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CHANDRA X-RAY SPECTROSCOPY OF THE FOCUSED WIND IN THE CYGNUS1 SYSTEM
|. THE NON-DIP SPECTRUM IN THE LOW/HARD STATE

MANFRED HANKE2, JORN WiLMSY2, MICHAEL A. Nowak®, KATJA PoTTscHMIDT*>® NORBERTS. ScHULZ®, JuLIA C. LEE

ABSTRACT

We present analyses of a 50 ks observation of the supergiaay Kinary system Cygnus X-1/HDE 226868
taken with theChandraHigh Energy Transmission Grating Spectrometer (HETGSY X331 was in its spec-
trally hard state and the observation was performed duripgisor conjunction of the black hole, allowing for
the spectroscopic analysis of the accreted stellar winaiggtloe line of sight. A significant part of the observa-
tion covers X-ray dips as commonly observed for Cyg X-1 & thbital phase, however, here we only analyze
the high count rate non-dip spectrum. The full 0.5-10 keMtiocmium can be described by a single model con-
sisting of a disk, a narrow and a relativistically broadeRed« line, and a power law component, which is
consistent with simultaneo®XTE broad band data. We detect absorption edges from overabuneiatral
O, Ne and Fe, and absorption line series from highly ionizet iand infer column densities and Doppler
shifts. With emission lines of He-like Mg, we detect two plasma components with velocities and dessit
consistent with the base of the spherical wind and a focused.vA simple simulation of the photoionization
zone suggests that large parts of the spherical wind out$ithe focused stream are completely ionized, which
is consistent with the low velocities:00 km s?) observed in the absorption lines, as the position of aleserb
in a spherical wind at low projected velocity is well consted. Our observations provide input for models
that couple the wind activity of HDE 226868 to the propertéthe accretion flow onto the black hole.
Subject headings:stars: individual (HDE 226868, Cyg X-1) — stars: winds, awifs — X-rays: binaries —

accretion, accretion disks — techniques: spectroscopic
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1. INTRODUCTION ergies (folding energ¥sq ~ 150keV) and strong variabil-

Cvanus X-1 was discovered in 196Bdwver et al. 196 ity (~30% root mean square, rms). Radio emission is de-
andygoon identified as a high-mass c)’i(vt?lay binary sy‘/ﬁstemteCted at the-15 mJy Ie\{el. In the h'gh./SOﬂ state, the soft
(HMXB) with an orbital period of 5.6 dNlurdin & Webster ~ X-ay spectrum is giomlnated by a bright and much less
1971 Webster & Murdin 1972 Bolton 1972. It consists ~ variable (only few % rms) thermal disk component, and

of the supergiant 09.7 star HDE 226868/dlborn 1973 the source i.s invisible in the radio. Within. the classifica-
Humphreys 1978 and a compact object, which is dy- tion of Remillard & McClintock (2006, the high/soft state

namically constrained to be a black holGiés & Bolton ©f CYgX-1 corresponds to the steep power law state rather
1982. The detailed spectroscopic analysis of HDE 226868 by than tg the thermal state, as da power law spec;c]rum W'thl pho-
Herrero et al(1995 gives a stellar mashl, ~ 18M., lead- (0N indexI” ~ 2.5 may extend up te-10 MeV (Zhang et al.

ing to a mass oMgy ~10M,, for the black hole, if an in- 1997 McConnell et al. 2002Cadolle Bel et al. 2006 Most
clinationi ~ 35° is assumed. Note thatitkowski (2009 ~ Of the time, Cyg X-1 is found in the hard state, but transi-
derives a mass dfl, = (40+ 5)M,, from the evolutionary tions to the soft state and back after a few weeks or months
state of HDE 22686*8 correspongingmH = (204 5)M,, are common every few years. Transitional or intermediate

while Shaposhnikov & Titarchuk2007) claim Mgy = (8.7 & states Belloni etal. 199 are often accompanied by radio
0.8)M,, from X-ray spectral-timing relations. and/or X-ray flares. Similar to a transition to the soft sttie

CygX-1 is usually found in one of two states which SPectrum softens during these flares and the variabilitg-is r
are distinguished by the soft X-ray luminosity and spectral duced. This behavior is called a “failed state transitidrhe
shape, the timing properties, and the radio flux (see, e.g.rue soft state is not reachelldtischmidt et al. 200@003.
Pottschmidt et al. 200 leissner et al. 20045 Wilms etal.  |ransitional states have occurred more frequently sinck mi
2006: The low/hard state is characterized by a lower lu- 1999 than beforeWilms etal. 2008, which might indicate
minosity below 10keV, a hard Comptonization power law changes in the mass-accretion rate due to a slight expansion

i ~ i ; i . of HDE 226868 Karitskaya et al. 2006
spectrum (photon indek ~ 1.7) with a cut-off at high en HMXBs are believed to be powered by accretion from the
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rate (x M,/v*, Bondi & Hoyle 1944. However,Gies et al.
(2008 find suggestions that the photoionization and veloc-
ity of the wind might be similar during both hard and soft
state. UV observations allow to probe the photoionization
in the HDE 226868/ Cyg X-1 systerirtilek et al. (2008 re-

port P Cygni profiles of N, Civ, and Siv with weaker ab-
sorption components at orbital phasg, ~ 0.5, i.e., when

the black hole is in the foreground of the supergiant. This
reduced absorption, which was already foundibgves et al.
(1980, is due to theHatchett & McCray(1977) effect, show-

ing that those ions become superionized by the X-ray source.
Gies et al(2008 model the orbital variations of the UV lines
assuming that the wind of HDE 226868 is restricted to the
shadow wind from the shielded side of the stellar surface 5
(Blondin 1993; i.e., theStromgren(1939 zone of Cyg X-1 1
extends to the donor star. This assumption applies, however

only to the spherical part of the wind, which might therefore
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i i _ FIG. 1.— The brightness of Cyg X-1 as seen by the All Sky Monitos {4
haAr\d|yHC§£t£|£)gé%t80_thelmaS? a?(lzl-retlo-? OIfQCyE Xl 1[)@ fi on boardRXTE. During the Chandraobservation (marked by a line), the
S IS close 1o Tiffing Its roche lo Qn I source was still in its low/hard state: the 1.5-12 keV coate did not exceed

1978 Gies & Bolton 19864), the wind is not spherically  25cps. Inspite of the high intrinsic variability, the higbft state during June,
symmetric as for isolated stars, but strongly enhanced to-July and August can clearly be distinguished, a result wisiciso found by
wards the black hole (“focused wind?riend & Castor 198p ~ spectral analysisifilms et al. 2006,

The strongest wind absorption lines in the optical are there TABLE 1

fore observed at the conjunction phas&se¢ et al. 2008 OBSERVATIONS OFCYG X-1

Similarly, X-ray absorption dips occur preferentially ana

dorb = 0, i.e., during superior conjunction of the black hole irs]:ttﬁ:mr/u (iﬂt‘j‘g) (,atjog) ex?koss)&re Co“rg:rast)é
(Batucihska-Church et al. 2000 These dips are probably Chandia 5274870 52749.98 @7.2) < 'p)
caused by dense, neutral clumps, formed in the focused wind /=510 (52748:70) (52749:28) 16.1 227
where the photoionization is reduced, although recentyanal HEGL1®  (52748.70) (52749.28) 16.1 217
ses also have suggested that part of the dipping activity may RXTE 52748.08 5274918
result from the interaction of the focused wind with the edge pcad 5274874  52748.78 3.0 1456
of the accretion diskRoutanen et al. 2008 HEXTE a+l§  52748.74  52748.78 1.1 2186

The photoionization and dynamics of both the spherical aror thecChandradata, the non-dip GTls (see, e.g., FAyhave been used.
and focused wind can also be investigated with the high- For RXTE, the 11" orbit was considered.
resolution grating spectrometers of the modern X-ray ebser PThe ChandraMEG spectra cover 0.8—6 keV (1-99 % quantiles).
vatories Chandraor XMM-Newton. As none of the previ- ZTheChandraHEG spectra cover 1-7.5keV (1-99 % quantiles).
ously reported observations of Cyg X-1 was performed at or- e1c RXTE-PCA data from 4 to 20key has beenused.
bital phasepo, = 0 and in the hard state, when the wind is o i
probably denser and less ionized than in the soft state, theof the source being in its low/hard staWi{ms et al. 200%.
Chandraobservation presented here allows for the most de- The High Energy Transmission Grating Spectrometer
tailed investigation of the focused wind to date. (HETGS), containing High and Medium Energy Gratings
The remainder of this paper is organized as follows:2n § (HEG/MEG; seeCanizares et al. 20Q03vas used to disperse
we describe our observations of Cyg X-1 withandraand ~ X-ray spectra with highest resolutio@XC 2006 Table 8.1):
theRossi X-ray Timing ExploretRXTE), and how we model _ _
CCD pile-up for theChandraHETGS data. We present our Adves = 5.5mA and Adyec=11mA (1)
investigations in §: After investigating the light curves, we As only half of the spectroscopy array of the Advanced CCD
model the non-dip continuum and analyze neutral absorptionimaging Spectrometer (ACIS-S; sdgarmire et al. 2008
edges and absorption lines from the highly ionized stellar namely a 512 pixel broad subarray, was operated in Timed
wind — and the few emission lines from He-like ions, which Event (TE) mode, the 6 CCDs could be read out after expo-
indicate two plasma components. 14,8ve discuss models  sure times ofqame = 1.7s and the position of each event is
for the stellar wind and the photoionization zone. We summa- well determined. Photons from the different gratings carsth
rize our results after comparing them with those of previous easily be distinguished due to the different dispersioadir
Chandraobservations of Cyg X-1. tions of the HEG and the MEG. Even in its low state, how-
2. OBSERVATION AND DATA REDUCTION ever, Cyg X-1 is so bright that several photons may pile up in
. a CCD-pixel during one readout frame. Both events cannot
2.1. ChandraACIS-S/HETGS observation be discriminated and are interpreted as a single photon with
Cygnus X-1 was observed on 2003 April 19 and 20 by the larger energy. As the undispersed image would have been

