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Abstract

We analyzed the zero-order image of a 500t&ndra gratings observation of Circinus X-1, taken in 2005
during the source’s low-flux state. Circinus X-1 is an adageieutron star that exhibits ultra-relativistic
arcsecond-scale radio jets and diffuse arcminute-scdle jets and lobes. The image shows a clear excess
along the general direction of the north-western courggregoincident with the radio emission, suggesting
that it originates either in the jet itself or in the shock jeeis driving into its environment. This makes
Circinus X-1 the first neutron star for which an extended ¥jet has been detected. The kinetic jet power we
infer is significantly larger than the minimum power reqdifer the jet to inflate the large scale radio nebula.

Subject headings: stars: neutron — ISM: jets and outflows — X-rays: binaries

1. INTRODUCTION binaries Corbel et &l. 2002, 2005 suggests @fetndra might
Circinus X-1 is an unusual, highly variable X-ray binary. \t/)v?el?ble to detect extended jet emission from Circinus X-1 as

Beyond variability at the 16.5 day orbital period, which in-
cludes deep dips near orbital phase 0, its long-term lighiecu
can reach peak fluxes between 1 — 2 Crab, but also show
several long incursions into a very deep low-flux state. The
compact object in this system is believed to be a neutron star
based on observed type | X-ray bursts (Tennantiet al.|1986)
putting the source at a likely distance of 7.8 — 11kpc
(Jonker & Nelemanms 2004; Jonker etlal. 2007), roughly con-
sistent with the estimated hydrogen absorption column of 2. OBSERVATIONS AND ANALYSIS
Ny =~ 2 x 1022cm~2 (e.g.[Schulz & Brandt 2002). We will
adopt a distance dD = 7.8 kpc D~.g throughout this letter.

One of the remarkable characteristics of the source is its
radio structure: on arcmin scales, Circinus X-1 shows two
radio jets (running south-east to north-west), embedded in

| le, diff di bula (e.g. St tlet al. 1993 .
_Ia_ug(r)%(z ngﬁ 2()|()g)s. © [I?lhig) Qeebllﬁaa i(se r%ostel\il\lgyethae radio X-ray flux state. The observation lasted 50 ks and occurred at

lobe inflated by the jets over several hundred thousand year&Pital phases 0.06 —0.10. As a byproduct of this obsematio
(Heinz [2002). The arcmin-scale jets are clearly curved, aVe obtained a zero-orderimage of the source. The source flux
possible sign of interaction with the interstellar medium o Was exceptionally low and the point spread function (PSF) is
jet precession. On arcsec scales, radio monitoring regeale /MOst completely pileup free due to the application of a 1/2
a one-sided, highly variable jet (Fender €tal. 2004), with a su_lt_)r?rray mode wfrchfh;_ld tlhehCCthrametlmedto 17s. -
lower limit on the jet Lorentz factor of 16, making Circi- e upper panels of Fig. 1 show the zero-order image. The

nus X-1 the only neutron-star X-ray binary with a large-gcal colors represent increasing count levels from black (law) t

radio jet and, at the same time, the fastest known microgquasa White (high). With the HETG in place the zero-order image

Because relativistic jets are launched in the inner regipns 1S affected 2yhvar|ou$_art|fa<(:jts. Visible a(;e the ffohur drsg_e
accretion flows, they are important probes of strong gravity S©00 &rms of the positive and negative orders of the medium
and the physics of compact objects. One fundamental quesgn%gllg?’%oenergythgrat|ngs. t-r?gget“f at pos!tl_on anglles of
tion in the study of microquasars is if and how neutron star 7~ <0 20", and thé same a otation (position angles

jets are different from black-hole jets. As the only neutstar '([jhrOli/%houft this Letter are measure((jj ct())t;mte.r-clcéckwgg fro
with a known ultra-relativistic, powerful jet, Circinus Xis a ue West from the point source and abbreviated as PA), out-

very important object: in the radio, the jets exhibit all tegl- ~ Ward of about 1.3 arcmin. Furthermore the spectrometer

marks one would otherwise expect from a black hole. DoesShi€lds some of the soft X-ray photons below 0.7 keV and re-
this equivalence carry over to other wave bands? The discov-duces the overall throughput in an azimuthally uniform fash

ey e X3t o et of ack ol Xray £, [he €10 Gf0e ST anene notsfeciedby e pec

charge trace along the PSF centroid column) becomes promi-

Circinus X-1 is overwhelmingly X-ray bright during its

igh state, rendering any extended jet emission unobslervab

nly in its low-flux state could we hope to detect this emis-
sion. In§2, we analyze the zero-order image @andraob-
servation during this state and argue that the extendedgxce
‘emission we detect originates in the counter{atdiscusses
the implications.

