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1. Introduction

Cyg X-3 is the brightest radio source among X-ray binarigslfis a high-mass system with
a Wolf-Rayet companion, but with an unusually short orlyitatiod, P = 4.8 h. It is located at a
distance ofl ~ 9 kpc in the Galactic plane [2]. In spite of its discovery ir6&9the system remains
poorly understood. In particular, due to the lack of a rééaiass function, it remains uncertain
whether its compact object is a black hole or a neutron star.

As an X-ray source, Cyg X-3 is persistent and observed in tamrspectral states, hard and
soft. Recently, the hard state has been studied in detaiBpyahd both the hard and soft states,
by [4]. However, there has yet been no comprehensive stodlid® range of the states including
the transitionary ones. Interestingly, the spectra of Cyg X spite of being generally similar
to the canonical states of black hole binaries show somdisigmt differences [5]. Their physical
interpretation also remains rather uncertain [3, 4]. A majsue is the strong and complex intrinsic
absorption, most likely caused by the wind from the compasstiar, which greatly complicates the
determination of the intrinsic spectral shapes and luniiess However, even detailed treatment
of the wind absorption did not allow for an unambiguous deteation of details of the underlying
radiative processes in the two main spectral states [4]s,Tihis highly desirable to further study
the X-ray states of this system.

In the radio, Cyg X-3 is a persistent source in the sensedtetiays detected, though its flux
varies by four orders of magnitude, as well as the relativerdmutions of the core and jets vary
strongly (e.g., [6]). On the basis of 1988-1992 radio olmt#yus by the Green Bank Interferometer
(GBI), [7 —9] identified four of its radio states. They inckuthe so-called quiescent radio emission,
with a ~50-200 mJy flux variable on a timescale of months, episoddéseqiient minor flaring,
< 0.3 Jy, very weak, or guenched, emissien30 mJy, and major flares;1-20 Jy, which follow
the quenched state. (Note that the term 'quiescent’ usexifiapt related to the so-called quiescent
state of low-mass X-ray binaries, which corresponds to muehker states than the above one of
Cyg X-3.) Interestingly all major radio flares were precetigdery low radio flux levels. However,
apart from that sequence, those authors did not study ¢itbeéemporal patterns of the radio states
or their connection to the X-ray states.

The existence of a relationship between the two energy bamaddirst pointed out by [10].
They showed that strong radio flares occur only when the soisrin its soft state. Then, [1]
found an anticorrelation in the quiescent state (corregipgnto the hard state in X-rays) between
the radio emission and the hard X-ray, 20-100 keV. The twalbamere positively correlated
during major radio flares and in the quenched state. No etivel was observed during minor
flares. [3, 11] have presented the correlation between #iel2.keV X-ray flux and the 15 GHz
measurements by the Ryle telescope. They found a cleaivgosdrrelation in the hard X-ray
state, and its break down above certain X-ray flux. The sigh@fcorrelation of the 1.5-12 keV
flux is opposite to that of the 20—100 keV flux, which is coresistwith the anticorrelation between
those two X-ray bands [3, 12]. However, details of the r&litay behaviour in the soft state were
not clear from these works.

Here we present a detailed classification of the X-ray spkestates based on the X-ray data
from theRXTE Proportional Counter Array (PCA) and the High Energy AyRransient Experi-
ment (HEXTE). We re-classify the radio states based the-teng temporal behaviour of the GBI
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(radio) andRXTE ASM (soft X-ray) light curves, and relate these stateh&oX-ray spectral states.

Also, we analyze correlations of hard X-rays with the othemds using data from the BATSE. Fi-
naly, we summarize and discuss our results, as well as centipam to the corresponding results
for black-hole and neutron-star X-ray binaries.

2. Thedata

In our analysis, we use the 3-5 keV soft X-ray band of @& E ASM dwell data and the
20-100 keV hard X-ray data from the BATSE which have beeniobdthusing an Earth occultation
analysis technigue [13]; see [1] for analysis of an earlat pf the BATSE data. Each point repre-
sents a 3-day average of the energy flux. The radio data havedodlected during the monitoring
program of the GBI [7—-9].

