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Abstract

Suzakuwbservations of the Wolf-Rayet binary WR 140 (WC#gd5.5fc) were made at four different times
around periastron passage in 2009 January. The spectrgezhanshape and flux with the phase. As periastron
approached, the column density of the low-energy absarptioreased, which indicates that the emission from
the wind-wind collision plasma was absorbed by the dense Wirld. The spectra can be mostly fitted with two
different components: a warm component withiI’ =0.3-0.6 keV and a dominant hot component wWithil" ~3
keV. The emission measure of the dominant, hot componerttigmersely proportional to the distance between
the two stars. This can be explained by the O star wind caliidiefore it has reached its terminal velocity, leading
to a reduction in its wind momentum flux. At phases closer tagg&on, we discovered a cool plasma component
in a recombining phase, which is less absorbed. This commanay be a relic of the wind-wind collision plasma,
which was cooled down by radiation, and may represent aitiamal stage in dust formation.

Key words: stars: Wolf-Rayet — stars: binaries: eclipsing — stars:dsiroutflows — X-rays: individual (WR
140)

1. Introduction While the mass-loss rate and the acceleration paranseter
have been measured using the radio/IR continuum flux or line
Mass-loss is one of the most important and uncertain pspectral analysis at optical/IR wavelengths, X-ray wavetk
rameters in the evolution of a massive star. There are deverauld be an independent window to approach these parame-
methods for determining mass-loss rates (e.g., via raditrco ters. Colliding wind binary is a good target, having var@&bl
uum flux, radiative transfer and polarization variation iose X-ray spectra with orbital phase. The X-ray is emitted from
binaries). It has become increasingly recognized (e.ds, &u the wind-shocked region, which is strongly dependent on the
al. 2006) that smooth-wind models, based on density-squaram-pressure balance between the two hypersonic winds. The
diagnostics, overestimate clumped wind mass-loss rateg byshocked plasmas, which have temperatures 6£10° K, are
to an order of magnitude. frequently observed, and the high absorption column &40
Another important parameter for massive stars is the widd?® H cm~2 are reported (cf. Schild et al. 2004). The tem-
acceleration. For most radiatively-driven stellar-winddels, perature should reflect on the wind velocity, and the abgmrpt
a velocity lawv(r) = v (1 — R/7)? with 3 = 1 is assumed. column indicates the dense W-R wind (Koyama et al. 1994),
Here,v. and R are the terminal wind-velocity and stellar rai.e. mass-loss rate of the W-R star (cf. Pollock et al. 2005).
dius, respectively. In this model, usually the initial wind- The X-ray luminosity is highly dependent on the separation
locity vg is neglected, since it is thought to bel% of v, between the stars of the binary, the mass-loss rates, artl win
and the wind-collision X-rays are formed relatively far dut velocities (Stevens et al. 1992; Usov 1992). If we know the
the wind. On the other hand, some optical observations haudital parameters of the binary, the X-ray luminosity atfea
revealed a high value of for Wolf-Rayet (W-R) stars (e.g., orbital phase should depend on the mass-loss rates and wind-
20Rp < SR < 80 Ry; Lépine & Moffat 1999, which lead to acceleration parameters.
valuesig > 1 for normal W-R radii). WR 140 (HD 193793) is considered as the textbook exam-
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Table 1. SuzakuObservation Log.

Obs. Observation Observation  tep*  Cxis/ri' Cxis/pi' Cuxp/pin'  Orbital Df
Start [UT] End [UT] [ks]  [cps] [cps] [cps] Phase [AU]
A 2008-04-0905:33:13 2008-04-0917:20:18 21.6 248®07 2.6&0.01 0.024-0.005 2.904 13.79
B 2008-12-1210:27:51 2008-12-1313:15:20 52.8 2:26D05 2.4150.007 0.022-0.003 2.989 3.12
C 2009-01-04 08:36:00 2009-01-0510:12:18 47.3 06B003 0.644-0.004 0.0080.003 2.997 1.73
D 2009-01-1312:59:45 2009-01-1512:00:13 89.4 0440801 0.1780.002 0.005-0.002 3.000 1.53

* Net exposure of the XIS.
T C shows net count rate in counts per second (cps). The baredpass0.4-10 keV for the Fl and Bl detectors and 15-50 ke\hioPIN detectors.
* According to Monnier et al. (2011)0 shows binary separation.

2. Observationsand Data Reduction

W-R star

The SuzakuX-ray observatory (Mitsuda et al. 2007) is
equipped with two kinds of instruments; the XRT (X-Ray
Telescope, Serlemitsos et al. 200¥) XIS (X-ray Imaging
Spectrometer: Koyama et al. 2007a) system, sensitive to X-
rays between 0.3-12 keV, and the HXD (Hard X-ray Detector:
Kokubun et al. 2007; Takahashi et al. 2007) sensitive toy&ra
above 10 keVSuzakwbserved WR 140 four times around pe-
riastron passage in 2009 January. Sequence numbers of the
data are 403030010, 403031010, 403032010 and 403033010.
Logs of these four observations, labeled as A, B, C and D, are
summarized in table 1 and figure 1. The total exposure of these
observation was-210 ks.

The XIS is composed of four X-ray CCD (XIS0-3) arrays
Fig. 1. Schematic view of the orbit of the WR 140 system. The filled with 1024x 1024 pixel formats, each of which is mounted at
cirgcles show relative positions of the W-R star du%ing obatons the focal plane Of. an individual XRT. The XRT+XIS sys_tem
A-D. The dashed arrow shows the line of sight to Earth. covers a field of view of~18 x18. The XIS1 has a back-side
illuminated (BI) CCD chip while the remaining active sersor

ple of a colliding wind binary. The star has been CI<';1ss,iﬁe@(ISO and XIS3) have front-side illuminated (F1) chips. Tile

as a WC7pd-O5.5fc binary system whose stellar masses a d Fl chips are superior to each other in the soft and hardl ban
Mg = 16 M, and Mo, = 41 M., by the optical spectroscopicreSponseS respectively. During the observations, the w&se

monitoring (Fahed et al. 2011). Its orbit and distance ha\%)erated in the normal clocking mode with the default frame

been well determined witl®,,;, = 2896.35 daysj = 119.6, time (8s). WR 140 was p!ace_d at the HXD nomingl pasition.
e=0.8964 andl = 1.67 kpc by detailed IR astrometric study The HXDisa non-imaging instrument that consists OB.GM
(Monnier et al. 2011). Radio non-thermal (synchrotron)$miarray of detectors (well units) and 20 surrounding crystal-s
sion from WR 140 was reported that may arise from a win illators for active shielding. Each well unit consists ofif Si
wind collision zone (e.g., Williams et al. 1990; White & Bexrk IN diodes (PIN), sensitive to X-rays between 10-70 keV, and

) : GSO/BGO phoswitch counters (GSO) for detecting pho-
1995; Dougherty et al. 2005). Pittard & Dougherty (2006)prJOur ) L

: ) ) ) i tons with energies in the range 40-600 keV. We used only PIN
posed a radio, X-ray angray non-thermal emission model. a to constrain the emission above 10 keV due to the high
g&‘

In their model, there are some cases where inverse Com .
b ckground of the GSO instrument.

emission dominates the high energy X-ray emission. Pitta . .
& Dougherty (2006) predicted th&uzakuvould detect such We rgduced_the data using HEAs"oﬁlersmn 6.16.0 and
non-thermal X-ray emission. calibration versions (CALDBVER) xis20090402, xrt2008970
WR 140 is a bright X-ray source (e.g., Pollock 19g72nd hxd20090402. We screened out XIS and HXD events ob-
Williams et al. 1990; Zhekov & Skinner ZOOb' Pollock et alfalned during (1) the S_outh Atlant|p Anomaly (SAA) passage,
2002; Pollock et al. éOOS). During the previous: periastras-p (2) the low geomagnetic cut-off r_|g|d|ty (6 GV for the XIS ar_1d
sageRossi-XTEshowed a drop in X-ray flux before periastro GV forthe HXD), (3) IO\éveIevatmn angles from the I_Earth fm
(Pollock et al. 2005). We pursued this Baizakunonitoring .<100 for the XIS and<5° for the HXD). and the sun-lit Earth
during the following periastron passage in 2009. Theserebs8™ (<20°), and (4) telemetry saturation. We used XSPEC

vations cover the energy range 0.1-20 keV. version 12.5.1 for spectral analysis.

