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Cygnus X-3 is a well know microquasar which shows state ceangtrong radio emission, hard
X-ray/X-ray/radio correlations, and relativistic jetsh& exact nature of the compact object as-
sociated with this system is still uncertain. In this préagan are shown new results which will
further illustrate the complexity and uniqueness of thistsg.

In 2003, using Chandra observations, extended X-ray eomssgas discovered associated with
Cygnus X-3 [B]. The most promising interpretation of thistiere was that it is a jet impact
region. In 2006 a longer Chandra observation during whicgrmDg X-3 was in a brighter X-ray
state has revealed a much better look at this emission. Eeeigh this feature is 6away from
Cygnus X-3 it demonstrates remarkable time correlatedigctissociated with Cygnus X-3. The
behavior of this emission and the possible nature of thitufeawill be discussed.
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1. Introduction

Cygnus X-3 is an unusual X-ray binary containing a compact objecaandlf-Rayet com-
panion, making it a high mass system. But its orbital period (4.8 hrs) is typica fow mass
system. It is a strong radio source routinely producing radio flaresef@Jy and up te- 20 Jy
on occasion. Even during radio quiescence it can be relatively brigheiradio (60- 100 mJy).
It has been shown to produce radio jets and also demonstrates corelztitie radio with both
the X-ray and hard X-rayf[1] 2] .

Using Chandra observations, taken in 2000, extended X-ray emissiodis@overed associ-
ated with Cygnus X-3[[3] . Their analysis pointed to this feature as beingimjetct region. In
2006 a longer Chandra observation during which Cygnus X-3 was iightbr X-ray state has
revealed a much better look at this emission. We present the initial resultsaofadysis of this
unique feature.

2. Observations

In early 2006 Cygnus X-3 entered into a radio/hard X-ray quenchee &aray: high/soft
state) after nearly four years in a radio quiescent state. During thishedrstate a 50 ksec Chan-
dra observations (OBSID: 6601) was performed as part of an intenahobserving campaign to
study major flaring activity in Cygnus X-3. The Chandra observation® yediting observations
designed to study the strong stellar winds that are associated with Cygaus X-

An image of the observation (zero order of the grading observationpisrsin Fig. 1. The
feature lies about 45rom the orientation of the radio jets that have been observed in Cygnus X-
3. The direction of the radio jets corresponds roughly to the direction dh#teumental readout
streak. The feature is 16” from Cygnus X-3. Itis extended with a radial size (from Cygnus X-3)
of ~ 3" and a tangential size ef 5”. If the feature and Cygnus X-3 are at the same distance then
their separation is.Z Dyg light-years (Do : distance in units of 10 kpc). The feature is a factor of
10~* times fainter than Cygnus X-3. As can be seen in Fig. 2 this feature hasdettisteighout
the Chandra mission (1999 to present).

3. Lack of Counterpartsat Other Wavelengths

Observations at other wavelengths have yet to reveal a counterpaeceftly reported ra-
dio feature near Cygnus X-3|[4] is on the opposite side of Cygnus X-8.exXamination of a
HST/NICMOS observations taken at 1.76 microns (see Fig. 3) showswvioustcounterpart.

In December 2007 Spitzer observed the region containing Cygnus X-3WiRs at 24 and
70 microns with nominal exposures times of a couple of minutes. There wastectidn at 70 mi-
crons. But Cygnus X-3 is clearly detected at 24 microns. Fig. 3 showSygeus X-3 region and
a closeup of Cygnus X-3 at 24 microns. There is some evidence of edemdission associated
with Cygnus X-3 and possibly with the feature. But this is a complex areawatitef analysis will
be necessary.
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Figurel: A zero or-

der Chandra grating im-
age of Cygnus X-3. In

addition to the feature
note two instrumental
effects: (a) bright read-
out streak caused by the
ACIS CCD readout; and
(b) the “cratering" of

the central source due to

pileup.

