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A B S T R A C T 

Cygnus X-3 is a high-mass X-ray binary with a compact object accreting matter from a Wolf–Rayet donor star. Recently, it has 
been revealed by the Imaging X-ray Polarimetry Explorer ( IXPE ) as a hidden Galactic ultra-luminous X-ray (ULX) source with 

a luminosity abo v e the Eddington limit, along the direction of a narrow (opening angle � 32 

◦) funnel. In between the IXPE 

observations, we observed Cyg X-3 with the European very long baseline interferometry (VLBI) Network at 22 GHz and the 
NICER X-ray instrument. To probe possible relations between the X-ray funnel and the potential radio jet from the ULX, we 
analysed the simultaneous multiwavelength data. Our high-resolution VLBI image reveals an elongated structure with a position 

angle of −3.2 ± 0.4 

◦, accurately perpendicular to the direction of the linear X-ray polarization. Because Cyg X-3 was in the 
radio quiescent state on 2022 No v ember 10, we identify the mas-scale structure as the innermost radio jet. The finding indicates 
that the radio jet propagates along and within the funnel. Moreo v er, the jet is marginally resolved in the transverse direction. 
This possibly results from the strong stellar winds and the rapid orbital motion of the binary system. 

K ey words: stars: indi vidual: Cygnus X-3 – stars: jets – radio continuum: stars – X-rays: binaries. 
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 I N T RO D U C T I O N  

ygnus X-3 (Cyg X-3) is a high-mass X-ray binary system with a
ompact object accreting matter from a Wolf–Rayet donor star (van 
erkwijk et al. 1992 ). The binary system has an orbital period of
.8 h (Parsignault et al. 1972 ). Cyg X-3 was discovered more than
ve decades ago (Giacconi et al. 1967 ). To date, it is an open question
hether the compact object is a black hole or a neutron star. Recently,
yg X-3 has been recognized by Veledina et al. ( 2023 ) as a hidden
alactic ultra-luminous X-ray (ULX) source (the first Galactic ULX 

as SS433, e.g. Fabrika et al. 2015 ), with the IXPE observations. This
akes it a precious target to unveil the physics of the more distant

xtragalactic ULX sources (cf. re vie ws by Kaaret, Feng & Roberts
017 ; King, Lasota & Middleton 2023 ). The X-ray emission of Cyg
-3 shows a very high ( ∼25 per cent) and nearly energy-independent

inear polarization, and a relati vely lo w apparent luminosity because 
f strong Thomson scattering from a surrounding optically thick 
unnel. If the X-ray funnel is indeed quite narrow (opening angle 
 32 ◦, Veledina et al. 2023 ), its origin would be tightly related to
 E-mail: jun.yang@chalmers.se (JY); fgarcia@iar.unlp.edu.ar (FG) 
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otential jet activity. The proposed inner structure of Cyg X-3 is also
hown in Fig. 1 . 

Cyg X-3 is also a highly interesting microquasar. Microquasars 
re a subclass of Galactic X-ray binaries that launch relativistic 
ets (Mirabel & Rodr ́ıguez 1994 ). Thanks to their much smaller
izes, these scaled-down versions of extragalactic quasars allow us 
o study accretion and ejection activity at various accretion rates 
n short time-scales (e.g. Fender, Homan & Belloni 2009 ). As a
icroquasar, Cyg X-3 has a persistent radio counterpart with typical 
ux densities ∼100 mJy at 1–10 GHz (e.g. Trushkin et al. 2017 ) and
0–100 mJy at 22 GHz (e.g. Tsuboi et al. 2008 ) in the quiescent
adio state (e.g Szostek, Zdziarski & McCollough 2008 ). Frequently, 
t undergoes bright outbursts with peak flux densities reaching ∼20 
y (e.g. Gregory et al. 1972 ; Waltman et al. 1994 ; Tudose et al. 2010 ;
im et al. 2013 ; Egron et al. 2017 ; Kim & Kim 2020 ; Broderick

t al. 2021 ; Spencer et al. 2022 ). During some giant outbursts,
igh-resolution observ ations re vealed episodic (mildly) relati vistic 
r curved jets roughly in the north–south direction (e.g. Strom, van
aradijs & van der Klis 1989 ; Newell, Garrett & Spencer 1998 ; Mart ́ı,
aredes & Peracaula 2001 ; Mioduszewski et al. 2001 ; Miller-Jones
t al. 2004 ). Moreo v er, there are long-term correlations between
adio emission and X-ray states (e.g. Szostek et al. 2008 ; Zdziarski,
egreto & Pooley 2016 ). 
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Schematic view of the inner structure of the Galactic hidden ULX 

