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Abstract. In a fast multi-wavelength timing study of black hole X-ray binaries (BHBs), we have
discovered correlated optical and X-ray variability in the low/hard state of two sources: GX 339-
4 and SWIFT J1753.5-0127. After XTE J1118+480, these are the only BHBs currently known to
show rapid (sub-second) aperiodic optical flickering. Our simultaneous VLT/UltracarR ¥ié&

data reveal intriguing patterns with characteristic peaks, dips and lags down to very short timescales.
Simple linear reprocessing models can be ruled out as the origin of the rapid, aperiodic optical power
in both sources. A magnetic energy release model with fast interactions between the disk, jet and
corona can explain the complex correlation patterns. We also show that in both the optical and X-ray
light curves, the absolute source variability r.m.s. amplitude linearly increases with flux, and that
the flares have a log-normal distribution. The implication is that variability at both wavelengths is
not due to local fluctuations alone, but rather arises as a result of coupling of perturbations over a
wide range of radii and timescales. These ‘optical and X-ray rms-flux relations’ thus provide new
constraints to connect the outer and inner parts of the accretion flow, and the jet.

Keywords: X-ray binaries, black holes, rapid time variations, optical and x-ray telescopes
PACS: 97.80.Jp, 97.60.-s, 97.60.Lf, 95.55.Cs, 95.55.Ka

INTRODUCTION

X-ray emission is widely accepted as the main driver of the optical fluxes in accreting
X-ray binary stellar systems (hereafter, XRBs). Irradiation by a central X-ray source

is thought to heat outer portions of the disk (and companion star), resulting in copious
optical emission correlated with long-term X-ray variations for a wide variety of systems

(e.g. [1D).

But from new multi-wavelength studies, it is becoming increasingly clear that repro-
cessing does not always dominate the optical flux and its variations. As early as 1981, the
Galactic BH candidate GX 339-4 was found to show dramatic optical variability down
to tens of milli-seconds [2]. Later results trickled in on several other sources, including
V4641 Sgr [3] and GRS 1915+105 (in the infrared; [4]). The first extensively-studied
system, though, was XTE J1118+480 [5, 6]. Thereafter, we observed GX 339—4 [7] and
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FIGURE 1. Optical vs. X-ray cross-correlations of rapid light curvies XTE J1118+480 I(ef),

GX 339-4 Middle) and Swift J1753.5-012R{gh?). These have been recomputed from portions of the
original datasets [5, 7, 8], using time bin&0-140 ms for inter-comparison, to illustrate the compiexi
and diversity of behaviour. Shaded region is the mean stdrtviation from many light curve segments.

another BH candidate Swift J1753.5-0127 [8] with the ramidging camera ULTRA-
CAM [9] mounted on the Very Large Telescope, simultaneoustih WXTE. All these
sources show optical variability on a range of timescalesegal lines of reasoning ar-
gue against canonical linear reprocessing (on the disk modstar) as the origin of the
rapidly varying 1s) component.

EVIDENCE AGAINST REPROCESSING

Rapidity of variations and delays : In all cases, significant variability power is found
on sub-second times. The fastest optical flares, thoughmeag increase the local
flux by factors of a few, within just tens of milli-seconds.rR¢TE J1118+480
and GX 339-4, a peak optical delay of orh80 ms — 1 s is found in the cross-
correlation function (CCF) with respect to X-rays, computdthwhe fastest light
curves available [10, 11]. Figure 1 shows some typical CCF& d&lay is stable
over several observations, and is too short for typicaltligdvel times to the outer
disk or companion star.

Anti-correlated components : A feature common to most CCFs is the presence of
broad anti-correlation troughs on times of several secatdieast (again, see
Fig. 1), inconsistent with simple reprocessing scenarios.

Short optical average coherencetimes : In some cases (XTE J1118+480 and GX 339—
4), theauto-correlationfunctions (ACFs) of the optical light curves are narrower
than the corresponding X-ray ones [5, 7]. As discussed bybKelm et al. [5], a
reprocessed light curve would instead have slower chaistitevariations, and so
show an ACF broader than that of the driving light curve.

OPTICAL VARIABILITY AMPLITUDE SCALESWITH FLUX

So, what then is the origin of the rapid optical flux variag8rThe literature is replete
with models attempting to explain the properties of XTE BH4480, usually as cy-
closynchrotron emission in a strong magnetic field (e.g, 113 14, 15, 16]). All agree

120



5 T T — 25 T
‘ GX 339-4
af , 20  Xray E
0.0625-0.625 Hz ; 0.0625-0.625 Hz +
o, 055 H. b Lo 055 Hz -+
3 ~ 15F E
N k%) ++ ,7%
&S N +7
o 2F 10F 4:% e ]
1F sF - + ]
0 s 0 L 4 L L "
0 10 20 0 40 0 10 20 30 40 50 60
Count rate (10° s™) Count rate (s?)

FIGURE 2. Optical (Leff) and X-ray Righ)) rms variability amplitudes as a function of flux for GX
3394, as measured from the individual power spectra ov@uglabelled frequency ranges [20].

that the full spectral+timing characteristics are congtiéal. Here, we discuss an addi-
tional constraint for these models to satisfy.

Uttley and collaborators have shown that the instantanergy variance (or root-
mean-square [rms] amplitude) of XRBs is dependent on thefilexsured on longer (av-
eraged) times [17, 18]. Such behaviour is not expected inatsaxf localized, stochastic
shot noise energy dissipation, where the magnitude of argndilare is uncorrelated
with the overall source flux. Instead, this points to intermeections all across the ac-
cretion flow, and flux variations are a result of ‘coupling’lafge-scale fluctuations that
propagate inwards and perturb inner flares (e.g. [19]). Sucbupling also changes the
flux distributions of the light-curves to log-normal, i.@etlight curves show ‘non-linear’
flaring. Shot noise models would instead prefer a normatitigtion,

Gandhi [20] has shown that tlogtical light curves of several XRBs obtained on fast
times are also consistent with such an ‘rms—flux’ relatiopeBamining the three XRBs
of Fig. 1 (all of which show aperiodic optical fluctuationg)was found that in each
case, the rms amplitude scales linearly with flux over braadufency ranges, with a
slope depending on the fractional variability power in thatge. This is shown in Fig.
2 for the case of GX 339-4. Furthermore, both the optical arrdyXflux distributions
are well described by lognormal functions.

The implication is that both the optical and X-ray rapid fl@rioriginate in some
process which can link a broad range of radii and timescalésa accreting environ-
ment. Low/hard state studies of XRBs point to the co-existenf a jet, a corona and
an outer disk. If perturbations do indeed propagate fronotitevards in, then the broad
frequency range encompassed by the rms—flux relation (éagt@r of 100 between the
extreme frequencies in Fig. 2) provides excellent evidavfceoupling between these
various accretion components. Large-scale magnetic fisddgg dissipation [21] may
be one way to accomplish this.

FUTURE PROSPECTS

The few sources in which complex optical/X-ray flux corradat have so far been found
were low-mass BH binaries in the low/hard state. A commoreetsis a bright optical
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counterpart in each case, and a low Eddington fraction Xiayinosity, but these are
not particularly unusual. So complex optical/X-ray coaténs on rapid times may be
quite common in other XRBs. The lack of fast optical instrumtad¢ion until recently, and
the expectatiorthat the optical ought not to be rapidly variable, may hawseséd prior
detection of such components in general. A systematic Béarknown XRBs will be
required to test this.
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