ChandraX-ray observatory, see Table An overview on all completely piled up, only 10% of those events in ax488
its instruments is given by the Proposers’ Observatory &uid pixel window have been transmitted in order to save teleme-
(CXC 2008§. In the first four months of 2003, theXTE All try capacity. The first order spectra are, however, only mod-

Sky Monitor (ASM; seeDoty 1994and Levine et al. 1995 erately affected, which can be modeled very well.g&8. The
showed the source’s 1.5-12 keV count rate to be generally bealternative to this approach would have been to use the Con-
low 50 ASM-cps (Fig.1). At the time of ourChandraobser- tinuous Clocking (CC) mode, where the ACIS chips are read
vation, it was less than 25 cps (0.33 Crab), typically inthea ~ out continuously in 2.85 ms, but only the position perpeundic
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lar to the readout direction can be determined for everyghot o e ]
event. The CC mode was, however, avoided due to difficul- I — MEG+1 |
ties in the reconstruction of HEG and MEG spectra and other -~ model |

calibration issues.

The undispersed position of the source is required for the
wavelength calibration of the spectra. We redetermined it
to RA = 19'58"21%67, ¢ = +35°12'5/83 from the intersec-
tion of HEG and MEG arm and the readout strekshipashi
2006. Afterwards, the event lists were reduced using the
standard software from th€handraX-ray Center (CXC),

Cl AO3.3 with CALDB3.2.3% Exceptionally narrow extrac-
tion regions had to be chosen as the background spectrum
would otherwise have been dominated by the dispersed ex-
tended X-ray scattering halo around the souiXiarig et al. L ‘ ‘ L
2005. The further analysis was performed with the Interac- 1 2 5 10

tive Spectral Interpretation System ISIS 1.4#®(ick 2003.° Energy [keV]

We use the four first order MEG and HEG spectra (with two  Fic. 2.— Pile-up in the HEG (black curves) and MEG (gray curvestad
dispersion directions each, calledl and-1 in the following) The lower spectra, which are shifted by a factor of 0.4, sh@wincorrected

i i i t0-Noi i “ - data. The dashed line shows the model (free of pile-up). TESMpectrum
which prOVIde the best 5|gnal to nOIQ/N) ratio. The “sec suffers from significant pile-up losses around 2 keV, whieettighest count

ond order spectra” are dominantly formed by pi_led first order yate is obtained. The upper spectra show the pile-up cedegtectra. Note
events which reach the other order sorting window of data that we show 1SIS’ (model independent) flux spectra only Boisiration;

extraction (defined in dispersion—energy space) when the ensi npl e_gpi | e(2) operates on the count rates predicted by a model.

ergy of two first order photons accumulates. This effect is gj npl e_gpi | €2 avoids to have a non-loacl model which

most evident for the MEG, whose even dispersion orders aregepends on the flux at the position of highest pile-up.

suppressed by construction of the grating b@X¢ 2008. The effect of pile-up is stronger in the MEG spectra than

. . . . in the HEG spectra due to the lower dispersion and higher

2.2. Model for pile-up in grating observations effective area of the MEG. The apparent flux reduction is

For the first order spectra, pile-up causes a pure redudtion omost significant near 2keV where the spectrometer has the

count rate: A multiple event, i.e., the detection of morentha largest efficiency and the highest count rates are obtained

one photon in a CCD pixel during one readout time, which (see Fig.2). It can, however, excellently be modeled with

cannot be separated, is either rejected by grade seleatron d si npl e_gpi | e2. When fitting a spectrum, there is always

ing the data-processing or migrates to a higher order speca strong correlation between the pile-up scalend the cor-

0.2

L piled data
x 0.4

Flux [ph./s/crifkeV]
0.1

0.05

0.02

trum. The Poisson probability for single events in-a3pixel responding flux normalization factor, e.g., the relativessr
event-detection cell(seeDavis 20022003 CXC 2009 is calibration factorc introduced in 8.2 The best-fit values for
N g Y the pile-up scales found in our data analysis (see Talde

Pi(i) = A(l)- exp( A(')) ’ @) are only slightly larger than expected from E8) (namely

where the expected number of event§j) = o - Cit(i), is Yomec+1 = 5.6x1072s A andyopec+1 = 2.8x1072s A), and
given by the total spectral count rat@e(i), at this position  the calibration factors are consistent with 1, except for the
(in units of counts per A and s), and where the constaiig HEG-1 spectrum, for which both the largest v, andc were
_ found. Given the presence of thec- correlation, we consider
70 = 3AA trame (3) the latter to be a numerical artefact.
whereA\ is the resolution of the spectrometer of Efj, @nd According to thesi npl e_gpi | e2 model, the MEG+1
trame iS the frame time. We therefore describe the pile-up in spectra suffer from-30 % pile-up for 6 A< \ < 8.3A, peak-
the first order spectra with the nonlinear convolution model ing at pyec+1 = 45% in the Skl f emission line at 6.74 A.
si npl e_gpi | e2 in ISIS!® which exponentially reduces Except for some emission lines, among them the EdiKe,
the predicted count raté()\) according to Eq.2): the continuum pile-up fraction of the HEG spectra is below
' - ) o 17 %. For the HEG+1 spectrum, the reductiorcis0 % out-
C) = € - exp(=7-CalV) @) side the ranges.@9A < X\ <4.08Aand 605A < X\ <6.93A.
Here, the scale ~ ~ is left as fit-parameter, art@l,(\) takes
also the photons into account which are dispersed in a higher
orderm < 3. The count rates are estimated from the corre- 2.3. RXTE observation

sponding effective areaty and the assumed photon fl While Chandré HETGS provides a high spectral resolu-

3 tion, the energy range covered is rather limited. Within the
Ciot(N) = ZmzlAm(/\/m) - S(A/m) (5)  framework of ourRXTE monitoring campaign, the broad
band spectrum of Cyg X-1 was measured regularly, i.e., at
least biweekly, since 1998 (s&¢ilms et al. 2006 and refer-
ences therein). The observation on 2004 April 19 was ex-
tended to provide hard X-ray data simultaneously with the
Chandraobservation. More than one day was covered by 17

s _ . RXTE orbits of ~47 min good time, interrupted by49 min

9 ggzmﬁgxg);g:: x?tfgﬁggﬁ;z;y intervals when Cyg X-1 was not observable due to Earth oc-

10 The 1SIS/S-LanG code forsi mpl e_gpi | e2 is available online at  Cultations or passages through the South Atlantic Anomaly
http://pulsar.sternwarte.uni-erlangen.de/hanke/eede/simple_gpile2.sl (SAA), see Fig3.

si mpl e_gpi | e2 is based on thei npl e_gpi | e model
(CXC 2005 Nowak etal. 2008 which parameterizes the
strength of pile-up by the (maximum) pile-up fraction
p=1-exp(—y-max{Cye}), while using the parameteyr of
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- . _ ; . ; FiG. 5.— TheRXTE 4-250 keV broad band continuum spectrum, as mea-
o o e e Bom 2 suted i PCA below 2k and aboe 20KV i HEXTE, ca bs
first compact, then with complex substructure — show up witbdaiced flux zgnge:b% aTtr)1re(z)ﬁegx%)évgrgleivt\gwstﬂom?\ha?g?2}?1%?#123?22310 m:t?h“t?\% PCA
and spectral hardening. Count rate82.7 cps define the non-dip data (dark). flux, as the absolute calibrations of those two instrumeifisrdy ~15%.

