tables 4.5 and 4.6). In Fig.
4.33 we also show the 4 uncorrected velocities as open circles. We note that fits to the velocities
excludedd the corrected velocities gives very similar results to the fits using all velocities including

4.34.3
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Tablee 4.6 System parameters
Sourcee

line(s)

<j>a

AT(km/s)

7(km/s)

1636-536//
V 8 0 1 A r aa

Heii&Nin/Ciiib
Hen
NN i n / C m

0.650(39)
0.618(35)
0.789(45)

155(32)
154(33)
149(36)

46(22)
59(22)
18(27)

1735-444//
V 9 2 6 S c oo

He ii fe N m / C m b
Hen
N m / C mm

0.696(27)
0.648(22)
0.656(21)

172(17)
184(20)
140(20)

-31(13)
-6(14)
-127(15)

aa

bb

Phase of superior conjunction with respect to Eqs. (4.1) a n d (4.2). P h a s e
zeroo corresponds to photometric m a x i m u m
Separation of Gaussians fix to literature value (see text)

thee corrected points, which supports our decision to shift these points.
T h ee results we derived for V926 Sco are fairly similar t o t h e results obtained by Smale and
Corbett (1991) for t h e H a emission line. These a u t h o r s found radial-velocity variations with two
components.. One component t h a t dominates in the line wings (or "base") of t h e line, has a
loww velocity amplitude, and superior conjunction for this component occurs at phase 0.43(3)
ass calculated with respect t o the ephemeris presented in Eq. (4.2). T h e second component
dominatess the line center (or "peak") of the line, has a high velocity amplitude and superior
conjunctionn occurs at phase 0.77(2). If the photometric variations are the result of the varying
aspectt of t h e heated side of the secondary these two components are naturally identified with
emissionn originating from the disk centered on the n e u t r o n star (the " b a s e " component) and
fromm t h e bulge (the "peak" component). T h e phasing of the lines presented here for V926 Sco
inn Table 4.6 agree somewhat b e t t e r with the phasing derived by Smale and Corbet (1991) from
fitss to t h e whole H a line profile (phase 0.70(2)), whilst t h e amplitude is somewhat smaller
t h a nn these authors derived for the "peak" component. This indicates t h a t b o t h the "peak"
andd " b a s e " components contribute t o t h e radial velocity variations we derive from the t h e He II
andd N III / C III lines. Unfortunately, t h e resolution of our spectra is insufficient to separate the
contributionn from the disk a n d the bulge, but a significant a m o u n t of emission must arise from
thee bulge t o explain the observed radial-velocity variations. Smale and Corbet (1991) found
t h a tt t h e bulge in V926 Sco contributes about 20% t o the H a emission.
T h ee phasing a n d amplitudes of the emission lines with respect t o t h e photometric variations

F i g u r ee 4.4. The equivalent width
off the Hell and N III/CIII lines
combinedd for 1636-536/V801 Ara
(top),, and 1735-444/V926 Sco
(bottom)) folded at their respective
photometricc periods presented in
Eqs.. (4.1) and (4.2)

0.55
1
1.5
Photometricc phase
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forr V801 Ara presented in Table 4.6 are very similar to those derived for V926 Sco. It, therefore,
seemss reasonable to assume that a similar explanation hi terms of radial velocity variations
dominatedd by emission from the bulge, but with a significant contribution from emission originatingg from the disk centered on the neutron star, is also valid for V801 Ara. One might expect
thatt also the equivalent widths (EWs) of the Hen and N i n / C i l l lines show a variation with
phase.. We found that it was very difficult to determine the continuum in between the He II and
NN III/ C m line accurately. We, therefore, decided to determine the EWs of these lines together
andd we list the results in Table 4.5 (one might notice that the average of these values are slightly
higherr than the combined EWs of Hell and N ill / C m listed in Table 4.4, which most likely
iss the result of the different way in which we determined the continuum level). In Fig. 4.4 we
presentt the EWs listed in Table 4.5 for V801 Ara and V926 Sco as function of phase with respect
too Eq. (4.1) and (4.2), respectively. It can be seen that for both sources there is no indication
forr any variations as function of phase.
Thee system velocity derived for the N m / C m blend in V926 Sco seems to be different from
thatt of the He n line. This may be the result of our particular choice for the rest wavelength for
thee N m / C m blend (see above), but it is not clear why we do not find a similar difference in
V8011 Ara. The value of the system velocity for V926 Sco is very different from that obtained
byy Smale and Corbet for the Ha emission line. However, given the problems we had with the
wavelengthh calibration of some of the spectra of V926 Sco (see above) we do not consider the
systemm velocities derived for either source to be very reliable, and we will not consider them
inn the remainder of this paper. For the same reason we also ignored the heliocentric velocity
correctionn which is - 8 km/s for both sources.

