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ABSTRACT

We report the results of an observing campaign on 7 Car around the 2003 X-ray minimum, mainly using the XMM-
Newton observatory. These are the first spatially resolved X-ray monitoring observations of the stellar X-ray spec-
trum during the minimum. The hard X-ray emission, associated with the wind-wind collision (WWC) in the binary
system, varied strongly in flux on timescales of days, but not significantly on timescales of hours. The X-ray flux in
the 2—10 keV band seen by XMM-Newton was only 0.7% of the flux maximum seen by RXTE. The slope of the X-ray
continuum above 5 keV did not vary in any observation, which suggests that the electron temperature of the hottest
plasma did not vary significantly at any phase. Through the minimum, the absorption to the stellar source increased
by a factor of 5-10 to N ~ (3—4) x 1023 cm~2. These variations were qualitatively consistent with emission from the
WWC plasma entering into the dense wind of the massive primary star. During the minimum, X-ray spectra also
showed significant excesses in the thermal Fe xxv emission line on the red side, while they showed only a factor of 2
increase in equivalent width of the Fe fluorescence line at 6.4 keV. These features are not fully consistent with the
eclipse of the X-ray plasma and may suggest an intrinsic fading of the X-ray emissivity. The drop in the WWC emis-
sion revealed the presence of an additional X-ray component that exhibited no variation on timescales of weeks to years.
This component may be produced by the collision of high-speed outflows at v ~ 1000-2000 km s~! from » Car with
ambient gas within a few thousand AU from the star.

Subject headings: binaries: general — stars: early-type — stars: individual (1 Carinae) — stars: winds, outflows —

X-rays: stars

1. INTRODUCTION

71 Carinae is a violently unstable, extremely luminous object
and a key tracer of evolution of stars in the upper portion of the
Hertzsprung-Russell diagram (Davidson & Humphreys 1997).
The star is believed to have had an initial mass of 2150 M
(Hillier et al. 2001). It is currently in a short, poorly understood
evolutionary stage, known as the luminous blue variable (LBV')
phase, which is thought to occur near the onset of pulsational in-
stabilities. It provides a convenient laboratory to study how ex-
tremely luminous, massive stars evolve and how they shape their
environments both geometrically and chemically.

7 Car is best known for an extraordinarily powerful erup-
tion in 1843 that sent ~12 M, (Smith et al. 2003b) of its at-
mosphere into space, creating a beautiful bipolar nebulosity called
the Homunculus around the star. 77 Car also had a minor erup-
tion in 1890, which produced a small bipolar nebula inside
the Homunculus Nebula (the ““Little Homunculus;’* Ishibashi
et al. 2003). The star still exhibits a strong mass loss (10~* to
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1073 M yr‘l; Davidson et al. 1995; Cox et al. 1995; Ishibashi et
al. 1999; Hillier et al. 2001; Pittard & Corcoran 2002), pref-
erentially in the polar direction (Smith et al. 2003a; van Boekel
et al. 2003). The ejecta and the stellar wind are rich in helium
and nitrogen and depleted in oxygen and carbon (Verner et al.
2005; Davidson et al. 1984; Hillier et al. 2001), consistent with
CNO processing. Davidson et al. (2005) and Martin & Koppelman
(2004) suggested from the change of Ha and H3 line profiles and
the increase of optical brightness that n Car is changing rapidly at
the present time.

The past decade has witnessed an important change in our un-
derstanding of the star. This began with the recognition that the
strength of some narrow emission lines, notably He1 110830, vary
predictably with a period of 5.52 yr (Damineli 1996). Along with
observations in infrared (Whitelock et al. 1994; Feast et al. 2001),
millimeter (Cox et al. 1995), centimeter (Duncan et al. 1995),
and optical (van Genderen et al. 1999) wavelengths, observa-
tions of the X-ray emission from the star have played a key role.
Rontgensatellit (ROSAT) observations in 1992 first showed a var-
iation that appeared to be correlated with Damineli’s emission-line
variations (Corcoran et al. 1995), and subsequently the 2—10 keV
light curve of the star obtained by the Rossi X-Ray Timing Ex-
plorer (RXTE; Ishibashi et al. 1999) showed in detail the X-ray
variation culminating in a swift, unstable rise to maximum and
steep fall to minimum lasting for ~3 months, i.e., the same time
interval as Damineli’s spectroscopic minimum. These observa-
tions clearly show that the star varies in a fundamental way every
5.54 yr, and they strongly suggest that ) Car is two stars, not one.
In this binary model, most of the dramatic, panchromatic changes
are now believed to be produced by the interaction of the UV flux
and wind from a companion star with the wind of n) Car. Variations
in the X-ray region are produced by a wind-wind collision (WWC)
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Fic. 1.—RXTE light curves (black solid lines: 2003; red solid lines: 1997/1998) around the X-ray minimum with the timings of XMM-Newton, Chandra, ASCA,
BeppoSAX, and ROSAT pointed observations (black: 2003; red: 1997/1998; green: 1992). Multiple ROSAT observations between 1.00 and 1.01 were summed together for

ROSAT 950612

of the wind from 7 Car with the wind of the companion star.
A current guess at the system parameters describes a massive
hot companion with M, ~ 30 M., plus a brighter primary star
with M, > 80 M, in a highly eccentric (e > 0.9), 5.54 yr orbit
(Corcoran et al. 2001a; see also Davidson 1999).

During the 1997/1998 X-ray minimum, 7 Car was the target
of every available X-ray observatory, including RXTFE (Ishibashi
et al. 1999; Corcoran et al. 2001a), ASCA (Corcoran et al. 2000),
and BeppoSAX (Viotti et al. 2002). The ASCA satellite detected
hard X-ray emission from 7 Car (Corcoran et al. 2000), which was
characterized by slightly smaller Ny than the pre-minimum state
with reduced plasma emission measure (EM ). The limited spatial
resolution of ASCA, however, left the possibility that the observed
emission was due to contamination by unresolved nearby sources.
The BeppoSAX satellite observed 7 Car just after the recovery of
the X-ray emission (Viotti et al. 2002). The spectrum showed
strong absorption of Ny ~ 1.5 x 102 cm ™2, unlike the 4SC4 spec-
trum during the minimum, which had an Ny ~ 3 x 10?> cm 2,
The overall X-ray brightness variations observed with RXTE are
explained well with the colliding wind mechanism (Pittard et al.
1998; Pittard & Corcoran 2002). However, key properties of the
X-ray light curve were still poorly understood: dramatic changes
in X-ray flux as the emission increases to maximum, the varia-
tion of the absorbing material in front of the X-ray-emitting
region near the X-ray minimum, the nature of the rapid fall from
X-ray maximum to X-ray minimum, and the excess in Ny after
recovery.

The minimum that occurred in mid-2003 was among the best-
observed astronomical events of all time. A key part of this cam-
paign were the detailed X-ray observations obtained with RXTE,
Chandra, and XMM-Newton. RXTE again provided crucial mon-
itoring of the daily changes in X-ray flux, while Chandra pro-
vided previously unobtainable monitoring of the X-ray emission

line dynamics at key phases of the binary period. XMM-Newton
obtained critical measurements of the spectrum of the source dur-
ing the low-flux state when observations with RXTE or Chandra
are difficult.

This paper describes the overall change of the X-ray spectrum
ofn Car around the 2003 minimum as measured by XMM-Newton
(Jansen et al. 2001), supplemented where necessary with key ob-
servations with Chandra (Weisskopf et al. 2002). We try to under-
stand the X-ray emission and absorption mechanism and the cause
of the X-ray minimum, from a comparison of derived spectral
properties such as k7, Ny, and emission-line strengths in these
observations and earlier ROSAT and ASCA observations during
the 1992 and 1997/1998 minima.

The paper is comprised of the following sections. Section 2
describes the observations and method of the data reduction and
includes a description of problems of unresolved emission com-
ponents around the central source in the extracted XMM-Newton
source events. Section 3 describes imaging and timing analyses
of the XMM-Newton data. Section 4 describes the analysis of the
X-ray spectra during the 2003 minimum. Section 5 compares the
X-ray spectra during the 2003 minimum to the previous minima
in 1998 and 1992. We discuss our results in § 6, and in § 7 we
summarize our conclusions.

2. OBSERVATIONS AND DATA REDUCTION

In 2003, XMM-Newton observed 7 Car a total of 11 times, five
times in 2003 January (about 6 months before the onset of the
2003 minimum), twice in 2003 June (weeks before the onset of the
2003 minimum, near the X-ray maximum), and four times during
the 2003 minimum in 2003 July and August prior to the recovery,
which started near 2003 September 3. Figure 1 displays these ob-
serving times on the RXTE light curve (Corcoran 2005) for con-
text. We also reanalyzed two XMM-Newton observations from
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TABLE 1
Locs or THE XMM-Newton aNnD Chandra OBSERVATIONS
OBSERVATION START
ExpoSure
ABBREVIATION SEQUENCE ID Date Dorbit (ks) OBSERVATION MODE FiLTER
1 (2) (3) ) (5) (6) (7)

Before the Minimum
XMM00726 cveevevererrranenes 112580601 2000 Jul 26, 06:01 (M2) 0.470 ..J...029.6 PFW/PFW/PSW Thick
XMMggo728".. 112580701 2000 Jul 28, 00:51 (M2) 0.471 L) 1.8 PFW/PFW/PSW Thick
XMM30125° ... 145740101 2003 Jan 25, 13:03 (pn) 0.922 4.8/.../... PSW/PFW/PFW Thick
XMMo301274° .. 145740201 2003 Jan 27, 01:08 (pn) 0.922 4.8/.../... PSW/PFW/PFW Thick
XMM301278%eeeveeeerreneen. 145740301 2003 Jan 27, 20:42 (pn) 0.923 4.7/.../... PSW/PFW/PFW Thick
XMM030129° cooovvreeerer 145740401 2003 Jan 29, 01:45 (pn) 0.923 5.8/.../... PSW/PFW/PFW Thick
XMM30130° overeverreereneene 145740501 2003 Jan 30, 00:00 (pn) 0.924 4.8/.../... PSW/PFW/PFW Thick
XMM(30608 +vveververeerereenens 160160101 2003 Jun 08, 13:31 (M1) 0.988 22.1/27.6/... PSW/PSW/PFW Thick
XMM(30613 «eevververremreeeennns 160160901 2003 Jun 13, 23:52 (M1) 0.990 21.9/30.4/... PSW/PSW/PFW Thick

During the Minimum
CX0030720° vvvevererrvrrereennns 200216 2003 Jul 20, 01:47 1.008 90.3 ACIS-S w/HETG e
XMM 30722 ceeevevererreeenennns 145780101 2003 Jul 22, 01:51 (M2) 1.009 5.8/8.2/8.4 PSW/PSW/PFW Thick
XMMy30802 --- 160560101 2003 Aug 02, 21:01 (M2) 1.015 12.2/17.1/17.5 PSW/PSW/PFW Thick
XMMy30809 --- 160560201 2003 Aug 09, 01:44 (M2) 1.018 8.7/12.3/12.6 PSW/PSW/PFW Thick
XMMp30818 --- 160560301 2003 Aug 18, 15:23 (M2) 1.023 13.0/18.2/18.6 PSW/PSW/PFW Thick
CXO0030828 ---- 200237 2003 Aug 28, 17:38 1.028 18.8 ACIS-S

After the Minimum
CXO 30026 «eeveereereernerreenunns 200217 2003 Sep 26, 22:47 1.042 70.1 ACIS-S w/HETG

Nortes.—Col. (1): Abbreviation adopted for each observation. Col. (2): Sequence identification number of each observation. Col. (3): Start time of the detector
in the parentheses. Col. (4): ¢omic = (JD[observation start] — 2,450, 799.792)/2024 (Corcoran 2005). Col. (5): Exposure time excluding the detector dead time;
for XMM-Newton observations the exposure times are given for the pn, MOS1, and MOS2 detectors, respectively; the data sets without exposure time were not
used due to the severe event pileup. Col. (6): Observation mode; PSW: prime small window; PFW: prime full window. For the XMM-Newton observations the
observation modes are given for the pn, MOS1, and MOS2 detectors, respectively. Col. (7): Optical blocking filter selected for the XMM-Newton detectors.

