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ABSTRACT

4U 1822—371 is one of the proto-type accretion disk coronal sources with an orbital period of
about 5.6 hours. The binary is viewed almost edge-on at a high inclination angle of 83 degrees, which
makes it a unique candidate to study binary orbital and accretion disk dynamics in high powered X-ray
sources. We observed the X-ray source in 4U 1822—371 with the Chandra High Energy Transmission
Grating Spectrometer (HETGS) for almost nine binary orbits. X-ray eclipse times provide an update
of the orbital ephemeris. We find that our result follows the quadratic function implied by previous
observations; however, it suggests a flatter trend. Detailed line dynamics also confirm a previous
suggestion that the observed photo-ionized line emission originates from a confined region in the
outer edge of the accretion disk near the hot spot. Line properties allow us to impose limits on
the size of accretion disk, the central corona, and the emission region. The photo-ionized plasma is
consistent with ionization parameters of log £ > 2, and when combined with disk size and reasonable
assumptions for the plasma density, this suggests illuminating disk luminosities which are over an
order of magnitude higher than what is actually observed. That is, we do not directly observe the
central emitting X-ray source. The spectral continua are best fit by a flat power law with a high
energy cut-off and partial covering absorption (Ng ranging from 5.4-6.3 x 10?2 cm~2) with a covering
fraction of about 50%. We discuss some implications of our findings with respect to the photo-ionized
line emission for the basic properties of the X-ray source.
Subject headings: accretion, accretion disks — binaries: eclipsing — stars: individual (4U 1822—371)

— X-rays: binaries

1. INTRODUCTION

Eclipsing X-ray binaries are still fairly rare as they re-
quire a view of the accretion disk that is within sev-
eral degrees of the edge. The low-mass X-ray binary
(LMXB) 4U 1822—371 is a specifically rare object be-
cause it also has a relatively short orbital period which
produces eclipses every 5.57 h and a light curve which
is very sensitive to the structure of the accretion disk
rim (White & Holt| [1982). Repetitive features in the
light curve as well as the fact that the eclipse is only
partial provide some direct geometrical constraints such
as a viewing angle ¢ within 75° and 85° as well as a disk
radius of (5 —7.3) x 10'° cm for this range of viewing an-
gles (Mason & Cordoval [1982; Hellier & Mason | [1989).
Heinz & Nowak| (2001) determined the most accurate
inclination of ¢ = 82.5 £ 1.5 from Rossi X-Ray Timing
Ezplorer (RXTE) data.

Its generally hard X-ray spectrum is an indicator that
there is an accretion disk corona (ADC) in the line of
sight to the central X-ray source which also partially
obscures the source with a radial extent of ~ 3 x 1019

m (White et al. | [1981; White & Holt| [1982). X-ray
spectra from the pre-Chandra era were complex to model
as they seem to require additional and unresolved soft
emission line structures in addition to a significant Fe K
fluorescence line. This made 4U 1822—371 the archetypi-
cal example of a LMXB ADC source (White et al. |
[1997; [Parmar et al. | [2000). The first Chandra observa-
tion in 2000 finally resolved these line structures into
discrete emission lines from photo-ionized O, Ne, Mg,

Si, S, and Fe ions (Cottam et al. |12001]). Phase-resolved
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spectra also suggested that the line emission originates
from a highly confined area, likely the illuminated hot
spot. From the persistence of the Fe K fluorescence line
throughout the binary orbit, [Cottam et al. | (2001) also
concluded that its emission must come from a more ex-
tended region around the disk. A recent survey of all X-
ray binaries in the Chandra archive indeed shows that in
nearly all cases narrow line fluorescence originates from
more or less spherically distributed material around the
centrally illuminating source (Torrejon, et al. |[2010).
More detailed dynamical information in LMXBs are
hard to come by simply because a clear identification
of the low-mass companion at distances of several kpc
is usually impossible. [Jonker & van der Klis| (2001) de-
tected 0.59 s pulsations from the neutron star in 4U
1822—371 and determined a donor star mass of 0.4
Mg assuming a neutron star mass of 1.4 Mg. From
pulsation time delays they also determined that the
orbit must be circular. By observing Bowen fluores-
cence from the X-ray heated face of the companion star,
Casares et al. | (2003) determined a radial velocity semi-
amplitude of 300 km s~!, which yielded a companion
mass of 0.36 M. However [Cowley et al. | (2003) used
strong He 1 absorption to measure a lower limit of the
orbital velocity of the donor star to 234 km s~!, consis-
tent with previous measurements (Harlaftis et al. |[1997),
providing a lower limit to the donor mass of again 0.4
M. In addition, [Cowley et al. | (2003) also measured
He 11 and H o emission line velocities and determined a
systemic velocity of -103 km s~!. They argued that such
a large negative value in direction of the Galactic center
might indicate that 4U 1822—371 is either part of the
halo population or it was given a significant kick when
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the neutron star was formed.

In this paper we use phase- and highly spectrally re-
solved X-ray spectra over almost nine binary orbits in
order to further investigate the origin of the recombina-
tion line emission and use their dynamics to diagnose
properties of the accretion disk.