1
2

http://heasarc.gsfc.nasa.gov/docs/software/lhdasoft
http://heasarc.gsfc.nasa.gov/xanadu/xspec/
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Fig. 2. SuzakuXIS (0+1+3) contour images of WR 140. Top panels: 0.4-1.6 keNd. Bottom panels: 7-10 keV band. The contour levels argofio
band, 0.04, 0.08, 0.16, 0.32, 0.64, 1.28, 2.56, 5.12, 1@Q@48, 40.96, 81.92 and for hard band, 0.025, 0.04, 0.0802(0.164, 0.262, 0.419, 0.671,
1.074 in units of counts ks! pixel~!. In the soft band images of the observation C and D, some waakes are located in the west region of WR 140.
Since the flux of these sources varied between observatiarel©, they are considered as the variable point sourcesddsteed lines show the XIS
field of view. The crosses show the location of IGR J202169435

3. DataAnalysisand Results

(APEDY. The FI spectra did not show such deviation, and are
3.1. Spectral Characteristics

consistent within-5 eV with the values in the database. Thisis
suggesting that the energy gain of the Bl chip is not caldatat
Figure 2 shows the XIS images in the soft (0.4-1.6 ke\gufficiently. Center energies of these lines, measured fitith
band and the hard (7-10 keV) band. In all the observationy; Gaussian functions, deviate bp+3 eV and—20+-3 eV for
the XISs detected an X-ray source at the position of WR 14@bservations A and B, respectively. We therefore offses¢ho
In order to capture the spectral characteristics of WR 140, spectra by the best-fit values. We did not make gain offsets fo
extracted the source events from a circle with 4 arcmin madithe spectra of observations C and D, since they did not show
centered on the X-ray peak, which gives a maximum signahose emission lines.
to-noise ratio in the 0.4-10 keV band. We extracted back-We subtracted from the pipeline-processed HXD/PIN spec-
ground events from the entire XIS field of view, excluding th&'a non-X-ray background (NXB) simulated with the tuned
region within 5 arcmin from the X-ray peak and calibratiodNXB model (LCFITDT, Fukazawa et al. 2009) and the typical
source regions. WR 140 did not show any significant X-ra@osmic X-ray Background (CXB) measured with tHEAO-1
variation during each observation, so that we generatee-tinfBoldt 1987)*. We generated the PIN detector response with
averaged spectra for each observation. We generated XIS laledar f gen. The PIN spectra also were binned withppha
tector responses (RMF) and XRT effective area tables (ARFE)
with xi sr nf gen andxi ssi mar f gen (Ishisaki et al. 2007)  The XIS spectra of WR 140 (figure 3) show emission lines
and averaged two Fl spectra and responses with the HEAdofim highly ionized ions of neon, magnesium, silicon, sulfu
mat hpha, addr nf andaddar f. The FI spectra of obser- and iron. Earlier observations of WR 148Bihga Koyama et
vations A and B, C, D were grouped to a minimum of 10@l. 1990, ASCA Koyama et al. 1994; Zhekov & Skinner 2000,
and 200 counts per bin witRTOOL gr ppha, respectively. Chandra Pollock et al. 2005XMM-Newton De Becker et al.
Similarly, the BI spectra of observations A, B, C and D wer2011) also found these lines in the spectra, suggestingadigti

grouped to a minimum of 100, 200, 150 and 200 counts piin plasma thermalized by wind-wind collision. The low en-
bin, respectively. In spectral fits, we ignored XIS bins axdu ergy cut-off — the signature of absorption by neutral matter

the Si K-edge between 1.8-2.0 keV because of the calibrationweakly ionized plasma — drastically increased from obser
uncertainty.

We noticed that the O-Ly, Ne-Lya and Mg-Lyx lines in the j

See http://cxc.harvard.edu/atomdb/ for details.

See http://heasarc.gsfc.nasa.gov/docs/suzaku/asialysexb. html

Bl spectra of observations A and B deviate significantly from  opsenvation A: group 0 35 6 36 71 12 72 101 30 102 236 45 237 255 19
those lines in the Astrophysical Plasma Emission Database observation B: group 059 6 60 71 12 72 146 75 147 236 45 237 255 19

Observation C: group 047 6 48 59 12 60 146 87 147 236 90 237 255 19
Observation D: group 0 59 6 60 146 87 147 236 45 237 255 19
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Fig. 3. Background subtracted XIS/FI and HXD/PIN spectra of WR 140.

vation A to D. High density and/or large atomic number arg.2. Cool Component
needed for large absorption. In WR 140, the mass-loss rat . .
of the O-star is an order of magnitude smaller than that of ﬂaez\:]e df%u?sdegegci))ol fnom?:gﬁg;;ncg:)enssvi‘:tg gfrto %Seeglr?;o?s
W-R star. In addition, the W-R wind have higher metal abun= e ' b y

dances than the O-star wind. Therefore, it is well known thaP results of the cool component. First, we check the dpatia
Structure of the cool component. Then, we compare the spec-

the absorption by the W-R star is dominant (e.g., Koyama et g

1994). The spectral variation like this was reported by Zvek . )
/ . : .2~ component. Finally, we fit the spectra of the cool component.
& Skinner (2000). We call this dominant emission varlabl% 2.1. Radial extent of the cool component

component’ (seg 3.3). _Durlng obse_r\_/auons C and D when WR 140 is located in the Cygnus region that is pervaded
soft X-rays from the wind-wind collision are suppressed bg diffuse X-ray emission from a large ring-like structure
absorption from the wind of the W-R star, we detected any . Y S 9 gl '

. V\épose diameter isz 13°. This diffuse structure is known as

other emission component below 2 keV. This component d e Cygnus superbubble (CSB). We then figure out the spatial
not change apparently between these observations. Wéisall .

TR N structure of the cool component before the spectral arglysi
soft emission “cool component” (S€e3.2).

