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1. Observations

We report here on X-ray spectra obtained by Chandra’s Low Energy
Transmission Grating (LETG), using the HRC-S detector. Our new ob-
servations from the summer of 2004 are of two moderately active K dwarf
binaries, 70 Oph (K0 V+K5 V) and 36 Oph (K1 V+K1 V). Chandr’s
superb spatial resolution allows these binaries, both with 5" separations,
to be resolved for the first time in X-rays. In addition to these data, we
also analyze archival LETG/HRC-S spectra of another moderately active
K dwarf, ¢ Eri (K1 V). Our goal is to compare the X-ray spectra of these 5
K dwarfs with very similar levels of coronal activity, in order to see if these
stars have identical coronal properties.

The zeroth-order images of 36 Oph and 70 Oph provided by the LETG
observations are shown in Figure 1, and Figure 2 shows light curves
for these 4 stars plus ¢ Eri, which are obtained from the zeroth-order data.
Some modest, gradual variability with a timescale of hours is present for
our targets, but the closest thing to a flare is the peak scen for 36 Oph B
at t = 31 ksec, where the flux briefly increases by about a factor of 2.
The CIAO-processed LETG spectra are shown in Figure 3, where we
have rebinned the data by a factor of 3 to improve S/N. The emission
lines identified in the figure are measured, or upper limits are computed for
nondetections, and these measurements provide the basis for the analysis
that follows.

2. Flux Ratios and the FIP Effect

In the solar corona and solar wind, elemental abundances are generally
found to be dependent on first ionization potential (FIP). Relative to ref-
erence solar photospheric abundances, clements with low FIP (Fe, Mg, Si,
etc.) are generally found to have coronal abundances that are enhanced
relative to elements with high FIP (C, N, O, Ne, etc.) (Feldman & Laming
2000). Evidence for this effect has been found for some stars of low to
moderate activity (Laming et al. 1996; Drake et al. 1997; Laming & Drake
1999). However, on active stars the FIP effect is generally either absent or
sometimes an inverse FIP effect is observed, where high FIP clements have
coronal abundances that are higher relative to photospheric values than is
the case for low FIP elements (Audard et al. 2003; Huenemoerder et al
2003; Sanz-Forcada et al. 2003)

1t is possible to see whether our sample of stars exhibits different levels
of FIP bias simply by comparing line fluxes. The most dramatic differ-
ence is seen when comparing 70 Oph A and 70 Oph B, which is remark-
able since these stars are members of the same binary! Figure 4 shows
70 Oph A/70 Oph B line flux ratios as a function of line formation temper-
ature, The ratios for the low FIP elements (in green) are higher than those
of the high FIP elements (in red) by about a factor of 3, indicating that
70 Oph A has a FIP effect that is stronger than its companion by about a
factor of 3. There is no obvious temperature dependence for this effect.

Considering that 70 Oph A and B have the same age; and very simi-
lar rotation periods (19.7 and 229 days), coronal X-ray luminosities (see
Fig. 1), and spectral types (KO V and K5 V), this difference is very hard
to explain. What is the difference in the two stars that leads to different
coronal abundances? The level of FIP bias for active regions on the Sun
seems to depend on the age of the active region, with the FIP effect be-
coming more prominent the older the region (Feldman & Laming 2000)
Perhaps at the time of observation, the visible part of 70 Oph B’s corona
was dominated by young active regions while the visible part of 70 Oph A’s
corona was dominated by old active regions, in which case the observed
difference in FIP behavior is temporary.