Cyg X-3 in the radio quiescent state. 
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To search for a potential physical connection between the radio
et and the X-ray funnel in Cyg X-3, it is important to observe the
nnermost jet in the quiescent radio state. To date, it is still difficult for
igh-resolution very long baseline interferometry (VLBI) imaging
bservations to reveal the innermost jet structure mainly because of
wo limitations. As a source in the Galactic plane with a latitude of
 = + 0.7 ◦, Cyg X-3 suffers strong scatter broadening (e.g. Molnar,
eid & Grindlay 1988 ; Wilkinson, Narayan & Spencer 1994 ). The
bserved angular size θobs , shows a strong dependence on the ob-
erving frequency ν (in GHz), θobs = 448 ν−2 . 09 mas (Mioduszewski
t al. 2001 ). This indicates that the source is intrinsically unresolved,
.e. θobs = θ scat , where θ scat represents the contribution from scatter
roadening. Because of the apparently extended source structure, the
orrelation amplitude decreases significantly on the long baselines,
n particular at low observing frequencies. Moreo v er, there are no
earby compact and bright calibrators available to reliably run phase-
eferencing observations at high frequencies (e.g. Miller-Jones et al.
009 ; Spencer et al. 2022 ). 
In this Letter, we present the results from an observational

ampaign with simultaneous X-ray and radio VLBI observations.
e describe the observations and data reduction in Section 2 , present

he results, interpret the observed innermost jet structure, and discuss
ome potential implications in Section 3 . 

 S I M U LTA N E O U S  R A D I O  A N D  X - R AY  

B SERVATIONS  

.1 4-Gbps EVN experiment at 22.25 GHz 

e observed Cyg X-3 with the European VLBI Network (EVN), at
2.25 GHz for 2 h ( UT 12–14 h) on 2022 No v ember 10. Because
f the limitation of scatter broadening (e.g. Spencer et al. 2022 ),
e only required seven European stations to get proper baseline

orrelation amplitude. The participating telescopes were Jodrell
ank Mk2 (JB2), Effelsberg (EF), Medicina, Noto (NT), Onsala,
ebes, and Metsahovi (MH). The shortest baseline is EF-JB, and has
 baseline length of 700 km. The EVN observations were performed
ith the maximum date rate 4096 Mbps (16–32 MHz subbands
er polarization, dual circular polarization, and 2-bit quantization).
he data correlation was done by the EVN software correlator SFXC

Keimpema et al. 2015 ) at JIVE (Joint Institute for VLBI ERIC),
NRASL 526, L1–L7 (2023) 
sing the typical correlation parameters for continuum experiments:
.5 MHz frequency resolution and 1 s integration time. 
The observations were performed in the reverse phase-referencing
ode. Cyg X-3 was used as a calibrator to image its nearby (10.4

rmin) faint source J203248.825 + 404804.18 (source ID S23, Be-
aglia et al. 2021 ). From the existing multifrequency VLA observa-
ions (project code 19A-422), we found that the source has a relatively
at spectrum, with a flux density of 14–18 mJy at 1.4–7.5 GHz (c.f.
ppendix A1 ). We observed the pair of sources with a cycle time
f 180 s (100 s for Cyg X-3 and 40 s for J203248.825 + 404804.18).
ll the telescopes had an observing ele v ation of ≥30 ◦. Moreo v er,

he bright source J2007 + 4029 was observed as a fringe finder and a
andpass calibrator for two short scans. 
The National Radio Astronomy Observatory (NRAO) Astronom-

cal Image Processing System ( AIPS version 31DEC21, Greisen
003 ) software package was used to calibrate the visibility data. We
ollowed the EVN data calibration strategy reported in Yang et al.
 2022 ). All the related AIPS tasks were called via the P ARSEL TONGUE

nterface (Kettenis et al. 2006 ) and integrated in a single script.
ecause of the limitation of 512 MHz bandwidth filters in the
igital backend, the top and bottom subbands had low correlation
mplitudes, and were flagged out. NT had poor fringes in some
ubbands. These subbands were also excluded. 