4.44

Discussion

4.4.11

Emission from the bulge

Detailedd models show that the He n 4686 A and (of course) the Bowen N m / C HI 4630 - 4650 A
emissionn from LMXBs is caused by reprocessing of X-rays, predominantly in the outer disk (see,
e.g.,, Raymond 1992). The phasing of the radial velocity curves of both sources indicate that the
velocityy variations contains a significant component originating in the bulge. This indicates that
thee distribution of X-ray reprocessing is not axisymmetric, and that the disk bulge subtends
aa rather large solid angle as seen from the X-ray source. Evidence for large bulges in disks of
LMXBss has been inferred from optical and X-ray light curve analysis of 1822-371 (Hellier and
Masonn 1989) and from the presence of X-ray dips - but not eclipses - in 1254-690 (Courvoisier
ett al. 1986) and 1755-338 (White et al. 1984). It is generally believed that the photometric
variationss observed in LMXBs are the result of the varying aspect of the heated face of the
companionn (see, e.g., Van Paradijs and McClintock 1994a). However, a large bulge is also
expectedd to contributed significantly to the optical continuum emission. Motch et al. (1987)
estimatedd that in the dipping source 1254-690 the hot spot can contribute up to 30% of the
lightt emitted by the disk. Such a contribution is comparable to the contribution from the heated
facee of the secondary, and could have a significant effect on the observed orbital light curve. A
variablee contribution from the bulge to the optical light curve might explain the variable shape
off the optical light curve (see Van Paradijs et al. 1990, their Fig. 1), and the large scatter in
thee arrival times of maximum light (see Sect. 4.2.1).
V8011 Ara and V926 Sco are not the only LMXBs that show emission line variations that point
too a strong component originating in the bulge. Other sources were clear evidence is found for
suchh a component are 0748-676 (Crampton et al. 1986), 1822-371 (Cowley et al. 1982a, Mason
ett al. 1982) and 2129+470 in its high state (Thorstensen and Charles 1982, Home et al. 1986).
Itt occurs to us that all these sources have relatively short orbital periods (~4-5 hrs), but that
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inn LMXBs with longer orbital periods (£ 1 day) such a strong component is not observed, and
thee radial-velocity variations are dominated by a component coining from a region in the disk
centeredd on the primary (0921-630: Cowley et al. 1982b, Branduardi-Raymont et al. 1983; Sco
X - l :: Crampton et al. 1976, LaSala and Thorstensen 1985; Her X - l : Crampton and Hutchings
1974).. Cyg X-2 is somewhat exceptional in that the radial velocity variations of the Hell 4686 A
emissionn line varies in phase with the absorption lines from the giant secondary, indicating an
originn on the heated phase of the secondary (Cowley et al. 1979). A possible explanation for the
absencee of a significant emission line component from the bulge in sources with long period is
thatt the bulge is relatively small. The size of the accretion disk, and the height of the disk rim
inn these sources is expected to be larger. Furthermore, compared to sources with short orbital
periodss the accretion stream will have fallen less deep into the potential well of the neutron star
primaryy when it hits the accretion disk and forms the bulge. It, therefore, also seems likely that
thee vertical extendd of the bulge is smaller in sources with long orbital periods, and that the solid
anglee of the bulge as seen by the central X-ray source is smaller.

4.4.22

A comparison of the two sources

Forr both 1636-536/V801 Ara and 1735-444/V926 Sco type I X-ray burst have been observed
thatt show radius expansion. If one assumes that during the radius expansion the neutron star
reachedd its Eddington luminosity, one can derive the distance to the source (see Van Paradijs
andd McClintock 1994b). Using the values listed by Damen et al. (1990; their Table 2), and
takingg Z,Edd = 2 10 38 erg/s we derive distances of 5.2 and 8.1 kpc for 1636-536/V801 Ara and
1735-444/V9266 Sco, respectively. Using this distance we derive for the persistent flux for these
sourcess (see Van Paradijs 1994) 1.4 10 37 and 2.4 10 37 erg/s, respectively.
Fromm the strength of the diffuse interstellar absorption band at 4430 A (see Table 4.4) we
cann derive an estimate of the reddening towards the sources. Using the relation given by Tug
andd Schmidt-Kaler (1981) we derive E(B-V) = 0.45 and 0.24 mag for 1636-536/V801 Ara and
1735-444/V9266 Sco, respectively. These values are in good agreement with the values found by
Vann Paradijs et al. (1986), who derived from observation of early type stars that the extinction
inn the direction of 1636-536/V801 Ara remains approximately constant at 0.4 mag for distances
greaterr than 2 kpc; for 1735-444/V926 Sco they found for distances greater than 2 kpc an
averagee reddening of
7 mag. The result for 1636-536/V801 Ara is in disagreement with
thee result of Lawrence et al (1983) who derived a reddening of 0.8 mag from the analysis of a
multicolourr observation from this source. For consistency we will here use the results we derived
fromm the 4430 A absorption band for both sources.
Assumingg Ay = 3 . 1 E ( B - V ) , and the distances derived above we obtain for the absolute visuall brightness of the systems M v - 2.5 and 2.3 for 1636-536/V801 Ara and 1735-444/V926 Sco,
respectively.. These values are somewhat different from the results obtained by Van Paradijs and
McClintockk (1994b) who used a similar approach and derived M v = 1.3 and 2.2, respectively.
Thee main reason for the differences are the adopted values of the reddening, and they give some
indicationn of the uncertainty in the derived values. Given that the intrinsic luminosity in X-rays
off the two sources is very similar, the absolute visual brightness of the systems are consistent
withh the idea that the optical luminosity of LMXBs is dominated by reprocessing of X-rays in
materiall surrounding the X-ray source.
Ass the radial velocity variations in V801 Ara and V926 Sco indicate the same origin one
mightt conclude from the fact that the radial velocity amplitudes are similar (see Table 4.6) that
thee inclination angle of these sources can not be very different. This is also supported by the
similarr values of Mv, and the fact the amplitude of the photometric light curve (~0.2 mag, see
Vann Amerongen et al. 1987 and Van Paradijs et al. 1990) is practically the same. It, therefore,
seemss that the 1636-536/V801 Ara and 1735-444/V926 Sco are also in this respect similar.
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