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ABSTRACT

We present simultaneous X-ray (RXTE) and optical (ULTRACANarrow band (Bowen
blend/Hell and nearby continuum) observations of Sco X-2-40 Hz time resolution. We
find that the Bowen/Hell emission lags the X-ray light-cie'weth a light travel time of~

11 — 16s which is consistent with reprocessing in the companion $tae echo from the
donor is detected at orbital phase0.5 when Sco X-1 is at the top of the Flaring Branch.
Evidence of echoes is also seen at the bottom of the FlariagdBrbut with time-lags of 5-10
s which are consistent with reprocessing in an accretiowiih a radial temperature profile.
We discuss the implication of our results for the orbitalgmaeters of Sco X-1.

Key words: stars: accretion, accretion discs — binaries: close — statiwidual: (Sco X-1)—
X-rays: binaries —

1 INTRODUCTION 1.1 Fluorescence Emission from Donor Stars

Low mass X-ray hinaries (LMXBs) are interacting binariesico
taining a low mass donor star transferring matter onto araput
star (NS) or black hole. Mass accretion takes place throngica
cretion disc, and with temperatures approachingl0® K, such
systems are strong X-ray sources. The mass transfer rate sup
plied by the donor star)ls, is driven by the binary/donor evo-
lution and for My > M ~ 107°Meyr~! results in per-
sistently bright X-ray sources. In these binaries optigalssion

is dominated by reprocessing of the powerful X-ray lumihosi

in the gas around the compact object which usually swamp the
spectroscopic features of the weak companions stars. Qréy-i
ceptional cases, such as long-period LMXBs with much beght
evolved donors (e. g. Cyg X-2) is a complete orbital solupossi-

ble (Casares, Charles & Kuulkers 1998; hereafter CCK98bhimn
scenario, dynamical studies have classically been resdrio the
analysis of X-ray transients during quiescence, whererttiasic
luminosity of the donor dominates the light spectrum of thaky
(e.g.Charles & Coe 2004).

Fortunately, this situation has recently changed thanksheo
discovery of the narrow emission components arising from
the donor star in the prototypical persistent LMXB Sco X-1
(Steeghs & Casares 2002; hereafter SC02). High resolupen-s
troscopy revealed many narrow high-excitation emissioedj the
most prominent associated with HAl4686 and NIl A\4634-41 /
CIIl A\4647-50 at the core of the broad Bowen blend. In particular,
the NIl lines are powered by fluorescence resonance throagh
cade recombination which initially requires EUV seed phestof
Hell Lya. These very narrow (FWHM 50km s!) components
move in antiphase with respect to the wings of He4686, which
approximately trace the motion of the compact star. Botp@ries
(narrowness and phase offset) imply that these componeigis o
nate in the irradiated face of the donor star. This work regméed
the first detection of the companion star in Sco X-1 and opened
a new window for extracting dynamical information and ttugre
deriving mass functions in a population €20 LMXBs with es-
tablished optical counterparts. We now know that this priypis

not peculiar to Sco X-1 but is a feature of persistent LMXBs, a
demonstrated by the following examples:

(i) Doppler tomography of NIIIA4640 in the eclipsing ADC
(accretion disc corong pulsar 2A 1822-371 reveals a com-
pact spot at the position of the companion star and with
velocity K., = 300 = 8 km s™' (Casaresetall 2003).

* E-mail: tmd@iac.es Moreover, the application of the K-correction to thiK.,,
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velocity, combined with other system parameters, strongly Tapje1. Sco X-1 optical observing Log
points to the presence of a neutron star with mass —

2.3Mg _in this system|(Mufioz-Darias, Casares, & Martinez:Pais Date(2004) Trxp(s) Seeind)  dorviral SIN

2005; hereafter MCMO05).

(i) Radial velocities of narrow Bowen lines in the black &ol 17 May 0.1 051 007035 60

candidate GX339-4, detected during the 2002 outburst, ¢ed t 18 May 0.25-0.5 1-3 0.34-0.73  50-100
19 May 0.3 1-2 0.73-0.95 90

a mass function in excess 6f8My, and hence provided the
first dynamical proof that the compact object is indeed akblac
hole(Hynes et al. 2003).

(i) Sharp NIl A\4640 Bowen emission has been detected 1.3 Background to ScoX-1/V818 Sco

in 4U 1636-536, 4U 1735-444 (Casares etal. 2006), Agl X-1 . ) )
(Cornelisse et al. 2007) and the transient millisecondgru¥TE Sco X-1 is the prototype LMXB and also the brightest persis-

J1814-338(Casares et al. 2004), which lead to donor vglseiti- tent X-ray source in the sky and has been the target of détaile
amplitudes‘inthe range 200-300 km's studies since its discovery (Giacconi et al. 1962). An atbjte-

riod of 18.9 hr was reported by Gottlieb eflal. (1975) from gho

graphic photometry of the A13 optical counterpart, V818 Sco,

using plates spanning over 85 years. The optical B-band ligh

curve shows a 0.13 mag amplitude modulation (Augusteijh.et a

1992), which is interpreted as due to the changing visjbitit

the inner-hemisphere of the X-ray heated companion. Radial
1.2 Echo-Tomography locity curves of HelA4686 and HI confirmed the orbital period
and indicated that the inferior conjunction of the emissime
regions are close to the photometric minimum and, hencg, the
must originate near the compact object (¢.g. LaSala et 85)19
Bradshaw et al. (1999) measured the trigonometric parafi®co
X-1 using VLBA radio observations and deduced a distance of
2.8 + 0.3 kpc. Further observations revealed the presence of twin
radio lobes, which are inclined at an angleddf + 6° relative to
the line of sight/(Fomalont et al. 2001; hereafter FO1). fremnore,
Sco X-1is classed asa— source due to the Z-shape patterns that
the spectral variations trace in the X-ray hard/soft colmlour
diagram. The source also exhibits kHz QPOs (van der Klis.et al
1996) but no X-ray bursts have been observed so far.
Possible correlated optical and X-ray variability has beard-
ied by using broad band observations in both spectral ranges
In particular, llovaisky et al.| (1980; hereafter|l80) andrBet al.
(1981; hereafter P31) present evidence for correlatechlyiity
during flaring episodes. They measured time-lags consistih
reprocessing in the accretion disc. Here we present thedétst-
tion of delayed echoes arising from the companion star inXSéo
together with other echoes more consistent with reprocgssithe
accretion disc. The echoes are found during different Xstayes
within the Z-shape pattern. We discuss the implicationsusfre-
sults for reprocessing theory and the system parameteof 4.