Figure 2. Chandra observations spanning 1999-2006. Five ACIS (HEAit) one HRC (lower right)
observations of Cygnus X-3. Note the different spacecidf$ (orientation of the readout streak) of the
ACIS observations. Observations also cover differenestaf Cygnus X-3's activity.
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Figure 3: Left: A HST/NICMOS observation of the Cygnus X-3 region taken &Imicrons. Cygnus X-3
and the location of the feature are labeled. No obvious epatt is seerCenter: Cygnus X-3 region at 24
microns (Spitzer/MIPS) with Cygnus X-3 labeld@ight: An enlargement of the region around Cygnus X-3.
This shows indications that there might be extended IR eamszssociated with Cygnus X-3 and possibly
the feature.

4. Propertiesof the Feature

4.1 Temporal Variability of the Feature

We first seek to examine the feature’s temporal variability. The feature asddwn a large
scattering halo that is due in part to the telescope optics and in part duettaloing the path
to Cygnus X-3. This scattering halo demonstrates the same 4.8 hr orbitdlorasdich is also
observed in Cygnus X-3. Hence careful background subtraction igrtant in determining if the
feature is undergoing any temporal variation.

In Fig. 4 are three light curves. The first is the feature without backgisubtraction. The
second is the light curve from a background region selected to be theasajukar distance from
Cygnus X-3. Note that it shows the same orbital modulation seen in Cygraud-ially the third
shows the background subtracted light curve for the feature. Thidihaicurve appears to show
a similar orbital modulation as seen in Cygnus X-3, but with a phase shift cé@fve to Cygnus
X-3.

4.2 Phase Relationship with Cygnus X-3

To examine this possible phase relationship between the feature and C¢«gnthee arrival
time for each event was used to calculate a "Cygnus X-3" phase valuen ghotons falling
into certain phase ranges were broken in separate "phase" imagese iffegges were assigned
a certain color and combined to form a color coded phase image (see Figh&)bands were:
(red) 0.3-0.63,(green) 0.63-0.96, and(bl ue) 0.96-0. 3. Note the blue color
of the feature. This indicates that bulk of the photons are arriving in the@.3 phase range. It
is also important to note that no background subtraction was done ane theme is no issue with
the background subtraction creating a false time/phase variation of thesfeatu

One ramification of this is that one can create phase selected images in whifdatine
appears and vanishes as a function of phase (see Fig. 6). One @aealhis more dramatically
in the movie which accompanies this paper.

Finally in Fig. 7 is the phase folded light curves of the background andethaieife. It can
clearly be seen that the feature exhibits the same slow rise and rapid dropéhsees in Cygnus
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Figure 4. Top: Light curve of feature without background subtractidviddle: Light curve of the back-
ground area showing the orbital modulation of Cygnus XBsttom: The light curve of the background
subtracted region of the feature.

Figure5: A color coded phase im-
age of Cygnus X-3 area. Note the
blue color of the feature which in-
dicates that the bulk of the photons
are arriving in the 0.96-0.3 phase
range.

X-3 but with a phase lag. It is also noted that this would not be what onédveex if this was due
to a background subtraction issue. From centroid fits to the peaks ddsaavoelation between the
background and the feature a phase lag.650+ 0.003 is found. It should be noted that all of the
Chandra data sets show an anticorrelation between the light curve oathiesfand background.

4.3 Flux Behavior

To examine how the phase averaged flux of the feature changed bethsmmations a photon
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Figure 6: Phase selected imagelsft: Phase range 0.96-0.3 image. Now you seeiijht: Phase range
0.5-0.8 image. Now you don't.
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Figure 7: Folded light curves.Top: Phase folded light curve of the background regid@uottom: Phase
folded light curve of the background feature. Note the simiif the light curves and the 0.5 phase shift.

flux of the feature was calculated for each of the Chandra/ACIS oasens. This entailed creating
an exposure map for each observation (using an energy of 3.5 ke\hwhgenerally near the
peak of the spectrum of the feature) and then dividing the image by thesespmap. Then by
comparing the feature’s region to that of the background a photon fluheastimated for each
data set. These values were in turn compared with RXTE/ASM count ra@yfprus X-3 for each

observation. A plot of this is given in Fig. 8. There appears to be a dimectlation between the
flux of the feature and that of Cygnus X-3.
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Figure 9: Hardness ratio as a function
of orbital phase.Top: Hardness ratio
of Cygnus X-3 (halo) Bottom: Hard-
ness ratio of the feature. Note the lack
of any orbital modulation.
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4.4 Hardness Ratio