2. DATA REDUCTION

We observed the source 4U 1822—371 on 2008 May
20 (ID9076) and 23 (ID9858) with the Chandra HETGS
(Canizares et al. |2000) in a standard configuration via
the HETG Guaranteed Time Observation program (see
table 1). With a total exposure time approximately
150ksec, these two observations cover seven (three and
four, respectively) full binary periods. We reprocess all
the observations using CIAO Version 4.2 with the most
recent CALDB products.

For each observation, we redetermine the positions of
the zeroth-order centroid using the findzo script for op-
timal wavelength accuracy. We extract all first-order
spectra in HEG and MEG and co-add them into one
single spectrum. This has the consequence that we
adopt a spectral resolution near 0.021mA provided by
the medium energy transmission grating grid throughout
the entire wavelength band. The sacrificed resolution is a
trade-off for easier handling of the spectra with respect to
signal-to-noise ratios, specifically for the phase-resolved
spectral analysis. Light curves and spectral analysis are
based on ISIS Versions 1.5.0-1.6.1 (Houck & Denicola
2000).

3. ANALYSIS AND RESULTS

Eclipses are rare in LMXBs. They, however, contain
critical dynamical information with respect to the geom-
etry of the disk and its environment. A broad eclipse,
for example, would indicate an extended companion. A
partial eclipse may indicate the presence of large scale
scattering structures such as ADC. In a first step in the
analysis we derive an improved ephemeris based on all
three HETGS observations and test if the orbital period
is changing. A second step investigates orbital phase
variations of bright X-ray lines. In a third step we fit a
phase-binned spectrum at an orbital phase which allows
a direct view of the photo-ionized region with appropri-
ate continuum and photo-ionization models.

3.1. An Ephemeris Update

All existing HETGS observations of 4U 1822—371 yield
a total of 9 complete eclipse light curves. The year
2000 data indicated a slowly increasing orbital period.
Here we first folded each of the observations into phase
bins using a fixed period as determined by [Parmar et al.
(2000). Then we fitted each phase-folded light curve with
Gaussian and sinusoidal functions. The results are shown
in the right upper panel of Figure [Il for ID9858 as an il-
lustration. The new eclipse time can be well-determined.
Once we join this new eclipse time to the already pub-
lished X-ray eclipse times (Parmar et al. | 2000, and the
reference therein), we can fit the timing residuals with
respect to the best-fit linear ephemeris (x? = 35.99 for
19 dof) using the quadratic function (shown in left lower
panel of Figure [[). The new curve is somewhat flat-
ter than the old one and leads to an updated quadratic

ephemeris given by:

T.1e = 2445615.30927(41) + 0.232109006(67)N (1)
—0.96(18) x 107 N2

Where N is the cycle number and linear ephemeris, and
errors are at 90% confidence on the last 2 digits. For com-
parison, the dotted line shows the quadratic fit obtained
for the old X-ray datasets by [Parmar et al. | (2000). The
new X-ray eclipse times derived from the HETG obser-
vations are given in table 2] with uncertainties given at
90% confidence.

3.2. Phase Resolved Line Properties

Observed spectral features are highly phase-dependent.
The new observations cover almost four times the num-
ber of binary orbits than what |Cottam et al. | (2001)
had available, which allow us to investigate line varia-
tions with orbital phase in much more detail. The lower
right panel in Figure [I] shows the phase separation for
our stronger line detections. We center the first phase
bin at eclipse minimum. To study the H-like and He-
like lines, except the narrow phase bin (~ 0.08) during
eclipse, we choose a phase bin width of 0.16. This secures
enough counts for the line features in each bin, and the
Ne X, Ne 1x, Mg x11, Mg x1, O viil, and O VII emission
lines are clearly detected with this choice. We divide
the orbit into 40 even, but overlapping, phase segments.
The Fe xxv1 and Fe Ka have very weak signal with this
choice of (correlated) phase bin, consequently, we addi-
tionally chose a set of five, non-overlapping phase bins
as marked in upper right panel of Figure [l They are
denoted as upper(1), decreasing(2), bottom(3), eclips-
ing(4), and rising(5) respectively.

3.2.1. Fe lines

The crude five phase binning of the Fe Xxxv1 and Fe Ka
lines smears out most orbital information. Detections
are shown in Table[ll and no line shifts are found. How-
ever, their flux trends follow the shape of the light curves,
reaching a minimum during eclipse and a maximum at
the light curve’s maximum. For all five phases, the cen-
troid of the Fe K line is consistent with 1.93 A which
covers wavelengths of Fe I to Fe XX from the cold, near-
neutral medium, similar to the finding by |Cottam et al.
(2001)). However, we find a lower limit to the line broad-
ening of about 370 km s~1.