The iterations of deconvolution and self-calibration were per-
ormed in DIFMAP (Shepherd, Pearson & Taylor 1994 ). Because
f the absence of short baselines and the large source structure,
he deconvolution was achieved via fitting the visibility data to a
aussian model, instead of using the normal algorithm CLEAN . We

ried both circular and elliptical Gaussian models. Compared with
he elliptical Gaussian model, the circular model gave about three
imes higher residuals in the residual map, and about three times
ower total flux density. Thus, the circular model was rejected in our
ata analysis. To get the more robust self-calibration solutions for all
he stations, we used relatively longer solution intervals: 40 min for
he phase self-calibration, and 60 min for the phase and amplitude
elf-calibration. 

The source J203248.825 + 404804.18 is detected with the data on
he very short baselines ≤50 Me ga-wav elengths (hereafter, M λ).
ince it is not the main interest of the Letter, we report these related
esults and plots in Appendix A1 . 

.2 X-ray obser v ations 

e observed Cyg X-3 with the NICER X-ray instrument on board the
SS , on 2022 No v ember 10, as part of a director’s discretionary time
DDT) request. Observations were carried out in three consecutive
.2 ks intervals, co v ering the visibility windows immediately before,
uring, and after the EVN radio observ ation. NICER observ ations
tarted on UT 11:10:57 and ended on UT 14:55:00. 

We reduced the observations using NICERDAS VERSION 10 in
EASOFT VERSION 6.31.1 , together with the latest version of cal-

bration files available ( CALDB XTI20221001 ). We reprocessed the
bservations using nicerl2 task, discarding detectors 14 and 34. We
roduced light curves with the task nicerl3-lc in two energy ranges:
.3–5.0 keV (‘soft’) and 5.0–12.0 keV (‘hard’). These energy ranges
ere chosen to match those used in Hjalmarsdotter et al. ( 2008 ). The

ight curves with a binning time of 16 s are shown in Fig. 2 . The light
urves present a steady segment followed by two variable segments.
he latter corresponds to the well-known 4.8 hr orbital modulation
f Cyg X-3. 
In addition, we created a spectrum for the first 2.2 ks segment in

hich the source is very steady. For this, we used the task nicerl3-
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Figure 2. NICER light curves in soft (1.3–5.0 keV; top panel) and hard (5.0–
12.0 keV; middle panel) X-rays. The bottom panel shows the hardness ratio 
between the hard and soft bands. Time refers to MJD 59893 11:13:40 UT . 

Figure 3. NICER spectrum during the first orbit of the observation, in which 
the source was steady. In the bottom panel, we show the � residuals of the 
best-fitting model TBabs ∗ (reflect ∗smedge ∗nthcomp + gauss) (see text for 
details). 
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Table 1. The best-fitting parameters for the elliptical Gaussian model. The 
systematic errors were also included in the error budgets. 

MJD Flux Major Minor PA 

(d) (mJy) (mas) (mas) ( ◦) 

59893.54 79 ± 20 3.18 ± 0.03 1.45 ± 0.06 −3.1 ± 0.4 

Figure 4. Total intensity map of Cyg X-3 in the radio quiescent state. The 
EVN map was observed with seven European telescopes at 22.25 GHz. The 
black ellipse with a cross shows the best-fitting elliptical Gaussian model 
reported in Table 1 . The map used natural weighting and the visibility data 
of ≤125 M λ. The beam full width at half-maximum is 1.60 × 0.94 mas at 
PA = −61.5 ◦, and it is plotted in the bottom-left corner. The white contours 
plots the levels of ( −1, 1, 4, 16, 64) × 3 σ rms ( σ rms = 0.08 mJy beam 