Data in the 4-20keV range from the Proportional Counter The RXTE light curve shows considerable variability as
Array (PCA;Jahoda et al. 199@&nd in the 20—250keV range  well. Although the dips are more obviously detected with
from the High Energy X-ray Timing Experiment (HEXTE; Chandrain the soft X-ray band, similar structures are also
Gruber et al. 1996were used. The data were extracted using seen withRXTE-PCA or even -HEXTE, especially in the last
HEASOFT 6.3.1:! following standard data screening proce- RXTE orbits of these observations (FB). We chose to infer
dures as recommended by tRXTE Guest Observer Facility.  the non-dip broad band spectrum from tRXTE data taken
Data were only used if taken more than 30 minutes away fromduring the 1% orbit, which was performed entirely during the
the SAA. For the PCA, only data taken in the top-layer of first part of the non-dip phase. Other parts are interrupyed b
the proportional counter were included in the final spectrum dips, occultations, or have nonuniform PCU configuration.
and no additional systematic error was added to the spectrum

During the observation, different sets of Proportional Gteu 3.2. Continuum spectrum
Units (PCUs) were operative. During the‘1brbit, exten- The broad band spectrum of Cyg X-1 in the hard state can
sively used in this work, PCUs 1 and 4 were off. be described by a broken power law with exponential cut-

3 ANALYSIS off. Since the parameters of this phenomenological model
T are correlated with those of physical Comptonization medel
3.1. Light curve (see, e.gWilms et al. 2006Fig. 11), we are justified in using

The Chandraobservation covers a phase range betweenthe aforementioned simple continuum model for this paper fo
~0.93 and~0.03 in the 5.599829d binary orbiGles etal.  cussing on spectroscopy of the wind. We describe the whole
2003 whose epoch is HID 245173@9+ 0.008). The top 0.5-250 ke\_/ spectrum con3|stently_ with one broken power
panel of Fig.4 shows the light curve of first order events law model, i.e., there is no need to fit the continuum locally.
(MEG=1, HEG+1) in the full band accessible wittthan- Taking pile-up into account &2, the non-dipChandra
draHETGS. During several dip-events, the flux is consider- spectra alone can already be described quite well by a weakly
ably reduced. The absorption dips distinguish themselges a absorbed, relatively flat power law spectrum with a pho-
by spectral hardening (bottom panel of F§. We extract ~ ton indexI'y = 1.51+0.01 (Table2). This result is consis-

a 16.1ks non-dip spectrum, which is the subject of this pa- tent with the fact that the break energy of the broad band
per, from all imes when the total count rate exceeds 82.7 cpsbroken power law spectrum is found Bfreax= 9keV, i.e.,
these are indicated by dark points in Fig. The analysis of the Chandradata are virtually entirely in the regime of the

dip-spectra will be described in a subsequent paper. (steeper) photon indek;. The onset of the exponential cut-
off (with folding energyEzqq) is at Eqyt = 24keV and thus

11 seehttp://heasarc.gsfc.nasa.gov/lheasoft/ also well above the spectral range 6handra As it is
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TABLE 2
FIT PARAMETERS OF THE CONTINUUM NONDIP HARD STATE SPECTRUM
OFCyG X-1
fit to the joint fit to both the
parameter unit Chandra ChandrandRXTE
spectra only spectra
photoabsorption
Ny 10?1t em? 3.52+0.04 5440.4°
(broken) power law
Ty (HETGS) 151+0.01 160+ 0.01
Ty (PCA) 1.73+0.01
Epreak keV 9~0t2:§
Iy 1.50+0.01
norm stem?kev! 1154001 13340.03
high energy cut-off
Ecut keV 242
Eold keV 20449
disk black body
Adgisk (EQ.6) 10° 23]
K Teol keV 0.25'208
narrow iron Ko line
Eo,narrow keV 64001):8:888‘21
Onarrow eV (1) <01
Anarrow 10%stem? 1.0+£0.3
broad iron Kx line
Eo.broad keV 6.4 (fixed)
Obroad keV 06+0.1
Aproad 103s1iem2 4.3+21
relative flux calibration (constant factor)
CMEG-1 1 (fixed) 1 (fixed)
CMEG+1L 1.004+0.01 099+0.01
CHEG-1 1.0440.01 104+0.01
CHEG+L 1.014+0.01 102+0.01
CpCA e 1.18+0.03
CHEXTE 1.037292
pile-up scales
YMEG-1 102sA 56+0.1 56+0.1
MEG+ 102sA 6.0+0.1 59401
VHEG-1 102sA 45+0.3 46+03
VHEGH. 102sA 35403 38+03
fit-statistics
X2 11745 12180
dof 112748-10° 11274 +299 -25°
X2 1.04 1.06
absorbed flux (pile-up corrected)
Ss5-10kev  photons st cm™ 1.4
Fos-iokev  10°ergstcm? 7.4
S5-250kev  photons st cm2 1.8
Fo.5-250kev 1079 erg slem2 s 24
unabsorbed luminosity, assumidg- 2.5kpc (Ninkov et al. 1987
Lo.s-10kev 10%7 erg st 0.67 0.78
Lo.5-250kev 10¥ ergs* 31

Error bars indicate 90% confidence intervals for one intergparameter.
an the joint fit, photoabsorption was described withbbnew model

(Wilms et al. 2000 Juett et al. 2006band the best-fitting abundances (see

§3.3.

bAll data have been rebinned to contain50 counts bint.

®The model contains actually more parameters, as the almsotipies have

already been included (see Table$).
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FIG. 6.— TheChandraHEG spectrum in the Fe line region. The model in-
cludes both the narrow and the broad Kmission line, the latter as required
by the simultaneouXTE-PCA data, and the Bexv r absorption line.

known that there are cross-calibration uncertainties eetw
Chandraand RXTE (Kirsch etal. 2005 we use constant
factorsc; for the relative flux calibration of every spectrum
and also separate parametEf$HETGS) andl'1(PCA), for
which we find similar values within the joint model (see Ta-
ble 2). In order to describe a weak soft excess, we add a
thermal disk component, which accounts &9 % of the un-
absorbed 0.5-10keV flux. The disk has a color temperature
of kTeo1 = 0.25keV; similar to that found bivakishima et al.
(2008 and Batucihska-Church et al(1995, who described
the soft excess with BT = 0.13+0.02keV blackbody only,
but the temperatur&,, may be too high by a factof > 1.7
(Shimura & Takahara 1995 The norm parameter of the
di skbb modelis

o/km ) ?
dR/Cllékr;c) -cosf , (6)

where d is the distance and is the inclination of the
disk, which can deviate from the orbital inclinatior: 35°
(Herrero et al. 199bas the disk may be precessing with a tilt
0 ~ 37° (Brocksopp et al. 1999 R, is related to the inner
radius of the diskR, =ng(i) f?- Reor (With  ~ 0.6-0.7 and
g(i) = 0.7-0.8; Merloni et al. 200). In spite of these un-
certainties and the large statistical errorfgfsk (more than
50 %) the inner disk radius can be estimated.&ERE < Rp <
10Rs if a distanced =~ 2.5kpc (Ninkov etal. 1987 and a
Schwarzschild radiuRs ~ 30km Herrero et al. 199Fare as-
sumed. Thus, the disk is consistent with extending clodesto t
innermost stable circular orbit (ISCO).

The goodS/N ratio afforded by theRXTE-PCA data
clearly reveals an iron fluorescence Kne. While the instru-
mental response of the proportional counters does not allow
for a resolution of the line profile details, i.e., whethersit
narrow or relativistically broadened, tlghandraHEG spec-
tra (Fig.6) do resolve a strong narrow component at 6.4 keV.
Nevertheless, since the integrated flux of tkeandramea-
sured line is insufficient to account for all of the PCA residu
als in this region, we include an additional broad featui@iio
modeling, which is also compatible with ti@&handraspec-
trum. Given the relatively lov/N ratio at these energies, we
do not model the broad iron line with a proper physical model
such as a relativistically broadened line, but use a Gaussia
with its energy fixed at 6.4keV, as the latter is hardly con-
strained by the data. These results illustrate the syndiiipeo
simultaneous observation with complementary instruments
as the combination of narrow and broad line could only be
revealed by the analysis with a joint model.

Agisk = diskbb.norm = (
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FiG. 7.— The spectral region around the Fe L-edges. The top [saoels FIG. 9.— As in Fig.7, but for the spectral region around the Ne K-edge.
the model flux in units of 1 ph. s cm™ A~2 (solid line). The dashed lines  All spectra have been combined with a resolution of 5 mA. Ttied! lines
describe the unshifted model, see text. The second panesssthe count show the absorbed continuum model without additional aitor lines. The

rate of all 4 HETGS spectra (MEEL, HEGH1), which have been combined  light dashed line shows the model without the absorptionef N
with a resolution of 10mA, and the folded model. The bottomepalisplays

the residuals = (data-mode)ferror. included in the photoabsorption moddbnew!? (Juett et al.