We then rebin the ASM and GBI light curves in such way that igaiBcance of a single bin
is > 30. The rebinned data are also plotted in the rgstii X-ray correlation diagrams requiring
each pair of points to be taken on the same day. Given thevedlatow statistical quality of the
BATSE data, we rebin its light curve to 8o significance (but requiring the distance between the
midpoints of the data in a given bin to kel0 days). In showing correlations of the hard X-ray
data with the radio and soft X-rays, we slightly modify thi#terion in order to achieve the best
clarity of the graphical representations. Also, since tleasured fluxes from the BATSE are often
null, we use a linear scale for it (while we use logarithmialss for all other data).

We also use selectddXTE PCA and HEXTE pointed observations. We have selected 42
pointed observations from 1996—2000 for which the PCA data the Proportional Counter Units
0-2 were available. We have extracted the PCA spectra in+B8& BeV range using the top layer
of the detectors. We then obtained the corresponding HEXEEts, using both HEXTE clusters,
in the 15-110 keV energy band. In our spectral fits, we allonea felative normalization of the
HEXTE spectra with respect to that from the PCA.

3. The X-ray spectral states

We fit each of the 42 PCAEXTE spectra with the model as appliedITEGRAYRXTE
spectra from Cyg X-3 by [14]. Similar models were also used3y4]. The model includes
Comptonization by hybrid (i.e., both thermal and nonthdjrakectrons [15, 16], Compton reflec-
tion from an ionized medium [17], absorption by fully and ity covering neutral media, and a
Gaussian Fe K fluorescent line. As discussed in [14], thiseghtvdats the low-energy part of the
spectrum only phenomenologically. Still, it provides gdid to the PCAHEXTE spectra and a
physical description of the hard X-rays.

The obtained (absorbed) model spectra are shown in Fig.W@jave divided them into five
groups based on their spectral shape and ordered by theadegrdlux at 20 keV. The increasing
group number also roughly corresponds to the decreasimgrapeardness in the 10-20 keV range.
The groups 1-2, 3-4, and 5 may be classified as belonging tbaite intermediagsoft and
ultrasoft state, respectively. Some of the flux variabiityhin each group is caused by the orbital
modulation.
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Figure1: (a) Comptonization model spectra of Cyg X-3 from the 42 psiiRXTE observations. Dierent

line styles and colours correspond to our classificatioh@tpectra. (b) Deconvolved spectra for the average
of each of the 5 groups shown in the panel (a), fitted with teesmodel as the individual spectra. The
HEXTE data are renormalized to the level of the PCA.

We have then created the average PBRXTE spectra within each group. We have fitted
them with the same model as above, obtainir®j<0y2 < 1.9 (with a 1 per cent systematic error
added in quadrature to the statistical error). The regulipectra are shown in Fig. 1(b). The
resulting isotropic luminosities for groups 1, 2, 3, 4 andr& a5x 10°7, 7.5x 10%7, 1.1x 10%8,
7.9x 10" and 79x 10°7 erg s respectively (for an assumed distance of 9 kpc).

Both [3] and [4] found relatively high fractions of nonthemhelectrons in the hard state, which
is in contrast to the hard state of black-hole binaries baswgally dominated by thermal electrons,
e.g., [5, 18]. The intermediate and soft-state spectra@rerthted by the disc component, but then
followed by a significant hard tail clearly requiring the peace of both hot thermal electrons and
nonthermal ones, similarly to the soft states of black-twataries, e.g., [5, 18].

4. Radio emission and its correlation with X-rays

Here, we revisit the classification of the radio states of 9J.—We consider here the 8.3
GHz radio light curve together with those of 3-5 keV and 2®-kéV X-rays, see Fig. 2. From
joint analysis of the 8.3 GHz and 3-5 keV light curves, we himed the following six distinct
variability patterns, with four of them corresponding te firevious classification. They are related
to a transition level in both fluxes, shown by the horizontatted line in Fig. 2.

1. The quiescent state: both the radio and soft X-ray fluxegimaa correlated manner below
the transition level.

2. The minor-flaring state: the soft X-ray flux oscillatesward its transition level while the
radio flux varies up to its transition level.