# Data from XMM gpg726 and XMM o728 are combined and denoted as XMM 7.
b Data from XMM 030125» XMM 030127A 5 XMM 030127B> XMM 0301295 and XMM 030130 are combined and denoted as XMM 0301 -
¢ Spectra from CXOg30720 and XMM 3972, are simultaneously fitted and those results are denoted as CXOXMM g3¢7.

2000, whose results were previously published by Leutenegger
etal. (2003). We thus used a total of 13 XMM-Newton observations
in our analysis, as listed in Table 1. Throughout this paper, individ-
ual XMM-Newton observations are designated XMM, subscripted
with the year, month, and day of the observation. To improve sta-
tistics, we combined data from two observations in 2000 and com-
bined data from five observations in 2003 January because these
observations were close together in time and did not show any
significant variability among them.

XMM-Newton is composed of three nested Wolter [-type X-ray
telescopes (Aschenbach et al. 2000) with the European Photon
Imaging Camera (EPIC) CCD detectors (pn, MOS1, and MOS2)
in their focal planes (Striider et al. 2001; Turner et al. 2001). In all
the observations, , Car was on-axis but the observations were ob-
tained with different satellite roll angles. The EPIC instrumental
modes are listed in Table 1. The XMM-Newton spectra suffered
significant photon pileup in the data taken in prime full window
(PFW) mode outside the 2003 minimum when the star was bright
in the 2—10 keV band. We did not use these data sets in our analy-
sis. XMM-Newton is also equipped with the Reflection Grating
Spectrometer (RGS; den Herder et al. 2001), but the RGS has lim-
ited sensitivity above ~1 keV, where emission from the WWC re-
gion dominates. We therefore did not use the RGS data.

The analysis of the XMM-Newton data was performed with
version 5.4.1 of the SAS'® software package and version 5.2 of

19" See http://xmm.vilspa.esa.es/external/xmm_sw_cal/sas_frame.shtml.

the HEASoft'" analysis package. The Observation Data Files
(ODF) data were processed using the SAS scripts “emchain” and
“epchain.” We removed events close to hot pixels or outside the
field of view and selected events with pattern =4 for EPIC pn
spectral analysis and pattern =12 for timing analysis of the EPIC
pn data and spectral and timing analysis of the EPIC MOS data.
Most of these observations luckily avoided high background pe-
riods, and the instrumental background is negligible in any obser-
vations within the 0.3—10 keV band. We did not need to reject any
high background periods because the strong emission from n Car
greatly surpassed the observed background levels.

Due to the limited spatial resolution of XMM-Newton, the ex-
tracted n Car data inevitably include emission from a number of
sources (see Fig. 2). The extracted spectrum is usually dominated
by hard X-rays from the WWC in 7 Car, which varies from obser-
vation to observation (Corcoran et al. 2000; Viotti et al. 2002). The
Homunculus Nebula emits weak diffuse reflected X-rays from the
central source, which can be spatially resolved only with Chandra
and only during the minimum (Corcoran et al. 2004). The outer
ejecta extending about 1’ beyond the Homunculus Nebula emits
diffuse nonvariable X-rays below ~1 keV with a ring- or shell-
like morphology (Seward et al. 2001; Weis et al. 2004). To
correct the XMM-Newton spectra for emission from the outer
ejecta and the Homunculus Nebula, we used three Chandra data
sets from the 2003 X-ray observing campaign, two observations

' See http:// heasarc.gsfc.nasa.gov/docs /software/ Iheasoft /.
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FiG. 2.—True color images of ) Car. Lefi: Chandra HETG zeroth-order data from CXOzg72 (red: 0.2—1 keV; green: 1-3 keV; blue: 3—-10 keV ). Middle: XMM-Newton
image accumulated from all the available MOS data taken in PFW mode (red: 0.2—1 keV; green: 1-3 keV; blue: 3-9 keV ). Right: ASCA GIS data from ASCAg75y4 (red:
0.8—1keV; green: 1-3 keV; blue: 3-10keV ). The color in the ASCA image has been chosen to highlight the diffuse emission. Solid lines show source (SRC) or background
(BGD) regions (designations: OE=outer ejecta, HN=Homunculus Nebula, CS=central source). The Chandra and ASCA images were smoothed with a Gaussian with

o = 1.5 pixels, while the XMM-Newton image was not smoothed.

during the 2003 minimum and an observation just after the
2003 minimum. These Chandra observations spatially resolve
the outer ejecta emission from the emission of the stellar source
and so allow us to determine the spectrum of the outer emis-
sion, which we can then use to help model the XMM-Newton
spectra.

The log of Chandra observations and the timing of the obser-
vations are also given in Table 1 and Figure 1. Chandra observa-
tions are designated CXO, subscripted with the year, month, and
day of the observation, similar to our designation of the XMM-
Newton observations. The Chandra observations were obtained
using the Advanced CCD Imaging Spectrometer detector using
the Spectrometer array (ACIS-S) either with or without the High
Energy Transmission Grating (HETG). For the grating data,
zeroth-order photon events were used for CXOg30720 (during
the X-ray minimum, when the source was too faint at first or-
der), and first-order photon events were used for CXOq30926 af-
ter the recovery since the central source had severe pileup in the
zeroth-order data. The observation CXOg30g28, taken during the
minimum with the ACIS-S imaging array with no grating, also
suffered mild pileup (~4%). The analysis of the Chandra data
was performed with the CIAO'? software package, version 2.3
(CALDB ver. 2.22), version 3.0 (CALDB ver. 2.23), and ver-
sion 3.0.2 (CALDB ver. 2.26) for sequences 200216, 200237, and

12 See http://cxc.harvard.edu/ciao/.

200217, respectively. We also used version 5.2 of the HEAsoft
package and followed the recommendations of the analysis sci-
ence thread."> A full analysis of the Chandra spectra will be pub-
lished separately (M. F. Corcoran et al. 2007, in preparation).

3. X-RAY IMAGES AND TIME VARIABILITY

All XMM-Newton images similarly showed emission from the
central source and the outer ejecta (Fig. 2). Because these XMM-
Newton images cannot completely separate emission from the outer
ejecta and central source nor resolve the faint X-ray Homunculus
Nebula (Corcoran et al. 2004), we used an ellipse of 50" x 37.5"”
as the source region (called “XMM SRC” in Fig. 2), which in-
cludes all these emission components but excludes nearby X-ray—
luminous stars (such as HDE 303308) more than ~1’ distant. For
some small window mode MOS observations, the southeast tip of
the ellipse fell outside the small window. We determined back-
ground using regions from apparently source-free regions on the
same CCD chip.

Table 2 shows detected photon count rates in the soft (0.3—
1 keV), medium (1-4 keV), and hard (4—10 keV ) bands in each
detector for each observation. The soft band mainly includes
emission from the outer ejecta, while the medium band includes
emission from an additional source that we call the central con-
stant emission component (CCE; see § 4.1.2), and the medium

13 See http://cxc.harvard.edu/ciao/threads.

TABLE 2
TIME VARIABILITY

Ner Count RaTE (counts s™1)

Sort (0.3-1 keV)

Mepium (1-4 keV)

CoNsTANT MoDEL FiT

Harp (4-10 keV) x>*/dof

OBSERVATION pn MOSI1 MOS2 pn MOSI1 MOS2 pn MOSI1 MOS2 Soft Medium Hard  dof
D QLY 1LY o . 0.255% . 1.25% . . 0.91° 0.97 1.12 0.82 76
XMM (301 «cveveveverenenennn 1.15 7.72 . 7.18 0.98 1.14 1.05 75
XMM (30608 ---veveveveren 1.10 0.247° o 4.58 1.70* 6.77 1.89° . 0.99 1.45 0.95 55
XMM 30613 ---- . 1.09 0.242% o 4.99 1.84* 10.49 2.80% . 1.02 1.84 1.29 62
XMM 30722 <oevevevevennns 1.03 0.223% 0.285 0.456 0.170% 0.188 0.183 0.045% 0.049 0.81 0.85 1.31 16
XMM (30802 «v-vevevevereen 1.07 0.222° 0.288 0.464 0.161* 0.190 0.517 0.137° 0.124 0.97 1.21 0.75 34
XMM 430809 ---- . 1.06 0.226" 0.280 0.476 0.178* 0.188 0.554 0.159* 0.151 1.13 0.79 1.09 24
XMM (30818 eveveverereen 1.05 0.221* 0.288 0.514 0.169" 0.202 0.648 0.179* 0.174 1.34 0.96 0.92 37

? Source regions are slightly smaller for these Prime Small Window observations.
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Fic. 3.—Background-subtracted EPIC pn+MOS light curves from XMMyso613 (f0p), XMMoz0722 (bottom left), and XMMyz0s815 (bottom right). Top and bottom graphs
in each panel show the medium (1-4 keV) and hard (410 keV) bands, respectively. A solid line in each panel shows the best-fit constant model.

band outside the minimum and the hard band includes the WWC
emission (see § 4.2). In the soft band, the MOS2 count rates are
10% lower in XMMjqo7 than during the 2003 minimum because
of the use of a smaller MOS?2 source region for the XMMjj7 data.
The soft-band pn count rates are slightly higher outside minimum
because the spectral response of the pn allows photons from the
bright hard source to contaminate the soft band. For example, we
estimate the soft-band contamination due to the hard photons in
XMMygg7 to be ~0.08 counts s~!, which makes the corrected pn
count rates in the soft band 1.06 counts s~! in this observation.
This means that the emission from the outer ejecta was constant to
<2% to better than 90% confidence over a half-year interval. On
the other hand, both the medium- and hard-band count rates de-
creased dramatically to ~1%—5% of the maximum brightness
seen by XMM-Newton.

We constructed light curves with 500 s time bins, combining
all the available MOS and pn data. In Figure 3 we show three
sample light curves, representing variations before the minimum
(XMM0306 13) and during the minimum (XMM030722, XMM030818).
In general, these light curves showed no significant variation in
most energy bands at >90% confidence (Table 2, Fig. 3). The
exceptions are the medium-band light curves before the 2003
minimum. The medium-band light curve from the XMM30608
observation showed an “excess” of ~0.2 counts s~! (~4%)
near the middle of the observation, while the medium-band light
curve from the XMMy;3613 observation showed a slight linear in-
crease by ~0.54702} counts s~! day ! (1 o), or ~10% day . The

linear model is still not accepted above the 90% confidence level
(x*/dof = 1.59), due to small fluctuation on timescales of <500 s.
We note that the hard-band light curve in XMMj30613 is also
better reproduced by a linearly increasing model with a slope of

~0.78*032 counts s~! day ™!, or ~7.5% day !, with y*/dof =
0.98. This increase is roughly consistent with the RXTE light
curve (~15% day~!; see Fig. 1).

4. X-RAY SPECTRA

For each XMM-Newton observation, we produced EPIC pn
and MOS spectra using the same source and background regions
as in § 3. Figure 4 presents the EPIC pn spectra for all 2003 ob-
servations. The X-ray spectra are a combination of a variable hard
WWC component along with nonvariable emission from a num-
ber of components. Consistent with Table 2, the spectra below
1 keV are almost constant through the observations. Above 1 keV
the spectra varied by a factor of 2-3 before the 2003 minimum,
then decreased dramatically by more than an order of magni-
tude after the onset of the 2003 minimum in June, with small
recovery by a factor of ~3 at £ 2 4 keV during August. Most
spectra clearly showed lines of hydrogen- and helium-like ions
of Mg, Si, S, Ar, Ca, Fe, and Ni and a fluorescence line from
cold Fe.

In the following we first examine the nonvariable emission
and then use this emission to fully understand changes in the vari-
able component. In our analysis, we adopt abundances relative to
solar abundances given by Anders & Grevesse (1989).
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FiG. 4—XMM-Newton EPIC pn spectra of 7 Car in 2003. The central source
(central constant emission [CCE] and colliding wind emission [CWE]) compo-
nent, the Homunculus Nebula (HN), and the outer ejecta components (OE) are
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underlined “Fe1”” marks the location of the Fe absorption edge. The red, blue, and
gray lines show, respectively, Chandra best-fit models of the outer ejecta (see
Fig. 5), the Homunculus Nebula, and their sum, folded through the EPIC pn
effective area.

4.1. Nonvariable Components

4.1.1. Contribution of the Outer Ejecta and Homunculus
Nebula to the X-Ray Spectra

We use Chandra observations to estimate the amount of con-
tamination from the outer ejecta and the Homunculus Nebula in
the XMM-Newton spectra.