Echo-tomography is an indirect imaging technique whichsuse
time delays between X-ray and UV/optical light-curves as a
function of orbital phase in order to map the reprocessitessh
a binary (O’Brien et al. 2002; hereafter OB02). The optiéght
curve can be simulated by the convolution of the (sourcepyX-r
light curve with a transfer function which encodes inforinat
about the geometry and visibility of the reprocessing negio
The transfer function (TF) quantifies the binary respons¢héo
irradiated flux as a function of the lag time and it is expected
to have two main components: the accretion disc and the donor
star. The latter is strongly dependent on the inclinatioglen
binary separation and mass ratio and, therefore, can betased
set tight constraints on these fundamental parameterseSsfl
echo-tomography experiments have been performed on s$evera
X-ray active LMXBs using X-ray and broad-band UV/optical
light-curves. The results indicate that the reprocesser ifu
dominated by the large contribution of the accretion disg.(e
Hynes et al. 1998;hereafter H98, OB02, O’'Brien et al. 2004 an
Hynes 2005) which dilutes the reprocessed signal arisimmg the
companion. Only_Middleditch et al. (1981) and Davidsen et al
(1975) have reported the detection of reprocessed pubsatio
the X-ray binaries 4U 1626-67 and Her X-1 respectively. They
only used optical data but the Doppler phase modulation ef th
coherent pulses leads to reprocessing of the X-ray pulsebeon
companion star. More recently, Hynes et al. (2006) havertego
some evidence for a reprocessed signal from the companion
through the detection of orbital phase dependent echoeX® E 2 OBSERVATIONSAND DATA REDUCTION
0748-676.
Exploiting emission-line reprocessing rather than brbade
photometry has two potential benefits: a) it amplifies theoese
of the donor’s contribution by suppressing most of the bamtgd
continuum light (which is associated with the disc); b) sitbe
lines are formed in an optically thin medium, the reproaessi
time is almost instantaneous and hence the response isesharp
(i.e. only smeared by geometry) and the transfer functiaiee4o
compute (see Mufioz-Darias etlal. 2005; hereafter MDORinga The X-ray data were obtained with the Proportional Counteay
advantage of this, we decided to undertake an echo-tomiograp (PCA) onboard the Rossi X-ray Timing Explorer (RXTE) satell
campaign on the brightest LMXB of all, Sco X-1, in order to (Jahoda et al. 1996). Only 2 PCA detecto2safd 5) were used
search for reprocessed signatures of the donor using sinedus and the pointing offset was set to 077due to the brightness of Sco
X-ray and Bowen/Hell emission line light-curves. X-1. The data were analysed using the FTOOLS software and the
times corrected to the solar barycentre. The STANDARD-1 enod

Simultaneous X-ray and optical data of Sco X-1 were obtaored
the nights of 17-19 May 2004. The full 18.9 hr orbital periodswv
covered in 12 snapshots, yielding 16.1 ks of X-ray data sane-
ous with optical photometry in 3 different bands.

2.1 X-ray data
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Figure 1. Simultaneous RXTE and ULTRACAM (SDSS, Bowen+Hell
and Continuum) observations of Sco X-1/V818 Sco obtainethemight
of 18 May 2004.

with a time resolution of 0.125s, was used for the variapaihal-
ysis. Additionally, the PCA energy band&-4 keV), c(4-9 keV)
andd(9-20 keV) of the STANDARD-2 mode data, with a time res-
olution of 16s, were used for the spectral analysis. Sco a4 ob-
served during 15 RXTE windows of 16-31 minutes length spread
over the three nights and yielding 20 ks of data. About 80%es$¢
observations were also covered with simultaneous optatal. d

2.2 Optical data

The optical data were obtained with ULTRACAM at the Cassegra
focus of the 4.2m William Herschel Telescope (WHT) at La
Palma. ULTRACAM is a triple-beam CCD camera which uses two
dichroics to split the light into 3 spectral ranges: Blue §3900),
Greenf\3900-5400) and Red>( A\5400). It uses frame trans-
fer 1024x1024 E2V CCDs which are continuously read out, and
are capable of time resolution down to 2 milliseconds by iread
only small selected windows (s2e Dhillon etlal. 2007 for tigta
ULTRACAM is equipped with a standard set ofriz SDSS fil-
ters. However, since we want to amplify the reprocessedatign
from the companion, we decided to use two narrow (FWHM =100
A) interference filters in the Green and Red channels, cedter
at Meg=46608 and \.z=6000A. These filters block out most of
the continuum light and allow us to integrate two selectegcsp
tral regions: the Bowen/Hell blend and a featureless cantim
from which continuum-subtracted light-curves of the higleita-
tion lines can be derived. A standard SD8$3543 A) filter was
also mounted in the blue channel. The images were reduced usi
the ULTRACAM pipeline software with bias subtraction and-fla
fielding. Star counts were extracted by adjusting the aperadii

to the seeing, and light-curves were obtained relative tonapar-
ison star which is 96 arcsecs NW of Sco X-1. Light-curves ef th
Bowen/Hell lines (hereafter B+Hell CS) were computed by-sub
tracting the Red (Continuum) from the Green(hereafter BHe
channels (see section 3.1.2). The seeing was 1-1.5 arcestofn
the time, except for the first two RXTE windows of 18 May when
it degraded to over 3 arcsecs. Optical observations duniafjrist 3
RXTE visits on 19 May were ruined by clouds. The exposure time
was initially set to 0.1s but was increased to 0.25s depgndm
weather conditions. Integrations of 0.5s had to be used®séc-
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Figure 2. Zoom of W3 showing a 1000s stream of X-ray (above) and
B+Hell non continuum subtracted (below) data. Both low aighHre-

guency variability appear clearly correlated.