3.2.2. Bright Line Dynamics

The preliminary analysis in|Cottam et al. | (2001) only
had two binary orbits at hand, which provided four phase
bins and tentative suggestions with respect to an orbital
phase dependence of bright line centroids. Incorporat-
ing the seven orbits in the new observations allows for
a much more detailed analysis of the line phase depen-
dence. These line properties include line centroids, line
widths, and line fluxes. The results are shown in Fig-
ures [B (for Ly lines) and [6] (for intercombination lines)
and Tables 3 and 4. These are the brightest lines in the
X-ray spectrum. There are other weaker lines present in
the spectrum; however, we perform the phase dependent
analysis only for the bright lines.
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All of the lines show significant wavelength shifts with
orbital phase. Most lines follow a very similar shift pat-
tern. At phase 0 the lines appear highly red-shifted and
exhibit values between 400-500km s~ *. These values de-
cline to zero near about phase 0.25 and turn into increas-
ing blue-shifts of up to 400-500km s~ * near phase 0.5
where in most cases the shifts reverse again. The most
prominent lines showing this pattern are Ne 1X, Mg XI,
Mg x11, and Si X1v. In Ne Xthe shift reversal happens
later at phase 0.8, at O viiand O VIII somewhat earlier
than mid-phase. The wave pattern appears most clearly
in Ne 1X, Mg x11, and Si X1v, which are also the brightest
in the sample. Uncertainties vary between 100 and 250
km s~! depending on the phase and the detected flux.
This pattern is very consistent with a spatially confined
emission region moving with orbital phase. We illustrate
this with a cartoon structure of the system and the phase
light curve highlighting the phase bin location as well as
the line spectrum for the case of Ne 1X in Figure [1
Shown phases include 0, 0.1, 0.42, 0.68, 0.83, and 0.92.

The second part in Figure [6 also shows the veloc-
ity width of the lines. Even though there appears to
be some subtle variations with phase, in most cases
the widths appear rather stable over the entire or-
bit. The velocity widths for all lines appear very sim-
ilar near 400 km s~! with uncertainties of around 150
km s~ ! per phase bin, again depending on detected flux.
The very similar widths are consistent with a radius of
(1.14£0.7) x 10 cm.

Table [[ and Figure [ list the results of our detections
for He-like lines of O viI, Ne 1X, and Mg X1. The inter-
combination line flux is very bright and appears broad,
while the resonance line is weak, and we do not detect
the forbidden line component. The resulting G ratios,
defined as (i+f)/r, are all consistent with a pure recom-
bination plasma. The R ratios, defined as {/i, are all very
small indicating either high levels of photo-excitation or
the presence of a high density plasma. To remove the or-
bital smear we compute the R and G values for the five
phase bin case, which are shown in Figure[Band Table
In orbital phases 2 and 4 we do not have enough statis-
tics to compute values, however for phases 1, 3, and 5
we compute values and value limits which are consistent
with each other.

3.3. The Photo-ionized X-ray Spectrum

We fit spectra for the five phase bins described in Sect.
3.2 and find that it can be fit well at most phases us-
ing a cut-off power law plus a soft black body compo-
nent. The norm variations in both components follow
the flux change in the light curve. The power law in-
dex is very flat with values in the range ~ —0.4-—0.2.
This flat power law reflects the fact that we likely observe
indirect emission affected by a central hot corona as al-
ready found in RXTE and ASCA data (Heinz & Nowak
2001). The blackbody component has an average tem-
perature of 181+11 eV with slight variations, which pos-
sibly reflects some correlation with the photo-electric ab-
sorption function in the fit. We detect some significant
absorption using the updated Tbnew function in Xspec
of (1.640.3) x 102! em~2 throughout all phases, which
is near the upper limit presented by [Heinz & Nowak
(2001)). The highest blackbody flux in the light curve

amounts to 3x103* erg s™! , which we estimate is only

about 2% of the total flux (see below) and provides an
emission radius of about 20 km. Figure B (left) shows
the continuum fit to phase 1 with blackbody, power-law,
and gaussian line components.

Alternatively it has also been suggested by
Heinz & Nowak| (2001) and others that the spec-
tra should be fit using the power law with additional
partial covering absorption. We have simultaneously
fit phases 1-5 with such a function wherein we forced
the power law slope to be the same for all phases (the
fit yields ' = 0.656 £ 0.002, with 90% confidence error
bars), but let the power law normalization, line param-
eters, partial covering fraction, and covering column
be free parameters for each phase. Figure [ (right)
shows the results of this fit for the phase 1 spectra,
with the photo-ionized lines represented by gaussian
functions. We find that this model simultaneously fits
all 5 spectra very well (xy? = 2266.6/2176 DoF). The
direct and covered power law represent a normalized
flux that ranges from 0.57-1. That is, at least 43%
of the total power law flux is completely blocked in
the faintest phase, i.e., phase 4. (In all likelihood, a
larger fraction of the ADC flux is completely blocked,
as phase 1 is unlikely to be completely uncovered by
the disk rim.) The partial covering fraction varies
between 49-52%, while the partial covering column
varies between 5.4-6.3 x 10?2 cm™2. In this case the ISM
absorption remains very low at (2.340.3) x 10?Y cm™2.