We extracted the spectrum of the outer ejecta from the Chan-
dra CXOg30720 HETG zeroth-order data, which has the smallest
contamination from the central hard source. We extracted the
source spectrum from an 83" x 47" ellipse centered on the star
(“OE SRC” in Fig. 2), with its major axis parallel to the long axis
of the extended outer X-ray nebula, but excluded a 20" x 15”
ellipse (“HN SRC” in Fig. 2) centered on the central source and
the Homunculus Nebula. We extracted background spectra from a
nearby apparently source-free region. 7 Car is embedded in soft
diffuse emission from the Carina Nebula, but its contribution to
the n Car spectrum is negligible.

The spectrum from the “OE SRC” region, excluding the
spectrum from the “HN SRC” region, is shown in Figure 5. This
spectrum shows a strong emission line from nitrogen, which re-
confirms the N enhancement in the outer ejecta found by a num-
ber of previous analyses (optical/UV, Davidson et al. 1982; X-rays,
Tsuboi etal. 1997 [N/O ~ 5]; Leutenegger et al. 2003 [N/O > 9]).
This spectrum also shows a significant excess at 1.3 keV, the
energy of the helium-like Mg line, which seems to require an Mg
overabundance of 23 solar at k7 ~ 0.6 keV (although plasma
with that temperature should emit a stronger hydrogen-like Mg
line). Leutenegger et al. (2003) also found a similarly strong Mg
line in the XMM-Newton grating spectrum, although they conjec-
tured that some of the Mg emission might be contamination from
the stellar X-ray source. Our results suggest that the Mg line does
in fact originate in the outer nebulosity. We modeled the extracted,
background-corrected source spectrum below 3 keV (where the
emission from the extended source dominates) using a simple ab-
sorbed optically thin, thermal plasma model (WABS, Morrison
& McCammon 1983; MEKAL, Mewe et al. 1995), including
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Fic. 5.—Chandra spectrum of the outer ejecta from CXOg39720 (OE SRC-HN
SRC in Fig. 2). The solid line shows the best-fit absorbed 1T model, and the dashed
line depicts the Gaussian component for helium-like Mg.

the ACISABS'* component to compensate for the progressive
low-energy degradation of the quantum efficiency of the Chan-
dra ACIS detector. We allowed the abundances to vary but con-
strained all abundances to have the same value except for nitrogen,
which was allowed to vary independently. We added a Gaussian
with a fixed line centroid at 1.31 keV with no intrinsic broaden-
ing, to account for the helium-like Mg line emission. The model
successfully reproduces the spectrum of the outer ejecta, yielding
a reduced x2 of 1.09 for 81 degrees of freedom (dof), with the
best-fit parameters of kT ~ 0.58 keV, Ny ~ 7.2 x 10%° cm™2,
with a VMEKAL normalization of 7.2 x 10~*, elemental abun-
dance of ~85 solar for nitrogen, near-solar abundance for the
others, and an excess flux of ~1.5 x 10~ counts cm 2 s~! for
Mg. The plasma temperature, ~0.6 keV, mainly constrained by
continuum above 1 keV, agrees well with the highest plasma
temperature derived from the emission lines in the XMM-Newton
grating spectrum (Leutenegger et al. 2003). However, the Ny is
smaller than interstellar absorption to 1 Car (23 x 10%! cm™2; see
§ 2.2 of Leutenegger et al. 2003), the nitrogen abundance is over-
estimated from earlier measurements, and the best-fit model does
not reproduce the Fe L and Ne lines near 1 keV that are observed
with the high-resolution grating spectrum. This is perhaps caused
by assuming a simplistic one-temperature (1T) model for a spec-
trum that may have multiple cooler plasma components. There-
fore, this model reproduces CCD resolution spectra (2100 eV at
1 keV) at energies above ~0.4 keV but not higher resolution grat-
ing spectra.

The reflected X-ray emission from the Homunculus Nebula
did not vary significantly between CXOg30720 and CXOgz0s28, an
interval of 40 days (Corcoran et al. 2004). Since this emis-
sion represents the accumulated X-rays reflected from the entire
Homunculus Nebula, any time variation of the central source
shorter than the average light-travel time from the star to the
reflecting site inside the Homunculus Nebula (~88 days) will be
smeared out. We assume that the emission from the Homunculus
Nebula did not vary between CXOg30720 and CXOg30s28, Which
includes all XMM-Newton observations during the 2003 mini-
mum (XMMg30720—XMMy30s18)- To show the relative magnitude
of the contamination from this reflected component, in Figure 4
we include a model fit of the Chandra spectrum of the reflected
X-rays from the Homunculus Nebula, which we extracted from a

14 See http://cxc.harvard.edu/cont-soft/software/ ACISABS. 1.1 html.
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Fic. 6.—Top: XMM-Newton EPIC pn spectra during the 2003 minimum
(XMMy30720—XMM30818) after subtracting emission from the outer ejecta and
Homunculus Nebula. Bottom: Chandra spectra of the central region in CXOg30720
(black; HETG zeroth order) and CXOy30s28 (red; ACIS-S). The solid lines show the
best-fit model of a simultaneous fitting of XMM-Newton (pn and MOS) and Chan-
dra spectra by an individually absorbed 2T model. Dashed, dot-dashed, and dotted
lines show the CCE component, variable component, and a Gaussian for the Fe K
fluorescence line, respectively.

20" x 15" ellipse centered on the star (HN SRC in Fig. 2), ex-
cluding a 2.5” radius circle (CS SRC).

Although the X-ray intensity of the Homunculus in observa-
tions outside the 2003 minimum is less certain, at these times
the X-ray emission from the central source was so bright that the
X-ray contamination from the Homunculus is <1% even if the
reflected emission from the Homunculus brightened by a factor
of ~3.

4.1.2. Discovery of a “Constant” Component near the Central Source

Figure 4 depicts the XMM-Newton EPIC pn spectra recorded
through 2003, along with the best-fit spectral models of the outer
ejecta, the X-ray Homunculus Nebula, and their sum. Except for
the excess below 1 keV, which is produced by the poor absolute
flux calibration of the EPIC pn,'’ the excess over the summed
spectrum represents emission in a region (CS SRC in Fig. 2)
within 2.5” of the hard X-ray peak. Apparent in Figure 4 is an ex-
cess over the model in the energy range 1-3 keV. This emission
apparently did not vary in time with the harder emission and had
the same flux in the Chandra spectra of the central region in ob-

15" See the XMM-Newton calibration report CAL-TN-0018-2-3.
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TABLE 3
BesT-Fit PARAMETERS OF THE CCE COMPONENT

Parameters 1T Fit

KT (KEV ) correreereeeeeeesene
2Si) (Zo).-
Z(S) (Z) vorverre

1.05 (0.96-1.13)
0.22 (0.14-0.29)
0.47 (0.39-0.55)

EM (10% cm—3 7.0 (6.0-8.2)
Ny (10?2 cm™2)..... 4.96 (4.77-5.16)
Ly® (103 ergs s~! 13
XHAOE e, 1.51

AOF oo 1205

Note.—Elemental abundances of the hard component
were found to be nonsolar but do not vary with observation.

# Absorption-corrected X-ray luminosity between 0.5
and 10 keV, assuming the distance of 2.3 kpc.

servations CX0030720, CXOQ30828, and CX0030926 (see also
Fig. 6), so that the emission was securely constant for more than
2 months between 2003 July 20 and September 26. We call this
component the CCE.

The CCE shows lines of helium-like S and Si ions but no lines
of hydrogen-like S and Si ions. This indicates that the CCE comes
from relatively cool plasma. To estimate the emission parameters
of the CCE, we subtracted contributions of the outer ejecta and
Homunculus Nebula from both the pn and MOS spectra (see the
top panel of Fig. 6, which shows the pn spectra). We ignored data
bins below 1.4 keV, where the MOS and pn spectra have signifi-
cant discrepancies due to problems with the relative flux calibra-
tions between the two instruments. To better estimate the spectrum
at low energies, we also fit the Chandra spectra of the central
region from CXOy30720 and CXOy30828 (see the bottom panel of
Fig. 6). Because of the finer spatial resolution of Chandra, these
spectra are mostly free from contamination by emission from the
outer ejecta. Each XMM-Newton and Chandra spectrum was
fitted by a combination of a low- and high-temperature, optically
thin thermal plasma models with independent absorbing columns
for each component, including a Gaussian line to account for the
fluorescent iron line at 6.4 keV. The low-temperature component
accounts for the emission from the CCE.

The parameters of the low-temperature component were tied
among all the spectra, and we assumed fixed solar abundances
for all elements except for silicon and sulfur, whose abundances
were allowed to vary simultaneously for all the spectra. We al-
lowed the parameters of the hard component (which represents
the variable emission of the stellar source) to vary among all the
spectra, but we kept the abundances at the same (nonsolar) val-
ues in each spectrum. Table 3 shows the best-fit parameters for
the constant component. The spectrum can be fitted with k7" ~
1.1 keV, Ny ~ 5.0 x 10?2 cm~2, with an absorption-corrected
luminosity of log Lx ~ 34 ergs s~!, and low abundances for Si
(~0.21 solar) and S (~0.47 solar).

The model, however, was not accepted at above 90% confi-
dence for the following reasons: (1) The Chandra spectra show
significant excess below ~1 keV, perhaps originating in fore-
ground emission from the outer ejecta “bridge” (Weis et al. 2004;
see also Fig. 2). The excess can be reproduced by including some
flux from the outer ejecta using the model derived in § 4.1.1. This
slightly improves the reduced x? from 1.51 for 1205 dof to 1.50
for 1203 dof. The included flux is ~0.4% ofthe whole outer ejecta
emission. (2) The model overestimates the spectra near 2 and
2.7 keV, where lines of hydrogen-like Si and S ions are, and the
model underestimates the spectra near 1.8 and 2.5 keV, where lines
of helium-like Si and S ions are. This suggests that the constant
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FiG. 7.—Left: XMM-Newton spectra of the variable emission. Right: XMM-Newton spectra renormalized to the line intensity of the helium-like Fe line. Best-fit models
of the variable emission in XMMggo7 and CXOq30926, convolved with the EPIC pn effective area, are also displayed in gray and orange. Each color represents the same
observation as in Fig. 4. Boxes in the bottom panel show the high-energy slopes of the bremsstrahlung emission at k7 = 4 keV with N = (0, 2, 10) x 1022 cm~2 (top), the
bremsstrahlung emission at kT = 1, 2, 4, and 8 keV without absorption (middle), and Fe line profile of the APEC model at k7 = 2, 4, and 8 keV with abundance of 0.5 solar

(bottom).

component includes plasma with temperature cooler than k7 ~
1 keV, although an inconsistency near 2 keV between XMM-
Newton and Chandra spectra could also be caused by calibration
uncertainties of the Chandra effective area around the iridium
M edge. Since cooler plasmas have lower emissivities in those
lines, our simple 1T model fitting for the CCE component can
underestimate the elemental Si and S abundances. (3) The model
underestimates the XMM-Newton spectra near 3—4 ke'V, possibly
because the variable component is a multiple-temperature plasma
(see § 4.2.2). (4) The Fe K line profile is complex and cannot be
fitted by a simple 1T equilibrium model (see § 4.2.3). Neverthe-
less, the parameters given in Table 3 should approximate the phys-
ical properties of the CCE, except perhaps for the elemental
abundances, which are more dependent on details of the model.

As seen in Figure 6, the emission between 1 and 3 keV in
CXO0p30720 comes predominantly from the CCE component. The
1-3 keV image in CXOg30720 Was apparently pointlike, which re-
stricts the projected plasma size to within ~1” of  Car, the width
of the Chandra point-spread function. This is equivalent to a
projected distance <2300 AU atd ~ 2.3 kpc, suggesting that the
hot gas that produces the CCE component is inside the Little
Homunculus Nebula (which has a projected extent of roughly
+2”; Ishibashi et al. 2003).

4.2. The Variable Component

In order to determine the spectrum of the variable stellar com-
ponent, we then subtracted from all the original spectra the rec-
ognized nonvariable emission components: the outer ejecta, the
X-ray Homunculus Nebula, and the CCE component. The re-
maining emission represents the variable component associated
with the stellar source and is shown in Figure 7. The left panel
shows the variable component “corrected’” for the constant com-
ponents we identified. For comparison, we overlaid on the left panel
of Figure 7 the best-fit models for the XMMygp7 and CXOgpz0926
data sets.