To better understand the nature of this feature we created a hardie$sriaoth Cygnus X-3
(halo) and the feature. We used an energy range of 1-8 keV ancedittiet data into two bands.
We chose a dividing energy of 4.33 keV which gives an equal numbeowrfits in both of the
bands for Cygnus X-3. We also calculated the hardness ratio in a marmtettat 1.0 means all
of the counts are in the hard band and -1.0 means all of the counts are ofttharsd. We find:
(a) Cygnus X-3: 0000+ 0.006; and( b) Feature:—0.223+0.041. The feature is "softer" than
Cygnus X-3. Also Cygnus X-3 shows orbital spectral variation and ¢aéufe does not (see Fig.
9).

4.5 Spectrum

In Fig. 10 are plots of Cygnus X-3's spectrum and the spectrum of titarke
Cygnus X-3's X-ray spectrum shows a photoionized spectrum Wi#f): lines of H and He-
like heavy elementg;b) P Cygni profiles in most of the lines; afid) strong Radiative Recom-
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Figure 10: left: Chandra HETG grating spectrum of Cygnus X-3. Note the ricbtg@ibnized spectrum.
right: CCD background subtracted spectrum of the feature. Notérteg (absorption and emission) and
the reduced hard emission.

bination Continuum indicating plasma temperatures of between 30-50 eV.

The feature’s spectrum is more problematic in part because of the ish#ekdground sub-
traction. The background in this case contributes a much larger share phtitons than does
the feature. So background subtraction is critical. An initial attempt to backgr subtract the
spectrum are shown in Fig. 10. Fitting results sh¢a) Simple continuum fits (power law, black
body, etc.) give poor fits( b) all fits need heavy absorption.@- 1.3 x 10?2 cm~2); (c) there
is little flux below 2.0 keV (6 A)y( d) line features (absorption and emission) appear present; and
(e) there is missing hard flux when compared with Cygnus X-3.

5. Possible Candidates

What is Cygnus X-3's "little" friend? Any explanation most address the fotig: (a) the
phase averaged flux of the featureid0~* of Cygnus X-3's flux and appears to be correlated with
Cygnus X-3;(b) it has phase variations that appear anti-correlated with those of Cygidus X
(¢) the time variation is 4.8 hrs but the separation between the feature and C{is2.7 D1g
light-years if they are at the same distance; &ddl while the feature appears heavily absorbed it
is also missing hard X-ray flux.

5.1 Instrumental Effect or Unrelated Source

After careful examination of the data and discussion with the Chandra éggigswe can find
no optical/instrumental effect that would result in this feature. Due to the tiraséptariations we
rule out this being an unrelated source.

5.2 Jet Impact Region

It has been suggested that this might be a jet impact grea [3].
Pro: With the strong wind from the Wolf-Rayet companion one might naturally exg@sbell
around the system with which the jets might impact and interact.
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Con: There are several issues which argue against the feature being aget imagion:( a)
The feature is not aligned with the radio jets. Why do we see the impact areaweitha large
offset?( b) How does one maintain the observed flux correlation? If the distance be@yemus
X-3 and the feature is.Z2 D1g light-years then how does one explain this flux correlatigr?)
There is no obvious counterpart at other wavelengths. For a jet imgEcbae would expect there
be emission at other wavelengths (IR in particular) since ISM/shell interectiould likely give
rise to thermal processesd) Can one turn "on" and "off" the impact region fast enough? For an
impact area one would normal expect a slowly fading residual flux. Tdes dot appear to be the
case.( e) Finally how easy is it to maintain a phase coherence with Cygnus X-3? Thilsl\lwaue
to represent a coherence train of pulses over thdg, light-year distance.