Circinus X-1 was observed with the high energy transmis-
sion gratings (HETGS;;_Canizares etial. 2005) onboard the
Chandra X-ray Observatory on June 2nd 2005 (04:13:01 UT,
OBSID 5478) as part of a campaign to obtain high-resolution
X-ray spectra of the source during its extremely low longrte
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4 arcmin

Fig. 1: (a)top left: 0.3-10 keV counts image of Circinus X-1. The white arrow desdhe position of the X-ray jet, the green box is the region
displayed in the other three panels; (o) right: enlarged image of the analysis box; bottom left: adaptively smoothed, cleaned difference
image with & significance per smoothing length. Jet emission is visibled; (d)bottom right: smoothed color image (red: 2-4 keV, green:
4-7 keV, blue: 7-10 keV), showing that the jet is soft (redatthed area shows regions affected by the read out streak.

of the feature resembles two filaments pointing away from smoothed the central region of the zero-order image after re
the point source at PA22.5° and54.5°. The bottom panel  moving all the gratings and CCD artifacts, subtracted the az
of Fig. 2 shows a combined radial surface-brightness profileimuthally averaged profil&,.q, and divided the difference
along two 13 wide sectors centered on those two PAs (see image byX,.q to create a normalized difference image (panel
insert for extraction region), clearly showing the excessse ¢, Fig. 1). The adaptive smoothing length was chosen to vary
sion in the region from about 0.45 to 0.9 arcmin. The for- only with radial distance from the point source to provide an
mal statistical significance of the excess over the azinliytha average significance ob5per smoothing length.
smoothed background emission is 7.1 sigma. A Gaussian fit Figure 2 also shows an azimuthal surface brightness profile
yields a centroid distance ofc.x ~ 0.64+0.03 arcmin from across an annular sector covering the excess emission.|-The fi
the point source and ~ 0.13 + 0.02 arcmin. aments show clear lateral extent: For comparison, Fig.@ als
In order to illustrate the excess more clearly, we adaptivel shows an azimuthal profile across the readout streak, which i
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position angle [degr.] larger scales. Tudose et al. (2006) presented recent ATEA ob
20 40 80 servations on the same scales as Stewarl et al.|(1993). In the
; highest resolution image (2004 epoch), we estimate a PA of

i

o 40° £+ 15°. Finally, [Fender et all (2004) presented a series
* % of well-resolved jet images (10/2000-12/2002) on scales of
i o about 10 arcsec, with a PA ef —130° + 4°. While rela-
i [' T : tivistic Doppler boosting hides the receding north-wesiet
o edl e from view, it is reasonable to expect that it travels in the op
L = ey R e posite direction from the approaching jet, implying a PA of
T ~ 50° + 4°. All of these angles fall between the two X-ray
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10 -. Figure 3 shows an overlay of the radio contours from
; Tudose et al.| (2006, blue contours), the X-ray image (grey
scale) and the smoothed jet contours from Fig. 1c (red con-
tours). Also shown are the limits on the PA for the approach-
; ? ing arcsec-scale jet (Fender el al. 2004, green lines)clea
Tl from the figure that the two north-western X-ray arms are
i closely “hugging” the radio jet on either side. We thus in-
terpret the features as the X-ray counterpart to the regedin
_ 3 north-western radio jet from Circinus X-1.
01 10 The light travel time from the point source to the location
r [arcmin] of the X-ray jet is7, ~ 5yrs/sin¢ (where the inclinatiori
is the angle between the jet and the line of sight). Sihce
is not known, we cannot directly associate the X-ray jet with
Fic. 2.—Top panel: azimuthal surface brightness profile across the jet a specific radio episode or X-ray state change of the binary.
(black) and across the readout streak (grey, scaled artddshifline up with gjnce we observed Circinus X-1in 2005, any associated cen-
jet excess). Bottom panel: radial surface-brightness profile across the jet ! .
(black) and azimuthal average from regions excluding thegadout streak,  tral flare must have happened before 2000. This is also the
and gratings arms (grey). Also shown: best fit analytic agipration X,,4 time scale on which one would expect changes to the X-ray