3 LIGHT-CURVES

In order to look for correlated variability we performed angare-
hensive cross-correlation analysis by using the entira dat in
blocks from 2 min to 30 min (i.e. one RXTE window). Significant
cross-correlation peaks were found only on the night of 1§,Ma
when the X-ray flux rose up t9.3 x 10* counts s!, which is a
factor ~ 2 higher than the mean flux displayed by the source dur-
ing the whole campaign. During this night the system alsoveldo
long episodes of flaring activity (see figj 1). Unfortunatelyring
the first two RXTE visits the weather conditions were very poo
and no useful optical data could be obtained. In this work vee a
going to focus on both the 3rd and 5th RXTE visits of May 18th
where we detect clear episodes of correlated variabilitywéen the
X-ray and optical data. We also note that some correlatgehibr

ity appears in the 4th RXTE visit but in this case the corietat
peaks are noisier and many uncorrelated features are aserr
in the data.

3.1 Echodetection of the companion at superior conjunction

In fig.[@ we present a zoom of the large flare seen during the 3rd
RXTE visit of 18 May (W3) together with the simultaneous B+He
light curve. During W3, where a big flare occurs, the X-ray flux
reachedl.3 x 10* counts s*, the maximum count rate in the
whole campaign. We note significant X-ray variability witlear
correlated counterparts in the optical data. Accordinght® @r-
bital ephemeris reported by SC02, W3 is centered at orhiitas@®
0.52 i.e. very close to the superior conjunction of the dastar,
when the irradiated face presents its largest visibilitthwespect
to us. Assuming a light path from the X-ray source to the geoite
the companion, the expected time delay for reprocessing in the
donor is:

@)

wherei is the inclination angleg the orbital separation),..» the
orbital phase and the velocity of light. Thereforeg,,, ~ 0.5

is the phase when reprocessing in the companion star is texpec
to be at maximum. For instance, if we use standard values for
a(~ 10 lt-sec) andi(~ 44°), we obtainT ~ 17s, which should

T = g(1 — sin ¢ cos 2w pors)
c

ond window on 18 May, when the seeing was worse. An observing be considered as an upper limit tosince the reprocessing take

log is presented in Tablé 1.

place on the heated hemisphere of the donor and not in itercent
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Figure 3. ICF analysis for W3. The thick solid line presents the ICF ob-
tained between the X-ray and B+Hell emission. We also pletI@F of
the low (dashed line) and high frequency (thin solid linediaaility after
filtering the light curve with a step function at 0.002Hz. &at peak corre-
sponding to a delay of 10-11s (dotted line) is obtained inakter case.

of mass.

3.1.1 Cross-correlation analysis

As a first step we have computed cross correlation functiens b
tween the X-ray and the B+Hell light-curves by using the en-
tire data set obtained during W3. We have used a modified
version of the ICF (Interpolation Correlation Function) theal
which is explained in great detail by Gaskell & Peterson {198
We also tested the DCF (Discrete Correlation Function) otkth
(Edelson & Kroliki 1988) but found no differences in their us.
Fig.[3 shows the ICF obtained for W3 as the thick solid lineergh

a clear peak centered at 8-30 s is obtained. Since the lights

in W3 show evidence for both high and low frequency variapili
we decided to filter, prior to computing the ICFs, in order ézgoh-
volve the two components.To do this, we convolved the dath wi
a sinc function to isolate the low frequency component. The light-
curve corresponding to the high frequency variability wakmed

by subtracting the low frequency component light-curverfrihe
original data. The ICF computed for frequencies lower th&0D
Hz, which roughly traces the profile of the big flare, is pldtie

Bowen+Hell

SCALED FLUX

P R P
4.1010 4.1025

015 4.1020
BJD-2453140.5

Figure 4. The 3 min interval, selected from W3, for the ICF analysis.

significant. This interval is presented in fig. 4. The resgtiICF
function is shown in figurEl5 as the thin line. A Gaussian fitte t
peak yields a time lag df1.8 = 0.1s, where the error represents the
formal error of the fit. In order to establish the confidencesle
we have performed a Monte Carlo simulation where synthélfe |
were computed from a large populatior0f) of white noise time
series (random, zero-mean normal distributions of dat#) thie
same sampling as the optical data. The correlation of eaxtora
function with respect to the original X-ray data was compuaad
then a statistic was calculated. Thusal8vel corresponds to the
upper envelope which encompasses 99.7% of the computed ICFs

For the selected interval we find3ar confidence at a correlation
level of 0.125 which is much lower than our ICF peak value.

The same analysis was also performed with the light-curbes o
tained using the SDS& and Continuum filters. The correspond-
ing ICFs also show clear peaks centered at positive delaifs wi
correlation levels very close to 0.5. However, in these tages the
correlation peaks are wider and non-symmetric, and hemcertbr
obtained from the Gaussian fits are larger. In figdre 5 we disws
the ICF for the Continuum data which lags the X-ray emissign b
9.0£0.7s. In the same figure we have over-plotted as the dotted line
the ICF obtained between the Continuum and the B+Hell eonissi
where we measure a delay®® 4+ 0.3s. This time-lag is consistent
with the above results. On the other hand, we find thattHgand
emission lags the X-ray data 9y5 4 0.7s, which is also~ 1 — 3s
shorter than the delay obtained with the B+Hell filter.

fig.[d as the dashed line. This shows a strong and wide peak cen-

tered at~ 40 — 80s. This time-lag is clearly longer than the re-
processing time scale (RTS) which, for Sco X-1, is expected t
be in the rang® — 20s. Hence, it cannot be associated with the
light travel time alone and its origin will be discussed irctien