4.2.1. Variation of the Overall Spectral Shape

The right panel of Figure 7 shows the “corrected” variable
components normalized at the Fe xxv line energy to highlight
changes in the shape of the spectra. From XMMggg7 to XMMj30;
(an interval of 2.5 yr) the X-ray flux increased by a factor of 2—3

without remarkable changes in spectral shape. Four months later
(observation XMM;30603), the X-ray emission decreased only
below 5 keV. Five days later (observation XMMgz0613), When
71 Car was close to the peak of the last flare before the 2003 mini-
mum (Corcoran 2005), the hard X-rays above ~3 keV increased
by a factor of 2. The X-ray emission dropped by almost 2 orders
of magnitude by XMMy;30722, the first observation after the 2003
minimum. In XMM30s02, the hard-band flux recovered by a fac-
tor of 3 without any significant change in the soft band. The hard-
band flux stayed the same in XMM03()802, )(MM(B()g()g , XMM()30818 5
and CXOq30828 (not shown), while the soft-band emission slightly
increased. The RXTE light curves (Corcoran 2005) also show
a clear transition in the flux level and hardness ratio between
XMMy30722 and XMMy;sog02. This means that the X-ray minimum
has two states. By CXOg30926, only the hard-band flux recovered
to the pre-minimum level.

The right panel in Figure 7 clearly shows that, throughout the
observations, the hard-band slope above 7 keV did not change
significantly, nor did the ratio of hydrogen-like to helium-like Fe
ion lines. This means that the electron temperature of the hottest
plasma did not change during the 2003 minimum. On the other
hand, the soft-band flux relative to the hard band decreased grad-
ually from the X-ray maximum through the minimum to the re-
covery. This looks like an increase of the absorption column to the
X-ray plasma although the situation is somewhat more compli-
cated, as the following sections describe. The 2003 minimum can
be better described as an apparent decrease of the EM as suggested
by earlier 4SCA observations (Corcoran et al. 2000), which means
that either the amount of X-ray—emitting material has declined or
the amount that is visible to the observer is smaller.

4.2.2. One-Temperature Fit of the Entire Spectrum

To quantitatively describe the spectral shapes and compare them
with earlier results obtained by 4SCA and BeppoSAX (see § 5), we
fit each spectrum by an absorbed 1T thermal APEC'® model (which
provided a better fit near the Fe K lines than the MEKAL model),
with a Gaussian at 6.4 keV to account for the Fe K fluorescence
line. The results are listed in Table 4.

16 See http://cxc.harvard.edu/atomdb/.
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TABLE 4
THE BesT-FiT MODELS FOR THE WHOLE SPECTRA
kT Z Flux 6.4 kev Nu Observed Flux

Observation Dorbit (keV) (Z2) (10~* counts cm™2s71) (102 ecm™2) (107" ergs cm 2 s™!)  Reduced x? (dof)
XMM007 ceveverenenn 0.470-0.471 4.6 (4.5-4.8) 0.67 (0.63-0.70) 0.91 (0.75-1.04) 5.1 (5.0-5.2) 6.5 2.85 (315)
XMM301 ceveeervereenne 0.922-0.924 4.3 (4.2-4.4) 0.64 (0.62-0.65) 24 (2.3-2.6) 4.8 (4.7-4.9) 15.0 10.29 (249)
XMM30608 -+vveveree 0.988 4.5 (4.4-4.6) 0.83 (0.81-0.85) 4.1 (3.9-4.2) 7.4 (7.3-7.5) 12.8 12.77 (417)
XMM30613 <vereereeees 0.990 54 (54-55) 0.95(0.94-0.97) 6.9 (6.7-7.1) 9.1 (9.0-9.2) 19.3 17.49 (548)
CXOXMMyz07 ...... 1.008-1.009 3.1 (2.8-3.6) 0.44 (0.37-0.53) 0.16 (0.13-0.20) 28 (25-32) 0.19 1.24 (193)
XMM30802 -+evveveeeer 1.015 3.6 (3.3-39) 0.64 (0.56-0.71) 0.65 (0.58—0.78)° 42 (39-45) 0.75 2.44 (119)
XMM30809 +vvveveeree 1.018 2.9 (2.8-3.1) 0.64 (0.58-0.71) 0.55 (0.45-0.65)° 36 (34-38) 0.82 1.19 (94)
XMMg30818 1.023 2.9 (2.8-3.1) 0.58 (0.54-0.63) 0.37 (0.26—0.42)° 29 (27-30) 0.96 1.30 (161)
CXOp30828” .. 1.028 4.6 (3.4-5.4) 0.48 (0.37-0.60) 0.31 (0.3-0.43) 18 (17-21) 0.73 1.54 (137)
CXO0030926 1.042 2.9(2.3-3.3) 0.40 (0.36-0.45) 3.6 (3.0-4.3) 36 (33-40) 6.6 1.40 (242)

Nortes.—These fits refer to the spectrum between 2 and 10 keV after subtraction of the CCE and the Homunculus emission. Parentheses show the range of values for

which Ay ? = 2.7 from the best-fit value.

? About 4% of the photon events are piled up, causing the spectrum to appear slightly harder.
® These values are upper limits since the line shapes are not clearly seen in the spectra.

Most of the fits were not acceptable at the 90% confidence
level. One reason for the poor fit by the absorbed 1T models is
that the strong Fe Ka profile is quite complicated, as described in
§ 4.2.3. Another reason, in particular for the spectra before the
2003 minimum, is that the plasma is really composed of multiple
components with different temperatures, as shown by Corcoran
etal. (2001b), as their best-fit plasma temperatures k7 ~ 4—5 keV
do not account for the strong lines of helium-like S and Si ions
seen in the XMM-Newton spectra (which should be emitted from
plasma with k7 ~ 1 keV). The plasma temperatures outside the
2003 minimum (k7 ~ 4-5 keV') are consistent with earlier results
(Tsuboi et al. 1997; Corcoran et al. 2000; Viotti et al. 2002;
Leutenegger et al. 2003), but they are probably overestimated
by our 1T model fit (see the next section). The derived absorp-
tion column, which does not depend strongly on temperature
for kT ~ 3-5 keV, gradually increased from Ny ~ 5 x 102? to
~4x10% cm™2.

4.2.3. Fits to the E > 5 keV Spectrum

The EPIC spectra marginally resolved emission lines below
~5 keV and could not reliably measure the neighboring contin-
uum level. Spectral modeling of this energy band with uncon-
strained elemental abundances, therefore, has intrinsic uncertainty.

On the other hand, the spectrum above 5 keV is relatively simple
and provides an unambiguous measure of the hottest plasma from
the continuum slope and Fe K line intensities. To characterize the
hottest plasma, we thus fit the spectra above 5 keV by a simple
absorbed 1T model.

In each observation, we simultaneously fit all the available
spectra, using an APEC thermal equilibrium model for the ther-
mal emission. We simultaneously fit the spectra of two observa-
tions, CXOg30720 and XMM30722, Which were obtained during
the 2003 minimum within 2 days of each other. A preliminary fit
to the bright phase spectra showed that most spectra could be fit-
ted with k7 = 3.3 keV and a nickel abundance near 0.8 solar,
with solar abundances for other elements. Therefore, we fixed
the nickel abundance at 0.8 solar and the temperature at 3.3 keV,
and we varied the Fe abundance, column density, and emission
measure. We included two narrow Gaussian lines to account for
lines of Fe Ko and K fluorescence, fixing their centroids at 6.4
and 7.1 keV, with their line widths (¢) fixed at 0.01 keV, and the
Kg line flux fixed at 11.3% of the K« line flux. We used photo-
electric absorption cross sections calculated by Balucinska-Church
& McCammon (1992). Table 5 gives the best-fit parameters,
and the spectra, along with their best-fit models, are shown in
Figure 8. The spectra except for XMMjg97 and CXOXMMy307

TABLE 5

TuE BesT-Fir MODELS FOR THE SPECTRA ABOVE 5 keV

Zre log EM EW(Fe) Ny
Observation Borbit (Zs) (em™3) (eV) (102 ecm™?) Reduced x? (dof)
XMMQ07 +eovvervrernerenn. 0.470—0.471 0.48 (0.45-0.52) 58.1 (58.1-58.2) 87 (62—99) 17 (14-20) 1.43 (86)
XMMoso; ... 0.922-0.924 0.48 (0.47-0.50) 58.5 (58.5-58.5) 99 (85-104) 17 (16—19) 4.07 (82)
XMMo30608 0.988 0.55 (0.54—0.57) 58.5 (58.5-58.5) 164 (158—172) 21 (20-22) 421 (154)
XMM30613 cvvevvrerree 0.990 0.44 (0.43-0.45) 58.9 (58.9-58.9) 119 (114-123) 36 (35-37) 3.66 (245)
CXOXMMg307 cvvoneeen. 1.008—1.009 0.38 (0.30—-0.47) 57.0 (56.9-57.0) ~233 (183-325)" 40 (32-51) 1.35 (90)
XMM030802 cvvevvrerree 1.015 0.50 (0.46—0.55) 57.7 (57.6-57.7) <213° 53 (48—58) 1.91 (71)
XMM030809 -vvevvvvenerenn 1.018 0.70 (0.63—-0.77) 57.5 (57.4-57.5) <257° 32 (26-37) 1.59 (54)
XMMo30815 ... 1.023 0.62 (0.57-0.67) 57.5 (57.5-57.5) <150° 27 (23-30) 1.65 (84)
CXO0030828° ... . 1.028 0.33 (0.24—0.42) 57.5 (57.4—57.6) ~149 (96-214)* 37 (28—47) 1.81 (54)
CXO030926 «vvererrerrenene 1.042 0.33 (0.29-0.37) 58.7 (58.6—58.8) 110 (90—136) 56 (50—62) 1.54 (130)

Notes.—These fits refer to the spectrum after subtraction of the CCE and the Homunculus emission. The plasma temperature and the Ni abundance were fixed at 3.3 keV

and 0.8 solar, respectively.

# These values are regarded as upper limits since the spectra did not clearly show the iron fluorescence line peak.
° About 4% of the photon events pile up, causing the spectrum to be slightly hard.
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Fig. 8.—Spectra above 5 keV: EPIC pn (black), EPIC MOS1 (red) and MOS2 (blue), ACIS ( green), and HETG ( gray: +first order; brown: —first order). The solid
lines show the best-fit absorbed optically thin thermal plasma model (APEC code) with Gaussian components for Fe Ko and K.

accept the assumed model at <90% confidence, mostly because
these spectra show several spectral features that are not fitted by
the model.

The most prominent of these features are excesses on the blue
and red sides of the K-shell lines of helium-like iron. Those ex-
cesses are not caused by poor energy or gain calibration, since
there is good consistency in profile between the XMM30613 Spec-
trum and the near-contemporaneous Chandra grating spectrum.
The blue excess could be explained if the K lines of Fe xxv are
Doppler broadened, with Av ~ 4000 kms~!. This is similar to the

derived wind velocity of the companion star, » ~ 3000 km s~!
(Pittard & Corcoran 2002). The red excess, especially during the
2003 minimum and CXOXMM3p; and XMMg3g02 When the
X-ray flux was the weakest, would require an Fe xxv Doppler
shift of Av ~ 7000 km s~!, and such high velocities are not ex-
pected in np Car. However, the red excess may be produced by un-
resolved emission lines of Fe in ionization stages below Fe xxv
inthe 6.5—-6.6 keV band. Interestingly, the 4SCA4 minimum spec-
trum in ASCAg71574 showed a similar excess (see § 5.2), while a
Chandra grating spectrum near apastron (¢ ~ 0.53) showed a
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Fic. 8—Continued

similar broadband excess (Pittard & Corcoran 2002). The pres-
ence of lower ionization iron lines would indicate that the hottest
plasma is no longer in collisional ionization equilibrium at 3.3 keV
and that the electron temperature is higher than the ion temperature.
Nonequilibrium ionization (NEI) effects have been claimed in
the X-ray spectrum of WR 140, another colliding wind system
(Pollock et al. 2005).