3. The suppressed state: the radio flux is below the trandiieel and the soft X-ray flux is
above it, and the state is not directly followed by a radiceflar
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Figure 2. The RXTE ASM 3-5 keV, BATSE 20-100 keV, and GBI 8.3 GHz light curvelown as the
black solid curves, blue crosses, and red dotted curvasec#gely. The horizontal dotted line represents
the transition level at which the rademft X-ray correlation changes its character. The vertinak divide
the light curves into intervals of fierent activity types. The patterns of similar behaviouridentified by
the colours of the boxes and the number on top of the interWtatisrvals 12, 14, 16, 18 and 23 correspond
to quiescence, 19, 21 and 24 to minor flaring, 6, 7, 8, 13, 152@°And 22 to suppressed, 3, 9, 25, 26 and
28 to quenched, 1, 4, 10, 27 and 29 to major flaring and 2, 5 and pdst-flare. Note that some intervals
have remained unclassified. The arrows show the times ofdlmgal PCAHEXTE observations, and their
colours identify the spectral states shown in Figs. 1.

4. The quenched state: the radio flux is much below the tianditvel and the soft X-ray flux
is above it, and the state is followed by a major radio flare.

5. The major-flaring state: the soft X-ray flux is above thasiaon level, and the radio flux
moves up and down by a large factor in a flare.

6. The post-flare state: the return after a major flare to eitte minor-flaring state or the
suppressed one.

The transition level corresponds to the 3-5 keV count rate3o§™, and the 8.3 GHz flux of
~0.3 Jy. It defines a boundary above which the positive cdrogldoetween the two fluxes breaks
down. The radio transition level represents an approximapfeer limit to the radio flux in most
states, and it is crossed mostly during strong flares. Thieaksolid lines in Fig. 2 divide intervals
corresponding to dierent states.

Fig. 3 presents the correlation between each two fluxes tirtervals with the identified
variability pattern, marked by fierent colours. In Fig. 3(a) the sixfterent states form a clear
sequence of correlated ragferay behaviour, with the sequence of the quiescent, milaoing,
suppressed, quenched, major-flaring, and post-flare st&tesbining the information obtained
from pointed observations shown in Fig. 1 and lightcurvestetl in Fig. 2 we found out that the
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Figure 3: (a) The 8.3 GHz radio flux as a function of the ASM 3-5 keV cowatér The red crosses, blue
filled circles, black open squares, green filled trianglesgemta stars and cyan open circles correspond to
the quiescent, minor-flaring, suppressed, quenched, fflajorg, and post-flare states, respectively, see Fig.
2. The dotted lines represent the X-ray and radio transldeels shown in Fig. 2. (b) The GBI flux as a
function of the BATSE flux. The dashed line gives the zero BETBix and the dotted line corresponds to
the soft X-ray transition level defined in Fig. 2. (c) The BA 8ux as a function of the ASM flux. The
colours on panels (a) and (b) correspond to the radio stafesiel (a).

hardest X-ray state, type 1, corresponds to the quiescéiut state. There were no GBI measure-
ments corresponding to most of the X-ray spectral type 2rghtiens. Thus, we have used instead
the 15 GHz Ryle data (presented in [3]) and concluded thatXhiay state corresponds to the
minor-flaring state. Most of the pointed observations @poading to the X-ray type 3 correspond
to the suppressed state. Then the X-ray types 4 and 5 take glamg the major-flaring state.
There were no pointed observations corresponding to theotpeel state.

The sequence of radio and X-ray states we have found is asvillThe point where radio
and X-ray transition levels, shown in Fig. 2, cross, govertimof the observed behavior. To the
left of this point, Cyg X-3 is in the radio quiescent state amdhe hard X-ray state (type 1). In
the quiescertbard state, the source moves up and down along this brandhhamadio emission
is correlated with soft X-rays. The minor-flaring state @§ttype 2) corresponds to a transition
between the radio quiescent state and the suppressedastatell as between the hard and soft X-
ray states. These transitions may occur in both directisitbout any apparent hysteresifeets
(unlike black-hole transients, but similarly to Cyg X-1])[5The radigX-ray correlation changes
its sign in this state from positive to negative. Consedygeatfurther increase of the X-ray flux
corresponds to a decrease of the radio flux, first to the ssppdestate and then to the quenched
one. As mentioned above, the suppressed state is not nelyefdiowed by a radio flare. From
this state, the source has still been observed to returretquiescerihard state through the minor-
flaring one. If, however, the X-ray and radio fluxes keep iasileg and decreasing, respectively,
Cyg X-3 enters the quenched state. At this point, the 3-5 ke/&3 GHz fluxes achieve their
overall maximum and minimum, respectively. In both the sepped and quenched states, the
radio emission is anticorrelated with the 3-5 keV X-rays.