5. The high frequencygf 0.002 Hz) analysis, on the other hand,
yields a flat ICF (fig[B thin solid line) with a narrow peak cemd

at a lower delay. We have fitted this peak to both parabolic and
gaussian functions finding a time-lag betwdé@n- 11s. This delay

is consistent with reprocessing on the companion star @e@n

5). Based on this result we decided to focus our analysis ort sh
(~ 2 — 5 min) data intervals dominated by high frequency vari-
ability. We obtain highly significant correlation peaks byoosing
different data blocks during W3 especially during the secpart

of this window where strong correlated variability is pnegsee fig

3.1.2 ICF analysis for continuum subtracted B+Hell

light-curves

SCO02 pointed out that at least 10% of the flux contained in the
Bowen/Hell emission lines arise from the companion stausTh

in an attempt to amplify the signal from the donor we decided t
subtract the Red (Continuum) from the Green(B+Hell) ch&ne
However, we have seen above that the Continuum is strongly
correlated with the X-ray emission, and hence, the suldract
process will reduce the correlation level of the signal aritlasd
noise. Furthermore, the continuum level will likely be difént at

the central wavelength of the red continuum filter and the &ow
spectral region. The ratio of continuum levels probably edels

). In many cases we find ICF time-lags of about 11s between the on the X-ray state of the source as well as perhaps the orbital

X-ray and B+Hell light-curves. For detailed analysis we liinae-
lected a 3 min block where the correlation peaks are paatityul

phase since the companion contribution changes aroundtite o
Therefore, we performed a test to determine the optimal amou
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Figure6. ICF for the selected 3min block of W3. The ICFs have been com-
puted using the X-ray data and a B+Hell light curve obtaingdubtracting
from the green channel the Continuum data scaled by a fagtes 0 (i. e.

no subtraction), 0.4 and 0.8 (optimal subtraction). Theedbline shows the

30 confidence level and the dashed vertical lines time-lags &f + 0.1s,
13.3 £ 0.1s and16.0 + 0.3s respectively.

of continuum to be subtracted in order to amplify efficierttig
reprocessed signal from the companion. Table 2 presentCthe
parameters obtained after subtracting a fracégn(with cf in
the range 0-1) of the red continuum from the B+Hell light @urv
The table lists both the delay and the correlation leveldjoied
through a Gaussian fit) as a function @f. It is clear that the
higher iscf (i. e. more continuum is subtracted) the lower the
correlation level of the peak. On the other hand, the ICF peak
smoothly shifts to longer delays for largef values, as expected
if more disc contribution is subtracted. We find that &grvalues
greater thamv 0.8 — 0.85 the ICF functions become noisier and
secondary peaks start to appear with correlation levelgpeoable

to the main peak. Since fetf = 0.80 the correlation level of the
peak is still significant with the 99.99% confidence levek(i4o)

we decided to take this value as our best estimate of therzanti
subtraction level for the ICF analysis. We call this 'optliya

Echoes from the companion 5

Table 2. Time lag and correlation level versus Continuum subtradéator

Continuum factorf)  Correlation level Mean delaylo(s)

0.00 0.48 11.8 £0.1
0.10 0.45 12.1+£0.1
0.20 0.42 12.4+0.1
0.30 0.39 12.8 £0.1
0.40 0.35 13.3+0.1
0.50 0.31 13.8+£0.1
0.60 0.26 14.54+0.2
0.70 0.22 15.44+0.2
0.80 0.18 16.0+0.3
0.85 0.15 16.5+0.4

subtracted lightcurve 'B+Hell CS’, although it should betew
that this definition is somewhat arbitrary and could depend o
our signal-to-noise. We also note that the errors quoted in the
table are formal and they are unrealistically small. Thanefwe
decided to choose a more conservative delay in the range 14.3
16.3s, corresponding tgf=0.6-0.8, when théo errors start to rise.

In order to best estimate the actual amount of subtracted
continuum it is necessary to take into account both the riffe
throughputs of the filters and the quantum efficiency of thede
tor, together with the spectral distribution of Sco X-1. fwe case
of a flat f, distribution between~ 4600 A and 6000 A, we esti-
mate that~ 95% of the continuum level has been subtracted. On
the other hand, if we assume the spectral distribution tegddsy
Schachter et all (1989; hereafter S89) the actual sulmraégivel
for cf = 0.8 would be~ 60 — 70%. However, it is clear that the
spectral distribution must depend on the X-ray state andthi¢al
phase, and therefore simultaneous optical spectroscopydvie
needed to constrain the continuum level at the Bowen blead-sp
tral region at the time of the observations. Note that onéy/riar-
row components of the Bowen Blend arise from the companion,
and hence the disc contribution can not be totally removesiiy
tracting continuum light from the B+Hell emission. Since fhe-
lay obtained for the B+Hell CS is- 3 — 4s higher than for the
non subtracted data, this analysis strongly suggestshbatdm-
panion signal dominates over the disc emission when mosteof t
continuum contribution is removed from the B+Hell data. STis
illustrated in fig[® where we present the ICFsé¢~0, 0.4 and 0.8.
The plot clearly shows the monotonic shift of the peaks t@ésn
delays whercf increases. Note that we obtain similar results by
fitting parabolic functions to the ICF peaks instead of Geunss

3.1.3 Fitting transfer functions

In a second step we decided to fit the ULTRACAM light-curves
with the results of convolving the RXTE data with a set of syatic
transfer functions. For simplicity we have used Gaussias Wih
two free parameters which represent the mean delgyand the
standard deviation of the delajA¢):

TF(r) = Ae? &) @)

where A is a normalization constant. This TF, which was fisstdu
in H98, is different to that computed by MDO5S for the specifise
of reprocessing in emission lines. However, we think thé th
more appropriate since the data quality is not good enougisto
tify the use of such an accurate model which considers seghara
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Figure 7. Gaussian Transfer Function fit for the SD&S Continuum,
B+Hell and B+Hell CS data. We show ther and 2.60 contours for all
the cases. Both TF parameters,and Ao, are highly constrained by the
fit.
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Figure 8. X-ray light-curve (upper panel) and its convolution with
TF(Xfm.n) superimposed on the B+Hell (middle panel) and B+Hell CS
(lower panel) data. In both cases the convolution betweerXthay data

and TF(Xfm.n) for 9 = 0 is over-plotted as a dashed line. The light-

curves have been smoothed for clarity.

the companion and disc contributions. We have applied &ub-t
nique to all data sets (i.e. B+Hell, B+Hell CS, SD&%and and
Continuum) and findry values completely consistent with those
obtained in the cross-correlation analysis. Elg. 7 showsitimima
of the 2 distribution for all the filters together with thier confi-
dence level. A summary of the results is presented in Tdble 3.