Sy o Figure 4 showsSuzakumages in the 0.4-1.6 keV and 7—
15?5]% EeXVD/r ELNgedetfﬁ;eﬁui'gsrggﬁsmtoxgﬁgngz'fS} f)lr%noll:r)]ster:elaq keV ban_d, combir_1ed_ from_ observations C anq D. Inthe so_ft
tion B to D (see fiéure 3), which seems to correlate with tréa”d* the diffuse emission with some degre_e of inhomoggeneit
variation below 10 keV H,owever we should pay attention {s seen. The north and east areas were brighter than the south
: ' N area by a factor of two in count rate. Some transient sources
other hard X-ray source IGR J20216+4359, which is Iocatedv:\:}tere identified in observations C and D

17.35 arcmin away from WR 140 (Bikmaev et al. 2008). The Figure 5 shows the radial profiles of tBeizakiXIS images

location is shown in figure 2 & 4. Because of a potential f . . :
the contamination from IGR J20216+4359 in the field of vie@ora%késgsﬁfend ?JpTTr? flir;l?rgeeg ?rr]i tda;:ser?e\(IjvIltirr:exilnS -eoa{cﬁ, p?ndel

of PIN/HXD, XIS and PIN spectra are analyzed separately. shows the background level determined by the fitting of the

al features of diffuse emission around WR 140 and the cool
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Fig. 4. SuzakuXIS (0+1+3) images with a log color scale obtained at obgema C and D. We averaged the images of observations C anafD. L
panel shows 0.4-1.6 keV band, and right panel shows 7-10 ked.dmages have been smoothed with a Gaussian functiorowitB.5 image pixels

(~ 21 arcsec). The contour levels are 0.039, 0.073, 0.138 its wficounts ks pixel—!.

We used the arc region as the background of the cool

component excluding nine circle areas (see the text for ¢it@illl The solid and dashed outer lines show the backgroegidns for observation C and

D, respectively. The XIS has a spatial resolution of aboutgna in a half-power diameter.
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Fig. 5. Radial profiles which are centered on WR 140. The data are sahum for XIS-0, 1 and 3. Only observation D is used. Top: 0.8k&V (soft).
Center: 7-10 keV (hard). Dashed lines show the count ratesiodssumed background level that consists of the Cygnuestsuigble and the NXB.
Bottom: The ratio of the soft to the hard energy-band dat #fie constant background is subtracted.
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T T T Table 2. Results of spectral fitting for cool component.
;E N i N Components Parameters
g . H|Ifl ii| Absorption  Ng°' (10?! cm—2) 3.8777
E-t 1t { ] ; 1+ 0.006
s inﬂﬂiim ""'“wi’ri’rif’ri ##Jr iHJf vrnei kgT<°°' (keV) 0.02175 008
po e g gt kTS (keV) >0.58
k=] it
LE) b A +++##H+++++++++*+ tij,-H- N (solar) <47
£ t D L, O (solar) 9.179
g 4—;_|1+++|_. we Ne (solar) 17.123%
o
S, ; n Mg (solar) 3.47%73
Energy [keV] Tui(loll s CnTg) 23—1—82
norm?$ (107°) 7.5£0.7
Fig. 6. Comparison of the spectra of the source (black) and backgrou I — ———1
(red) regions. The data of XIS-0, 1 and 3 for observations € @n Fx (10 ergem s ") 11
were summed to make the spectra. Downward-pointing arnogisate Lx #(1032 erg s_l) 20

prominent excess of the source spectrum over the background 5
v2/dof 98/83

. Notes. We used the spectra of observations C and D, by aagrdwem. We
data between 200-600 arcsec form WR 140 with a constag a simultaneous fitting of the FI and Bl spectra. We adofitecmodel

model. The bottom panel in figure 5 shows the ratio of the softBabs * vr nei . The best-fit model is shown in figureright panel with
band count rate and the hard band count rate, after backgjroursolid line. Errors quoted are the 90% confidence interval.
subtraction. The ratio is nearly flat along the radial axine T  Plasma temperature

. . - T Initial plasma temperature
point spread functions of the XISs do not significantly shbert ;| .0 eccale.

energy dependency(Serlemitsos et al. 2007). Since the emisyormalization constant defined & M. x 10~ 4 (47d?)~!, whereE. M.
sion from the point source WR 140 dominated the XIS couri$ the emission measure ém—3 andd is the distance in cm.
rate in the hard band, the constant ratio indicates thatdbé c LThe observed flux (0.4-1.6 keV) .
component is also point-like and associated with WR 140. The abs_orptlori-corrected luminosity (0.4-1.6 keV), whighcalculated
by assuming a distance of 1.67 kpc.
3.2.2. Spectral features
In this subsubsection, we compare the spectral features of
the background diffuse emission around WR 140 and the cool
component. Since WR 140 lies in the north area of the diffuéightness is not inconsistent with the reported flux withm
structure, we adopted the north and east regions of WR 14004der of magnitude (Zhekov & Skinner 2000).
the background region for observations C and D. We excluddd.3. Spectral fitting
the transient sources from the background region, as shown i In this subsubsection, we fit the spectra of the cool com-
figure 4. In order to improve the signal-to-noise ratio of theonent in the 0.4-1.6 keV band with two models. First, we
spectra in the 0.4-1.6 keV band, we extracted source evelified the FI and Bl background subtracted spectra using a
within 2 arcmin from the X-ray peak. We co-added the XIS-gnodel of a one-temperature CE plasmAREC) emission suf-
1 and 3 spectra for observations C and D and ignored spectfiing absorption by cold matter with the interstellar medi
bins above 1.6 keV. (ISM) abundancesiBabs: Wilms et al. 2000). As for the CE
Figure 6 shows the area-normalized spectra of the Soupi@sma, the elemental abundance were fixed at the best-fit val
and the background region. NXB subtraction were not ma¢l€s for the variable component (¢&.3.1 and table 3) except
for both of the spectra. The spectra of the background regitsti N, Ne and Mg. The fitting result (figure [eft) yields a
was fairly complex, which had O-Ly, Ne-Lya and Mg-Lyn ~ Plasma temperature @i 7°°°! ~ 0.2 keV and a column den-
lines and the structures of He-like O and Ne. On the oth8ity Ni>*' ~ 7x 10°' cm~ (x*/dof = 163/50).
hand, the source spectrum shows large excess from the backthis model still leaves line-shaped residuals at @01
ground. Especially, the structures, which are shown with df€V. In the emission line database APED, the 1.21 keV line
rows in figure 6, are unique to the source spectrum, and canf@tresponds to Ne-Lyline. However, in the CE plasma, the
be made by an inappropriate background subtraction. At le&ie-Ly3 line flux must be weaker than the Ned.ine flux
the 1.2 keV peaked structure in these unique structuresico@t 1.02 keV. In order to get the line flux ratio of Nedto
not been reproduced by collisional equilibrium (CE) plasmlay8, we fit the spectra using the Gaussian lines model with an
model. The detail is discussed§r8.2.3. absorption. The absorption fixed Aty =7 x 10?'cm~2 de-
The observed surface brightness of background region wd from the fitting result of the CE plasma model. Figure 8
4 %107 erg s7! ¢em~2 arcmin~? (0.5-2 keV). This value Shows the confidence contour map of the normalizations of two
was obtained from a fit of the NXB subtracted Bl spectrum fdpaussian lines (Ne-Lyand Ly3) and indicates that the resid-
observation D by athin thermal p|asma modeC: Smith et ualat1.2 keVis Significant at ther3devel. The best-fit ratio of
al. 2001). We adopted the ancillary response file for a carcully 5/Ly is about unity that is much larger than the ratio for the

flat field sky with a 20 arcmin radius. This observed surfadeE plasmas 0.3. The high Ly3/Ly« ratio is often obtained
from a plasma in a recombining phase.
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Fig. 7. The background subtracted FI spectra below 1.6 keV, whersplctra of observations C and D are averaged. The speciasmgrauped to a
minimum of 40 counts per birL.eft Fit with the TBabs * vAPEC model.Right Fit with theTBabs * vr nei model. The solid lines show each model.
The lower panels show the residuals of the data from the m&de&l also table 2 for the best-fit parameters.
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Fig. 8. The confidence contour map of the normalizations of the two
Gaussian lines (Ne-ky and Ly3). The best-fit parameters were ob-
tained by a simultaneous fitting of Fl and BI spectra that veagle by
averaging the data of observations C and D. The contourst &%,
90%, and 99% confidence levels for two interesting parametéhe
solid straight line indicates the line ratio of &yto Ly3, based on the
APEC model.