The line emitting region is best viewed during phases
1 and 5, with the least dynamical smear during phase 5.
During phase 1 the line emitting region is more directly
viewed, but here the lines switch from red-shift to blue-
shift and the region is likely already partially obscured
by the central corona. Figure[3 thus shows the Ne 1x line
strongest and most narrow. We select phase bin 5 for the
more detailed spectral modeling. The main goal of this
analysis is to get an estimate for the ionization param-
eter of the emitting region. Photo-ionization properties
are generally described by the parameter & = L/(n *1?),
where L is the source X-ray luminosity, n is the electron
density, and r is the distance to the illuminating X-ray
source (Kallman & McCray! [1982). From Figure B we
already see that the O viI and O VIII line strengths are
similar, which is difficult to achieve with a single ioniza-
tion parameter. We thus expect a range of parameters.

We want to keep this analysis as simple as possible
and use the new embedded Xstar function photemis in
Xspec. Fitting the lines with a single ionization param-
eter, we obtain log £ = 2.6 [erg cm/s|, which fits the
H-like ion lines very well but not the He-like ion species.
However, even though a second ionization parameter of
log £ = 1.9 [erg cm/s] would fit these lines, the fit itself
is not acceptable as it would produce significant radia-
tive recombination continua (RRC) for O viii, Ne 1x and
Ne X, which we do not observe. A viable solution to make
up for this deficiency is to assume a shallow tail of lower
ionization parameters (i.e. below log £ = 2.6 [erg cm/s]),
allowing for high enough plasma temperatures to smear
out the RRCs but produce enough line flux to fit the He-
like lines. The range of this tail depends on abundance
choices and here we cannot find unique solutions.

4. DISCUSSION
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4U 1822—371 is known as one of the prototypical ADC
systems and shows a strong orbital dependence of its X-
ray properties. Our coverage of many orbital periods
allows us to study these dependencies in detail. The
updated eclipse times from the three Chandra observa-
tions are not inconsistent with the trend provided by
previously published X-ray eclipse times (Parmar et al.
2000). But even though our result does follow the
quadratic function implied by these previous observa-
tions, it does suggest a flatter trend. This is still con-
sistent with a previous result, which provided the last
updated improved ephemeris of 4U 1822—371 derived
from UV /optical light curves (Bayless et al. |12009). But
in their analysis, the quadratic term in the optical is
also consistent with the one in X-ray by [Parmar et al.
(2000) within the measurement errors, and the eclipse
time in the optical lags behind by about 100 seconds.
More recently, [Burderi et al. | (2010) revisited X-ray ob-
servations over the last 30 yrs confirming the quadratic
function by [Parmar et al. | (2000), but did not include
recent optical and UV data. In their analysis the eclipse
times from our Chandra observations showed much larger
delays which appear closer to the quadratic function by
Parmar et al. | (2000), however the delays also remained
significantly below the function. One possible explana-
tion for the discrepancy with our result is that they opted
not to fold the light curves, which we think is warranted
given the multiple eclipses within these data, and the fact
that we see intermittent dips in the spectra, some occur-
ing quite close to the main eclipses. In any case, the trend
solidifies, that the orbital period change in this system is
larger than expected from simple magnetic braking and
losses due to gravitational radiation.

The line variations with orbital phase can probe geo-
metrical properties such as accretion disk size, ADC size,
and also a phase-resolved ionization balance of the line
emitting region. While most of the lower Z ions show sig-
nificant dynamical properties along the binary orbit with
respect to all of their line properties, the iron lines only
show flux changes consistent with the changes observed
in the light curves. The Fe Ko fluorescence line is visible
at all phases. Its flux is strongest opposite of the eclipse,
when the disk is fully exposed to the observer. During
eclipse the fact that the line flux is still about 30% of its
maximum indicates that the line emitting region extends
significantly beyond the size of the companion. We also
do not believe that the illuminated surface of the stellar
companion is a major source of Fe fluorescence, because
at an edge-on view and opposite to eclipse the disk would
likely block the flux and we would expect maxima during
the decreasing and bottom phases (Table [). Similarly,
using fluorescence probabilities calculated by Bail (1979)
we also expect maxima at these phases and not at the op-
posite (upper) phase. Instead we argue, consistent with
the suggestions by [Cottam et al. | (2001)), that the fluo-
rescence materials come from an extended region above
the disk. In fact, as[Torrejon, et al. | (2010) showed in a
large survey of Fe K fluorescence in X-ray binaries includ-
ing 4U 1822—371 that the emissions come from a large,
spherically distributed volume around the accretion disk.
The width of Fe Ka fluorescence line are also better con-
strained than the previous detection by |Cottam et al.
(2001)) and we determine a lower limit of the emission

radius of R > 1 x 10%® ¢cm. We do not know how well
this fits into the previous conclusion by [Bayless et al.
(2009) with respect to the existence of a layer of cooler
material at the base of the wind seen in the UV, but the
X-ray data do not exclude this possibility.

We also detect weak line emissions from hot
Fe XXVI ions. As is observed for the cool Fe Ka fluo-
rescence, the Fe XXv1, Lyman « line does not show any
line shifts and broadening with respect to orbital phases.
Its flux roughly follows that of the light curve and is be-
low detection during eclipse. This indicates that the line
originates from a central region within the disk radius,
likely from parts of the central corona but not the disk it-
self. Its emission volume is then limited by the size of the
companion during eclipse. Its Roche-lobe filling radius is
about 0.54 R (Bayless et al. [2009) and thus the emis-
sion size is less than 3.5x10'° cm and thus about 0.65
T4isk assuming an orbital separation of a = 1.33x10'! cm
and a disk radius 0.4 a (values taken from Bayless et al.
2009).