Table 3. TF and ICF analysis for W3

ICF£10(s) 70 & 1o(S) ATty £ 1o(S)
B+Hell CS 14.3-16.3 13.5+ 3.0 8.5+ 3.5
B+Hell 11.84+0.1 10.75+1.25 6.25 £ 1.5
SDSSu/ 9.5+ 0.7 9.0+1.5 5.5+ 2.0
Continuum 9.0 +£0.7 85+1.0 55+1.5

This new independent analysis confirms the time-lags ob-
tained with the ICF method for the three channels. We hawve als
applied this technique to the continuum subtracted data es w
did for the ICF study. Again, we find that the mean delays shift
to higher values when the continuum is subtracted. Howéger,
cf > 0.5—0.6 thelo contours become considerably large as well.
Although the maximum delay is obtained fof = 0.8 we have se-
lectedcf = 0.7 as our preferred subtraction level for the TF anal-
ysis since the lower limit of théo contour hits its maximum value
and hence is more constraining. This resultsgn= 13.5 £ 3.0.

On the other hand, thA 7, values are in the range 5-7 seconds for
the three optical bands, whereas for the subtracted ligtviecwe
getAry, = 8.5 &+ 3.5s. Since the TF fitting is based on a Gaussian
smoothing of the X-ray light-curve, the method tends to reertbe
uncorrelated features by increasifg, and then does not attempt
to fit the high frequency variability. However the fits sucfedly
reproduce the main behaviour of the optical light-curves.show

in Fig.[d the fits for the optical (B+Hell and B+Hell CS) data fo
TF(x2,.,). We also show (dashed lines) that = 0 is clearly
inconsistent with the optical observations.

3.2 Correlated variability during W5

We also find evidence for correlated variability during tlaestl
RXTE window on the night of 18 May (W5). W5 is centered at
dory = 0.66 and during the observation the X-ray flux remained at
6000 counts s* (i. e. half of the count rate in W3). In figufé 9 we
show a 15 min block of data during W5 where the correlated vari
ability is clearly detected. Following Sect. 3.1, we havalgsed
the data using both ICF and TF.

3.2.1 ICF analysis

The light curve obtained during W5 (see fig. 9) is essentitidly
and only high frequencyX 0.002 Hz) variability is present. For
the ICF analysis we have considered several data intenigtiinw
W5 and finally selected & 6 min block which corresponds to the
first part of the data presented in figlide 9 (from day no. 4.202 t
4.206) and the correlation is best seen. Note that the satagsde
are obtained by using the entire W5 data set, although fe6thiin
segment the correlation peaks are more symmetric and hbace t
delays are better extracted from a gaussian fit. The |CFrudddor
the three ULTRACAM bands (i.e. SDS8, B+Hell and Contin-
uum) clearly show highly significant peaks centered.at+ 0.2s,
7.6. £ 0.4s and9.4 £ 0.4s respectively as obtained through Gaus-
sian fits. The ICF function for the B+Hell case is shown in fegur
[I0. The shapes of the ICFs are very similar for the three bands
have a peak correlation level of 0.25. This value is much higher
than the3o confidence level obtained for this data interval, which
is at 0.04.

In order to obtain light-curves of the emission lines we hswi-
tracted the red (Continuum) from the green(B+Hell) chasinel
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Figure 10. ICF obtained during W5 for the X-ray and B+Hell data. The
dotted line shows th&o confidence level and the dashed one the resulting
time-lag of7.6 £ 0.4s.

the same way as we did for W3. We find that the peak’s correla-
tion level also decreases wheyfi increases but no shift to higher
delays is observed in this case. In contrast to the resultgv/i

the ICF peaks tend to slightly shorter delays when the coatn

is subtracted. This is consistent with the time-lags prieskabove

for W5.

3.2.2 TF analysis

In the same way as we did for W3 we have computed synthetic
optical light-curves by convolving the X-ray data with a Gaian

TF (see ed]2). Figule L1 presents tifemap obtained from the
entire W5 window(see fid.]9). We obtained = 8.5 + 1.5s and

70 = 9.25 £ 1.75s for the B+Hell and Continuum data respec-
tively. These results are consistent with those obtaindld tive ICF
method. In tablé]4 we summarize the results obtained with bot
techniques.

Although the fit is poor we obtain, = 7.25 =+ 3.5s for theu'
band which is consistent with the ICF analysis. On the otlaedh
we getAry = 18.5 & 4.0s andA7y = 10.5 £ 2.5 for thew” and
Continuum bands respectively. These values are largerthuse
obtained for W3 and this is probably due to the presence tirfes
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Table 4. TF and ICF analysis for W5

ICF£lo(s) 710x1o(s) Ary=x1lo(s)

B+Hell 7.6+0.4 8.5+1.5 7.0+2.0

SDSSu/ 5.5+£0.2 7.5+£3.5 18.5+4.0

Continuum 9.4+£04 9.25+1.75 10.5 £ 2.5
[ | | ]
14— : : —
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Figure 11. Gaussian Transfer Function fit for both B+Hell and Continuum
data from W5. The dashed lines mark thefound for each case. The con-
tours give thelo confidence level fory andArg.

in the X-ray data which are not present in the optical ligintves
(see section 5.). We also obtaitry = 7.0 £ 7.0s for B+Hell and
this is consistent with the results for W3 within the errdtigure
[12 shows the fits of the convolved X-ray light-curves ovetteld
on the optical data. Although there are small features whiemot
correlated, the fit successfully reproduces the main behawi the
optical data.

4 COLOUR-COLOUR DIAGRAM ANALYSIS

variations of Z-sources
diagrams

The broad band X-ray spectral
are wusually studied by building colour-colour

FLUX

Bowen+Hell

Continuum

ol o
200

0
TIME(s)

Figure 12. X-ray emission (top panel) convolved witﬁF(an,L.n) and

plotted on top of B+Hell (middle panel) and Continuum(lovpanel) data.
The light-curves have been smoothed for clarity.
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Figure 13. Upper panel: colour-colour diagram obtained for the whdle o
serving campaign. During the first and third night the sowes in the
NB whereas it moved to the FB during the second night, whenelzated
variability is found. In the lower panel we separate the @dt&/3 and W5
finding that Sco X-1 was in a different X-ray state in the two&ps where
we detect the echoes.