: ‘ ‘ ‘ . 2006h, an extension of the commonly usedvar abs

i T 1 model Wilms et al. 200,
L ol (\ As part of the spectral model for the whole continuum, the
f on ‘ ‘ | ; t bnew model can be used to describe the absorption edges

detected with theChandraobservation of Cyg X-1 discussed

in this paper. Figur& shows the Fe L-edges requiring a
] blueshift by AX/ )\ - ¢ = (5404 230) km s of the t bnew

% 1 model, which relies on the cross-sections of metallic iron
L,

1

5

Flux (10°f.u.)
051 2

measured byKortright & Kim (2000. Unlike Schulz et al.
(2002, Miller et al. (2005 andJuett et al(20063 have also
found that the Fe }.edge requires a small shift; their mean po-

sition of maximum optical depth i8ge |, = 17.498A, but our

valuelpe, = (17.469+ 0.014) Ais still lower. The shift could
! ] be caused by the Doppler effect due to a moving absorber,
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22 24 26 by a modified ionization threshold due to chemical bonds, or
Wavelength [A] ionization of the iron atomss/gn Aken & Liebscher 2002 In

FiG. 8.— As in Fig.7, but for the spectral region around the O K-edge. an analysis of the Cyg X-1 high/soft and low/hard state, fo-
Both MEG+1 spectra have been combined with a resolution of 0.1 A. cused on this spectral regiobee et al.(200§ find that the

Fe L-edges here can likely be modeled by a heterogeneous
combination of gas and condensed matter of iron in combina-
tion with oxygen local to the source environment. If, as sug-
gested by these authors, the magnitude of the shift is due to
3.3. Neutral absorption molecules and/or dust, this shift is one identifying sigmat
. of the composition and charge state of the condensed state
Absorbing columns can be measured most accurately frommaterial. Such direa€handraxX-ray spectroscopic detection

the discrete edges in high-resolution spectra at the ioiza  of qust via its associated edge structure was first suggested
thresholds. We detect the most prominent L-shell absorp-for observations of the Fe L-edge in the AGN MEG30-15

tion edge of iron and the K-shell absorption edges of oxy- (L ee et al. 200Land for the observations of the Si K-edge in
gen and neonJuett et al(2004 20063 have inferred the fine  the microquasar GRS 1915+10%¢ et al. 200 The latter
structure at those edges from earlighandraHETGS obser- sy dy associated the observed Si K-edge structure with, SiO
vations of Cyg X-1 and other bright X-ray binaries: The Fe ajthough the origin — source environment@handraCCD

L2 and L3 edges, due to the ionization of a;2por a 2y, gate structure — was unclear in this case.

electron, respectively, are separately detectable atX @i The blueshift of (10@ 130) kms* which has been deter-
17.5A. The O K-edge at 22.8 A is accompanied by+2p) mined for all other absorption edges is consistent with zero
Ka and higher (1s: np) resonance absorption lines. Tha K The O K-edge can only be seen in the MEG spectra after heav-
line occurs at 23.5 A for neutral Cand at lower wavelengths  ily rebinning (Fig.8). Nevertheless, the & resonance ab-
for ionized oxygen. In the case of neon, neutral atoms havesorption line of Q is clearly detected. The region around the
closed L-shells, such that Neonly shows a (1s-3p) K3 Ne edge (Fig9) is dominated by Faviil absorption lines,
absorption line close to the K-edge at 14.3 A, while ionized POSSibly blending with the K absorption lines of Ne and

neon also shows K absorption lines, e.g., Neat 14.6 A and Nelil. No other strong edges are clearly visible in the spec-

Nenl at 14.5 A. Improved modeling of the neutral absorp- 12 the code fort bnewis available online ahttp://pulsar.sternwarte.uni-
tion that takes these features into account has recently beeerlangen.de/wilms/research/thabst beta testing and will soon be released.

Our global model for the continuum spectrum now enables
us to address the features of the high-resoluttbandraspec-
tra, which is the topic in the remainder of this section.


http://pulsar.sternwarte.uni-erlangen.de/wilms/research/tbabs/
http://pulsar.sternwarte.uni-erlangen.de/wilms/research/tbabs/
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COLUMN DENSITY N AND ABUNDANCE A= N/Ny OF NEUTRAE—):BBSLOER?I;ERS DETECTED ALONG THE LINE OF SIGHT TOWARBCYG X-1
— analysis by —
this work Schulz et al(2002 Juett et al(2004 20063
observation (obs.) # 3814 obs. # 107 obs. # 107 obs. # 3407 #AR4
(Los-10kev=0.7x10%7erg s1) (Los-10kev= 1.6x10%7ergs?)  (3.1x10%ergs?l) (soft state)
element  12-log Ale?évr‘nen? Nelemeny Nre Aelemen/AL?ymen? Nelemenf Netemenf Nelemenf Nelement Nelement
(107 cm?) (10 cm?) (107 cm?) (107 cm?) (10 cm?)
o 8.69 154403 1454+0.01 381124 392423 63+ 14 24+3 2943
Ne 7.94 391+0.18 207354 9.6+£02 9.43+0.32 71+10 74107 86+0.7
Na 6.16 1264+ 0.15 40+ 2 31+02
Mg 7.40 216+0.13 40+0.1 53+02 37+13
Al 6.33 <0.13 <18 <02
Si 7.27 145+0.17 384+0.3 38+03 23+18
S 7.09 06+0.2 24193 16153
Ar 6.41 < 0.06 <10 <01
Ca 6.20 < 0.05 <13 <01
Cr 5.51 <018 1327 0.02:395
Fe 7.43 1 1754+ 0.03 25240.04 15+01 1477328 1.06:597 0.96+0.09

2\We use elemental abundances in the interstellar medigﬁﬂﬂemaccording tawilms et al.(2000, i.e.,xspec_abund("w | m'); in ISIS.

PThe relative elemental abundan@@jemen/ ASH: ., iS @ parameter of thebnew model.
®Nelementis the product of\gjementandNy (see elngi%nlla).

dSchulz et al(2002) use the cross sections froverner et al(1993, andKortright & Kim (2000 for Fe.

FO) = €W Feon(\) =  Feon() - (7)

€Juett et al(2004 20063 use the cross section Glorczyca & McLaughlin2000 for O, Gorczyca(2000 for Ne, andKortright & Kim (2000 for Fe.

trum. The Na K-edge (at 11.5 Aferner & Yakovlev 1995 3.4. Absorption lines of H- and He-like ions
blends with an absorption line due to the-2 3p excitation The high-resolution spectra reveal a large number of ab-
of Fexxil. The Mg K-edge (at 9.5A) blends with the Ne sorption lines of highly ionized ions. TheSl-15A range
Ly & absorption line. The Si K-edge (at 6.7 A) is strongly af- is shown in Fig.10 as the ratio between the data and the
fected by pile-up and blends with the Mg Ly  absorption  continuum-model. As the line profiles are not fully resolyed
line. The S K-edge (at 5.0A) is relatively weak. Neutral ab- we model each liné with a Gaussian profil&;. In terms of
sorption from these elements is nevertheless requirednwith  the continuum flux modekcon, the global model reads
thet bnewmodel.

The results for the individual abundancész= N; /Ny, and 1+ G\
resulting column densitiedy;, are presented in TabR The Z (N
alpha process elements O, Ne, Mg, Si, S are overabundant !
with respect to the interstellar medium (ISM) abundances asFrom a Gaussian’s centroid wavelengtland the rest wave-
summarized byVilms et al. (2000 and therefore suggest an length\g of the identified line, the radial velocity
origin in the system itself. The total column densities dse a _
compared with the values obtained®ghulz et al(2002 and v = (A=) Ao-C (8)
Juett et al(2004 20064 from otherChandraobservations of  of the corresponding absorber can be inferred. With the defi-
Cyg X-1. Table3 includes the corresponding source lumi- nition in Eq. (7), the norm ofG, is just the equivalent width:
nosities if they are reported in the literature (see akd &nd
Fig. 15). The X-ray flux was highest during the soft state — _ -
observation # 3724. The column densities confirm the conjec- Was = /[1 R(A)/Feon(N)] dA = /G' War O
tmu;?gr';‘;?%éaelt g(tzh(()eog th?(t_alrgggt(zrn(fg:%)r(érdagcfgjsxtfg'ﬁgjtrale is related to the absorber’s column density, as a bound-
abundances Y9 y bound transition — j (with rest frequency, and oscillator

The inferred hydrogen column densiy (see Table2) ~ Strengthfi;) in an absorbing plasma with column densily

vations during the soft state in 1996, namély = (5.3 + fij /7 €2 T V=10

0.2) x 10”*cmi 2 (Dotani et al. 199Yand also with\y = 6.2x g7 = exp{—Ni . H ( : ) } (10)
1071 cm2 obtained from two other differer€handraobser- MeCAp  \4rAp  Arp

vations Schulz et al. 2002Miiller et al. 2002 see also 4.4). Assuming pure radiation damping, the damping consFant

We note that the large column density towards Cyg X-1 found equals the Einstein coefficieAj. The Doppler-broadening
by many online tools, (2-7.8) x10**cm™?, is obtained from A, = . £o/Cis given bygo? = 2KT /Mon+V2, . i.€., is due to

a coarse grid — with (0.675dégpixel size — ofNy mea-  q thermal'and the turbulent velocity of the plasma. Foropt
surements at 21 cnK@lberla et al. 200p which does notre-  ca)1y thin lines (withr(v) < 1), the equivalent width is inde-

solve the strong variations 84 in the region around Cyg X-1 - hendent ofAwp, such that the absorbing column density can
(Russell et al. 2007
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TABLE 4
OVERVIEW ON THE DETECTED LINES FROMH- AND HE-LIKE IONS: THEORETICAL REST WAVELENGTHS INA
transition O Ne Na Mg Al Si S Ar Ca Fe Ni
hydrogen-like (1 electron) viii X Xl X1 X1 XIV XVI XV XX XXVI  XXVIII