From the above consideration, there is a possibility that
the residuals at 0.5, 0.73, 0.87, 1.21 and 1.37 keV result
from radiative recombination continuum (RRC) edges of,C
Owi, Owii, Neix, and Nex, respectively. We therefore intro-
duce non-equilibrium recombining collisional plasma mode
(vrnei ). This model is based on the assumption that the
plasma changes from the collisional equilibrium statehlie
initial temperaturéi 7520, to the non-equilibrium recombin-

ing state, with the temperatukg7°°°'. The elemental abun-

Table 3. The best-fit values of the elemental abundance ratios of the
variable components (warm and hot components) and theiratixsn
components by number relative to helium.

Element  Abundance ratio
He 17

C 0.4’

N o’

0 7.2x10°%
Ne (6.0:0.2) x 1073
Mg (5.4+0.3) x 10°4
Si 5.9x 104

S 2.4x 10~
Ar 5.3x 1075’
Ca 3.2x 1075
Fe (4.1659%) x 104
Ni (1.737008) x 107°

dances except for N, O, Ne and Mg were fixed at the best-fi§.21 ev.

values for the colliding wind emission (sg8.3.1 and table 3).

Notes. This result is obtained with the same fitting as
that done to obtain the results in table 4 (observations
A and B); we simultaneously fitted the FI and BI
spectra of observations A and B with the model
TBabs * ( var abswar™m * ypshockwarm 4
var abshot * ypshock"ot ). Other parameters are
separately shown in table 4.
* Abundance ratios by number are expressed relative
to helium.
Errors and upper limits are at the 90% confidence level.
The abundance of H was set to zero. We adopted the
abundance ratio C/He: 0.4 by number, which was taken
from Hillier & Miller (1999). The abundance of nickel
is linked to that of iron.

Value fixed.

The reducedy was significantly improved. The best-it re-3-3- Variable component

sults are shown in table 2. The temperatkigg°°! is as low

6 See http://heasarc.gsfc.nasa.gov/xanadu/xspec/n¥BuabdelRnei.html

The emission from variable component constitutes a consid-
erable fraction of the X-ray emission from WR 140 (see fig-
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Fig. 9. The XIS/FI+ HXD/PIN spectra of WR 140 for each observation and the XI$§tmodels (see table 3 & 4). Backgrounds are subtracted. The
hot and warm components are separately indicated as thiesswlidotted lines in the upper panels. The lower panels dhewesiduals of the data from
the best-fit model.

ure 3). For the spectral analysis, we then adopted the souficgt used the CE plasma emission cod@&PEC (Smith et al.
and background regions used§r8.1. As for observations C 2001) in which we can allow to vary each metal abundance.
and D, we ignored the soft band belew? keV because there Next, we used the plane-parallel shock codpshock. In
is the cool component (see figure 9). both of the fits, we fixed the C/He abundance ratio at 0.4 by
3.3.1. Spectralfitting number (Hillier & Miller 1999) and the other elements except
In this subsubsection, we made the Fl and BI spectra of dior Ne, Mg, Fe and Ni at the best-fit abundances in Pollock et
servations A and B in the 0.5-10 keV band. We executed sit (2005). The latter fit gave slightly better reduggdvalues
multaneous fitting of the FI and BI spectra of observations @Tvapec:y2/dof ~1.71, 2Tvpshocky?/dof ~1.61). The top
and B. We first tried to fit these spectra using a one-temperatpanels in figure 9 show the best-fit 2Tvpshock models and the
plasma emission model with either a single absorption cemm@pectra. We use thgpshock model in the following analysis.
nent or a combination of absorption components with two dif- The X-ray emission should be absorbed both in the W-R
ferent optical depths. We next tried a two-temperaturempéas wind and ISM. We therefore assume two absorption compo-
emission model with a single common absorption. Both the atents. One is the absorption componerar(abs) for the
tempts did not produce statistically acceptable solutidriss W-R wind, whose elemental abundances are tied to those of
is perhaps because one-temperature plasma models do nothe-plasma\pshock) model. Another is an interstellar ab-
produce emission lines in the soft band around 1 keV and irsarption component, with elemental abundances fixed at ISM
K line at ~6.7 keV simultaneously, and those spectra, in pasbundancedBabs: Wilms et al. 2000). We also assumed that
ticular in observation B, are too flat to be reproduced with the warm component in observation A suffers only interatell
single absorption component. absorption.
We therefore fit the XIS spectra with a two-temperature We tied elemental abundances of the both plasmas for obser-
(warm and hot) plasma model with independent absorptieations A and B, since the elemental abundance of the plasma
componentsyar abs)’. For the emission components, we

effect on the overall fit, so that we did not change the reét-parameter
7 We found that the line shift, which we will discuss §03.3.2, had littlle in the spectral model.
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Table 4. The best-fit parameters of spectral fitting for the varialdmponents.

Observation | A | B | C | D
Orbital phase | 2904 | 2989 || 2997 | 3.000
interstellar absorption
Ny (10°! em~2) | 85171 | =A | = A (fixed) | = A (fixed)
warm Component
N (101 cm™?) -4l Il - -
kT (keV) | 0.645055 | 03515000 | - I -
(102 s ent?) 82ty | oarte: | - | -
norm’(10-%) | 99740 | 144%3 | - | -
Fx *(107 " erg ecm ™2 s71) || 1.28 | 0.45 || - || -
Lx $(10** erg s~ 1) | 208 | 4.67 0 - 0 -
Lx o I(10** ergs™t) || 384 | 106 | - 0 -
hot component
NES® (1070 cm—2) | <o0.007 | 16870 | 12602 || 23.4:05
kaT" (keV) | 3200008 | 3a4stghi || 29700 || 3.038
7,*(10'2 s cn?) | 82t | 41 || 272 | =25
normf(10-2) | 1.27+0.01 | 3.4570¢0, | 3.5670% || 1.89%0¢2
Fx *(107 M ergem™2s71) | 285 | 5.63 | 258 | 1.01
Lx $(10** ergs™!) || 1.67 | 5.10 || 5.78 || 251
Lxpo (10 ergs™') || 259 | 9.08 | 117 | 413
x>/dof I 3744/2330 556/472 2977253

Notes. For observations A and B, we adopted the moBelbs * ( var abs™>™ ¥ vpshock™o ™ +

var absP°t * ypshock"t ). In observation A, we removedar abs ™2™ in order to determine the interstellar
absorption for WR 140. On the other hand, for observationad’ we adopted the mod&Babs * var abshot *
vpshockh°t. Errors and upper limits are at the 90% confidence level. Téraental abundance ratios of the variable
components (warm and hot components) and the absorptiopareents are separately shown in table 3.