Photo-ionized X-ray line emission in 4U 1822—371
has been observed previously (Cottam et al. |12001) and
phase-resolved spectra suggested that the emissions from
line recombination originate in an X-ray illuminated
bulge located at or near the predicted point of impact
of the accretion stream from the companion and the
disk. Our observations over several binary orbits not
only confirm this prediction, but allow us to study this
phenomenon in detail. The lower Z line emissions clearly
show red- and blue-shifted motion with orbital phase
which can only be interpreted by motion of a localized
line emitting area at the hot spot. The maximum abso-
lute velocities from the line shifts of the most prominent
lines (except Fe XXVI, see above), i.e., O vi, O VIII,
Ne 1x, Ne x, Mg x1, Mg X11, Si X1v, yield a velocity of
500 km s—', which is consistent with the orbital speed
projection expected from the orbital parameters of 4U
1822—371 at the inclination of 83°. Using 40 overlapping
phase bins we observe the lines moving at all times and
variations in the line widths appear very small, which
restricts the size of the emitting area to < 10° cm. In
fact, the very similar width in all lines places the emit-
ting region at a consistent distance of 1.1 x 10! cem to
the source, which is about twice the actual outer disk
radius and more close to the separation of the two stars.
However, even though the uncertainties in the width in-
clude the outer disk radius we predict that there is local
turbulence involved in the width.

There are a few more interesting implications from
the broadband analysis of the X-ray spectrum. The
fact that we fit a soft blackbody spectrum to the soft
part of the X-ray spectrum is consistent with one solu-
tion obtained from the ASCA analysis (Heinz & Nowak
2001); however, the blackbody temperature we measure
is very much lower. The properties we determine pro-
vide an emission radius close to 20 km, which appears
like the emission from the neutron star itself. However,
the line emission properties imply a radically different
picture. AsHeinz & Nowak| (2001) already suspected in
their analysis of the ASCA data, we likely do not observe
the X-ray source directly and the true source flux should
be considerably higher. The ionization parameter of the
line emitting region is directly related to the illuminat-
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Table 1
Observations for 4U1822—371

obsID MJD interval

Obs. Start

Exp.(ks) PI

671 51779.681 - 51780.163  2000-08-23 16:20:37 UT 39.95
2008-05-20 22:46:21 UT 63.68
9858 54609.551 - 54610.524  2008-05-23 13:14:05 UT 82.19

9076 54606.949 - 54607.708

Kahn, M.
Canizares, C.
Canizares, C.

ing source flux (see Sect. B3)). At values between log ¢
= 1.9-2.6, a disk radius of 5x10'° cm, and a plasma
density between 10'? and 10** cm™2, for the thin illumi-
nated layer the illuminating luminosity has to be much
larger than 1037 erg s~! . This also has a consequence
for the blackbody emitting radius, which once adjusted
to the higher source luminosity is more of the order of
> 100 km. This makes the solution with the blackbody
component highly unattractive as it removes the possi-
bility that we see the neutron star, but it is also rather
weak to account for inner disk emissions. In this respect
we argue for the solution with the partial covering com-
ponent, i.e., the X-ray source is a power law in nature,
likely scattered into our line of sight over the spatially
very extended corona, and due to the edge-on view we
observe some of this emission both blocked and heavily
absorbed by the disk rim.

5. CONCLUSIONS

The orbital phase-resolved analysis of the X-ray photo-
ionized region in 4U 1822—37 obtained the following re-
sults:

e The orbital X-ray ephemeris update suggests a flat-
ter trend with respect to the previously proposed
quadratic change function.

e Fe xXVvI line emission arises from a central corona
of size < 3.5 x 10'° cm.

e Lower Z line emissions show orbital shifts consis-
tent with a small local region at the rim of the disk,
exhibiting orbital blue- and red-shifts of the order
of 500 km s~ 1.

e The line emitting region has to be the inner illu-
minated side of a bulge at the hot spot because
it becomes entirely eclipsed when the outer side of
the spot faces the observer.

e The latter fact also implies that the illuminated
layer on top of the disk is thin, at least thin enough
not to exceed the outer disk rim.

e Line widths appear larger than the outer disk ra-
dius and likely involve local turbulence.

e The line emitting region exhibits high ionization
parameters, while missing RRCs constrain values
to be above log ¢ > 2. This strongly suggests that
we do not directly observe the X-ray source.

e The luminosity implied by the range of ionization
parameters favors an emission model which consists
of a cut-off power law plus a 50% partial covering
absorption.
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Table 2
New X-ray eclipse times for 4U1822—371 with
uncertainties given at 90% confidence.