Lya 1s@S;) —2pCPyp1) 1897 1213 1003 842 717 618 473 373 302 (1.78) 153
LyB 1s@S;) —3p@Py1) 1601 1024 846 711 605 522 399 315 (255) 150 129
Lyy 1s@Sy2) —4pPPsy212) 1518 9.71 8.02 (6.74) 574 495 378 299 242 143 123
Lys 1s@Sy) —5pCPap1) 1482 9.48 783 658 (5.60) (4.83) 370 (2.92) (2.36) (1.39) (1.20)
Lye 1s@Sy;) —6p@Py212) (14.63) 936 (7.73) 650 (5.53) (4.77) (3.65) (2.88) (2.33) (1.37)

Ly¢ 1s@Syp) — 7pCPsjp12) (1452) 929  (7.68) 6.45 (5.49) (4.73) (3.62) (2.86) (2.31(1.36)

Lyn 1s@S;;p) —8p@Pyp12) (14.45) 925  (7.64) (6.42) (5.47) (4.71) (3.60) (2.85) 3@®. (1.36)

Lyo 1s@Si;5) —9pCP3p12) (14.41) (9.22) (7.61) (6.40) (5.45) (4.70) (3.59) (2.84)2.20) (1.35)

limit 1s (251/2) — 00 (14.23) (9.10) (7.52) 6.32 538 (4.64) (3.55) (2.80) (2.271.34 (1.15)
transition O Ne Na Mg Al Si S Ar Ca Fe Ni
helium-like (2 electrons) v IX X X1 Xl X1 XV XVII XIX XXV XXV
flem] 1£( ) — 1s2s8S)) 2210 (13.70) 1119 931 7.87 674 510 (3.99) (3.21) (1.87)
ilem] 12(Sy) «— 1s2pBPyy) 21.80 (13.55) 11.08 923 781 (6.69) 507 3.97 319 (1.86) 1.60
r=Hea 12(1S) — 1s2ptPy) 21.60 1345 11.00 917 776 665 504 395 318 185  1.59
HeB 122(1Sy) — 1s3piPy) 18.63 1154 943 785 664 568 430 337 271 157 (1.35)

Hey 12(1Sy) — 1s4pipy) (17.77) 11.00 898 747 631 540 409 320 (257) 150 (1.28)
Hes 12(1Sy) — 1s5ptPy) (17.40) 1077 879 7.31 (6.18) (5.29) 4.00 (3.13) (2.51) 461. (1.25)
Hee 182(1Sy) — 1s6ptPy) (17.20) 1064 (8.69) (7.22) (6.10) 5.22 3.95 (3.10)

He¢ 12(1Sy) — 1s7ptpPy) (17.09) 1056 (8.63) (7.17) (6.068) (5.19) (3.92)

Hen 182 (1Sp) — 1s8p ¢Py) (17.01) (10.51) (859) (7.14) (6.03) (5.16) (3.90)

limit 152 (1S0) — 100 16.77 10.37 846 (7.04) 594 509 (3.85) (3.01) 242 140 20{l.

Lines with (wavelengths in parentheses) are not detecteiirChandraHETGS observation of Cyg X-1, while lines indicated whbld wavelengths are
clearly detected and those witimderlined wavelengths are detected as two components. The wavelengths of thediegaken from the CXC atomic database
ATOMDB and the table offerner et al(1996), those of the series limits (= K-ionization thresholds) fiom Verner & Yakovlev(1995.

TABLE5
RESULTS FROM THE DETECTED ABSORPTION LINES FROM- AND HE-LIKE IONS: VELOCITY SHIFTSV=(A—\g)/Xo-CIN kms?
(0] Ne Na Mg Al Si S Ar Ca Fe
H-like VIl X X1 Xl X XIV XVI XVIII XX XXVI
a s el csel -eaf Ul 0% a3l ez 164
SCEE B A A T B
Ly ~ 3985 7% - 30833 -3473%
lys  -logle  -aede . B . o 4208
Ly e 288213
Ly series  —41'%] -o7'28 207104 —3g2l 18310 54T 9074  -3274L
(0] Ne Na Mg Al Si S Ar Ca Fe
He-like \i IX X XI X1l X1 XV XVII XIX XXV
Hea 2038 . 7rE 28615 -30%  ealy 14238 11243, -116%
492 _agHT _pEHi4 54 165 785 440 _74+616
He 507550 36 657 5975 18782 609°{82; 7255 74553
Hey o SOTIE o TR o o2 eseig
Hed
Hee 9384
He series -291+(>1000) -158%3 e -T2132 0 1357305 86170 4T 218, -2119.4

A negative velocity indicates a blue shift, due to the absgrinaterial moving towards the observer. Rows labeled tiigfiHe series” show the results from
modeling the complete absorption line series of the cooedimg ion at once with a single physical mode3 .
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TABLE 6
RESULTS FROM THE DETECTED ABSORPTION LINES FROM- AND HE-LIKE IONS: COLUMN DENSITIES IN 106 cm2
(0] Ne Na Mg Al Si S Ar Ca Fe
H-like Vil X X1 XI1 XIII XIV XVI XVIII XX XXVI
lya 3% 3592 52102 18+05 71703 50198 222 212
Lys 15 10812 8.0118 33 1872 79
lyy 209§ 513 19+13 1812
lys 113 829 gris 2933
Ly series 3615 4210 23%0% 72106 14405 101+08 1512 117
(0] Ne Na Mg Al Si S Ar Ca Fe
He-like v IX X X1 XII XIII XV XVII X1X XXV
Hea 15+0.2 157912 0594 194911 23%% 13+06 1070) 1573
Hep 42 28798 56+09 3832 92 16'5 4+4 118
He~y 30£15 8+2 8" 231 213}
Heseries O 63712 512 0.8'52 12+3 152 8l 146'80

The column densities for the single lines have been cakdlasing Eqg. 11), assuming that the line is on the linear part of the curve rofwth, which
underestimates the column density for saturated lines.sRaiweled with “Ly/He series” show the results from modeloognplete absorption line series3(§).

be inferred Spitzer 1978Eq. 3-48;Mihalas 1978810-3): o

N = mc Wy _ 1.13x1017cm‘2.<&>_?(%> 1) & m

- Wez-fij )\% B fij A mA

If the lines are, however, saturatetf, depends omM\vp as
well, and one has to construct the full “curve of growth” with
several lines from a common ground staia order to con-
strainN; (see, e.g.Kotani et al. 200D

We have therefore performed a systematic analysis of ab- : 1
sorption line series: H-like ions are detected by theirlep i ‘ ‘
Lyman series, He-like ions by their?ss 1snp resonance ab-

—

normalized line profile
0.5

; . . . D¢ ]
sorption series, see Talde For those lines which are clearly I V\e‘*‘@\ef N
detected and not obviously affected by blends, the measured 13 135 14

velocity shifts (Eq8) are shown in Tabl&. Most of the lines

i <1
are detected at rather I_OW pl‘Oj(_ECted velocjty £200km ™). i FiG. 11.— The absorption line series of Fex between 12.8 A and 14 A.
Note that the systemic velocity of CygX-1/HDE 226868 is Te Neix r line which blends with the complex at 13.4-13.6 A is alsonaio

(-7.0£0.5)kms™ (Gies et al. 2008 and that the radial ve-  and the expected positions of the e and f emission lines are indicated.

Wavelength [A]

locity of both the supergiant and the black hole vanishes at
orbital phaseben, = 0, while the radial component of the fo-
cused stream should be maximal (likely up to 720 klnsee
84.1). The column densities in TabRare calculated using
Eq. (L1), assuming that the line is on the linear part of the

TABLE7

) ion v N(ion) o

curve of growth. As the strongest lines are, however, often (kms?) (10%cm?) (kms?d)
saturated, Eq.1(1) predicts too small column densities from Fexxly 2131 49407 go*2l
them. For weak lines, on the other hand, the equivalent width - o =
is most likely overestimated such that the quoted values may Fexxin 1200, 2253 4100,
rather be upper limits. The properties of the lines (Eimstei Fexxi — —27'3 2.3%92 193¢}
coefficients and quantum multiplicities, which determihe t Fexxi -156% 2592 260
oscillator strength, as well as the rest wavelengths) &enta - 0 o
from Verner et al(1996 andaTombpB®® v. 1.3.1. Fexx — -2833  304; 3335
_ _ _ _ Fexix  -1164% 31192 251789

3.5. Line se.rles of H-/He-like and Fe L-shell ions Fexvin  —605L 1803 20372

As an alternative to the curve of growth, we chose to de- Fexvii —277%%  14+03 7828

velop a model which implements the expected line profiles
(Eq.10) directly for all transitions of a series from a common
ground state. The model containsl;, &, and the systemic

PARAMETERS OF THE ABSORPTION LINE SERIES FORE L-SHELL IONS

shift velocityv (Eq. 8) as fit parameters, and thus avoids the Which are often blended with other lines such that the dsffer

use of equivalent widths at all. This approach allows for a contributions to a line’s equivalent width can hardly bezsep

systematic treatment of the iron L-shell transitions aslwel ated when only single Gaussians are used. As an example,
Fig. 11 shows the Faix complex between 12.8 A and 14 A.