(gre)(/jlinerz an(tihbesthTUSSican fifbtf? J'ﬁtt excess g_tlﬂa]gk dat?]heﬂmgiﬁy dia- jetto occur (e.g., proper motion), which should be detdetab
monds show the radial surface brightness profile from th e ap- :

proaching radio jet (offset 180from X-ray jet, centered around PA 244 by futureChandra observations.
Grey dashed line: Marx-simulated PSF. Grey dash-dottesl loff-source
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background.Inserts: extraction regions relative to analysis box from Fig. 1; 2.3. The X-ray spectrum

black-hatched (bottom-right to top-left: counter-jetegthatched (bottom- . .

right to top-left): jet; gery hatched (bottom-left to tojtt): background The spectrum of the point source Circinus X-1 has been
(bottom) or PSF from streak (top). analyzed by Schulz etal. (2007). The spectrum appears ex-

tremely hard in this very low-flux state, with virtually no
counts below 1 keV. This hard spectrum is reflected in the
diffuse emission from the wings of the PSF. Figure 1d shows
a smoothed color image of the inner region, indicating that
the jet emission has a significantly softer X-ray color tHam t
background (red: 1-4 keV, green: 4-7 keV, blue: 7-10 keV).
Note that the other region with visibly softer spectrum is th
south-eastern quadrant, close to where we would expect to
find the approaching jet (sé8.2 for a brief discussion of the
south-eastern emission).

representative of the image resolution, and is much namowe
Fitting two Gaussians to the excess yields centroid andles o
22.5° +0.6° and54.5° + 0.5° and widths ofr ~ 2.3° +0.6°
ando ~ 2.0° + 0.5°, respectively, spanning an angle3
from peak to peak. Since the inclination angtef the feature
(angle to the line of sight) is unknown, this is an upper limit
on the opening angle.

_Itis noteworthy that even the azimuthally symmetric emis-
ay-ttacing. Howsver,callbration obsenations show hat | The backsround-subiracted count rate from the jetis:
e e o o backaround counts. Give the i number of courts, e
sion mérginal at best. Itis possiblle that such excess emis—reéggts\?e f]lmgg \t/(;a;hz nsg;)r;lgrsg e%ogcsnl\/k\)/laer-lrg\(/)vdegjlis\/mghz first
sion stems from the large scale synchrotron nebula aroun 97891022 2 andl ~ 3.0+25, As it stan’ds, the best-

the source. However, given the questionable significarse, d : ; ; . > o .
tailed discussion of this spherical excess is beyond thpesco it Photon index is broadly consistent with the emission gein
of synchrotron origin (for which we would expett <T' <

of this letter. 2.5). An absorbed thermal model can fit the data equally well,
2.2. Comparison with the radio jet giving N5.4757 x 1022 cm =2 andT = 2.2*7) keV.

Taking the best-fit spectral parameters at face value, we can
estimate the un-absorbed 2-10 keV source flux to be roughly
Fy 19 ~ 1.7 x 107 3ergscm 2571, corresponding to an
X-ray luminosity of Ly_19 &~ 1.2 x 1033 ergss~! D2 .

The excess emission is generally aligned with the north-
western arcmin-scale radio jet. Multiple epochs of ra-
dio observations with varying resolution exist of the Girci
nus X-1 jet.| Stewart et all. (1993) presented 1991 ATCA ob-
servations (12 arcsec resolution) which show diffuse eleen 3. DISCUSSION
emission on arcmin scales and a jet-like enhancement in the . .
south—east to north—west direction. On the scale of the ob- 3.1 Interpretation and physical parameters
served X-ray feature, we estimate the jet PA to be roughly The V-shaped morphology of the X-ray jet suggests limb-
33° + 9°, with significant bending towards larger PAs on brightened emission from the surface of a conical vol-
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required to explain the X-rays to b8iperma ~ 5 X
10% ergss— D32 (sin)'/2, which is similar to the power
estimated for the synchrotron case, makiiig,, a relatively
robust estimate.

Inverse Compton emission: In order for inverse Comp-
ton emission to explain the X-ray jet, potential seed phston
would have to come from the diffuse radio lobe, from the ra-
dio jet (as synchrotron-self Compton), or from the binary. |
all three cases, the pressure required to produce the @uokserv
X-ray flux falls into the ranggic ~ 0.001 to 1ergscm ™2,
which can be ruled out on energetic grounds. Thus, inverse
Compton scattering is not a viable radiation mechanism.