Interestingly, all major radio flares have been observey aftér a radio quenched period, and
in all cases except one (the interval 25 in Fig. 2, in whichecaéer some initial increase of the
radio flux the source returned to the quenched state, int28yathe quenched state is followed by a
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Figure 4. The PCAHEXTE spectra taken during two major radio flares. The nuberrespond to the
increasing time, and are identified in the insets, givingréuko light curves.

major flare. While on the major-flaring branch, the radio flamrieges by more than three orders of
magnitude while at the same time the 3-5 keV flux remains alowsstant, and the X-ray spectra
belong to the types 4, 5. The decline of the radio flux after i fia through the minor-flaring
and suppressed states, as shown in Fig. 3(a)ndiLthrough the quenched state. Thus, we see a
hysteresis in this type of transitions, with the sourceoiwlhg a loop in the flux-flux diagram. The
post-flare stage is not strictly a new state but it is definedsoemporal appearance after a major
flare.

We now compare the radi&nft X-ray correlation with that for hard X-rays. Fig. 2 shothe
20-100 keV BATSE light curve. Fig. 3(b) shows the 8.3 GHz flsxadunction of the 20-100 keV
flux. We see an anticorrelation in the quiesdeatd state, which changes into a positive correlation
on the major-flaring branch (including a few points from tlestsflare state). This behaviour is the
same as that found by [1] for an earlier data set. The two letiwas form two clear branches.
The overall evolutionary track is from the quiescent statthe minor flaring, where the negative
correlation already changes sign, and both the radio angktiteX-ray fluxes drop to the quenched
state. Then, they increase again along the positive ctime)asee Fig. 3(b). The return from
a major flare avoids the quenched state and it goes directlyetaninor flaring (or, sometimes,
suppressed) state, as shown by the cyan points. Fig. 3(a)ssihe corresponding ASBATSE
diagram. There is a strong anticorrelation in the jguibscent state, after which the 20-100 keV
flux becomes independent of the 3-5 keV one until the majdnfiastate, in which the correlation
becomes again negative and the 20-100 keV flux drops to zero.

Fig. 4 presents two series of the PEXTE spectra taken during the radio flares that started
at MID ~50610 and~51650. The spectra were fitted with the same model as in ettid/e see
that the hard tail flux varies much more than that of the softs. The flares start with ultrasoft
spectra with no high-energy tail and then the tail strengtihidases, going through a sequence of
the X-ray spectral types 5, 4, 3. Thus, the strength of thh-bitergy tail is positively correlated
with the radio flux, as we have already seen in Fig. 3(b).
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5. Discussion and comparison to other X-ray binaries

We find that overall the radisoft X-ray correlation in Cyg X-3 is rather similar to thosk o
black-hole binaries. In the hard state, the positive cati@h in Cyg X-3 is very similar to that of
black-hole binaries in the hard state [11, 19—-21]. When Cygjefiters softer states from the hard
state, the radio flux starts to decline and the correlatianghs its sign. This is again similar to
other black hole binaries. In particular, the radio flux sggly declines at the transition from the
hard state to a soft one in Cyg X-1 (e.g., [11]), GX 339—4 [29TE J1650-500 [20], and XTE
J1859-226 [21]. After the decline, the radio flux from black-holansients strongly increases,
sometimes up to the overall maximum for a source, see [21is Béhaviour is also seen in the
black-hole sample shown in fig. 7 of [22]. A very bright radiarft of GX 339—4 took place during
a transition from the hard state to a soft (very-high) ond,[##ich typifies the above pattern.
Although Cyg X-1, a persistent source, does not generallgviothe whole of the above pattern
(which appears to be due to the limited range of luminositie®vers), it also shows episodes
of a radio flux in its soft state as strong as in the hard stae, 8.g., its radio light curve in
[24]. The two brightest observed radio flares of Cyg X-1 hayggokin intermediafsoft spectral
states [25, 26]. As mentioned above, GRS 1@ is never in the hard state, and its rgdioay
flux evolution resembles the quenclradjor-flare branch of Cyg X-3, see [11, 27]. All of those
similarities provide a very strong argument for the blacketature of the compact object in Cyg
X-3.