Similarly, a humplike spectral feature is perhaps present be-
tween 5 and 6.4 keV and becomes more noticeable during the
early phase of the minima. There are no specific emission lines in
this energy band, except a weak Ca xix line at 4.56 keV. A similar
feature is sometimes seen in the X-ray spectra of some active
galactic nuclei (Tanaka et al. 1995), produced by gravitationally
redshifted material very near the central black hole. However,
there is little evidence that 77 Car houses a black hole because of
the lack of short-term X-ray variability and relatively low X-ray
luminosity.

A second feature is a hard “tail” at =9 keV, best seen in the
residuals in XMM0007, XMM()3()1, XMM030608, and XMM030613
(see Fig. 8). This feature is probably not an instrumental or
background artifact: none of the spectra (except for CXOg30828)
suffer photon pileup, and source count rates are much higher than
the background. During the 2003 minimum the tail seems weaker
or nonexistent, although this may simply be an artifact since the
source is weak at these times. The slope above 9 keV in XMMg;30613
can be fitted by a bremsstrahlung model with k7' ~ 10 keV or a
power-law model with I" ~ 2.3. Viotti et al. (2004) measured a
similar photon index for a hard tail extending up to 150 keV, seen
in a BeppoSAX PDS spectrum in 2000 June (¢ ~ 0.46), but the
flux between 13 and 20 keV, 1.4 x 10! ergs cm™2 s~ is about
3 times larger than the extrapolation of the hard tail we measured
in XMMg30613. The hard excess we see in the XMM-Newton data
may be from an extremely hot plasma in the colliding wind re-
gion, or from nonthermal emission due to first-order Fermi ac-
celeration at the wind contact surface, which would produce a
population of relativistic electrons that can upscatter UV photons

from the stellar photosphere and/or X-ray photons from the wind-
wind shock.

We also clearly see an excess at ~8.5 keV in the pn spectra in
observations XMMy3o; and XMMy3g613. This feature might be
due to emission from K-shell lines of heavy metals like Cu and
Zn. Although the EPIC instrumental background shows emission
from those elements (Striider et al. 2001), inspection of the EPIC
background data provided by the XMM project showed that the
instrumental background at this energy was negligible in spectra
obtained outside the minimum. This feature could indicate an over-
abundance of Cu or Zn or perhaps be a part of the Cu edge at
~9 keV (which would also require a large Cu overabundance).
On the other hand, the feature might be produced by absorption
edges from Fe xxv (~8.8 keV) and Fe xxv1 at ~9.3 keV (Lotz
1967).

Finally, the fourth feature is a marginal dip around 7 keV,
which is seen in all the pn spectra, but which is not so prominent
in the MOS spectra. This dip could be caused by an underesti-
mate of the line intensity of hydrogen-like Fe ions at 6.9 keV
(perhaps due to an underestimate of the maximum plasma tem-
perature) or an underestimate of the strength of the Fe edge
structure at 7.1 keV, perhaps indicating larger Fe absorption.
This dip is especially noticeable in the observation CXOg30926
and will be discussed more fully in the analysis of our
Chandra HETGS observations (M. F. Corcoran et al. 2007, in
preparation).

4.2.4. Adding a Soft Component to Reproduce the Entire Spectrum

Extrapolation of the model spectrum above 5 keV from the
XMMogo7, XMMo301, XMM30608, XMM30613, CXOg30828, and
CXOg30926 data to lower energies underestimates the observed
emission at £ < 5 keV, indicating the presence of additional
cooler emitting material. We thus modeled the emission below
5 keV by fixing the best-fit model spectrum derived in § 4.2.3
and adding another 1T component with independent absorption.
The results are given in Table 6 and Figure 9.
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kT Z log EM Ny
Observation Dorbit (keV) (Z2) (cm™3) (1022 cm™2) Reduced x? (dof)

XMM 007 -evveeereeeennes 0.470-0.471 1.1 (1.1-1.2) 0.25 (0.20-0.31) 58.3 (58.2-58.4) 5.4 (5.2-5.5) 2.04 (225)
XMM30] cvvveveeeerenenerenene 0.922-0.924 1.1 (1.1-1.1) 0.18 (0.16—0.19) 58.8 (58.8—58.8) 54 (53-54) 8.85 (164)
XMM 30608 +-vevererenererenes 0.988 1.1 (1.1-1.1) 0.24 (0.22-0.26) 58.6 (58.6—58.7) 6.9 (6.8—7.0) 5.41 (260)
XMMo30613 --- 0.990 1.6 (1.5-1.6) 0.25 (0.22-0.28) 58.6 (58.5-58.6) 7.7 (7.5-7.8) 12.02 (300)
CXOp30828 ---- 1.028 0.5 (0.4-0.9) <0.58 59.9 (58.1-60.1) 29 (17-39) 1.32 (80)

CXO030026 1.042 0.9 (0.6—1.8) 0.28 (0.05-0.75) 59.2 (58.0-60.5) 23 (13-33) 0.52 (109)

Note.—These fits refer to the spectrum after subtraction of the CCE and the Homunculus emission.

These fits were not accepted at >90% confidence except the fit
to the CXOy30926 spectra. One reason for the poor quality of the
fits is that the fixed hard component, which reproduces emission
above 5 keV, somewhat overestimates the emission near 5 keV,
which might indicate that we slightly underestimated the ab-
sorption to the hard component. Another reason is that the best-
fit models do not reproduce the strengths or locations of many
emission lines, in particular S xtv, which is generally emitted by
plasma at kT > 1 keV. This means that the spectra may require
additional components with k7 between 1 and 3 keV. The Ny

values we derive from this two-component modeling are very
close to the ones from the 1T fitting in § 4.2.2.

5. COMPARISON WITH THE PREVIOUS OBSERVATIONS
NEAR X-RAY MINIMA

The weekly to daily monitoring of 1 Car with RXTE (Corcoran
2005) showed significant cycle-to-cycle variability in flux and
X-ray hardness. Since the RXTE data are contaminated by instru-
mental and cosmic background, we compared our XMM-Newton
and Chandra results with earlier spatially resolved observations
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TABLE 7
OBSERVATIONS AROUND THE MINIMUM FROM PRrEvVIOUs CYCLES

Exposure Ny kT
Abbreviation Satellite Date Pt (ks) (1022 cm™2) (keV) References

ROSATG20612 +eveereervervenreeruereans ROSAT 1992 Jun 12, 22:33 —0.998 23.6 . S
ASCAGIO703 cveeveerverrereeereneans ASCA 1997 Jul 3, 09:58 —0.082 12.6 4.16+0.23 3.794+0.31 1
ASCAGI0719 wveereeverrenreereenareans ASCA 1997 Jul 19, 15:11 —-0.074 12.8 4.09+0.30 4.12+0.39 1
ASCA971224 - ASCA 1997 Dec 24, 09:29 0.004 58.8 . .. 1
SAKGYNFIS verveereerverrenreriesreneanns BeppoSAX 1998 Mar 18, 05:01 0.045 39.0° 15.440.4 4.3540.15 2
ASCAGGYTIE crveveerververeeereerenreans ASCA 1998 Jul 16, 04:40 0.104 13.4 5.0040.52 4.89+0.88 1

Note.—Ny and AT refer to the hottest components in two-temperature fits of the entire spectra; ASCA results refer to analysis of the GIS2 spectra.

# Exposure time for the MECS23 detector.
RerereNces.— (1) Corcoran et al. 2000; (2) Viotti et al. 2002.

from ASCA (Tanaka et al. 1994), BeppoSAX (Scarsi 1993), and
ROSAT (Trimper 1984).

Between phase —0.10 < ¢omit < 0.10, there were four ASCA
observations and one BeppoSAX observation near the 1998 mini-
mum and one ROSAT observation during the 1992 minimum.
These observations are summarized in Table 7. Because of the
extended point responses (FWHM of roughly a few arcminutes)
of ASCA and BeppoSAX compared to XMM-Newton, source spec-
tra extracted from these observations used relatively large (~3')
extraction regions (Corcoran et al. 2000; Viotti et al. 2002). This
extraction area is a factor of ~20 larger than the area used in the
XMM-Newton analysis (XMM SRC) and a factor of ~5000 larger
than the area used in the Chandra analysis (CS SRC). Because the
neighborhood of 7 Car is crowded with X-ray sources and diffuse
emission, the ASCA and BeppoSAX spectra will suffer greater con-
tamination from neighboring sources.

5.1. Comparison of the 1997/1998 and 2003
Spectra outside the Minimum

Outside the minimum, contamination of the stellar source spec-
tra in the ASCA and BeppoSAX observations from the surround-
ing sources, the CCE component, and the reflection from the
Homunculus Nebula is £10% above ~2.5 keV (see § 5.2).

Viotti et al. (2002) tried two models to fit their BeppoSAX
spectra: an absorbed single-temperature bremsstrahlung model
plus Gaussian for the spectrum between 3 and 10 keV, and an ab-
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sorbed two-temperature (2T ) model to fit the entire spectrum be-
tween ~0.1 and 10 keV. Both gave consistent results with each
other for the central hard variable component. On the other hand,
in an analysis of ASCA spectra obtained just prior to the 1997/
1998 minimum, Corcoran et al. (2000) fixed the emission from
the outer ejecta using the model derived in Corcoran et al. (1998).
Although the coolest temperature they used to fit the 4SCA spectra
(kT ~ 0.3 keV) is a bit lower than our adopted temperature (k7" ~
0.6 keV) and the resulting difference in the outer ejecta flux is
about a factor of 3 at ~2 keV, this only produces a ~1% uncertainty
in the flux of the variable emission outside the 2003 minimum.
The results of their BeppoSAX and ASCA analyses, therefore, are
comparable to the result we derived from our 1T fits to the entire
XMM-Newton and Chandra spectra in § 4.2.2.

The plasma temperatures in the 1997/1998 observations were
always around ~4-5 keV, which is similar to our results. The
derived values of Ny varied significantly with phase (Fig. 10),
reaching a maximum during the X-ray minimum and declining
thereafter. The variation in 2003 was similar to the Ny variation
in 1997/1998, except for the interval just at the end of the minimum.
Although BeppoSAX and Chandra observed n Car at a similar
orbital phase (¢SAX 980318 "~ 0045, (bcxo 030926 "~ 1042), the NH
measured with Chandra in 2003 is a factor of 2 larger than the
value derived by Viotti et al. (2002) from the BeppoSAX ob-
servations in 1998. This is consistent with the behavior of the
hardness ratio after the recovery as measured by RXTE, which
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Fic. 10.—Variation of the temperature and absorption column (Ng[whole]) vs. orbital phase. The filled symbols are from the 2003 cycle (circles: XMM-Newton; tri-
angles: Chandra; squares: simultaneous fit between XMM-Newton and Chandra). The open symbols are from the 1997/1998 cycle (circles: ASCA; triangle: BeppoSAX).
The ASCA spectrum during the 2003 minimum at phase 1.004 is consistent with the Ny and AT values from CXOXMM;3¢7, as shown by the dashed circles.



No. 1, 2007

-
o 3 ' T

0.01

1078

normalized counts/sec/keV

S 1 2 5 10
channel energy (keV)

X-RAY SPECTRAL VARIATION OF n CAR 535

- 3

0.1

0.01

normalized counts/sec/keV

1072

0.5 1
channel energy (keV)

Fic. 11.—Left: ASCA GIS2+3 spectrum on 1997 December 24. Right: ROSAT PSPC spectrum on 1992 June 12. In each plot the spectrum around 7 Car during the
X-ray minimum in 2003 is shown (red: the outer ejecta; blue: X-ray Homunculus Nebula; green: CCE component; purple: variable emission in CXOXMMys07; orange:
surrounding sources within 3’). The solid black line shows the sum of these emission components.

was higher in the 2003 recovery than in the 1998 recovery
(Corcoran 2005).

5.2. Comparison of the 1997/1998 and 2003
Spectra during the Minima

In order to compare this data set with the X-ray observations
during the 2003 minimum, we reanalyzed the ASCAg71204 GIS
data. We screened the “revision2” data taken from the HEASARC
archive'” using gisclean and filtered it with the standard criteria,
which excludes data affected by the South Atlantic Anomaly, Earth
occultation, and high background in regions with low geomagnetic
rigidities. For both GIS2 and GIS3 detectors, we used a 3’ radius
circle centered on 7 Car as the source region “3’ SRC” and used as
background emission from a 3’ radius circle designated “3’ BGD”
centered to the northeast of 7 Car (Fig. 2) where the soft dif-
fuse X-ray emission from the Carina Nebula is apparently weak
(Hamaguchi et al. 2007). We used the standard GIS response files,
version 4.0 (g[23]v4_0.rmf'), and generated ancillary response func-
tions with ASCAAREF version 3.10. We then merged both GIS2
and GIS3 spectra together to improve the signal-to-noise ratio. The
left panel of Figure 11 shows the GIS spectrum from ASCAg71204.