13 seehttp://cxc.harvard.edu/atomdb/ Lines from different Fexix transitions overlap, and so does


http://cxc.harvard.edu/atomdb/
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L A T L A E L B R
= @ T ] TABLE 9
2 J‘ﬂm‘ J i ELECTRON DENSITIES CORRESPONDING T® = F(f) /F (i) RATIOS
! L ‘\‘ ‘ ‘ ‘ L | ﬂ J{ UHL @ model calculations by
2 H | ML w \ [ W “W ‘ M= Porquet & Dubay20002
Bl } 1 RMgx)  ne
8 i1 i2 fl 2 component measurement {tom3)
g first pair 2.3 1.0...45
Butta By f el
5 ‘ s ! 2l @ ofi&flines  Ry(Mgxi)= 1627 1.6 3.5...10
S :
[ \ | (unshifted) 1.0 8...22
= = 3 o second pair 1.3 5...15
= . 2 of i&flines Rz(Mg><|)=048:|:0.5{ 0.8 12...28
9.25 9.3 9.35 .
(redshifted) 0.3 43...91
Wavelength [A] a A temperature between 0.3 and 8 MK is assumed
FiG. 12.— The Mgx! triplet of resonance (r), intercombination (i) and andUV-photoexcitation is not considered
forbidden line (f) in theChandraHETGS spectrum. The MEG data is shown o ) o
with an offset 0f-0.5. While the ion/line labels indicate the rest wavelengths, 3.6. Emission lines from He-like ions

the abbreviationsr; in and  label the actual line positions (see TaB)e .
P ( ) The transitions between the?lground state and the 1s2s

or 1s2p excited states of Helium-like ions lead to the ttipfe

TABLE S8 forbidden (f), intercombination (i), and resonance (relisee
PARAMETERS OF THE LINES OF THEMG XI TRIPLET Table4. These lines provide a density and temperature diag-
: nostics of aremittingplasma via the ratioR(ne) := F(f) / F(i)
line  component A vV, Wa andG(Te) := [F(i) +F(f)] / F(r) of the fluxes= in the r-, i-, and
A) (kms™) (mA) f-line (see, e.g.Gabriel & Jordan 1969Porquet & Dubau
Mg xi r rl 91679%0; 7053 8679 2000. In this observation, the dipole-allowed resonance tran-
Mg XI r? (r2) 9190999 (700120 -35+0.9 sitions are seen as absorption lines, aalasorbingplasma is
Mo x! i " 923210003 14107 11515 detected in front of the X-ray source. For the same reason, we
’ ' 105 =06 cannot use the Fe L-shell density diagnostidache et al.
Mgxii i2 9.261°9007 96873,  +1773 2009, as, e.g., the FEXIl emission lines at 11.77 A and
Mg xi f fl 9.311799%¢ 110130 +25%93 11.92 A used bylauche et al(2003 are both seen in absorp-
Mg xi f f2 0.3280099 45429 413199 tion. But we can still use the detected He-i and -f emission
The shift velodity and equivalent widihV, are given by Eo.) & (9 lines to estimate the density via tReratio, noting the caveat
Note that the (r2) component is likely caused by absorpuiomf'blueshif'ted thatthe densities are SyStemaFlca”.y overestimated |prtd39
transitions of Fexxi, Fexx and Nex. ence of an external UV radiation field, as photoexcitation of

the 1s2 3812 — 1s2p(3P) transition depopulates the upper
level of the f-line in favor of the i-line, and leads to a lower

the strong Nex r-line. Furthermore, the absorption features R-ratio (see, e.gMewe & Schrijver 1978Kahn et al. 2001
are often rather weak and no prominent lines can be fitted, Wojdowski et al. 2008 _ _
whereas the line series model can still be applied. Although The i- and f-line of the M triplet are seen as two dis-
a disadvantage of this approach is the larger computationafinct components each — one with almost no shift, which is
effort, it usually allows to constrain the parameters ofreeli ~ consistent with the r-absorption line, and the other one at a
series more tightly. redshift of 400-1000 kn$, see Figl12and T_ableB. Given
The model with physical absorption line series fits the data these two emission components and their Doppler shifts,
hardly worse than the model with single Gaussian lineg?A  one could be tempted to identify the absorption feature at
of 12812 instead of 12180 before (see TaP)ds obtained.  9.19 A with a second redshifted Mg r line, but our model
The results are presented in the last row for the whole Ly/Hefor the complete absorption line series3(§ predicts that
series of Table§ & 6 for the H-/He-like ions, and in Tablé the blueshifted 2s- 4p transitions from the ground states
for the Fe L-shell ions. The column densities inferred from of Fexxl and Fexx, as well as the Ng 1s— 10p transi-
the series model are generally in good agreement with the val tion, account for most of the absorption seen at 9.19A. Ta-
ues derived from the single Gaussian fits for the higher trans ble 9 shows theR-ratios obtained for the two pairs of lines
tions of H- or He-like ions (Tablé), while thea — sometimes  as well as the corresponding densities according to the cal-
eveng —lines are saturated. These measurements can be usegllations ofPorquet & Dubay(200Q Fig. 8e),neglecting the
as input for wind or photoionization models, although a few influence of the UV radiation of HDE 226868 on the R-ratio
columns are rather badly constrained if the thermal velggit ~ The unshifted lines would then be caused by a plasma with
is left as a free parameter: As the line profiles are notreshlv  an electron density; ~ 5x 10?cm3, the redshifted pair
there is a degeneracy between Doppler broadened lines andf lines seems to stem from another plasma component with
narrow, but saturated lines. The notable fact that no strongne, > ne;. A more detailed discussion of these densities is
wavelength shifts are observed is, however, independent ofpresented in 4.1
this degeneracy: almost all line series are consistent avith  The S/N ratio of the spectrum above 20A is not high
velocity between-200kms* and +200km'. Lower ion-  enough to describe the ! triplet. The Nex triplet blends
ization stages of the same element are usually seen at highejith several Fexix lines (Fig. 11). Nax i- and f-lines

blueshift, like in the sequence kel —XXII —XXI —XX. are likely present with several components, but those can
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not clearly be distinguished. Similar as for Mg, there are
also two i-lines of Al at shifts of -477320kms™® and
+33315km s, respectively, but no f-line is detected due to
a blend with the strong MgI He 3 absorption line and es-
pecially a Fexxil 1$22s2p(2s-5p) absorption line at 7.87 A.
Similarly, the Sixil i-line is not detected as it overlaps with
absorption features probably due to nearly neutral Si Keedg
structures. (Furthermore, the flux of thedi f-line might be
underestimated as it blends with the Mg Ly ~ line.) The

i- and f-lines of He-like sulfur are detected wWiR(SxVv) =
0.617131 but Sxv has not been modeled Bprquet & Dubau

(2000. Below 4A, theS/N ratio below is again not high
enough to resolve further triplets from heavier elementhisu
as argon, calcium or iron.

4. DISCUSSION & CONCLUSIONS
In the following, we discuss our results and derive con-
straints on the stellar wind in the accretion region.
4.1. Velocity and density of the stellar wind

While a spherically symmetric model for the stellar wind
in the HDE 226868/Cyg X-1 system can be excluded by ob-
servations (see, e.g3ies & Bolton 1986bGies et al. 2003
Miller et al. 2005 Gies et al. 2008 a symmetric velocity law

v(r) = Ve - f(r/R) (12)

M. Hanke et al.

TABLE 10
SOLUTIONS TOEQ. (15) FOR THE MODEL OFEQ. (13)
NH(X) d(x) fo Je] X 2100 f(X)
(1010 Cm_a) =Vo/Voo =r/R. for 3= Bmax

440 200 0.005 < 1 11
110 50 0.011 <1 <101 <41
110 50 0011 <2 <108 <36
110 50 0.011 <3 <118 <30

22 10 0.011 <1 <108 <180

22 10 0.011 <2 <129 <127

22 10 0011 <3 <148 < 95
4.4 2 0011 <1 <136 <570
4.4 2 0.011 <2 <169 <368
4.4 2 0.011 <3 <197 <271

Note that the binary separatia= 41R:, corresponds t& = a/R. = 2.4.