* lonization timescale

 Normalization constant defined & M. x 10~'4(47d?)~1, whereE. M. is the emission measure ém 3
andd is the distance in cm.

 The absorbed flux (0.5-10 keV)

§ The absorption-corrected luminosity (0.5-50 keV), whighaealculated by assuming a distance of 1.67 kpc.

I The intrinsic bolometric luminosity

#|onization timescale of the hot component is tied to that afrw component.

should not change between observations A and B. We also ttexhs only by a factor of two. The absorption appearing in the

the ionization parameters, for both hot and warm compo- data of observation A may be mainly made by the ISM toward

nents. The best-fit results are given in tables 3 and 4. TWR 140. For simplicity, we regard the X-ray absorption in the

best-fit model for the spectrum of observation A gives an abpectrum of observation A as the interstellar absorptiae-he

sorption column ofVy =8.51 x 10?'ecm~2. The observation after. No conclusion in this paper changes with this singaifi

A is correspond to orbital phase 2.904, in the definition of tion.

Monnier et al. (2011). The column density is close to that ob- We fit the spectra of observations C and D independently.

tained with an earlier observation wihandra(Ng =8.0 x  We executed simultaneous fitting of FI and Bl spectra. Since

10?*em~2 at orbital phase= 1.986; Pollock et al. 2005). the soft band flux below.4 keV is strongly suppressed by cir-
The interstellar extinction toward WR 140 has been meaumstellar absorption, we did not include the warm compbnen

sured at the optical wavelength.ds = 2.95 mag (Morris et al. in the fits to either the spectrum of observation C or that ef ob

1993). Based on thdy/, the expected ISM absorption columrservation D. The elemental abundance were fixed at the best-fi

(Ng) is either 6.5x 10%! (using the correlation of Gorensteinvalues of observations A and B (see table 3). The bottom pan-

1975) or 4.6x 10%'cm—2(using the correlation of Vuong etels in figure 9 and table 4 show the best-fit results.

al. 2003). In these correlations, we assumed that the gas3®.2. Fe K-line Profile

dust ratio of WR 140 is the same as that in ISM. The observedThe XIS spectra showed emission lines okke Ko (~6.7

absorption at the phase A differs from the expected absoigV), Fexxvi Lya (~6.9 keV), Nixxvi Ko (~7.8 keV) and



10

Y. Sugawara et al.

Table 5. Results of spectral fitting in the 5-9 keV band.

[Vol. ,

Obs. I.D. A B C D
Power-law

r 3.0+0.2 2.9870:07 3.214-0.08 2.985:03
norm 0.04+0.01 0.12"362 0.17+9-08 0.06+0.01
Gaussian

By (eV) Fexxv Ka 669749 £7 6678 +7 6668+4 +7 6661 3 +7
v (107 km s~ 1) ~8.6%42431 -09718431 +4525 431 477t 431
o1 (eV) <5 <19 <15 <31

F8 5.8+0.6 18.1+0.6 16.1+0.6 9.44+0.5
B, (eV) Fexxvi Lya 6973 6973 6973 6973
F8 <0.5 1.0k0.4 0.51+0.4 <0.2

Ej (eV) Nixxvii Koy 7797 7797 7797 7797
Fy8 <0.9 1.3:0.6 1.140.7 0.975%

Ey (eV) Fexxv Kg 7897 7897 7897 7897

Fy8 <0.8 <0.9 0.8+:0.7 <0.3
y2/dof 128/96 278/238 192/158 151/159
Mn Kall (eV) 590475 5889 5896+2 58987

Notes. Errors and upper limits are at the 90% confidence.l&wscript Numbers show

1=Fexxv Ka, 2=Fexxvi Lya, 3=Nixxvi Ka and 4=Fexxv Kg3.

* Normalization constant, defined as the flux density at 1 kewhits of photonkeV ~! cm=2 s~ 1.

 The first and second errors show a statistical error and arsgsic error, respectively.

¥ Line radial velocity. Relative velocities are based on the tenter energy of Bexv Ka~6,676 eV in the rest frame.
§ Line flux in 10~ photoncm =2 s~ L.

’ Line center values were fixed.

I The center energy of Mn i line from the®Fe calibration source.

of their line profiles, we measured the center energieshsidt
and fluxes of these lines using the FI data which has better
gain calibration and higher sensitivity in the hard energgid

We fitted the spectra in the 5-9 keV band with a continuum
model and four Gaussian models for the lines. For the con-
tinuum emission, we tried the two different models, thermal
bremsstrahlung and power-law. Both fits gave consistent re-
sults. In fact, the best-fit parameters of the lines for twe di
ferent continuum models are found to be within the margin
of error. We therefore show only the best-fit parameters of a
power-law model for the continuum and four Gaussian models
for the lines. We fixed the line-center energies, excepttat t

of Fexxv Ka line, at the rest frame values, due to poor photon
statistics. Figure 10 and table 5 show the best-fit resulte T
advantage of Suzaku-XIS is that the energy-scale is cédiira
very well with the accuracy of roughly 0.1% (e.g., Koyama et
al. 2007b; Ota et al. 2007; Ozawa et al. 2009; Tamura et al.
2011). Therefore, we adopted the systematic errors of 071% (
eV) in our result, as are shown in table 5.

As the binary system approached periastron, the central en-
ergy of Fexxv Ka line gradually shifted from 6,69#9 eV
(observation A) to 6,66Ll‘§ eV (observation D). In order to
measure the shift of the central energy of thexke Ko line,
we determined the line center energy in the rest frame for the

Fexxv Kg (~7.9 keV). In order to investigate the varlatlonCE plasma modeligsT ~3 keV). Here, we used theakei t

0.05 0.1 0.2

Intensity [count s7! keV~']

0.02

0.01

6.6
Energy [keV]

Fig. 10. The zoomed XIS/FI spectra of WR 140 for each observation
and the fitting models (see table 5.) The black, red, greemiardshow
the observation A, B, C and D, respectively. The dotted lislesw
the power-law and Gaussian components. The solid lines shew
summation. Vertical lines indicate the central energiethefFexxv

Ko line for observations A, B, C and D.
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Fig. 11. The HXD/PIN spectra of WR 140 for observations A and B
and the best-fit models. The black and red show observatioasdA
B, respectively. The solid and dotted lines in the upper psinew the
power-law and hot components, respectively. Lower panelstthe

Table 6. Results of spectral fitting in the 15-50 keV band.

Observation | A | B
Orbital phase | 2904 | 2.989
power-law component
r | 1731 | =A
norm* (10-3) | 1.579%% | 1.873%°
Fx 11072 erg em ™2 s71) || 7.3 | 9.0
Lx }(10° ergs™1) | 62 | 76
x’Idof I 1.3417 |

Notes. We adopted the modBBabs * ( (var abs Warm *
vpshockwarm) 4 yar abshot * (vpshockbt 4+ power | aw)).

We fixed the warm and hot components at the best-fit values (see
tables 3 and 4). Errors and upper limits are at the 90% cordalvel.
* Normalization constant of the power-law model defined aggi®o
keV—1 cm—2s~ ! at1keV.