Given the hard-state anticorrelation between the soft and K-rays, the positive correlation
of the radio flux with the soft X-rays becomes a negative orté tie hard X-rays, see Fig. 3(b).
The fact that the correlation of the radio emission is pesitiith the soft X-rays points out to the
importance of the blackbody-emitting disc (or its inner @dp the jet formation in the hard state.

On the other hand, while the soft X-ray flux is almost consthming major flares, the hard
X-ray flux is strongly (and positively) correlated with thedio flux during major flares. The X-ray
spectra during the major flares are gufih, very high, or ultrasoft (Fig. 4). The dominant spelctra
components during major flares in the 3-5 keV and 20-100 kenddbare the weakly varying
(disc) blackbody and a strongly varying high-energy tagpectively, see Fig. 4. This behaviour
is likely explained by the presence of a stable accretioa aigl variable active regions above the
disc, and it is again typical to black-hole binaries, seeati@ogous result for the soft state of Cyg
X-1in [28]. In the case of Cyg X-3, we have discovered thatrdmdio flux during major flares
responds exponentially to the amplitude of the high-en¢adysee Fig. 3(b). This shows that the
radio-emitting region communicates, on time scales of tiderof a day, with the X-ray source,
and it is not detached from it.

An important issue is the origin of the high-energy, hardaX;tail in the soft states. [16, 28 —
31] modelled this tail in the black-hole binaries Cyg X-1, &R915105, and XTE J1550-564 by
Comptonization in a hybrid plasma, in which the electronriigtion contains a significant non-
thermal high-energy tail. This Comptonization presumahblkes place in some coronal regions
above the accretion disc. The correlation of the tail amgét with the radio flux may be then
due to the formation of radio-flare emitting blobs being tesdieto the non-thermal coronal regions.
Still, the observed radio flux has to be due to synchrotrorssion in jet regions relatively far away
from the compact object, which is required by the lack of arbital modulation in Cyg X-3 by
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free-free absorption in the stellar wind [32].

On the other hand, a rather common model in the astrophygerature attributes hard X-ray
tails of black-hole binaries in soft states directly to esraa of non-thermal electrons in the jet,
usually via the synchrotron process. There are two majdslenas with this model (see [33]). One
is that the spectra of the tails are generally soft, with th&tgn indices of > 2, typically ~3, which
is also the case in most of the soft states of Cyg X-3 (Fig. l¢hS soft spectrum extrapolated to
the turnover frequency, typically in the infrared, woulélg a huge luminosity, orders of magnitude
higher than those observed. Second, the high-energy tailalaays smoothly connected to the
disc component, which is naturally explained by the tailatpelue to Comptonization of the disc
photons. If they were due to a process unrelated to the dier, amplitude in the hard X-ray
region could be any, without any reason for this smooth cotiore The first problem can be
circumvented by requiring that the synchrotron spectrutmaisl at low energies and it breaks to
a soft one just below the region where the tails are obserVhd, however, requires yet another
fine-tuning, and given the large observed sample of highggrails, can be ruled out on statistical
grounds.

Finally, we point out that the radio source in Cyg X-3 corssist the core and the jet compo-
nents, which can be resolved (e.g., [34, 35]. In fact, theL&Mesults of [6] show that the core
may become undetectable during a radio flare. On the othekr, bananalysis in the radio band has
been done using data from the GBI, which beam includes betbdre and jet components, which
did not allow us to include the spatial dimension in the datien analysis. Also, our analysis did
not take into account time lags of the radio emission witlpeesto the X-rays. These issues, as
well as development of theoretical models, should be deit w future studies of radjX-ray
correlations.

More on the presented correlations can be found in [36].
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