Eq. 14) can only be solved within the model of EdL3
— or any other model fof in Eq. (12) with f(x) > fo — for

d < fot 1< x < /1/(fod) . (16)

For fo =~ 0.01, the valuel ~ 190 — which would be required to
explain the densifyy ny 1 ~ 4.2x 10'?cm™ obtained from the
unshifted Mgx1 triplet (83.6) — can never be reached within
our model for the continuous spherical wind. This result

and

is usually assumed to obtain a first estimate of the particleshows that the density is likely overestimated byRaratio

density in the wind. The fractiof of the terminal velocity
is often parameterized by émers & Leitherer 199F(. 3)

f0) = fo + (1-f))- (1-1/x)" (forx>1)  (13)

with fo :=vp/Vvs, Wherey, is the velocity at the base of the
wind (x=1). The simple model for the radiatively driven wind
of isolated stars bZastor et al(1975 is obtained fog =1/2.
Photoionization of the wind, however, suppresses its accel
ation Blondin 1994, such that a smallef (e.g., a largep
within the same model) is required in the Strémgren zone.
Gies & Bolton(1986Hh have explained the orbital variation of
the 4686 A Hel emission line profile of Cyg X-1 with a sim-
ilar model for the focused wind, whew,, R,, andS depend
on the angle from the binary axis.3 was interpolated be-
tween 1.60 and 1.05 férbetween 0 and 20 The value3 (0=
20°) = 1.05 is, however, often used for a spherically symmet-
ric wind as well Lachowicz et al. 2006Szostek & Zdziarski
2007 Poutanen et al. 2008 Vrtilek et al. (2008 use fp =
0.01 to avoid numerical singularities and fit the (relatively
low) value 5 = 0.75 to their models for UV lines. v is
likely of the order of the thermal velocity of H-atoms, which
is (2kT/my)¥2 = 23kms? and corresponds tdy = 0.011
for HDE 226868's effective temperatuiigy = 32000K and
Voo = 2100km st (Herrero et al. 1995

With the mean molecular weight per H atom~ 1.4
the continuity equatioM, = pmyny(r) - 4xr2v(r) gives the
following estimate for the hydrogen density profile:

M./ (1)
4rR2v,,

Using the parameters of HDE 226868,(= 3x10°M yr?,
R. = 17R.; Herreroetal. 1995 also summarized by
Nowak et al. 1999Table 1), Eq. 14) predicts

ny(r) = 22x10%m3 . d(r/R)) .

n(r) = d(r/R) with d() = x?/F() (14)

(15)

14 The helium abundance per H-atonrd0% (Wilms et al. 2000.

analysis which ignores the strong UV-flux of the 09.7 star.
Table 10 lists therefore some solutions to E45| for much
lower densities as well. Due to the additional constraiat th
the radial velocity is< 100km s (Table8), we suggest that
the first emission component stems from close to the stellar
surface. Although the simple wind model of E43| may not

be appropriate in this region, the results of Talllare rather
insensitive to the assumptions on the velocity law, as a wide
range of values was considered, but depend mostly on the
wind’s initial veloctiy v, for which we have used a reason-
able estimate. Note thd$ andd depend also on,, but their
product, which is important in Eq16), does not.

In spite of the systematic errors of the (absolute) density
analysis with theR-ratio, we infer that the second plasma
component is much denser relative to the first one. As it
is seen at a larger redshift of 46@000kms*, we favor
its identification with the focused wind. The two emission
components could also be caused coincidentally by dense
clumps in the stellar wind (which are common for O-stars;
e.g., Oskinova et al. 20Q7Lépine & Moffat 2008, but the
interpretation as a slow base of the wind close to the stel-
lar surface and a focused wind between the accreting black
hole and its donor star provides a consistent descripion of
both emission components: An undisturbed wind (with
and fo as above, and@ = 1.05 — 1.6) would reach a veloc-
ity of v(a) ~ 900+ 1200 km s in the distance of the black
hole. The focused wind in the orbital plane would then be de-
tected with a projected velocitya) sini = 500« 700 km s
at ¢orb = 0. While photoionization reduces the effciency of
acceleration for the spherical wind, the denser focused win
is less strongly affected due to self-shielding and reaties
expected velocity. It is an observational fact that the fo-
cused wind has another ionization structure: Optical emis-
sion lines (Hy, Hell A\4686) from ions which only exist at a
low ionization parameter have been observed in the focused

15 A plasma of fully ionized H and He containsl.2 electrons per H-atom.
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L-shell ions

K-shell ions

0.6
) Fe XXVI
Fe XXl

Fe XXI

relative population

FiG. 13.— Relative population of the ionization stages of iremdunction
of the ionization parametef = L/(nyr2), as calculated with XSTAR for
L37= 35 andn13 =0.01.

stream (see, e.gGies & Bolton 1986b Ninkov et al. 1987
Gies et al. 2008 For the spherical wind, howevésjes et al.
(2008 have conjectured that the part between Cyg X-1 and
the donor star might be completely ionized in the soft state.
Our observations show that the situation in the hard state ma
be similar.

4.2. Modeling of the photoionization zone

We use the photoionization code XSTAR 2.114%b
(Kallman & Bautista 200)L to model the photoionization
zone. As the latter is quite complex (due to the inhomoge-
neous wind density, which is strongly entangled with the X-
ray flux), we do not claim to describe the photoionized wind
self-consistently, but only want to derive a first approxima
tion. For an optically thin plasma, the relative populatain
a given atom’s ions is merely a function of the ionization pa-
rameter

L
Ny r2

La7

Miars,

= ergcms?t |

£(r) = (17)
whereLs7 is the ionizing source luminosity above 13.6 eV
in 10°”erg s, ny3 is the hydrogen density in 3®cm™ and
r12 is the distance from the source in’#6m.

13

TABLE 11
IONIZATION PARAMETER FOR PEAK ION POPULATIONS

lon  logé FWHM(ogé) ri= (Ls7/nya/1009¢)"?

Fexxvi 2.91 0.27 0.6-0.8
Fexxv  2.75 0.32 0.7-1.0
Fexxiv  2.65 0.30 0.8-1.1
Fexxin  2.58 0.28 0.8-1.1
Fexxii 2.51 0.31 0.9-1.3
Fexxi 2.44 0.36 0.9-14
Fexx 2.32 0.44 1.0-1.7
Fexix 2.12 0.40 1.2-1.9
Fexviin  2.01 0.23 1.6-2.0
Fexvii 1.97 0.14 1.8-2.1
Caxx 2.69 0.56 0.7-1.2
Caxix 2.39 0.54 0.9-1.6
Arxviil 2.55 0.65 0.7-15
Ar xvii 2.22 0.50 1.0-1.8
SXxvI 2.38 0.69 0.8-1.7
SXxv 2.08 0.43 1.2-2.0
SixIv 2.21 0.65 0.9-2.0
Sixln 1.96 0.39 1.5-2.4
Silv 1.09 0.18 4.7-5.7
Mg X1 2.06 0.58 1.2-2.3
Mg x1 1.82 0.31 1.8-2.6
Nex 1.94 0.40 1.6-2.5
Nelix 1.74 0.24 2.1-2.8
ovil 1.80 0.26 1.9-2.6
ovil 1.62 0.22 2.5-3.2
Nv 1.51 0.01 3.25-3.30

Civ 1.48 0.19 3.34.1

We list the range in ionization parameter and distance ferrttaximum
ion population (Figl3) obtained in an XSTAR simulation withz7 = 3.5
andn;3=0.01. Note that the binary separation in units ofaém isa;» = 2.9.

4.3. Origin of redshifted X-ray absorption lines

Additional constraints on the accretion flow can be derived
by considering the Doppler shifts observed in absorptioedi
(83.4& 3.5. Models for the wind velocity like the one of
Egs. (12) & (13) predict a velocityw(r) at the positionr in the
stellar wind. But only the projection of against the black
hole,viadeH, can eventually be observed as radial velocity in
an X-ray absorption line. With the angtdr) betweerv(r)
and the direction from towards the black hol&aqgH(r) is

Veaagh(f) = cosa(r) - ()| - (18)

For Cyg X-1 as observed in the hard state, extrapolation ofAssuming a velocity field with radial symmetry with respect

the unabsorbed model obtained by our analysis (TAde/es

Ls7 = 3.5. Although there are obviously strong variations
in the density, the XSTAR calculation has been performed
with constanin;z = 0.01, which is the average of;(r) from

Eq. (15) for R, <r < a. Fig. 13 shows the resulting popula-
tion of Fe ions. The ionization parameter at which the pop-
ulation distributions of some ions of interest peak, as asll|
the corresponding full widths at half maximum (FWHM) are
presented in Tabl&l We have also included 8i, Nv and
C1v for a comparison with the work dfrtilek et al. (2008
andGies et al(2008. The H- and He-like ions detected with
Chandraonly appear at considerable distance from the X-ray

to the starp(r) is just the angle at between the star and the
black hole. For exampley is 90° (andv;adgn is therefore 0)

on the sphere containing the center of the star and the black
hole diametrically opposed. Redshifted absorption lires c
only be observed from wind material inside this sphere, evhil
the part of the wind outside of it is always seen at a blueshift
—a fact which is independent of the assumed velocity field as
long as it is directed radially away from the star.