(Hasinger & van der Klis|_1989). We have used the PCA en-
ergy bandsh(2-4 keV), c¢(4-9 keV) andd(9-20 keV) in order to
compute the Hardl/c) and Soft¢/b) X-ray colours. The colour-

the spectra is harder in W3, the flux corresponding to botlstifie
and hard X-ray emission components is at maximum during this
window.

5 DISCUSSION

We have found clear evidence for optical echoes to the X-ray
emission when Sco X-1 is moving across the FB. We have detecte
two different delay time scales by using both the low and high
frequency variations present in the both X-ray and optichd
The low frequency analysis results in large delays-of0 — 70s
which are clearly not consistent with the RTS expected fay Sc
X-1 if we only assume light-travel times. Such large delagseh
been previously seen by other authors. In particular 20s delay
was reported by 180 in Sco X-1. Cominsky etlal. (1987) studied
the local diffusion time-scale during X-ray reprocessifigney
found that 50% of the X-ray photons are reemitted within thet fi

~ 0.2s, although a long tail of delays up to 10s is found as well.
Since the light travel times within Sco X-1 should be lowearth
15-18s, it is clear that the time-lags obtained for the losgfrency
variability are not compatible with X-ray reprocessing omya
possible site within the binary. Although the nature of thé&mng
time-lags is unclear we note that they are marginally coesis
with the time scale for re-adjustment to thermal equilibriin the
accretion disc, which is expected to be about a few minuteg. (e
Frank, King, & Raise 1992).

On the other hand, the higher frequency variability compone
yields shorter delaysl() — 11s) which are indeed consistent with
X-ray reprocessing within the binary. In particular, dgriw/3 we
have found that the SDSS u band, the B+Hell emission and the
Continuum data lag the X-ray emission with light travel tsref
~ 9s, ~ 11s and~ 9s respectively. In order to measure these
delays we have used both ICF and TF methods finding excellent
agreement between the two techniques. The case of the B+Hell
emission is especially interesting since SC02 demonsititht it
is partially associated with emission arising from the camipn
star in Sco X-1. This emission is produced by fluorescence
resonance through cascade recombination of Hell bhotons
in a low density medium, and hence we expect almost instanta-
neous reprocessing times. Figl] 14 shows the range of expecte

colour diagram obtained from the data of the whole campaign time-delays for both the companion and the accretion disa as
is presented in the upper panel of figlird 13. Sco X-1 was at the function of the mass ratiog(= M>/M;). In this simulation we

bottom of the Normal Branch (NB) during most of the 17 May
data but moved towards the Flaring Branch (FB) in the last RXT

visit, showing a 50 percent increase in flux. On 18 May Sco X-1
was in the FB and exhibited large amplitude variability,hnidrge

have considered the TF presented in MDOS5 for the standaithbrb
parametersi(= 50°, M; = 1.4My) of Sco X-1 andp,,, = 0.52.
The time-lags of~ 10 — 11s obtained for the B+Hell (unsub-
tracted) data during W3 lies at the lower edge of the companio

flares similar to those seen during W3. On 19 May the system region, and shows that part of this emission must arise from

stayed on the NB again. As we showed in the light curve arglysi
we have only detected correlated variability during theosec

night when the system moved across the FB. In the lower pdnel o

fig. [13 we present the colour-colour diagram for the night ®f 1

reprocessing on the donor star. Hence, this time-delayesepts
the first direct detection of delayed echoes from the congpestiar.

In an attempt to isolate the emission from the B+Hell lines we

May and separate the W3 and W5 data using different symbols. subtracted the Continuum data from the green channel an@vee h
We have also marked the intervals within these windows where applied both the ICF and TF techniques to the obtained bigihve.

the ICF analysis has been performed. It is clear that the &k p
obtained during W3 is associated with the hardest X-ray somns

By using the TF technique we obtain a time-lag18f5 + 3.0s
which is perfectly accommodated in the companion region (fig

whereas during W5 (where lower delays are detected for the[I4). On the other hand, the ICF method yields a time-lag bertwe

B+Hell emission) the system was close to the transition betw

the FB and NB. This study suggests that reprocessing assdcia
with the companion star is most easily detected when theyX-ra
flux is at maximum and the spectra are harder. Note that ajthou

14.3 — 16.3s (see tablé]2). According to the TFs computed in
MDO5, this time-lag is larger than expected for the maximem r
sponse of the companion for each valugzdfvhite dashed line).
Here, we have assumed a disc flaring angle ef 6° but the dis-
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Figure 14. Expected range of delays for both the companion and the-accre
tion disc considering = 50°, M1 = 1.4M and the orbital parameters
of Sco X-1. The black region shows the delays obtained for the B+Hell,
and Continuum data. The shadowed region represents the ddriglays
obtained by subtracting the Continuum from the B+Hell lightve. The
white dashed line is the highest probability delay for thenpanion ac-
cording to MDO5 and using: = 6°.

crepancy is still present if we use largervalues. This suggests
that some of the values used for the orbital parameters oiXSto
might not be correct. Furthermore, if we consider that thse @ix-
tends up to the truncation radius computed in Paczynskid1®@
find that the time-delay of 9s obtained for the Continuum is also
slightly larger than expected for the outer disc. But thifedénce
could be reconciled if the Continuum light were a combinatid
both reprocessed emission from the companion and the ewtret
disc. This is supported by the orbital modulation seen inojbie

cal light-curve, which is associated with heating of the pamion

(e. g. SC02). However this is in contradiction with the9s lag
also measured for this filter during W5. Since W5 is centerted a
dory = 0.66 the delay associated with reprocessing on the com-
panion must be lower than for W3¢, = 0.52), and hence the
measured time-lag should also be lower. We propose twolgessi
scenarios in order to better accommodate our measured &+ ti
delays with the model computed for Fig] 14:

(i) The inclination angle of the system is 60°, significantly
higher than the = 44 + 6° reported by FO1. This latter result
was obtained by assuming that the jets are perpendiculaetort
bital plane of the binary. This assumption is difficult tottest there
is evidence for misalignments in some X-ray binaries (seeléer
2003 and references therein).