Because the stellar source was faint during the minimum and
the ASCA point-spread function is large, contamination by nearby
X-ray sources is significant for this observation. We therefore tried
to estimate the contamination from emission from sources within
3’ of i Car 3’ SRC using XMMy39722 (when the central point
source of 1 Car was the weakest) excluding the source region
XMM SRC used for the analysis of 1 Car from the XMM-Newton
MOS?2 data. We used the same background region as we used to
estimate the 4SCA background emission (3’ BGD). About 10%
of the emission from 7 Car (which amounts to ~20% of the emis-
sion from the surrounding sources even in XMMgz722) con-
taminates the 3’ SRC region. We simulated the contamination due
to ) Car and subtracted it from the XMM-Newton source spectrum.
The subtracted spectrum (Fig. 12) does not show any evidence of
the extremely strong nitrogen line at ~0.5 keV from the outer ejecta,
suggesting that contamination is well removed.

The resulting XMM-Newton spectrum, after subtracting the sim-
ulated 7 Car spectrum, shows weak emission lines at ~0.9 and
1 keV from Ne1x and Ne x, ~0.8 keV possibly from Fe, and a mar-

17" See http:// heasarc.gsfc.nasa.gov/ W3Browse/.

ginal excess around ~3—4 keV from Ca. This spectrum can be fitted
either by an optically thin, thermal (MEKAL) model with 2T com-
ponents or by a cool component plus a power-law component for
the hard emission at slightly below the 90% confidence, assuming
common absorption for both components (Table 8). In either
model, the average absorption to these sources is consistent with
the interstellar value (~3 x 10%! cm~2; see § 2.2 of Leutenegger
etal. 2003). As the spectrum does not have strong emission lines,
the elemental abundance of the 2T model is small (~0.04 solar),
while the abundances are not constrained by the 1T plus power-
law model. We thus fixed the abundances at 0.3 solar, a typical
value for stellar X-ray emission obtained from low-resolution
CCD spectra (e.g., OB stars, Kitamoto & Mukai 1996; Kitamoto
et al. 2000; low-mass main-sequence stars, Tagliaferri et al.
1997; low-mass pre—main-sequences stars, Yamauchi et al. 1996;
Kamata et al. 1997; Tsuboi et al. 1998).'® The observed flux is
~3.2x107"% ergs cm™2 57! (0.5-10 keV).

'® High-resolution grating spectra with Chandra and XMM-Newton showed
complex line profiles especially from OB stars, and therefore the abundance ob-
tained from low-resolution spectra may not reflect real elemental abundance (e.g.,
Cassinelli et al. 2001; Kahn et al. 2001; Miller et al. 2002).
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Fic. 12.—XMM-Newton MOS2 spectrum from XMMys3o72, extracted from a
3’ radius circle excluding emission from 7 Car. The solid line shows the best-fit
2T MEKAL model with common absorption, while the dashed lines show the
individual fit components.



536 HAMAGUCHI ET AL.

Vol. 663

TABLE 8
THE SpECTRAL FIT OF THE SURROUNDING REGION

Sorr COMPONENT

Harp COMPONENT

kT log EM kT log EM V4 Ny
MobEL (keV) (cm™3) (keV) (cm™3) r 107" z) (10%' cm™2)  Repucep x? (dof)
)5 A 0.24 (0.18-0.29) 57.7 (57.2-58.5) 2.6 (1.9-3.3) 56.2 (56.2-56.4) 0.36 (0.19-0.70)* 3.6 (2.6-5.5) 1.28 (92)
IT+pl............ 0.27 (0.23-0.30)  56.5 (56.3—56.8) 2.5 (2.4-2.7) 3 (fix)° 2.6 (2.1-3.3) 1.26 (93)

Note.—Values in parentheses denote 90% confidence limits.

% The abundance parameters of both soft and hard components are tied together.
® The absorption is insensitive to abundance in the range between 0 and 10 Zs.

The 3’ SRC region includes at least 55 Chandra X-ray point
sources (Evans et al. 2003): 6 OB stars and 49 unidentified, weak
sources that might be low-mass pre-main-sequence stars. The com-
bined absorption-corrected flux from these sources calculated from
Tables 3 and 4 in Evans et al. (2003) is 1.3 x 1072 ergs cm 2 s~!
(0.5-2.04 keV). There is also diffuse emission within the source
region that is also calculated from Evans et al. (2003) to have a flux
of ~5.7x 10712 ergs cm~2 s~!. The total absorption-corrected
flux, ~7 x 10712 ergs cm~2 s~, is roughly consistent with our
result 8.2 x 107!2 ergs cm~2 s~! (0.5-2.04 keV, unabsorbed).
Moreover, the combined absorption-corrected fluxes of the point
sources are as large as the flux from the hard component (1.7 x
10712 ergs cm~2 s~!), and the flux from the diffuse emission is as
large as the soft component, 6.5 x 107! ergs cm™2 s~!, in the
0.5-2.0 keV band. As seen in Figure 2, many point sources are
detectable at intermediate energies, where the hard component is
dominant, but they are not clear in the soft band (except for HDE
303308). The hard component probably represents emission from
point sources with the soft component dominated by diffuse emis-
sion and HDE 303308.

We have compared the ASCA spectrum to a model derived
from our fits to the Chandra and XMM-Newton spectra including
emission from the outer ejecta, from the Homunculus Nebula,
from the CCE component and the variable model that fits the
spectrum obtained from the CXOXMMy307 observation, along
with emission from the surrounding sources (diffuse emission
and point sources) that fall within the 3’ extraction circle. The
ASCA spectrum agrees well with this combined model. Assuming
that emission from the outer ejecta, X-ray Homunculus Nebula,
and the surrounding sources did not vary between 1997 and 2003
and that spectral shapes of the CCE and variable components did
not change dramatically, the fluxes of both CCE and variable
components are the same within 50% in 1998 as in 2003.

5.3. Comparison with the 1992 Minimum

There is one ROSAT PSPC observation of 7 Car during the
minimum in mid-1992. Corcoran et al. (1995) used this observa-
tion to show that the X-ray emission in the hard ROSAT band
(E > 1.6 keV) decreased by a factor of 2 at that time. ROSAT,
however, had very little effective area above 2 keV so that the bulk
of the variable emission was not observable by ROSAT.

Corcoran et al. (1995) extracted a spectrum from a 1.85' ra-
dius circle excluding a 30" radius circle around the nearby bright
star HDE 303308. To minimize contamination from surrounding
sources, we reextracted the spectrum using an elliptical source
region of 65" x 47.5", which includes emission from the outer
ejecta but excludes HDE 303308 and point and diffuse sources
around 7 Car. We took the same background region as used in
our analysis of ASCAy71224. In analyzing the PSPC spectrum, we
used the standard response file pspcb_gain2_256.rmf from the
ROSAT calibration database, but we generated the ancillary re-

sponse file using the PCARF version 2.1.3 in FTOOLS as ap-
propriate for this observation.

The PSPC spectrum is shown in the right panel of Figure 11.
We have overlaid all the spectral components of n Car on this
spectrum as we did for the ASCAg71224 spectrum, except for the
component due to the surrounding sources, whose contribution
would be small in the ROSAT spectrum due to the smaller PSPC
extraction region. Emission between 0.5 and 1 keV, where the
outer ejecta component is dominant, is about a factor of 30%
larger than the model. This difference may be due to calibration
uncertainties between ROSAT and XMM-Newton, or it might be
produced by another variable source within the ROSAT extrac-
tion area. Although the XMM-Newton model of the CCE com-
ponent only contributes to the few highest channels of the PSPC
detector, this component is consistent with the ROSAT spectrum.
Thus, it appears that ROSAT did not detect the stellar component
at all during the 1992 minimum.

6. DISCUSSION
6.1. Emission from the Variable Component

RXTE clearly showed that the variable emission is periodic
and leaves little doubt that the emission is produced by the WWC
in a binary system (Corcoran 2005) and, if so, that the X-ray min-
imum occurs near periastron passage. Our results further strengthen
this conclusion. The temperature of the hottest plasma, ~3 keV,
was mostly unchanged through the cycle, consistent with the col-
lision of stellar winds at terminal velocities (see, e.g., Ishibashi
et al. 1999). Furthermore, the spectral shape varied in a periodic
way, as well. However, the Ny measured just after the end of the
X-ray minimum was about a factor of 2 larger during the 2003
cycle than it was during the 1998 cycle.

Most of the light curves derived from the Chandra and XMM-
Newton data showed no short-term variations, suggesting that
the X-ray plasma is produced by a steady source and is probably
larger than Vnockfexp, Where Vpoek 1s the preshock velocity and Zeyp
is the exposure time of the observation. For Vgoex ~ 3000 km !
(corresponding to shock temperatures of ~3—4 keV) and expo-
sure times of ~10 ks (corresponding roughly to the XMM-Newton
observing time), the size of the emitting region is probably
=20.2 AU and perhaps considerably larger. The RXTF light curve
also shows clear variations in observations separated by as little
as 1 day, suggesting that the size of the emitting region is 0.2 AU <
r <2 AU. Although the orbital elements are currently uncer-
tain, the stellar separation at periastron may be as little as 1.5 AU
(Corcoran et al. 2001a), so that the size of the emitting re-
gion may be comparable to the stellar separation at periastron
passage.

Spectra outside the 2003 minimum require at least two tem-
peratures, kT ~ 3 and 1-1.5 keV, consistent with the analysis of
a Chandra grating spectrum by Corcoran et al. (2001b). The failure
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Fic. 13.—Variation of Ny, EM, intensity, and EW of the Fe fluorescence line and RX7E flux in the 2003 cycle. The XMM-Newton results are shown as circles, Chandra
results as triangles, while squares show results derived from a simultaneous fit between XMM-Newton and Chandra. The dashed line in the top panel represents our

estimate of the absorption beyond the central source.

to fit most of the spectra by 2T models in § 4.2.4 is perhaps an
indication of the presence of more than two temperatures. This is
consistent with a hydrodynamic simulation of the WWC plasma
(Pittard & Stevens 1997), in which the plasma temperature is the
highest near the stagnation point where the winds collide head-
on and cooler farther along the bow shock. The excess at the blue
side of the Fe xxv line discussed in § 4.2.3 may represent streams
from the stagnation point flowing outward near the companion’s
wind terminal velocity.

The RXTE light curves also displayed quasi-periodic X-ray
“flares,” which correspond to hardness ratio maxima (Corcoran
et al. 1997; Corcoran 2005). XMMj30608 occurred near the bot-
tom of one of these flares, while XMM3¢¢13 occurred near a flare
peak. A comparison of these spectra in Figure 7 shows that the
hard-band flux went up by a factor of 2, while the soft-band flux
below ~3 keV did not change except that emission lines are ap-
parently weaker in XMMy30613. This is consistent with an in-
crease of the hardness ratio measured with RXTE. This indicates

a slight increase in k7'and/or EM for the hottest plasma, possibly
caused by increase of the density of the high-temperature gas near
the stagnation point, as discussed for a similar event in the pre-
vious cycle observed with ASCA (Corcoran et al. 2000). The
emission at £ <3 keV, on the other hand, did not vary strongly
between those observations. One possibility is that hard X-ray
emission from the highest temperature plasma at the stagnation
point of the shock cone varied strongly due to density fluctua-
tions of the primary or secondary wind, with the soft X-ray emis-
sion coming from a larger area that averages out such fluctuations.
Another possibility is that the flares are related to instabilities in
the WWC plasma.