For a spherically symmetric wind model, any line of sight
can be rotated to an equivalent one in a half-plane limited
by the binary axis. Only a sector with half-opening angle
can be observed unless the system’s inclination3s90°.

source. Taking into account that the photons emanating fromFig. 14 shows the projected veloCityaqgn(r) for a simple

Cyg X-1 first propagate through a lower density wind and that
the (eventually stalled) wind of higher density is only read

in the vicinity of the star, the actual distances will even be
larger than the;, values quoted in Tablgl.

16 Seehttp://heasarc.gsfc.nasa.gov/lheasoft/xstar/xstar.h

wind model and two sectors containing all observable lirfes o
sight towards Cyg X-1 for an inclination of 35°.

We now investigate the region where the projected wind ve-
locity (Fig. 14) is compatible with the observed Doppler shifts
(Table5 and Table7). We are confident that this method al-
lows for the identification of the absorption regions, as the


http://heasarc.gsfc.nasa.gov/lheasoft/xstar/xstar.html
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FiG. 14.— Gray scale image 0kaqpH(r) of Eq. (18), i.e., projected
wind velocity against the black hole. A spherically symrigetelocity law
given by Egs. 12) & (13) with Voo = 2100kms?, fo = 0.01 and3 = 1.05 is
assumed. The star and the black hole are shown as filled btatdsc the size
of the latter is the accretion radiu§®IgH /v(a)?. On the black circle passing
through the center of the star and through the black tglgH(r) is 0 since
a(r) = 90°. Positive velocitieg+) are seen onlyvithin this circle a lighter
gray means a larger redshiftlegative velocitie$—) can likewise only occur
outside of this circlga lighter gray here means a larger blueshift. Dashed gray
lines of constant;aggy are shown from-1400km st to +1000 kms? in

steps of 200 km#Z. The two highlighted sectors contain all observable lines
of sight towards the black hole (after rotation in this plefoe the inclination
i = 35°. The labels show the corresponding orbital phases.

low observed velocities are always found close todhe90°
sphere — independent of the wind model. For most of the in-
vestigated ions (Ng, Mg XiI, Sixiv & X, SXv, Arxvil,
Fexix & xvii) the inferred distance from the black hole
agrees with the predictions of Tabld: e.g., the projected
velocity —117km §* < vyex < —69km s* measured for N&

is (during 093 < ¢op < 1) obtained atri, = 1.78+ 0.07.
For many other ions, both results are still very similar:.,e.g
Neix with —214km st < vyeix < -123kms?t is expected at
rip =1.95+0.07 from theviaggn-model and at1, =2.1-2.8
from the photoionization model. Only for the highly ionized
iron lines, the small distances are — as already anticipated
84.2 — underestimated by the XSTAR simulation run with

constant average density, which overestimates the wind den

sity close to the black hole. For example, the velocity range
-9km s < Vrexxiv < 52km s measured for FexIv corre-
sponds tai, = 1.51+ 0.07, while the population of this ion
peaks at;,=0.8-1.1 within the model presented in Tallé&.

4.4. PreviousChandrabbservations

In previousChandraHETGS observations of Cyg X-1, the
stellar wind was seen under different viewing angles, or the
X-ray source was in other spectral states (see Fag.which
probably means that the properties of the wind were also dif-
ferent. Schulz et al.(2002 have analyzed the 14 ks obser-
vation # 107 performed in 1999 October @, ~ 0.74) 7
when Cyg X-1 was in a transitional state. They derive a neu-
tral column density oNy = 6.2x 10?*cm™ from prominent

17 Note thatSchulz et al.(2002 and Miller et al. (2005 quote an erro-
neous date and thus the wrong orbital phagg = 0.93 % 0.74 for this obser-
vation.
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1.5 - 12 keV RXTE ASM count rate [cps]

orbital phasep,
FIG. 15.— Orbital phase and mean ASM count rate of the previoresly
portedChandraobservations of Cyg X-1. (# 3814 is presented in this paper).

absorption edges (see also TaB)eand detect some emis-
sion and absorption lines with indications of P Cygni pro-
files. Miller et al. (2005 have investigated the focused wind
with the 32 ks observation #2415 of Cyg X-1 in an interme-
diate state, performed in 2001 Januarydat ~ 0.77). They
report absorption and emission lines of H- and He-like res-
onance lines of Ne, Na, Mg, and Si with a mean redshift
of ~100kms?, as well as some lines of highly ionized Fe
and Ni. The column density is.Bx 10?*cmi? (Miller et al.
2002. Marshall et al (2007 describe Lyx and Hen absorp-
tion lines, redshifted by (45@ 150) kms* from the 12.6 ks
observation #1511 of Cyg X-1 in the hard state, performed
in 2001 January (aborn ~ 0.83). Chang & Cui(2007) report
dramatic variability in the 30 ks observation # 3407 perfedn

in 2001 October (abom, ~ 0.88), when Cyg X-1 reached its
soft state: While a large number of absorption lines (mostly
redshifted, but not by a consistent velocity) is identifiedie
first part of their observation, most of them weaken signif-
icantly or cannot be detected at all during the second part.
Complete ionization of the wind due to a sudden density
decrement is given as a possible explanatiofeng et al.
(2003 detect asymmetric absorption lines with the 26 ks ob-
servation #3724 of Cyg X-1 in the soft state, performed in
2002 July (atborp, = 0). The line centers are almost at their rest
wavelengths, but the red wings are more extended, especiall
for the transitions of highest ionized ions, which they evpl

by the inflowing focused wind reaching both the highest red-
shift and ionization parameter closest to the black hole.

The interpretation of the absorption lines presented in the
previous section describes our observation consisterit wit
wind and photoionization models. It can, however, not be
applied to all of the other observations; the model of Hi4.
neither predicts a conspicuously high redshiftyat, ~ 0.83
and at a higher soft X-ray flux (observation# 1511), nor a pos-
itive redshift atoo, ~ 0.77 at a still higher flux (observation
#2415, see Fidl5). Inhomogeneities (e.g., density enhance-
ments in shielding clumps) and asymmetries of the wind (e.g.
due to non-inertial forces in the binary system) may theeefo
play an important role in these cases.

4.5. Summary

In this paper, we have presente€handraHETGS obser-
vation of Cyg X-1 during superior conjunction of the black
hole, which allows us to detect the X-ray absorption signa-
tures of the stellar wind of HDE 226868. The light curve near
®orb = 0 is shaped by absorption dips; these are, however, ex-
cluded from this analysis by selecting non-dip times of high
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count rate only. At a flux 0f0.25 Crab, we have to deal with  close to the stellar surface. The second plasma component
moderate pile-up in the grating spectra, for which can be ac-is denser and observed at a redshift that is compatible with
counted very well with thesi npl e_gpi | e2 model. The  the focused wind. A simple XSTAR simulation indicates
continuum of bothChandré soft andRXTE's broad band  that most of the observed ions only exist in a distance of the
X-ray spectrum has been described consistently by a singleblack hole, where the velocity of a spherical wind, projdcte
model, consisting of an empirical broken power law spectrum against the black hole, is low — which is a consistent explana
with high energy cutoff (which is typical for the hard state) tion of the small Doppler shifts observed in absorptiondine
and a subordinated disk component with an inner radius closé\Ve review the previously reporte@handraobservations of

to the ISCO. The joint modeling of both spectra reveals the Cyg X-1 and find that not all of them can be described in the
presence of both a narrow and a relativistically broadened fl same picture, as the wind may be affected by asymetries or
orescence Fe Kline. Chandréhas resolved absorption edges inhomogeneities. A detailed spectroscopy of the absarptio
of neutral atoms with an overabundance of metals, sugagestin dips, which might shed more light on the focused wind, will
an origin not only in the ISM, but also in the stellar wind ofth  be presented in a subsequent paper.

evolved supergiant. The previously suspected anti-catiosl

of neutral column densities and X-ray flux, which is due to

photoionization, is confirmed. Absorption lines of highiyi

ized ions are produced where the wind becomes extremely We are grateful to A. Juett for her help with the data re-
photoionized. For H- and He-like ions, Lyman and He-series duction and her contributions tobnew model. We thank
are detected up to the Ly or Héne, which we use to measure A. Young, J. Xiang and M. Boéck for helpful discussions,
the column density and velocity of absorbing ions. For the J. Houck for his support on ISIS and T. Kallman for his help
wealth of Fe L-shell transitions, column densities can best ~ with XSTAR. M. H. and J. W. acknowledge funding from the
obtained by directly using a physical model for the complete Bundesministerium fir Wirtschaft und Technologie through
line series of an ion. The non-dip spectrum shows almost nothe Deutsches Zentrum fur Luft- und Raumfahrt under con-
Doppler shifts. probably indicating that we have excludesit tract 500R0701. M. N. is supported by NASA Grants GO3-
focused wind by our selection of non-dip times. We have also 4050B and SV3-73016. We thank the International Space
detected two plasma components in emission by two pairs ofScience Institute, Berne, Switzerland, and the MIT Kawvi In

i- and f-lines of He-like Mgxi. The first one is roughly at  stitute for Space Research, Cambridge, MA, USA, for their
rest and we identify it with the base of the spherical wind hospitality during the preparation of this work.
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