obsID JDg Uncertainty Cycle

671 2451780.36424 0.00079 26561
9076 2454607.69102 0.00045 38742
9858 2454610.24377 0.00037 38753
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Table 3
Ly« lines along the phases for 4U1822—3712

phase SiXIV Lya MgXII Lyo NeX Lya OVIII Lyo
A Flux o A Flux o A Flux o A Flux
+0.005 +1.5 +0.016 +2.3 +9.0b +0.037 +1.3
R s e BRI v | B B ) O T B
10075 | 610170000 4 oFL8 4 oy | g an¥0008 o071 2 UFICs | 5, 0000 o ¥3E RS | (o g0ad 0007 (s
. . —0.003 v—1.4 *¥-3.1 . —0.009 U—1.4 *2—-9.9 . —0.009 =25 *+—8.6 . —0.009 *P—4.3
50.1 6.19170-00% 41719 <94 | 843070007 32%1%  108T5g | 12145T000° 86751 201707 | 18.99310 000 12,3187
60.125 | 6.19270-00%  3.871-% <7.8 | 843270000 3.0f7%  7.9Tieb | 12.145%0 007 75758 154770 | 18.99910-00% 164159
+0.004 +1.8 +3.6b +0.006 +1.9 +5.9b +0.008 +2.9 +8.6 +0.011 +10.5
gl B Bl el B Boriiee s e
902 61g3ro008 ox2S RSB | O R0008 UFLE g a2n | (g 14370006 g oTBR 61700 | 1gggq 0020 5 4159
100.225 | 618170008 = 5¥30 LASE | S OSF0001 o FIE g0 | 1994070000 o758 15 aT50 | 1508370008 oo gFils
11095 | 617970000 £ aF28 S gFAR | o007 o FIE o odma | 546 F0008 S oFER UEERE | (oo F0nts L), i
12 0975 | 61780006 528 g Fel | g oor000r o LFES CUREE | DT 30005 SRR 0 FRE | (oo, 00 e
S ey .11 S SSrs . N IOy AP S & Jpers i () ESPpRptrs 't e  Spprs. . S PP SRS
15085 | gi7ar000s o r2doTHa | o 0008 0¥l (g P | 5 g 0000 o¥EE o TR | (g guqr0010 g oTad
o4 | gamato0od o T8 10 PP 'S ST v e B Iy 1) S+ SRGrs S PO i JS
19045 | 6175F0005 o F13 10 QAL4FO0TT TR CEEGn | o 0008 o FEE Y | O R0t o ¥l
. . —0.004 v—1.3 . . —0.011 U—1.5 Y —4.5 . —0.009 Y=-2.9 *“—-9.9 . —0.017 *Y—9.2
20 0.475 | 6.1787g 05t 3.71004 93772 b | 8404TH 000 22710 <86 | 1213870010 7atii 17.973%t | 18.987T0 0, 153798
+0.003 +1.3 +0.004 +1.0 +0.012 +3.3 +12.2 +0.017 +9.8
B | SiTias DA hen |eanrisy rie M0 | 123Cany 685 203py | 19955Teny 16%eq
: ' —0.008 T—1.8 . 74r.1 . —0.005 *0—=0.9 . ' 70401§ TT—2.8 —11.3 . —0.028 *1—6.8
230.55 | 6.18175:030  3.8725  13.0753 P | 8.4037505  1.67L9 1.0 12.14275:015  4.0732 1687238 | 18.99270620 2077 Lt
24 0.575 | 6.18670011  3.7738  14.67139 | 840515000 1.6709 1.0 1213970990 4.3733 1977300 | 18.99010 051 21.27108
25 0.6 — — — — — 1222775010 15715 166717 | 18.97570 02 16.6795
26 0.625 | 6.18270005  1.67}7 1.0 — — — 1212970018 3.6755  13.5790.P | 18.98210 058 1417116
27 0.65 — — — — — 1213375016 3.872%  16.673%* | 18.976700a:  15.6790
mom |olrif i weR) - D o |mmhg ong s |welld oo
30 0.725 | 6.19170.007  3otiE g ore¥ — — — 121247008 55720 g — —
31075 | 610070000 o oFLB g oEon o - - 1210070000 5 oFTF g - -
320775 | 6.10470000 gt T 7 ¥iBs — — — S e = 19.00470:010 3. 9+49
3308 | 610470007 5 FLE B R - - - . - - 10.003+0012 8
. . —0.008 U—-1.7 U—6.4 . . —0.008 t-3.3
340.825 | 6.19075 610 2.3T3L 97T Eb | 843610008 13109 1.0 — - — 19.00515-509 4.93:;12
350.85 | 6.19070011  3.07F3 131t 20 | 8436th 00T 1.6707% 1.0 121520907 2,015 1.0 19.00370 000 5.275°8
36 0.875 — — 8.437T0-000 17103 1.0 121530008 2.2715 1.0 19.0070053 8.2 12
37 0.9 — — 8.43970600 17108 1.0 12.14975008  2.4729 1.0 19.00075 028 5.1F50
+0.008 +1.1 +0.005 +0.9 +0.010 +6.7
oo |oscrase oTht 10 | peerswt uer . | T I Bogrooes Tt N &
10 0.975 | 618570000 o o117 10 Q43 FO008 o FI6 o cre, - - - 18.996+0:021 - 378
. . —0.004 C—-1.1 . . —0.008 t—-1.4 Y —6.8 . —0.016 *9—-5.3

a A is in units of A, Flux is in units of 1075photons 571 cmfz, and o is in units of 1073 A.
?  67% confidence values
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Table 4
Intercombination lines along the phases for 4U1822—371?