DEC (J2000)

3.2. The south-eastern X-ray jet

The radial surface brightness profile along the direction of
the approaching jet in Fig. 2 shows a small excess over the
average profile is visible from the plot, significant at the 4
_ g level. Given that the approaching jet is observed in theoadi

h s s : 5 the low intensity of the approaching X-ray jet is noteworthy
15"20M50 40 30 ; i
RA (J2000) and could have one or both of the following causes:
a) The dimness of the approaching jet could reflect differences
in the environment on the near and far side of the source.
FiG. 3.— Radio-X-ray overlay. Blue contours: 1.4 GHz surfadginess Given the clear non-s_pherlcal appearance of the rad“_) a_ebl”
(adapted froni Tudose etlal, 2006, levels increasa/Bybetween contours; ~ Such an asymmetry in ISM density and/or pressure is likely
outermost contour: 22 mJy/beam; beam size shown on top deéty scales: present.
X-ray image (Fig. 1b); red contours: adaptively smoothedimalized, PSF- b) The difference between approaching and receding jet must
subtracted image (Fig. 1c); green lines: estimated allawade of PAs from fl he liah [ ti diff N ST
high-resolution radio observations of approaching [ientfez et all 2004); retlect the lig t.trave time di er_enoe‘{ght "‘_2lj9t cot Z/C ~
red lines: allowed range in PA for X-ray jet from Fig. 2 (toped). 10yrs D7 g cot ¢ between both sides if the jet is propagating
close to the speed of lightn;gn is significantly longer than
the variability time scale for state transitions. Thussipiau-
sible that the absence of the approaching X-ray jet reflects
different activity levels of the source over roughly a 10 g p

ume. The length of the X-ray jet is roughly., =~
1.6 pc D75/sini. Given the half-opening angle of roughly
a ~ 2.6°sini, the volume of the emitting cone K., ~
1.2 x 10°° cm® D2 ¢ /sini. Since we can observe the radio
and X-ray counter-jet on arcmin scales, it is safe to assume

that its motion is no longer ultra-relativistic and we can ne

glect Doppler corrections. We propose two possible alterna 3.3. Broader implications

tive explanations for the origin of the excess emission: Chandra found extended X-ray jets for a number of either

fgnﬁ?L(gﬁpmnbe_rg:.ﬁ?gngggnigi%ﬁ:frgr?]ethé'r;yn%rglisséﬂg of identified or likely black hole X-ray binaries (XTE J1550-
u ' '9 1SSl ical w 564, Corbel et al. 2002; SS433, Migliari et /al. 2002; H1743-

the jet itself. Assuming a synchrotron slopeldk 1.5 and a 322 [Corbel et al. 2005; and Cygnus X-3, Heindl et al. 2003).
volume filling fraction of order unity, the equipartition ia Circinus X-1 is thus the first bona fide neutron star with an

cle pressure ipeq ~ 5 x 10~ 2 ergs cm =3 D7 2/7 (sin)4/7. extended X-ray jet.

We can then estimate the minimum jet power in the counter- - The minimum power oft/ > 5 x 1036 ergs s~ is roughly

jet to be roughlyWie; > 5 x 1036 ergss=? D;O8/7 (sin)4/7 4% of the Eddington luminosity for a neutron star. At peak
which is larger than, and thus consistent with, the loweitlim flux, Circinus X-1 is only slightly super-Eddington, and be-
on the time-averaged kinetic powél) > 103%ergss—! cause, unlike in black holes, mass cannot disappear into an
from the large scale radio nebula (Heinz_2002; Tudoselet al.event horizon, we can turn this into a lower limit on the jet
2006). production efficiency of; 2 0.5%, that is: upward of 0.5%

Thermal emission: The X-rays could also be due to ther- ©Of the accreted rest mass energy must have gone into power-

mal emission from the shock driven into the ISM by the INg the X-ray jet. This makes Circinus X-1 as efficient as a

propagation of the jet alongside the expanding cocoon. InPlack hole in making jets, despite its shallower potentlal.

this case, the required electron density wouldhbg,ma ~ also ties Circinus X-1 directly to the radio nebula, showing
3 =1/2 /. ~1/2 s - that the jets have more than enough power to inflate the large

10em ™2 D7 ¢/~ (sin4)'/2, with a total emitting gas mass of scale lobes

Minermal ~ 0.1 Mg D?/g?/(sini) and a very high pres-  Acknowledgments. We would like to thank Mike Nowak and
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