(ii) The neutron star (NS) has a mass-ofl.8 M. Note that there
are evidents of heaviel{ns > 1.6M) neutron stars in some
LMXBs (e. g. Cyg X-2 ;CCK98, V395 Cal; Shahbaz etlal. 2004,
Jonker et al. 2005 or X1822-371;MCMO05)

Obviously, a combination of the two scenarios can also solve
the discrepancy i.e. ~ 55° and NS mass- 1.6Mg. We stress
that this interpretation relies on the result derived thgtouhe
continuum subtraction analysis for the ICF method. Alt&vedy,
we obtain a more conservative result by using the TF method
which results in time lags consistent with the standardrpatars
of Sco X-1.

The ~ 9s delay obtained for the SDSS band during W3 is
much larger than measured during W5 §s). This is similar to the
behaviour of the B+Hell emission where-al 1s lag was measured

Echoes from the companion 9

during W3 and~ 8s during W5, but different to the Continuum fil-
ter, where a~ 9s delay is observed both in W3 and W5. SC02
have detected narrow components within the Bowen blendtwhic
arise from the companion star and also have reported themres
of many other high ionization lines at < 4700 in the spectrum
of Sco X-1. They showed that at least one of these emissies lin
also arises from the companion star. According to the UV tspec
of Sco X-1 presented in S89 there are many high excitati@slin
within the spectral range covered by the SD8%and. In partic-
ular, this range covers three Bowen Olll lines\at3030 — 3750,
which probably also arise from the companion. The contigiouof
these lines to the’ band light could explain the larger time-delays
obtained for this band during W3.

Willis et all [(1980; hereafter W80) pointed out that the msigy

of the high excitation emission lines present in the UV spent
(AX1100 — 1800) of Sco X-1 increases by a factor 1.5-3.2 when
the source moves towards a high UV state. These authorsi-assoc
ated this high UV state with a high energy X-ray state by using
simultaneous UV/X-ray data (see also White et al. 1976)eBas
this study we propose that while Sco X-1 stays at the bottom of
the FB (W5) the intensity of the high excitation lines is natde
enough to dominate over the continuum signal which arisa® fr
the accretion disc. And we note that the distribution of tilags is
correlated with wavelength for W5. This is consistent withca-
nario where optical emission arises through reprocessimag iac-
cretion disc with a radial temperature profile. Moreovergwhve
subtract the Continuum from the B+Hell data in W5 the delays d
not shift to higher values. This shows that the B+Hell enoisss
dominated by the same signal as the Continuum during W5.

On the other hand, W3 is centered at orbital phas®.5 when
the inner hemisphere of the companion presents its larggbtlv

ity with respect to us. Our colour-colour diagram shows #idhis
time the source was at the top of the FB, which resulted indrigh
X-ray emission (factor 2 with respect to W5) and a harder X-ray
spectrum. According to W80, during this high energy stageitih
tensity of the Bowen emission lines could have increasedgmto
dominate over the continuum signal and yielding the echedtiein
obtained for the W3 B+Hell data. On the other hand, we note tha
during the first part of W3 the system was also at the top of e F
but no time-lag consistent with the companion was detedthis
shows that there are still some gaps in our knowledge of whdn a
how it is possible to detect the reprocessing signal fronmctira-
panion.

For the case of the continuum subtracted data, where theserro
are larger, we find that the accuracy provided by the ICF ntetho
is much higher than obtained through the TF technique. Nleser
less, the latter has proved very useful to determine tirge-énd
their corresponding uncertainties for the three bandsidered.
McGowan et all (2003) applied this technique to the sets of Sc
X-1 data used by 180 and P81. They measurgd= 8.0 &+ 0.8s
and A7y = 8.6 £ 1.3s for the JohnsoB band data. This filter
covers our B+Hell narrow band and these results are consiste
with ours during W5. The TF method also provides information
about the time-delay distribution, which is encoded in taeame-
ter A7o. During W3 we have measurelo ~ 5 — 6s in the three
bands whereas it increases after subtracting the Contirftom
the B+Hell emission. These results are consistent withithe-tag
distribution expected for reprocessing within the binadghough
the increase in\ 7, detected for the B+Hell CS data is consistent
with the higher time-lag measured for this light-curve, wagerthat
ATy is also sensitive to the presence of uncorrelated featntbei
X-ray data. Since the TF fitting is based on a Gaussian smooth-
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ing of the X-ray light-curve, the method tends to remove tbe-n
correlated features by increasidgro. This clearly happens in the
TF analysis of the SDS&’ band during W5 where uncorrelated
features are present.

6 CONCLUSION

We, for the first time, have isolated emission line contiitmg
from the mass donor star that respond to X-ray variationh wit
delay that is consistent with light-travel time bewteen ¥eay
source near the neutron star and the irradiated face of therdo
star that directly contributes to the emission. The coteelaignal
from the companion is found at an orbital phase close to the
superior conjunction of the donor, when a large flare occas a
the system stays at the top of the FB. In particular, the BiHel

emission is dominated by the reprocessed emission from the

companion which increases the time-lag by 25% in compaitison
that obtained in a featureless continuumiag; = 6000. After
subtracting the continuum emission from the B+Hell lightxe
we amplify the signal from the donor and measure time laghén t

range 10.5-16.5s by using both the TF and ICF techniques. We

also note that for the latter case we have detedtedignificant
ICF peaks centered at 14-16s which suggests that eithertiitalo
inclination or the NS mass could be higher than the standatces

assumed. We stress here that a second detection of a B+Hell

echo from the companion at a different orbital phase would
directly constrain the inclination angle of the system. Areno
detailed study using Hell Ly and Bowen line light-curves could
probably increase the signal from the companion, therdbwalg

a more accurate determination of the system parameter®ik-3c

ACKNOWLEDGMENTS

ULTRACAM is supported by PPARC grant PP/D002370/1. JC
acknowledges support from the Spanish Ministry of Scienw a
Technology through the project AYA2002-03570. TRM was sup-
ported by a PPARC Senior Research Fellowship during theseour
of this work. DS acknowledges a Smithsonian Astrophysidal O
servatory Clay Fellowship as well as support through NASA GO
grant NNG04G014G.