5.3 Gravitational Lens

The arc-like shape of the feature give some thoughts of gravitationahtg(Sinstein’s ring).

Pro: This could explain in a natural way the observed correlations and amétations. It
might be possible that strong lensing of the inner accretion disk near theacboigect might give
rise to the observed effects.

Con: But where is the lensing object located? This feature has been preédeastsince
Chandra has been in orbit (over seven years). So any lensing algjald have to have been in a
stable location relative to Cygnus X-3 during this time. Also for Cygnus Xd&sance the mass
of the lensing object would have to be very large. Based on an angplarag®n of 16 and weak
gravitational lensing theory the mass would need to be of orderNIQ =l

5.4 Beamed X-Ray Emission

Given the jets in Cygnus X-3 one might expect that beamed emission cowiid@@natural
explanation for what is observed.

Pro: Could naturally explain the 4.8 hr variation of the feature.

Con: There are several problems with beamed emission explaining the feg&)r&enerally
one might expect beamed emission to be power law in form. This does natrdpyee the case for
the feature. Additionally the spectrum appears to contain absorption ansi@mlines.(b) There
are no counterparts at other wavelengths. One would expect that lmpaumind also be seen at
other wavelengthg.c) Why is it a anti-correlation? A correlation would seem to be more natural.
(d) Why is the beamed emission at a much lower flux level than the normal X-rayiemfssm
Cygnus X-3?( e) Finally there is the issue of misalignment between the X-ray feature and the
observed radio jets.

5.5 Scattering by a Cloud Along the Line of Sight

Another possible explanation of this feature is X-ray scattering. Initiakveor the Cygnus
X-3 scattering halo give column density fits comparable to those found fttingfCygnus X-3
X-ray data (3-4 x 10?2 cm~2) [B]. These fits indicated the presence of one of more clouds at
~ 0.4 of the distance to Cygnus X-3. This would correspond to most of the sogt{én the dust
halo) occurring within the Perseus Arm of the galaxy. This feature coniglg represent a dense
cloud along our line of sight to Cygnus X-3. Features like this were exgeotbe observed with
ROSAT. Various explanations were given for why they have not been F].
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Pro: This explanation would naturally lead to the correlations and anti-correlatibith are
observed. Where the phase difference is simply a difference in pattine cfcattered photons.
This could also explain the flux correlation and overall flux differenaet(ir of~ 10~4) since one
would expect only a small fraction of the total flux to be scattered towardtberger. This could
also give rise to a natural explanation of the spectral differenceslosbef the flux below 2 keV is
the result of additional absorption in the cloud and the reduced flux aghegtergy simply reflects
the drop in scattering efficiency at higher energies.

If we assume that this feature is due to an individual cloud the time delay wélth& distance
to the cloud[[B]. The time delay is given by:

t — OGbs Dx_
2c 1-x

Where D is the distance to the sour@gysis observed angular distance from the source, X is
the fractional distance of the scatter to source, and c is the speed of lgght=R2.63 hours, D =
9 kpc, and® = 16". Then x = 0.77. Thus the cloud is much closer to Cygnus X-3 (within 2 kpc).
Note that there is a factor of n (number of Cygnus X-3 orbital periodggderacy. Thus the 2 kpc
is a maximum distance from Cygnus X-3 and the feature could be much closer.

Con: While these features have been predicted this would represent thebBestvation of
such a feature. Nothing like this has yet to be identified in any other Chabdevation of X-ray
binaries. Also the fact that this feature has an extended size gives geentissues in modeling
the data.

6. Summary

We have presented new and unexpected results from the analysisabfigefassociated with
the microquasar Cygnus X-3. This feature shows flux and phasdat@ns with Cygnus X-3
even though it is a relatively large angular distance’(ifBom Cygnus X-3.

This feature had been thought to be a jet impact dijea [3]. We have shevenare problems
with this interpretation. We have examined other possibilities and the most proroisingse is
the scattering from a cloud relatively near Cygnus X-3. While this has leeg bredicted to occur
this would represent the first such detection of such a phenomena. gtlsmme issues still need
to be addressed, this represents a new and exciting discovery.
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