−1 ). The 
map peak brightness is 17.3 mJy beam 

−1 . 
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pect that generates the RMF and ARF matrices, with the background 
odel 3c50 from NICER . Following Veledina et al. ( 2023 ), we fitted

he full 0.5–12 keV spectrum in XSPEC (Arnaud 1996 ) using a TBabs ∗
reflect ∗smedge ∗nthcomp + gauss) model including interstellar 
bsorption, a fully reflected Comptonized continuum, with a smeared 
dge evinced at ∼8.8 keV, and a broad Gaussian profile to model
he Fe K complex present in the spectrum. We also try and add a
ISKBB component, which happened to fail to impro v e the spectral
t, as usual in the hard state of Cyg X-3. For our best-fitting model
 χ2 = 208 for 147 d.o.f), we obtained a high absorption column
f N H = 3.2 ± 0.1 × 10 22 cm 

−2 , and an absorbed flux in the 3–
 keV energy range of F abs = (4.46 ± 0.03) × 10 −10 erg s −1 cm 

−2 .
n addition, the unabsorbed flux in the 3–5 keV energy range 
ielded F unabs = (5.21 ± 0.04) × 10 −10 erg s −1 cm 

−2 , or equi v alently,
.325 (3) keV cm 

−2 s −1 . The spectrum and our best-fitting model
esiduals are shown in Fig. 3 . Despite the known complexity of
he Cyg X-3 spectrum, whose detailed modelling is far from the 
cope of this work, we find that the spectral state and X-ray flux in
his observation is consistent with that of the ‘Main’ observation in 
eledina et al. ( 2023 ), indicating that the spectral state of Cyg X-3
t the moment of the EVN observations was coincident with that
uring the IXPE observations. This shows that the IXPE polarization 
easurements and the EVN radio imaging results are comparable. 

 C Y G  X - 3 :  T H E  I NNERMOST  J E T  

TRUCTURE  IN  T H E  X - R AY  H A R D  STATE  

able 1 lists the fitting results of the elliptical Gaussian model. Fig. 4
hows our high-resolution EVN imaging results of Cyg X-3 in the X-
ay hard and radio quiescent state. The source displays an elongated
tructure at position angle PA = −3.1 ± 0.4 ◦, and has an apparent
rightness temperature of (4.2 ± 1.0) × 10 7 K. Assuming a flat 
adio spectrum, the VLBI flux density is broadly consistent with the
ux densities (average: 76–142 mJy at 1.2–225 GHz) and variability 
variance: 12–36 mJy) reported by Veledina et al. ( 2023 ), before and
fter our VLBI observations. During the 2 h EVN observations, the
orrelation amplitude varied nearly linearly on all the baselines, and 
hus there was no bright flares on time-scales < 1 h. All these radio
nd the X-ray (c.f. Section 2.2 ) properties are fully in agreement with
he expectation in the radio quiescent state (e.g. Szostek et al. 2008 ).
hus, we identify the relatively stable structure as the innermost jet.
MNRASL 526, L1–L7 (2023) 
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o date, such a VLBI-resolved jet base has also been found in the
-ray binaries: Cyg X-1 (e.g. Miller-Jones et al. 2021 ) and GRS
915 + 105 (e.g. Dhawan, Mirabel & Rodr ́ıguez 2000 ). 
The plots of the best-fitting model and the visibility data are also

hown in Appendix A2 . Because of the absence of short baselines
nd the relatively poor measurements of antenna gains, the total flux
ensity might have a large systematic error. We used 20 per cent of the
otal flux density as the total uncertainty in Table 1 . There might also
xist systematic uncertainties for the observed sizes and PAs because
f the poor ( u , v) co v erage and potential flux density variability.
e also tried to split the 2 h observations into 2–3 short segments,

nd then did the self-calibration and the elliptical Gaussian model
tting. There is no evidence for a change of the source structure.
he systematic uncertainties are also likely small or comparable to

he formal uncertainties. To give the more reasonable estimates, we
nlarged the formal uncertainties by a factor of 2, and then used
hem as the total uncertainties in Table 1 . In the literature, there
ere a few reports of minor flares resulting from transient ejection

ctivity on time-scales up to a few hours (e.g. Molnar et al. 1988 ;
ewell et al. 1998 ; Kim et al. 2013 ; Egron et al. 2017 ). Future
VN observations with longer on-source time and more stations