REFERENCES

Augusteijn, T., Karatasos, K., Papadakis, M., et al. , 129RA,
265, 177

Bradshaw, C.F., Fomalont, E.B. & Geldzahler, B.J., 1999]).Ap
512,L121

Casares, J., Cornelisse, R., Steeghs, D., Charles, P. Agsly
R. I, O'Brien, K., & Strohmayer, T. E. 2006, MNRAS, 373,
1235

Casares, J., Charles, P.A. & Kuulkers, E. 1988), 493, L39.

Casares, J., Steeghs, D., Hynes, R.1., Charles, P.A,, {xs@eR.
& O’Brien, K. 2004,RevMexAA20, 21.

Casares J., Steeghs D., Hynes R.l., Charles P.A., O'Brien K.
2003, ApJ, 590, 1041

Charles, P.A. & Coe, M.J. 2004, in Compact Stellar X-
ray Sources eds. W.H.G. Lewin & M. van der Klis, CUP
(astro-ph/0308020).

Cominsky, L. R., London, R. A., & Klein, R. I. 1987, ApJ, 315,
162

Cornelisse, R., Casares, J., Steeghs, D., Barnes, A.DrleSha
P.A., Hynes, R.I., & O'Brien, K. 2007, MNRAS, 375, 1463

Davidsen, A. Margon, B., Middleditch, J. 1975, ApJ, 198, 653

Dhillon, V.S. et al., 2007, MNRAS, in press/astro-ph07G5.2

Edelson, R.A., Krolik, J.H. 1988, ApJ, 333, 646

Fender, R. infets from X — ray binaries,|astro-ph/030333

Frank, J., King, A.R., & Raine, D.J. 1992ccretion Power in
Astrophysics, Cambridge University Press

Fomalont, E.B., Geldzahler, B.J. & Bradshaw, C.F, 2001,,ApJ
558, 283

Gaskell C.M. & Peterson B.M. 1987,ApJS, 65, 1

Giacconi, R., Gursky, H., Paolini, F. R., Rossi, B. B. 196RLP
9,439

Gottlieb, E., W., Wright, E. L., & Liller, W. 1975, ApJ, 195,33

Hasinger, G. & van der Klis, M., 1989 A&A, 225, 79

Hynes, R.l. 2005, in The astrophysics of cataclysmic vari-
ables and related objectds. J.M. Hameury and J.P. Lasota
(astro-ph/0410218).

Hynes, R.l., Horne, K., O'Brien, K., Haswell, C.A., Robimso
E. L., King, A. R., Charles, P. A., & Pearson, K. J., 2006, ApJ
accepted, (astro-ph/0605143)

Hynes, R.l., O'Brien, K., Horne, K., Chen, W., & Haswell, C.A
1998, MNRAS, 299, L37.

Hynes, R.l., Steeghs D., Casares J., Charles P. A., O'Brien K
2003, ApJ, 583, L95

llovaisky, S. A., Chevalier, C., White, N. E., Mason, K. Oars
ford, P. W., Delvaille, J. P. & Schnopper, H. W. 1980, MNRAS,
191, 81

Jahoda, K., Swank, J. H., Giles, A. B., Stark, M. J., Strohenay
T., Zhang, W., & Morgan, E. H. 1996, SPIE, 2808, 59

Jonker, P. G.; Steeghs, D.; Nelemans, G.; van der Klis, M5200
356, 621J

LaSala, J. & Thorstensen, J.R., 1985, AJ, 90, 207

Middleditch, J., Mason, K. O., Nelson, J. E., & White, N. E819
ApJ, 244, 1001

McGowan, K. E., Charles, P.A., O'Donoghue, D. O. & Smale, A.
P. 2003, MNRAS, 345, 1039

Mufioz-Darias T., Casares J. & Martinez-Pais, I.G., 208%],
635, 502

Mufoz-Darias T., Martinez-Pais, |.G. & Casares J. 200G\
797, 589/(astro-ph 0507063)

O'Brien K., Horne K., Gomer, R. H., Oke, J. B. & van der Klis,
M. 2004, MNRAS, 350, 587.

O'Brien K., Horne K., Hynes R.l., Chen W., Haswell C.A. & $til
M.D. 2002, MNRAS, 334, 426.

Paczynski, B. 1977, ApJ, 822

Petro, L. D., Bradt, H. V., Kelley, R. L., Horne, K. & Gomer, ,R.
1981, ApJ, 251, L7

Schachter J., Filippenko A.V., Kahn S.M., 1989, ApJ, 34Q19.0

Shahbaz, T., Casares, J., Watson, A.C., Charles, P.A. iRk,
Shih, S.C., & Steeghs, D. 2004, ApJ, 616, L126

Steeghs D., Casares J., 2002, ApJ, 568, 273

van der Klis, M., Swank, J. H., Zhang, W., Jahoda, K., Morgan,
E. H., Lewin, W. H. G., Vaughan, B., van Paradijs, J. 1996, ,ApJ
469, L1

van Kerkwijk, M.H. 2001,in Black Holes in Binaries and
Galactic Nuclei, Kaper, L., van den Heuvel, E.P.J. & Woudt

White, N. E., Mason, K. O., Sanford, P. W., llovaisky, S. A., &
Chevalier, C. 1976, MNRAS, 176, 91

Willis, A. J., Wilson, R., Vanden Bout, P., Sanner, F., Blagket


http://arXiv.org/abs/astro-ph/0308020
http://arXiv.org/abs/astro-ph/0303339
http://arXiv.org/abs/astro-ph/0410218
http://arXiv.org/abs/astro-ph/0605143
http://arXiv.org/abs/astro-ph/0507063

Echoes from the companion 11
al. 1980, ApJ, 237, 596

This paper has been typeset fromgXmMATEX file prepared by the
author.



	Introduction
	Fluorescence Emission from Donor Stars
	Echo-Tomography
	Background to Sco X-1 / V818 Sco

	Observations and Data Reduction
	X-ray data
	Optical data

	Light-curves
	Echo detection of the companion at superior conjunction
	Correlated variability during W5

	Colour-Colour Diagram analysis
	discussion
	Conclusion