6.2. The Absorber around the WWC Plasma

Before the 2003 minimum, Ny measured from our fits to the
spectra above 5 keV (hereafter Ny[>5 keV ]) was always about
a factor of 4 larger than Ny measured from the spectra below
SkeV (Nuy[<5 keV]; Fig. 13). Ny[>5 keV ] mainly represents Fe
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FiG. 14.—Cartoon of the 1 Car system. Winds from the primary star and the companion collide together, to form the WWC region, which has a conical shape. Behind
the WWC boundary is a low-density region filled with the wind of the companion star. The apex where the winds collide head-on has hotter gas than the downstream
material and also accumulates a buildup of cool primary wind material in front. We view the X-ray emission from the WWC plasma through the cool material at the apex
and/or the undisturbed primary wind and the absorber that lies far outside the binary system. Iron K fluorescence emission is produced by scattering in the primary wind.
One possibility for the CCE, where the CCE is produced in outer shock, is shown. Emission from the CCE only passes through the outer absorber beyond the binary system.

absorption, while Ny[<5 keV ] represents absorption by lighter
elements (Morrison & McCammon 1983). Although this dis-
crepancy can be produced by an Fe overabundance in the 7 Car
ejecta, the elemental abundances around the stellar source are
near solar except for He and N, which are overabundant, and O
and C, which are strongly depleted (Hillier et al. 2001; Verner
et al. 2005; Davidson et al. 1984). Abundance anomalies of He,
N, O, and C would not change the amount of absorption above
~1 keV. This means that the soft emission does not suffer as
strong absorption as the hard emission before the minimum, and
hence this supports the idea that the variable emission originates
in multiple-temperature plasmas with various absorptions. This
is consistent with the idea that the hot emission originates from a
highly absorbed region near the apex of the shock cone, with the
lower energy emission arising from a region farther along the
shock interface that suffers less absorption. Neither Ny[>5 keV ]
nor Ny[<5 keV] varied significantly between XMMgp7 at ¢ ~
0.47 (close to apastron) and XMMg3o; at ¢ ~ 0.92, when the
stellar separation changed by about a factor of 3. The value of
Nu[<5 keV ] before the minimum (~5 x 1022 cm~2) may be ab-
sorption beyond the wind of the primary. The higher value of
Nu[>5 keV ] suggests that extra absorbing material must be lo-
cated near the hottest plasma.

After XMMy;30; and through the onset of the 2003 minimum,
Nu[>5 keV] and the absorption column derived from fitting the
spectra over the entire 1-10 keV band (Ny[whole]; see Fig. 10)
increased to (3-5) x 1023 cm~2. As shown in Figure 10, the ob-
served maximum column density occurred near the midpoint of
the X-ray minimum, and the column densities declined thereafter
toward the end of the minimum. During the X-ray minimum,
Nu[<5 keV] was unmeasurable because of the near total suppres-
sion of the low-energy flux. This could mean that the EM of the
cool component decreased during the minimum, or that the ab-
sorption to the cool plasma also increased on the line of sight.
Nevertheless, the Ny[>5 keV] confirms that the X-ray minimum
is closely associated with an increase in the amount of absorption
along the line of sight. This suggests that the WWC plasma en-
tered into, or was hidden behind, the densest part of wind from
the primary star. The behavior of the absorption toward the hard
component, Ny[>5 keV], is in interesting contrast to the be-
havior of Ny[whole]. Ng[>5 keV] had already increased to
~4 %103 em™2 by XMMy30613 (i.e., prior to the start of the
X-ray minimum), and it did not change strongly after that. This
could be explained if the WWC region was bent, perhaps by the

Coriolis force, causing the stagnation point to enter into the
densest part of the primary’s wind earlier than the downstream
material.

The column density did not decline until some time after the
2003 minimum ended. This confirms that the column density varia-
tion is not completely synchronous with the X-ray minimum.
Conjunction probably occurred during the interval when Ny was
near its maximum observed value, in the phase interval 0.99 <
¢ < 1.05. We note that the Ny measured in 2003 (¢ = 1.042)isa
factor of 2 larger than the Ny measured in 1998 (¢ = 0.045).
Davidson et al. (2005, see their Fig. 2¢) also noted that the ab-
sorption component in the Pan (19017) line in 2003.72 (¢ ~ 1.0)
was stronger than in 1998.21 (¢ = 0.0), which might also indicate
that the amount of absorbing material in the line of sight near the
start of the X-ray minimum is increasing with time. However, they
also note that the equivalent widths of the Ho emission lines were
lower just after the end of the 2003 minimum. This might suggest
a distribution of wind material that has preferentially grown
denser in the line of sight than perpendicular to the line of sight
in the 1998-2003 interval.

The equivalent width (EW) of the Fe K fluorescence line
varied between 100 and 200 eV, which is far smaller than the
EW (~1.5 keV) produced by scattering X-rays from the Ho-
munculus Nebula (Corcoran et al. 2004). This suggests that the
X-ray emission in all the observations comes directly from the
WWC plasma, even during the X-ray minimum, with only
a small scattered component (see Fig. 14). From Inoue (1985)
the Fe K fluorescence line EW produced by scattering from a
spherically symmetric medium around an X-ray source is EW ~
7.5Nu[> 5 keV]/10% eV, where we have multiplied Inoue’s
coefficient by 0.75, the flux ratio in the 7.1-9 keV band between a
kT ~ 3.3 keV thermal emission component appropriate to the
71 Car spectra and the I' = 1.1 power-law emission component
assumed by Inoue (1985). In Figure 13 we plot the expected Fe K
fluorescence line EWs as open symbols for a spherically symmet-
ric scattering medium. The differences between the expected and
observed equivalent widths seem to be larger when the X-ray flux
goes up and smaller when it goes down (XMMozo608, XMMo30613»
and CXOyg30926 ), which may suggest that the variation of the fluo-
rescence line is delayed by light-travel time.

The observed EWs are ~25% smaller than the expected
EWseven during the XMM0007 (d) = 0470) and XMM0301 (d) =
0.923) observations when the direct X-ray emission did not vary
strongly. This suggests that the scattering material is not spherically
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symmetric as assumed in Inoue (1985) and that there is a deficit of
scattering material off the line of sight. This deficit is probably
produced by the WWC, since the region on the companion side of
the shock has a much lower density than on the primary star’s side.
In order to reduce the fluorescent Fe emission by 25%, the full
opening angle of the wind shock cone would need to be ~120°.
This is consistent with the measurement of the half-opening
angle of 50°~120° by Pittard & Corcoran (2002).

6.3. The Nature of the X-Ray Minimum

The 2003 X-ray minimum can be described as an apparent
decrease in EM, along with an increase in Niy. However, a column
density of Ny ~ 5 x10%* cm~2 is needed to reduce the emission
at 10 keV by 2 orders of magnitudes, and the observed maximum
column density (N ~ 5 %102 em™2) is much lower than this.
The ASCA observations during the 1997/1998 minimum (Corcoran
etal. 2000) also appeared consistent with an apparent decline in
EM.

Two mechanisms could produce the observed decrease in EM.
One possibility is an “eclipse model,” namely, that the emitting
region is almost totally, but not completely, obscured by an op-
tically thick absorber with Ny = 1025 cm~2, and we only see the
least absorbed residual emission during the minimum. Ishibashi
etal. (1999) and Corcoran et al. (2001a) tested the eclipse model
using the RXTE light curve of 7 Car and showed that the duration
of the X-ray minimum (~3 months) at high energies (£ > 5 keV)
was difficult to explain for a spherically symmetric wind from
7 Car if the mass-loss rate was constant at ~10~* M yr~!. The
eclipse model seems to require that the wind is not spherically
symmetric, or that the absorption to the hard X-ray—emitting
region was enhanced for an extended interval near periastron
passage. It also suggests that a portion of the hard emission is
visible during the minimum so that the size of the hottest region
is greater than the size of the occulting region.

Another possibility is that the emissivity of the WWC itself
fades during the minimum, i.e., that there is a decline in the amount
of material hot enough to generate ~5 keV X-rays. Some WWC
models predict a change in the X-ray emissivity of the shock
around periastron. For example, “radiative braking” (Gayley et al.
1997), in which UV photons from 7 Car decelerate the com-
panion’s wind at phases near periastron, could reduce the intrin-
sic X-ray emission from the WWC at £ > 5 keV. Davidson (2002)
suggested that strong instabilities near periastron might cause the
shocked gas to radiatively cool, reducing the emission at high
energies. Soker (2005) and Akashi et al. (2006) suggested that
Bondi-Hoyle accretion of the primary star’s wind by the com-
panion star near periastron could suppress the companion’s wind
and thus reduce the emission from the colliding wind shock for a
brief period. In optical observations, the He 1 14687 emission
line, which is believed to arise near the WWC shock, decreased
in concert with the X-ray drop (Steiner & Damineli 2004). Martin
et al. (2006) argued that the disappearance of this line in a direct
view of the star and in a reflected polar view (the so-called FOS4
position; Stahl et al. 2005) indicated a waning of the shocked gas
during the minimum.

Below we examine some of the behaviors of the electron tem-
perature, iron line profile, iron fluorescence line variation, and
lack of variation at £ > 7 keV during the minimum from the 2003
X-ray spectra to try to decide between these two mechanisms.

6.3.1. Electron Temperature

The electron temperature of the hottest material did not change
significantly during the 2003 minimum, as the normalized spectra
at the bottom of Figure 7 clearly show. The constancy of the elec-

X-RAY SPECTRAL VARIATION OF n CAR 539

tron temperature of the hottest material argues against radiative
braking, shock instability, or accretion models that predict that the
plasma temperature should decrease. The Akashi et al. (2006)
model in particular predicts complete shutdown of the WWC ac-
tivity during periastron passage and therefore could only be con-
sistent with a constant electron temperature if an alternative X-ray
emission mechanism during the minimum could produce plasma
atnearly the same temperature as the WWC emission. If the shock
actually disappears during the minimum, then the constancy of
the high-energy X-ray continuum requires that a small part of
the 3000 km s~! secondary wind continues to produce a shock
by encountering material directly at normal incidence.

6.3.2. The Iron Line Profile

The variable excess emission on the red side of the Fe xxv line
can be explained by NEI effects in the high-temperature plasma,
and variations in the strength of this feature mean that the ion
temperature of some of the high-temperature plasma in the col-
liding wind shock changed during the minimum. This might favor
mechanisms in which the intrinsic emission from the shock de-
clines with time near periastron, although the NEI effect itself does
not reduce emissivity of the continuum. The observed excess at
~6.55 keV is consistent with emission lines of Fe xx1, present at an
ionization timescale 7 = nt ~ 10'°-10"" scm = in the ~3.3 keV
plasma, where 7 is the gas density and ¢ is the time after the gas
starts heating. Since the gas density n oc D2, 7 should be larger
by more than 2 orders of magnitude at periastron than at apastron
(using the orbital elements of Corcoran et al. 2001a). Thus, near
periastron the plasma should reach ionization equilibrium much
faster (~15 minutes; Soker 2005) than at apastron. Perhaps near
periastron, both the cooling timescale and the equilibrium time-
scale decrease relative to their values at apastron, but the cooling
timescale decreases faster. This means that near periastron the
fraction of nonequilibrium gas to gas in equilibrium is larger than
it is near apastron. However, since the radiative cooling time-
scale has the same dependence on gas density as the ionization
equilibrium timescale (ocn 1), an additional cooling mechanism
(such as adiabatic expansion or conduction) needs to be effective
near periastron in order to decrease the cooling timescale faster
than the equilibrium timescale.

6.3.3. Iron Fluorescence Line Variations

As noted in the previous section, the EWs of the Fe K fluo-
rescence line stayed below ~200 eV during the 2003 minimum,
and therefore the observed X-ray emission is direct emission,
with only a small scattered component. The Fe fluorescence line
flux decreased by a factor of ~50 during the 2003 minimum
(Fig. 13). This could be produced by reducing the number of
E > 7.1 keV X-ray photons from the source seen by the fluo-
rescing region, or by reducing the number of photons from the
fluorescing region that reach the observer. If we assume that the
fluorescing region extends far from the stars, then during the
2003 minimum either the X-ray source is nearly entirely covered
by obscuring material along the line of sight to the fluorescing
region, or the intrinsic X-ray emissivity has declined so that fewer
ionizing photons reach the fluorescing medium. This picture is
consistent with a similar variation of He 11 /14687 emission be-
tween the direct emission from the central WWC region and polar
emission scattered from the southeastern lobe (Stahl et al. 2005;
Martin et al. 2006).