Sardinia 64 m radio telescope, Robledo 70 m radio telescope, Torun
2 m radio telescope, and the enhanced Multi Element Remotely
ink ed Interferometer Netw ork) w ould significantly impro v e the
 u , v) co v erage, in particular on short baselines, and thus help to
ccurately measure its flux density and search for potential small
tructure changes on short time-scales 

The angular sizes of the major and minor axes in Table 1 are
ignificantly larger than the prediction ( ∼0.7 mas) from the scattering
roadening model (Mioduszewski et al. 2001 ), and also larger than
he minimum size of ∼0.7 mas observed by Molnar et al. ( 1988 ), Kim
t al. ( 2013 ), and Egron et al. ( 2017 ) at the same observing frequency
uring outbursts. Therefore, the jet base of Cyg X-3 is intrinsically
esolved not only in the radial direction, but also in the transverse
irection. This has not been seen by the previous VLBI imaging
bservations, mainly because they had relatively lower observing
requencies or low image quality. In the first order, there is a simple
elation between the observed size θobs and the intrinsic size θ int , i.e.
obs = 

√ 

θ2 
int + θ2 

scat . If the small contribution of θ scat is excluded and
 distance of 7.4 ± 1.1 pc (McCollough, Corrales & Dunham 2016 ) is
dopted, the innermost jet would have a projected size (23.5 ± 3.5) ×
10.7 ± 1.7) au. Because of the limited image quality, it is not
lear where the compact object is located. Previous high-resolution
adio observations during major flares have revealed relativistic jets
ith two-sided (Mart ́ı et al. 2001 ; Miller-Jones et al. 2004 ) or one-

ided morphology (Mioduszewski et al. 2001 ) on scales � 10 mas.
epending on flares, the intrinsic speed of short-lived jets could vary

rom 0.3 (Spencer et al. 1986 ; Schalinski et al. 1995 ; Egron et al.
017 ) to 0.8 c (Mioduszewski et al. 2001 ). The VLBI structure might
epresent a two-sided jet as the innermost jets of XRBs in the hard
-ray state are not highly relativistic (e.g. Fender et al. 2009 ). For

xample, the XRBs Cyg X-1 and GRS 1915 + 105 show a relatively
ymmetric and two-sided jet structure (Dhawan et al. 2000 ; Miller-
ones et al. 2021 ) in the X-ray hard state. The detections of the
ounter jets near the central objects in these two XRBs indicates that
he Doppler beaming effect is weak in the innermost jets. 

The innermost jet in Cyg X-3 had PA = −3.2 ± 0.4 ◦ on 2022
o v ember 10. This is almost completely orthogonal to the direction

PA: 85–95 ◦) of the linear X-ray polarization observed by Veledina
t al. ( 2023 ), with the IXPE between 2022 October 31 and 2022
ecember 29. Therefore, the X-ray funnel very likely results from

he jet and outflow activity. The coexistence of jets and dusty tori
NRASL 526, L1–L7 (2023) 
as been frequently observed in active galactic nuclei, e.g. Circinus
Ursini et al. 2023 ) and NGC 1068 (e.g. Gallimore, Baum & O’Dea
004 ). Ho we ver, the innermost jets in AGNs generally have a quite
ompact structure (e.g. a recent re vie w by Blandford, Meier &
eadhead 2019 ). In the case of Cyg X-3, the wide jet structure
ight result from its complex environment and orbital motion. There

xist strong winds from the companion WR star (e.g. Antokhin
t al. 2022 ) that can significantly affect the jet collimation and
ropagation (e.g. Bosch-Ramon & Barkov 2016 ; Yoon, Zdziarski &
einz 2016 ). This, combined with the orbital motion, leads to a
elical jet structure with an increased ef fecti ve width on scales of
0 to 100 s of orbital separations (e.g. Molina, del Palacio & Bosch-
amon 2019 ). For reference, the orbital separation in Cyg X-3 is of

he order of � 2.7 × 10 11 cm � 0.02 au (Koljonen & Maccarone
017 ), which implies that the measured jet scales corresponds to
00 s of orbital separations. The jet could cause some internal shocks
nd strong interactions with the surrounding high-density envelope.
uch internal shocks have been observed in some novae, e.g. V959
on (Chomiuk et al. 2014 ). The jet position angle might also be

lightly modulated by the orbital motion. Because of strong scatter
roadening, these details on the wind-jet interaction can only be
bserv ed by v ery high frequenc y VLBI observations. In the future,
he long baseline mode and the 16–32 GHz observing bandwidth of
he next-generation Very Large Array (ngVLA 