phase MgXI i NelXi OVII i
A Flux o A Flux o A Flux o
+0.006 +1.3 +0.009 +22.1
2005 | oanitd8 oHl W0 | asrons  garid  1rarinn | ormerdt iarid 1
3005 | 904370005 o FLt 0T | gsrt0002 S FER (5 0T186 | 5y gas 70008 o, Fiio 1o
: 459 _0.008 Fo1.1 . 990 _p.011 ©_2.6 o7 999 _0.007 “*-10.1 :
40075 | 92335010, 41710 1677557 | 13561 0000 TATE 114TEb | 218367000 188750 1.0
50.1 9.24110:0% 2723 <106 | 1356510000 83130 129780 | 218370000 15.47 %0 1.0
60.125 | 9.2327000¢ 56728 154778 | 1356510002 97158 9.5057 | 21.825700,8  374%05 2527300
70.15 9.234}%;‘(%52 5.21?‘% 12.7}53'23 13.564;%:55% 13.85% 9.9%})2 21.824;%:5% 42.3%}1;% 24.5%‘%‘;%
con |aaeioms Sirs TToea | 1300oms 900ge Mer |Mollesn O-mr Mol
: 490 _0.004 “*_1.5 78 9OV _0.006 4.1 “*_6.3 -OUS_p.011 9_20.7 7.7

10 0.225 | 9.23670002  4.6717  8.0755P | 1355770000 159752 24.1F1L2 | 2179670017 63.67500  20.57102
11025 | 923270000 43771 7.8783b | 13.55170-006  18.1T5% 18570 | 2179370018 6537570 27.47%°
12 0.275 | 9.23070002  4.3770  7.87%1 | 1354970000 17.879%7 152700 | 2178970018 5127507 2527150
1303 | 922870000 587570 1247400 113544 0000 155755 1507457 | 21,800 05y 4947500 3051507
140.325 | 9225 00 69757 161750 | 13501 0007 130705 18.0000 | 217980050 37.75500 28.0%550
15035 | 9.2227000¢  7.4727 155727 | 13.53770-007  16.075% 205750 | 21.80070:037  37.873%T  30.47357
16 0.375 | 9.22170-05¢  7.972% 16,9750 | 1354570005 18.37%0  26.771%% | 21.806T0: 012 37.3TLL 2367135
1704 | 922370000 6.872:0 153750 | 13.54570-000 158757 22,9719 | 21.8137001%  30.071%7 203715
18 0.425 | 9.22470 005 7.6757  21.37107 | 135357000 13,9770 27.3703 | 21.818T0-00 2611150 18.9%50
19045 | 9.22570010  7.575%  24.675%2 13.540f8;8}é 14.7fj§ 27.431)? 8| 21.81670015 2657100 16.8T5 7P
20 0.475 | 9.22770015  6.375%  24.6737%7 | 13.54070:010  18.378% 333t gt | 2181110020 21.1F 75 215710
2105 | 9.21670000 1.8717 1.0 1354470010 1617106 29.8T908 | 21.801700%  21.87157  23.37778
22 0.525 — — — 1354870000 14.3750  24.3714°% | 21.81470005 124150 1.0
23 0.55 — — — 13550 001, 121750 249747 | 21.81970-007 1471340 1.0
24 0.575 — — — 1355470010 11700 2197532 | 21.818T000T  19.47137 1.0
25 0.6 — — — 13.560T0 010 97733 1947037 | 21.8007000  45.9720% 3587702
26 0.625 — — — 1356270015 9.8T3 % 2247158 | 2181070010 4817205 37.21107
27 0.65 — — — 1356670005 9.0730 1647150 | 21.818T00%0  42.71200  33.97740
28 0.675 — — — 1356570010 7.3T3 7 17.079%% | 21.825T001c  39.27325  23.81107
29 0.7 — — — 1356770011 7ATSY 184 %2 | 21.82270000 3427300 23.0171 0
30 0.725 | 9.223T5-00T  1.2730 1.0 135627000 783 2457900 | 218267001 20.67155  23.17 %
g; 8??5 9.22470-001  1.272-0 1.0 — — — 21.85070-000  14.775%0 1.0
3308 — — — — — — — — —
34 0.825 | 9.22075-507 1.0%09 1.0 — — — — — —
35 0.85 | 9.22870- 006 1.3%05 1.0 — — — — — —
36 0.875 | 9.22870 008 1.3%05 1.0 13.56175:005 34122 1.0 21.81770020  33.1712% 3477153
37 0.9 9.229£§;§§§ 1.1%% 1.0 13.566;%:%2 6.3%2 15.8115-2 21.820£§;§§§ 22.1%3;% 30.655122
ool e 1" By 1 BN Boucs 1) SIE - S SrUNS Bigeits s iope=! ¢ BibeyeLt