T The absorbed flux (15-50 keV)

 The absorption-corrected luminosity (0.5-50 keV) waswated
assuming a distance of 1.67 kpc.

ratios of the data to the best-fit model. See also table 6.

pf Xspec to take account of the |anU(_ences of_ not only domg_4_ Hard excess above 10 keV
inant iron lines but also other weak lines derived from other
elements. The line center energy waB,676 eV. Figure 9 shows the XIS and HXD/PIN spectra and the XIS
We have to pay attention to the fact that the line cetest-fit models of the variable componén®As explained in
ter energy could shift with variations of the flux ratios be§ 3.1, the combined spectra of NXB and CXB were used as
tween the resonance, intercombination and forbidden linése HXD/PIN background spectra. In both A and B observa-
which are caused by non-equilibrium ionization. The ionizdions, we found the hard-tail excess emission in the HXD/PIN
tion timescaler, changed by a factor of three from observatiohand. The excess count rates after deduction of the emission
Ato D (see table 4). In order to check the influences of the difrom variable component at observations A and B are 0.022
ference of the ionization timescale, we estimated the cemte and 0.021 counts per second in the 15-50 keV band, respec-
ergies based on tHeakei t with the non-equilibrium ioniza- tively. On the other hand, in observations C and D, thereare n
tion models (table 4). The center energies for non-equilibr - significant excess emission in the HXD/PIN band spectra.
ionization models had no difference and were exactly simila Hereafter, we fit the excesses from the warm and hot com-
to that for the CE plasma model in the result. Therefore, wmnents in observations A and B, respectively. We introduce
regarded the observed shifts in the line center energy as ghpower-law model for the hard band excess. We simultane-
Doppler shift. ously fit HXD/PIN spectra of observations A and B, tying the
The radial velocity changed from860 to +770 km s!  power-law index, since the HXD/PIN spectra are limited in
from observation A to that of D. The radial velocities in ®bl photon statistics. Since the spectra do not constrain tfie so
were calculated by adopting the rest frame energy as 6,676 &nd shape of the hard band excess, we assumed the same ab-
This is consistent with the earlier result 6handra observa- sorption to the excess component as that to the hot component
tions obtained by Pollock et al. (2005) (orbital phasd.986 in each phase. The best-fit model yields a power-law index
and 2.032). They reported that ®ev line was shifted from I' = 1.7. However, the hard band excess could be plausibly
—600 km s7! t0+648+259 km s~ ! during the periastron pas-reproduced with a bremsstrahlung model withii" >10 keV,
sage. Such a variation was also seen in ktee in the near- too. The results are shown in figure 11 and table 6.
infrared band during the periastron passage in 2001 (\#tric We have to consider the contamination from the other hard
et al. 2004). In addition, Marchenko et al. (2003) reporietts X-ray source IGR J20216+4359, because this source is lbcate
ilar shifts of Cii and He lines at optical wavelength, whichin the field of view of HXD/PIN. We discuss this contamination
are thought to be emitted from wind-wind collision layer.rOuin detail in§ 4.4.
observed variation of line center energy is consistent gtitth
Doppler motions. This indicates that the emission in allerav4. Discussion
lengths comes from a common shock cone.
The warm, hot and hard band excess components vary with
orbital phase. The cool componentis detected only frommebse

8  Since thevpshock model does not cover the energy band above 10 keV,

we used thev APEC model to estimate the thermal contribution in the
HXD energy range.
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‘W-R star

=V, o(1—Ro/ : . . .
wo(1~Ro rO)ﬂ(? stood with a transition process from a recombination of free

! electrons. Both the high l3/Ly« ratio and the RRC features
Vwr(7WR) indicate that the cool component is interpreted as a cofigi
=v, wr(1-Rwr/Fwr)’wr  Plasmain a recombining phase.
’ The small absorption column of an order if?! H cm~2
(see table 2) constrains the location of the cool compoffignt (
F_ig. 13. A carto_on ofa cqlliding—wind binary.D, ro and ’I”V.VR‘Sh.OW Erel 7)' ]Tgeksi)/ecirat?f the ?.Ot CogpogeStSTahre Pea\”lg.;morbe
binary separation, the distance from the O star to the dajigvind h elow 1. e 4 at observations C an : € _arge Irerence
region and the distance from the W-R star to the collidingdwiegion, ~ in the absorptions between both components indicatesttbat t
respectively. cool component is not deeply embedded in the wind-wind col-
lision layer at observations C and D. Moreover, the column
vations C and D. The cool component appears nearly constal@nsity for the cool component s similar to or is rather demal
than that for the warm and hot components at observation A, in
which the distance of colliding wind region to the W-R star is
The cool component was discovered for the first time witAbout 10 AU. This suggests that the cool plasma is located far
this observation. The simple analysis of one-temperatite @way from the W-R star by 10 AU or more.
plasma emission for the cool component failed to reproduceln conclusion, the cool component that we discovered can be
the observed spectra with the residuals at 1.21 keV and othi#erpreted as a collisional plasma in a recombining phase.
energies remaining in the spectral fitting. The energy of ti@tential scenario is as follows. The plasma was heatecein th
residuals coincides fairly well with the free-bound absimmp past by a wind-wind collision shock. The plasma then escaped
features of the highly ionized ions of O, Ne and Mg element&0m the dense wind region, and now, is recombining elestron
The fit is then significantly improved with the recombinind-co and emitting the radiative recombination continuum alofitey w
lisional plasma model, which introduces the radiative nebb  the collisional plasma emission.
nation continua (RRC). The initial temperatur@l_?,Ti‘;f;f1 of the cool component was
The LyB/Ly« line flux ratio of Ne in the cool componentderived from the fitting results with the recombining cadisal
is also found to be significantly higher than that expected flasmamodel (table 2). The rangehgfIic3;! contains the tem-
the CE plasma (figure 8). The high flux ratio can be undeperature of the warm and hot components, which were formed

4.1. The nature of the cool component
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Fig. 15. Binary separation vs. normalized X-ray luminosity. The inasity is normalized at the separation of observation\g / Mg in the left,
center and bottom panels are 0.1, 0.04 and 0.02, respgcfilet 5o for the O star is fixed to be unity. The lines show the equatign (

by the wind-wind collision. On the one hand, the plasma tem- Lx oc D™(1+ A)/A*, (1)
peraturekg7°°°! is now 0.021 keV (table 2). This tempera- here  the wind momentum flux ratio. A —
ture of the cool component is between the temperature of the ] 1/2 ' o
wind-wind collision plasma and that of the dust detected if(Mwr vwr (rwr))/(Mo vo(To))) . Here, 7o and
the infrared Wavelengths (WI”IamS et al. 2009) The obsedrv TWR show the distances to the shock region from the O
cool component might be emitted from the area treasition  star and from the W-R star, respectively. The geometry is
phase, where the hot gas, compressed by the wind-wind coketched in figure 13. Note thAtis not constant and changes
sion, is cooling down and is forming dust. . depending on not only the binary separatibrbut also the
~ The cooling of the shock heated plasma in wind-wind colyind acceleration parametgrand the ratio of mass-loss rates.
lision layer should be common in all the W-R binaries. If At periastron, the momentum flux of the O-type wind should
so, is the recombining plasma with less absorption deteciggcome significantly smaller, since its wind has less space t
commonly in them? The RRC structures in the X-ray spegeach terminal velocity before entering the shock regidilav
tra were reported from the two bright colliding wind binarie the W-R wind should be less affected. In figure 14, we show
~? Velorum (WC8-+ O7.5: Schild et al. 2004) antiMuscae the maximum pre-shock stellar wind velocities of the W-R and
(WC5+ 06+ 09.5: Sugawara et al. 2008). At least, the emig stars at a given binary separation. We adopted a simple beta
sion component with the RRC structure-gf Velorum is less |aw for the wind accelerations(r) = vao(1 — R/r)?. Here,
absorbeds* Velorum and) Muscae are both WC-subtype W-;,__ and R are the terminal wind velocity and the stellar radius,
R binaries. On the other hand, no detection of the RRC strygspectively. We used the value of, wr = 2860km s~
ture was reported from the other subtype WN. Systematic a(W/iIIiams et al. 1990)p.. o = 3100km s~ (Setia Gunawan
deep search of the structure from W-R binaries is critical {g 5. 2001)Rwg = 2 R’@ and Ro = 26 Re, (cf. Williams
answer the question. et al. 2009). Many studies (e.g., Puls et al. 1996; Lépine &
4.2. Flux variation of the hot component Moffat 1999) indicate that thg value of O star winds should
o be near 1, while W-R stars can have larger valdesl. We