1 ) would allow us to
esolve these inner radio structure at ∼90 GHz. 
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 0.01 mas (e.g. a re vie w paper by Rioja & Dodson 2020 ). Currently,
here are no optical nor infrared counterparts reported in literature.
o probe its nature via a broad-band radio spectrum, we analysed

he e xisting Jansk y VLA data (project code 19A–422, PI: Gre gg
allinan) in the NRAO data archive. 
J203248.825 + 404804.18 was observed by the Jansky VLA at

–2, 2–4, and 4–8 GHz in a configuration on 2019 October 19.
uring the multiband observations, J203248.825 + 404804.18 was
bserved for 2 min per band. The calibrator 3C 48 (B0137 + 331)
as observed as the primary flux density calibrator (Perley & Butler
017 ). The phase-referencing calibrator was J2007 + 4029. The data
eduction was performed using the Common Astronomy Software
pplications package ( CASA , McMullin et al. 2007 ). 
NRASL 526, L1–L7 (2023) 
Fig. A1 shows its radio spectrum between 0.3 and 22 GHz. We
lso added the flux densities at 0.32 and 0.61 GHz, reported by
enaglia et al. ( 2021 ) in the plot. Fig. A2 displays the VLA map
t 7–8 GHz. The source is quite compact with a size of � 12 mas.
he VLA flux density at 2–4 GHz is 15.7 ± 0.8 mJy, consistent
ith the measurements ( ∼14 mJy) from the VLA Sky Survey (Lacy

t al. 2020 ; Gordon et al. 2021 ) at the same frequency. Therefore, the
ource is stable between 2019 and 2022. 

Fig. A3 shows its EVN imaging results. With the very short
aselines ≤50 M λ, the natural grid weighting and the unusual beam
attern, the source J203248.825 + 404804.18 is marginally seen at a
osition close (<50 mas) to the image origin in the dirty map. Because
f some strong side lobes resulting from poor ( u , v) co v erage, it
s hard to unambiguously locate the source. The circular Gaussian
odel fitting shows, that the source has a total flux density of

.3 ± 1.6 mJy, an apparent size of ∼2.8 mas, and an apparent
rightness temperature of ∼2 × 10 6 K. The VLBI flux density at
2.25 GHz might be underestimated to some degree because of the
bsence of short baselines. 

In view of the radio spectrum and the high brightness temperature,
he source is very likely an extragalactic jet with a partially absorbed
adio core. Because it is close to the Galactic plane and has a latitude,
 = + 0.55 ◦, it will suffer strong scatter broadening. The apparent
arge size might have a large contribution from the scatter broadening.

2 Cyg X-3: the elliptical Gaussian model fitting 

ig. A4 plots the calibrated visibility data and the best-fitting
lliptical Gaussian model in DIFMAP . The data on the baselines to the
ost sensitive station EF had significantly smaller scatter. The model

racks the variation of the baseline correlation amplitude. Because
he data on the baselines to JB2, NT, and MH have limited baseline
ensitivity, the y hav e a large scatter and most of them lie abo v e the
odel. This is as expected because the correlation amplitude follows
 Rice distribution instead of a Gaussian distribution. These low-
ensitivity data points have very low weights in the self-calibration
nd the model fitting. We also tried to exclude the three stations in
he deconvolution, and the results were not changed significantly. It
s difficult to accurately measure total flux densities of the resolved
ource on short time-scales due to the lack of <42 M λ baselines. 
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Figure A4. Plots of the baseline correlation amplitude in Jy and phase in degree against ( u , v) radius in M λ. The blue and red points represent the calibrated 
visibility data and the elliptical Gaussian model predictions, respectively. The data were averaged with all the available subbands and an integration time of 
3 min. 
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