: 499-0.010  7-1.2 D-4.3 90Y_0.051 0-2 *-9.8 "094_0.016 £-13.2 9-10.6

a X is in units of A, Flux is in units of 10~5photons s~
a 67% confidence levels

1cm

—2

, and ¢ is in units of 10~3 A.
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Table 5

Fe lines along the phases for 4U1822—3712
phase FeKa FeXXVI Lya

A FTux o A FTux o
1(upper) 193775000 46.713%°0 57735 | 178270098 20.873%° <71
2(decreasing) 1.944f8‘_88§ 12.27106 1.0 178675003 10.2714S 1.0
3(bottom) 1.938}:§‘_§§§ 16.8;";;;; <72 | 178610008 7.41LE 1.0

. . )

4(eclipse) 1.936 0 505 14.9277% 1.0 - - —
5(rising) 193770005 31.675% <57 | 178370998 193773 1.0

a )\ is in units of A, Flux is in units of 10 °photons s~ ¢cm™2, and o is in

units of 1073 A.

Table 6

Ne 1X triplet line ratios along the phases for 4U1822—371
phase A2 o flux G R Cash/dof

(A) (10734) (10~ °photons s~ cm™2) | (f+i)/r f/i
1(upper) 13.54170007 2477 15.4?)‘_‘2l 48778 <03 | 74/81
2(decreasing) | 13.56015505 18748 9.215°2 — — 67/81
3(bottom) 13.5650 000 20710 6.675°7 >3.2 <04 | 111/81
4(eclipse) 13.47070 008 1.0 31757 — — 77/81
5(rising) 185637000 1475 144755 491557 <02 65/81

& strongest line in the triplet complex: intercombination line for phase 1,2,3,5; resonance

line for phase 4.

Table 7
Triplet line ratios for two new observations of 4U1822—371

Ton ()

A @08y (

10~ 5photons s~

flux
1

G R Cash/dof
cm™2) | (f+i)/r f/i

Mg x1 | 92327006 173
Ne1x | 13.55375:007 241
Ovu | 218177009  3673°

+1.0
3-9101'87
O
38475

>38 <02 | 16/27
55750 <02 | 89/81
45738 <0.09 | 111/81
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Figure 1. Upper left — Light curve for ID 9858 at wavelengths A > 1.5 A; Upper right — The fitted folded phase light curve of
1D9858: black — observational curve; red — fitted curve. Short black lines and index mark the phase bins for Fe lines analysis. Lower
left— The 4U1822—371 partial eclipse timing residuals with respect to the best-fit linear ephemeris: previous X-ray eclipse measurements
are at 68% confidence levels — asterisk (Parmar et al.]1[2000, and reference therein); previous UV /Optical eclipse measurements at 90%
confidence — circle; new measurements at 90% confidence( square — ID 671; triangle — ID9076; diamond — ID9858). The best quadratic
ephemeris from our measurement (dash line) is indicated: dotted line — [Parmar et al.] (2000); dash-dotted line — UV /Optical fitting.
Lower right— Phase folded light curves of ID9858 (black) & ID9076 (red) with example out of eclipse phase bin width shown by blue
shadows, and the in eclipse phase bin shown by the orange shadows.
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Ne 1X triplet line spectra in the five phase bins shown in Figure [l

11



12 Ji et al.

T T
[ i
al i MgXI 8t i
IS St )
r -
L X
w L ™
5 - g D
< <8 <
(2] (2] I 0 3
j2] 12] [ 2]
8L 1 E8L &
= s 9 =1
3 o 3OS F 3
o SIa S,
2 o
S =
X
wn L
L < L | | |
8t St ©
o —t o S«
T T - 3
@ wk et T o
@ E o
ok 1 L o
134 13.6 13.8
Wavelength (A) Wavelength (A) Wavelength (A)
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Figure 6. Line redshift (left), broadening (middle), and flux (right) as a function of phase for the intercombination lines of Mg X1 (upper),
Ne 1x (middle), and O vii (lower), with 30 (solid line) and 1o (dotted line) error bars shown, respectively. Line broadening is fixed at

0.001 A for those points without error bars. Red points mark those phases where the spectra are shown in Figure[1
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Figure 7.
eclipse (left upper) and phase centered at 0.825 (middle lower). The pink lines mark the zero-velocity line location. The cartoon shows the
hypothesized structure of the system (based upon the geometrical model of [Heinz & Nowak][2001). Each spectrum represents the average
for the phase bin outlined by the blue shadow on the light curve in the right corner of each figure.
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Variations of Ne 1X intercombination line at the phases chosen in Figure [6] including the spectra without line detection for

Figure 8. Continuum fits to the X-ray spectrum in phase 1. The left panel shows the fit with an exponentially cutoff power law plus a soft
blackbody and high photo-electric absorption. The power law and black body components are individually shown. The right panel shows
an alternative solution consisting of a single power law (the cutoff moves beyond the upper energy cutoff of the data) plus highly absorbed,
partially covered power law with a partial covering fraction of 50%. The overall, ISM contribution to the photo-electric absorption is low.
The power law and covered power law are individually shown.
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