From table 4, we can see that the emission measure of {igrefore fixed thed value of O star wind to unity in the fol-
hot component varied. Generally, in colliding wind binarie ,\ying simulations. The actua# value for the W-R star is
the emission measure in colliding wind region is expected [yt s important since the stagnation point is far from th&W-
vary alolng with inversely proportional relation with thenary  ¢i5r  Near the shock region, the W-R wind reaches its termi-
separatiod (Usov 1992). In order to check whether WR 14,5 velocity for any assumed, while the O-star wind lags far
varied with this relation, we plotted the emission measure gephing. As a result, the wind momentum flux ra#o rapidly
the hot component in figure 12. The emission measure of )€:omes large near periastron. This means that the stagnati
warm component and B&v Ko line flux are also plotted in point approaches the O star.

the same figure. As the phase approaches toward periasiron, i figyre 15, we plot the normalized X-ray luminosity as a
observation C and then to D, the emission measure of the R@{ction of the binary separatiol. The luminosity is normal-
component deviated from the expected ldw. No numerical j;q( at the separation of observation B ( 14 AU). In this
simulation ever published predicts a rapid flux decrease-at Rigure, we adopted the X-ray luminosity ratio of the hot com-
riastron, although some theorists simulated the variaifdahe ponents. The bolometric X-ray luminosity ratio of the warm
X-ray luminosity for the colliding-wind binary (e.g., Lud el.  component to the hot one is about one in observations A and B
1990; Stevens et al. 1992; Myasnikov & Zhekov 1993). (table 4). We assumed that the ratios in observations C and D
We therefore took account of not only the separalidn yemain unchanged. The observed luminosity peak appears nea
but also another parameter. According to the equation (10)dpservation B. The luminosity drops at observations C and D

Stevens et al.  (1992), the intrinsic X-ray luminosity of thgq indicates the wind momentum ratio cannot be constant;
colliding wind zone can be written as B#0.
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7] the O star is close to that recently reported by a number of
L analyses{lo =8 x 10~ "Mgyr~; Pittard & Dougherty 2006,
i Mo =1x10"°Mgyr~!; Fahed et al. 2011).

4.3. Estimation of the W-R mass-loss rate

— My/Myr =0.1
- - MO/MWR =0.04
""" Mo/Myr = 0.02 We estimated the mass-loss rate of the W-R star from
the observed column densityy.. The mass-loss rate for
a spherically symmetric wind is expressed BSyr = 4r
r? p(r) vwr(r), in whichr is the distance from the center
of the W-R star. Herep is the wind mass density. In ad-
dition the He-equivalent column density can be expressed as
Nue = [ p(r)dl x a/4m,, from the X-ray emitting region to
infinite distance along the line of sight™(cf. Williams et al.
099 099 1 1990). Hereymn,, is the proton mass and is the ratio of he-
Orbital phase lium mass to total mass in the W-R wind. We therefore apply
for the mass-loss rate of the W-R star, whose column density
Fig. 16. The helium column density for the warm and hot components gives close agreement with the observed He-equivalenitraolu
plotted against the orbital phase. Observed absorptianglatted by density_
a bar and the calculated absorption by solid lines. In tfus, ple as- The computed He-equivalent column density was obtained
sumedMwg = 2.2 X 10="Moyr™", fwr =1andfo =1. as follows. We first calculated the stagnation point in cdnsi
eration of the effect of non-constant wind momenta, as shown
We calculate equation (1) for three assumptions of the mag$+4 4.2. Then, we assumed that the X-ray is emitted from the
loss rate ratid\/o/Mwr = 0.1, 0.04, and 0.02. The@ model stagnation point. Finally, we calculated the absorptidnmm
can reproduce the luminosity during observations A and Bensity of the W-R stellar wind. Here, we used- 0.4, which
However, it is truncated near periastron for all the assionpt \yas calculated by utilizing the elemental abundances t¢é b
since the wind momentum of the W-R star overwhelms that 9fie adopted a simple beta law model for the wind acceleration:
the O star. This implies that the stagnation point almostesr v(r) = v (1 — R/7)?. We used the same valueswaf, R and
at the surface of the O star near observations C and D. Theor the W-R and O stars as thosesid.2. An orbital inclina-
observed (intrinsic, absorption-free) X-ray luminosityrithg  tjon anglei = 120° was adopted (Dougherty et al. 2005).
observations C and D is then mostly produced near the surfacgigure 16 shows a plot of the best-fit column density from
of the O star. table 4. We also plotted our calculated column density thhou
One may think the radiative inhibition because of thghe W-R wind, in the case affwr ~ 2.2 x 1075 Moyr—!.
stronger radiation field of the O star (radiative breakifg@f Here we tested the three cases with the mass-loss rats ratio
Stevens & Pollock 1994). Setia Gunawan et al. (2001) togj Mo/ Myr = 0.1, 0.04, and 0.02. The calculated column
the "eclipse spectra” ratio of the IUE spectrum very close ensities for the3wr = 1, 3 and 5 were much the same. In
periastron (phase 0.01) to a composite from phases 0.5%0 Oghservation A, we set the absorption column density caused
(figure 7 in Setia Gunawan et al. 2001). The spectra shoyg the W-R wind to zero. The absorption column density by
red-shifted absorption at 1386n s~ in the Siiv 1394-1403  the wind increased as the binary approached periastroheln t
doublet and 140Gm S_1 in the Civ 1548-1551 doublet. At case OfMO/]u'WR — 004, and 002’ the Stagnation points at
this phase the O star behind the W-R star was seen and the WRervations C and D were at the O star surface.
wind was being looked through towards the stagnation point.\we assumed that the wind-wind collision layer is concen-
By correcting the velocity with the inclination of 54 degsee trated in a small region at the stagnation point. The gooe cor
the wind velocity was radiatively braked and was estimated fespondence between the model and the data, in observations
about 230Gm s~ ' before the collision with the O star wind, ¢ and D, indicates our assumption is reasonable at leas¢in th
i.e. about 80% of its terminal velocity when it meets the @hases. On the other hand, at observation B, there is a pliscre
stellar wind. ancy by a factor of two between the data and the model. The
If the radiation bl’eaking dominates the momentum balan%er at observation B is |arge|y extended away from the.stag
in the collision layer, the WC star winds lose its momentumation point and the O star. During observation B, the X-rays
and the cone angle of the collision layer will be enlargedkmaemitted from the wind-wind collision layer will suffer abgo

ing the X-ray luminosity increased. The observed flux drop gbn at different column density according to the differéne
the periastron indicates that the radiative wind breaksngat  of sight,

a major effect to control the momentum balance in the wind- |n the calculation of the wind absorption, we assumed val-
wind collision layer (i.e., X-ray luminosity). ues for the stellar radius of the W-R sty g, the inclination