6.3.4. The Lack of Variation at E > 7 keV during the Minimum

The hard-band X-ray emission above ~7 keV reached its low-
est value after the 2003 minimum started, recovered by a factor
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of 3 after XMM 30722, and did not vary for at least ~3 weeks from
XMM030802 to CX0030828. Since RXTE llght curves showed a
similar trend in the previous cycle, the time variation seems to be
phase repeatable. The observed X-ray flux after XMM3p72, was
~5% of the flux at XMMj30613. It is very difficult for an eclipse of
the X-ray—emitting region by an opaque disk (e.g., similar to that
proposed by Ishibashi et al. 1999) to keep the observed flux con-
stant for so long a time, since the stellar motion would be so fast
near periastron that the emitting region moves beyond the occulter
on ~day timescales, causing a short eclipse and a rapid rise in
X-ray brightness. Perhaps a “leaky absorber” eclipse, in which
the absorbing medium is very extended and composed of optically
thick clumps, could better describe the behavior of the observed
flux during the minimum. Models in which the shock cools may
not be consistent with the constancy of the £ > 7 keV emission
either, unless some residual emission at high energies could be
generated after the shock cools.

6.4. The Origin of the CCE Component

The CCE component did not vary within the 2 months during
the 2003 minimum when it could be observed. It apparently had
the same spectrum during the 1998 minimum (as shown by our
analysis of ASCAg71224) and did not show any enhanced emis-
sion during the minimum in 1992. This suggests that the X-ray
source is stable on timescales of 5—10 yr. The Chandra image dur-
ing the 2003 minimum restricts the size of the emitting plasma to
<1”, constraining the maximum size of the CCE at <2000 AU.
The column density to this component, N ~ 5 x10?? cm™2, is
smaller than the column density to the variable emission com-
ponent around the 2003 minimum, but each component shows
nearly the same column density in 2003 January (before the
2003 minimum) and near apastron. After correcting for absorp-
tion, the X-ray luminosity of the CCE is ~10°* ergs s~!. This
suggests that a stable luminous source is present outside of the
absorbing material that lies in front of the colliding wind source
at periastron.

One possibility is that the CCE component is produced within
the wind of the companion star and/or 7 Car due to the inherent
instabilities of their radiatively driven winds. The X-ray proper-
ties of the CCE component, kT ~ 1 keV with little apparent
X-ray variation, resemble the X-ray properties of normal OB stars
(e.g., Berghofer et al. 1997; Corcoran et al. 1993). For OB stars
log (Lx/Lyo1) = —6 to —8 (Berghofer et al. 1997), so that the
X-ray luminosity of the CCE corresponds to a bolometric lumi-
nosity Lyo ~ 10*0—10%? ergs s~!. This is somewhat larger than
the luminosity of the companion according to Verner et al. (2005)
(Lol ~ 4 x10% ergs s_l), but near the luminosity of  Car (Lo ~
2 x 10% ergs s !; Hillier et al. 2001).

Alternatively, the CCE emission could be produced in ambi-
ent gas shocked by a strong outflow from the stellar winds (see
Fig. 14). The maximum size of the CCE (r < 2000 AU) means
that it is inside the Little Homunculus Nebula (Ishibashi et al.
2003), so that the CCE component might be produced by the
collision of the polar wind from 7 Car with the Little Homun-
culus. The velocity of the polar wind from 7 Car is believed to be
v ~ 1000 km s~ (Smith et al. 2003a), which is sufficient to heat
gas to kT ~ 1 keV. If all the kinetic energy of this outflow is con-
verted to thermal energy, the required mass-loss rate would have
to be only ~3 x 10~® M, yr~! in order to match the observed emis-
sion measure (~7.0 x 10°¢ cm™3), which is only 3 x 107* to
3 x 1073 of the mass-loss rate of  Car (~1073 to 10~* M yr™!;
Hillier et al. 2001; Pittard & Corcoran 2002). The gas density in-
side the shell structure of the Little Homunculus should be less
than the density of the shell, which is 10° cm™ < ny < 107 cm™3
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(Ishibashi et al. 2003). Assuming that radiative cooling domi-
nates, the cooling timescale of the plasma is 7 ~ 3nkT/n*A(T),
where A(T) is the emissivity. With a plasma density of n <
107 cm—3, plasma temperature k7 ~ 1 keV, and A(1 keV)~3.1x
1072 ergs s™! cm?, then 7 > 0.5 yr, consistent with our result.

A third alternative is that the CCE might be associated with
the outflowing material from the WWC that collides with cold
circumstellar gas and is reheated. The required mass-loss rate
streaming out through the WWC is given by M = 2 Lx/eV'? ~
10-%/[(7/2000 km s~1)?] M, yr~!, where € is the efficiency to
convert the kinetic energy to X-ray emission and Vis the velocity
of the outflow, which should be = 1000 kms~! from the CCE tem-
perature. Since most of the companion’s wind goes into the shock
cone, the M of the outflowing material should be ~1075 M yr~!
(Pittard & Corcoran 2002), and e should only be ~0.1%.

7. CONCLUSIONS AND SUMMARY

We have observed 7 Car at key phases around the X-ray mini-
mum in 2003 using the XMM-Newton and Chandra satellites
and studied the variation of the X-ray spectral shape. We also
compared the behavior of the X-ray emission during the 2003
minimum with observations during earlier minima made by
ASCA, BeppoSAX, and ROSAT. The results are summarized as
follows:

1. During the minimum, the hard- and medium-band emis-
sion from the central point source decreased to 1%—5% of the
flux outside the minimum, but the emission did not disappear.
The X-ray flux varied in an apparently stepwise way near the mid-
dle of the minimum, suggesting that the X-ray minimum has two
states. The light curve within any single observation did not show
significant variability on timescales of a few kiloseconds, support-
ing the idea that the hard X-ray emission is produced in a WWC.

2. The spectrum of the variable emission component changed
markedly throughout the X-ray minimum. The medium-band
emission decreased gradually relative to the hard emission. As-
suming an absorbed 1T model for the entire spectrum, the absorp-
tion to the central source increased from 5 x 1022 to 4 x 1023 cm ™2,
The hard-band flux went up prior to the X-ray minimum and de-
creased abruptly during the 2003 minimum, without changing
the spectral slope significantly, suggesting that the plasma elec-
tron temperature is constant around 3 keV.

3. The line flux ratios between the helium-like ions and
hydrogen-like ions of Si, S, and Fe seen in the spectra before the
2003 minimum indicate a similar type of multitemperature plasma
as seen near apastron by Corcoran et al. (2001b).

4. The values of Ny derived from the spectra above 5 keV
(Nu[>5 keV]) are larger than those values of Ny derived from
the entire spectra (Ny[whole]) or from the spectra below 5 keV
(Ny[<5 keV]) but show less variation than Ny[whole] or
Nu[<5 keV]. This suggests that the hotter plasma has stronger
absorption; i.e., emission from 7 Car is multitemperature, and
each emission component is associated with an independent ab-
sorption component. This means that the hotter and cooler emis-
sions originate in spatially distinct regions. The hardest emission,
which is believed to arise from material near the stagnation point
of the WWC region, perhaps shows the effects of a buildup of ma-
terial as the colliding wind shock plows through the primary wind.

5. The Fe xxv line profile showed a small blue excess, as well
as a strong red excess before the 2003 minimum. The blue excess
may be due to Doppler shifting of the line centroid or line broad-
ening, and if so, the observed velocity is ~4000 km s~!. The red
excess may indicate that some of the plasma is no longer in ion-
ization equilibrium. The line showed a stronger red excess during
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the 2003 minimum than outside the minimum, which we in-
terpret as a decrease in the cooling timescale of the plasma near
periastron. Interestingly, we note that an outburst spectrum of the
dwarf nova SS Cyg taken with the Suzaku satellite showed a
similar red excess on the Fe K line profile accompanied with a
decrease in the hard-band X-ray flux (M. Ishida et al. 2007, in
preparation).

6. We find evidence for a hard tail at £ > 9 keV, at about an
order of magnitude larger than the background level, in spectra
outside the X-ray minimum. This indicates either the presence of
very hot plasma in the system or nonthermal emission perhaps
produced by first-order Fermi acceleration of particles, which then
Compton upscatter UV seed photons from the stellar photospheres
and/or X-ray photons from the shock.

7. The values of Ny and kT of the X-ray spectrum at corre-
sponding phases in previous cycles are very similar to those
during the 2003 cycle, except during the recovery phase. In
particular, the ASCA spectrum during the 1997/1998 mini-
mum (ASCAg71224) is almost identical to the spectrum from
CXOXMMy3p7. The difference in Ny during the recovery, as
measured by Chandra and BeppoSAX, could be produced by an
increase in the density of the wind from 7 Car.

8. The EWs of the Fe fluorescence line at 6.4 keV are always
below the values expected from Ny[>5 keV] assuming a spheri-
cally symmetric absorber. This is probably because the absorber
is not spherically symmetric and is consistent with the lack of
scattering matter in the lower density wind of the companion if
the full opening angle of the shock cone is ~120°, consistent
with the value derived by Pittard & Corcoran (2002).

9. The X-ray minimum is caused by the apparent decrease of
the plasma EM. An eclipse model seems to explain the observed
constancy of the plasma electron temperature, while the small
EWs of the Fe fluorescence line and the deformation of the
Fe xxv He-like triplet might indicate a real decline in the amount
of hot gas in the colliding wind shock. It might also indicate that
nearly all of the shock is hidden by an optically thick but slightly
porous stellar wind.

10. We discovered a central constant emission (CCE) compo-
nent very near the central X-ray source. The CCE component can be
seen between 1 and 3 keV during the X-ray minimum; at other
times the emission from the colliding wind source overwhelms
it. This component showed no variation on either short time-
scales within any observation or between observations for about
2 months during the 2003 minimum, and it was apparently the
same during the 1997/1998 and 1992 minima. The CCE spectrum
exhibited emission lines of Si xm and S x1v and can be fitted by an
absorbed 1T model with Ny ~ 5 x 1022 cm 2, kT ~ 1.1 keV, and
absorption-corrected Lx ~ 103* ergs s~!. Chandra data suggest
that the emission is pointlike, restricting the size of the source
<2000 AU at 2.3 kpc. This emission might be produced by col-
lisionally heated shocks from the fast winds from 7 Car or per-
haps the fast moving outflow from the WWC with the ambient
gas, or it might be associated with shocked gas that is intrinsic to
the wind of 7 Car.

11. X-ray emission within 3’ from 7; Car can be reproduced by
two emission components with interstellar absorption: cool plasma

X-RAY SPECTRAL VARIATION OF n CAR 541

with kT ~ 0.25 keV (perhaps coming from the diffuse emission
and HDE 303308), and hot plasma with k7 ~ 2.6 keV or power
law I' ~ 2.5, perhaps coming from a cluster of young stars. Cor-
recting for these emission components is important in understanding
the X-ray spectrum of n Car derived from lower spatial resolu-
tion X-ray observatories like ASCA and Suzaku.

12. Emission from the outer ejecta did not vary significantly
on timescales of several years. The slope of the highest energy
emission associated with the spectrum of the outer ejecta can be
reproduced with k7" ~ 0.6 keV, which is consistent with the high-
est temperature derived from analysis of the emission-line spec-
trum (Leutenegger et al. 2003).

Currently, there are few reasons to suspect that the variable
X-ray emission is not driven by shocks produced by the WWC
from binary stars. For the first time, the spatially resolved obser-
vations of 7 Car obtained by XMM-Newton and Chandra have
revealed the details of the plasma and absorption components
that are directly associated with the WWC plasma. While the ear-
lier spectral analysis of Pittard & Corcoran (2002) did not ac-
count for the different emission components identified in this
work, their fit was largely determined by emission above 2 keV,
which we have shown is dominated by emission from the WWC
at the phase of their analysis.

Still the biggest mystery is the cause of the X-ray minimum,
which is difficult to fully explain by occultation by a smooth wind
from the primary star. If the X-ray activity really switches off dur-
ing the minimum, a fading of the X-ray emission can be imaged in
principle using the scattered X-ray emission from the Homunculus
Nebula. The intensity of the Fe K-shell fluorescence line just after
the onset of the 2003 minimum should change differently between
the eclipsing model and the fading model, and perhaps detailed
monitoring of this line by spatially resolved X-ray spectral obser-
vations could decide the issue. On the other hand, deformation of
the Fe xxv line profiles is unusual in the context of stellar systems,
although similar deformation has been noted in iron lines arising
from regions of strong gravity near black holes. This feature re-
quires further study with high-resolution spectrometers such as an
X-ray microcalorimeter to produce sufficient spectral resolution at
7 keV.
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