In this condition, the mass-loss ratido/Mwr of 0.04  angle; of the binary system and the C/He abundance ratio. If
is good to explain the observed luminosities at observaighe stellar radius of the W-R star was in fact, for example, a
B. If we adopted this mass-loss ratio aMWR ~ 2.2 X half of our assumed Va|ue, |eRWR =1 R@, the absorp_
10~°Mgyr~", which reproduced the observed column denjon column at periastron would be lower by roughly 10% than
sities at observations C and D (for the detail, refef #.3), the above-mentioned value. If the inclination angle wase fiv
we obtainMo ~ 9 x 10~ "Mgyr~'. This mass-loss rate for degree larger than our assumed value, the absorption column

N, [10%" cm™]




No. ] Suzakumonitoring of WR 140 around periastron passage: An appri@mduantifying the wind parameters 15

at periastron would be larger by roughly 10%. If the assumedr. According to White & Chen (1995), the luminosity ra-
C/He abundance ratio was a half of it, i.e., CAHe).2, the ab- tio of inverse Compton to synchrotron radiation can be writ-
sorption column at periastron would be larger by roughly 20%en asLsy./Lic = 840B2r? /Lo, where the magnetic fiel&

Or, if the ratio was doubled, i.e., C/He 0.8, the column at pe- is expressed in G;o is the distance from the colliding-wind
riastron would be 20% lower. As such these three parameteohe to the O star in AU, anflp is the O star luminosity in
are sensitive taVy.. Accordingly the mass-loss rate derived.., units. For example, during observation B, if we suppose
from Nu. may have some considerable uncertainty. Lic <1x10** ergs~! (see table 6)Lgy, =4.6 x 10% erg s~!

Williams et al. (1990) derived the mass-loss rateyr ~ fora distance of 1.67 kpc (phas8.93; Dougherty et al. 2005),
5.7 x 107° Mg yr~*, which assumed a distance of 1.3 kpc andlo = 5.7 x 103° erg s—! (Dougherty et al. 2005), anch ~
made no allowance for clumping, from the radio flux at the qui-3 AU, the total value of the magnetic field for observation B
escent phase. Allowing for the clumping having a filling act is B >1 G. Because of the difficulty of measuring the magnetic
of 0.1 and the revised distance, the mass-loss Yakg; was field of the W-R stellar surface, the value of the magnetidfiel
determined a8.6 x 10~°> M yr—!. By using X-ray absorp- around the W-R star will be helpful to study the evolution of
tion, we obtained//wgr ~ 2.2 x 1075 M, yr~! at observations the massive star.

C and D near the periastron. Our value can coincide with that
by using the radio flux. 5. Summary
4.4. Upper limit of the hard band excess We have observed the colliding-wind binary WR 140 around

We have detected a signal in the high-energy band abdte 2009 periastron passage with Siezakisatellite. The fol-
10 keV (figure 9). However, the Seyfert 2 Galaxy, IGRowing are the salient results.

J20216+4359, is located in the field of view of PIN/HXD. The
detected hard-tail signal may be contaminated with the emis
sion from IGR J20216+4359.

IGR J20216+4359 was discovered by Bikmaev et al. (2008)
during their eleven months observation. According to Bikma
et al. (2008), IGR J20216+4359 is highly absorbéd;(=
1.3 x 1023 em~2), when they fixed to 1.7, which is a typ-
ical value of a Seyfert 2 Galaxy. By assuming the flux and the
spectral shape are the same as those in Bikmaev et al. (2008)
through our observations, we estimated the count rate of the
contamination from IGR J20216+4359. The model predicted
count rate with HXD/PIN is dependent on the off-axis angle
of IGR J20216+4359. The count rates at observations A, B,
C and D are 0.013, 0.017, 0.016 and 0.016 counts per secon%
in the 15-50 keV band, respectively. The contaminationsfro
IGR J20216+4359 accounts for about 60 and 80% of the excess
count rates at observations A and B, respectively. On theroth
hand, there are no excess count rates at observations C and D.
The count rates from off-axis IGR J20216+4359 at observa-
tions C and D were 2.0 and 3.2 times larger than the observeoP'
count rates in the 15-50 keV band, respectively. This sugges
that the flux of IGR J20216+4359 were varied. Since the flux |~ J20216+4359, 17.3 arcmin north-east of WR 140.
of IGR J20216+4359 was vgrled, we cannot constrain the ori-  +1o PIN data gives the upper-limit for the X-ray lumi-
gin of the hard band excess in observations A and B. Therefore nosity of WR 140, &1033 erg s~

. . - , gs .
we regard the flux detected at observation B is an upper limit o
the hard band excess from WR 140(< 8 x 10%3 ergs~!, see ~ We thank the referee for their help in improving the qual-
table 6).ASTRO-HandNuSTARwhich have hard X-ray imag- ity of this paper. We also thank M. Sakano for his in-
ing instruments with high sensitivity, will be useful to ifgr valuable help. This research has made use of data and/or
the existence of the hard band excess. software provided by the High Energy Astrophysics Science

In the colliding-wind region, first-order diffusive shock-a Archive Research Center (HEASARC), which is a service
celeration results in the production of a power-law speutruof the Astrophysics Science Division at NASA/GSFC and
with index 2 for electrons (e.g., Bell 1978, Pollock 1987the High Energy Astrophysics Division of the Smithsonian
Eichler & Usov 1993 and White & Chen 1995). The bestAstrophysical Observatory. Y. S. acknowledges financigt su
fit photon index [ ~ 1.7) indeed approximates a photon inport from the Japan Society for the Promotion of Science.
dex for non-thermal electron energy distribution. Pitt&d Y.T. and Y. M. acknowledge support from the Grants-in-Aid
Dougherty (2006) discuss the photon index of the non-thernfar Scientific Research (numbers 20540237, 21018009 and
emission from WR 140. They expected that the photon i23540280) by the Ministry of Education, Culture, Sports,
dex is 1.7 above the energy of 1 MeV. Our fitting resultScience and Technology. K.H. is grateful for financial sup-
are consistent with it, although our results have a large @ert by the NASA's Astrobiology Institute (RTOP 344-53-51)

A. We discovered a cool component. The absorption to this
component is smaller than that to the other components.
We infer that this component extends out farther than the
other components does. Arguably this component may
represent a transitional phase from the compressed hot
gas to dust formation.

B. The luminosity of the hot component is not inversely
proportional to the binary separation. This discrepancy
may be explained if the O-star wind collides with the W-
R star wind before it has reached its terminal velocity,
leading to a reduction in its wind momentum flux. This
interpretation needs to be verified by future theoretical
modelings.

. As WR 140 approaches periastron, the column density

of the hot component increases. The column densities at

near periastron are reproduced well with a simple model,
in which the absorption is occurred in the W-R wind and
the X-ray emitting region is fairly compact.

We detected a hard X-ray signal above 10 keV in the

HXD/PIN data. However, we could not eliminate the

possibility of contamination from the background source
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