Figure 5 shows a line ratio plot similar to Figure 4, but comparing
70 Oph A with ¢ Eri. In this case UV line fluxes from HST spectra,
sampling lower temperature plasma, are also considered in addition to the
Chandra measurements (Ayres et al. 2003; Sim & Jordan 2005), In the
corona (log T’ > 5.8), 70 Oph A has a stronger FIP cffect than ¢ Eri (ie.,
the line ratios of the low FIP lines are higher than the high FIP lines),
but this is not clearly apparent in the transition region (43 < logT <
5.8). It is widely assumed that the origin of the FIP effect must lie in the
chromosphere (3.8 < log ' < 4.3), where the low FIP ions are ionized but
the high FIP ions are not. So why does Figure 5 suggest different degrees
of FIP bias in the transition region and corona? Perhaps the transition
region emission arises in large part in different magnetic structures than
the coronal emission, a conclusion supported by images of the Sun’s corona
and transition region, which have very different appearances (Feldman &
Laming 1994).
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Figure 2: X-ray light curves for our targets computed from the zeroth-
order images in the Chandra LETG/HRCSS data, using 10 minute time
bins. Some modest, gradual variability with a timescale of hours is present,
but the closest thing to a flare is the peak seen for 36 Oph Bat ¢ = 31 ksec.

Abstract

In the summer of 2004, Chandra observed 70 Oph (KO V+K5 V) and 36 Oph (K1 V+K1 V), resolving these nearby binaries
for the first time in X-rays. The LETG/HRC-S spectra of all four of these stars are presented and compared with a higher S/N
archival LETG spectrum of another K dwarf, e Eri (K1 V). All 5 moderately active K dwarfs turn out to have nearly identical
coronal temperature distributions (e.g., emission measure distributions), but there are significant differences in their coronal
abundances. The coronae and winds of the Sun and many solar-like stars have a curious abundance pattern where the
abundances of elements with low first ionization potential (FIP) are enhanced relative to high FIP elements. Our 5 stars
exhibit different degrees of FIP bias, with the two 70 Oph stars surprisingly representing opposite ends of the observed range.
Any explanation for the FIP effect will have to explain how two stars so similar in all other respects (age, rotation rate, X-ray
luminosity, spectral type) can have coronae with different degrees of FIP bias.
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Figure 1: Zeroth-order images of 36 Oph and 70 Oph from Chandra
LETG/HRC-S observations. North is up in the figures and in cach case
the A component is the upper right constituent of the binary. The stellar
separation is about 5” for both binaries.
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Figure 4: 70 Oph A/70 Oph B flux ratios for emission lines detected for
both stars, plotted versus line formation temperature. In cases where there
is more than one line for a given species, we simply add fluxes together for
all lines detected for both stars. Higher ratios are clearly observed for lines
of low FIP clements (green data points) than for high FIP clements (red
data points). This indicates that the corona of 70 Oph A has a stronger
FIP effect than 70 Oph B, a surprising result considering how similar these
stars are (see text).
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Figure 5: 70 Oph A/e Eri flux ratios for Chandra X-ray and HST UV

emission lines detected for both stars, plotted versus line formation tem-

perature. High FIP and low FIP clements are n red and green, respectively.

Analogous to the situation in Fig. 4,70 Oph A clearly shows a stronger

coronal FIP effect than ¢ Eri for log T’ > 5.8, but this effect is not seen in
the transition region (4.3 < log T' < 5.8) or chromosphere (log T' < 4.3).

e Eri 5,170 Oph A 1170 0ph B
19) st o)
1) 5] 5]
Pl . .

50 a5 70 ss 6o 85 70

4138 0ph A 1| 36 op!
E i
19 ol LT
1a) o)

ol 0

Log EM

Wavelength

Figure 3: The Chandra LETG/HRC-S spectra of the 5 moderately active
K dwarfs in our sample, rebinned by a factor of 3 to improve S/N. For
wavelengths above 35 A, the spectra are also smoothed for the sake of

The red lines hetic spectra computed using the derived
emission measure distributions and abundances shown in Figs. 6 and 8,
and the green lines indicate the contributions of higher spectral orders (2-5)
to the model spectra.
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Figure 6: Emission measure distributions derived for the 5 K dwarfs in
our sample, where we have experimented with two different temperature
resolutions: a binning with Alog T = 0.1 (black) and one with Alog T’ =
0.2 (red). Error bars are 90% confidence intervals.
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Figure 8: Coronal abundances relative to stellar photospheric abundances,
where the error bars are 90% confidence intervals. The abundances are plot-
ted versus first ionization potential (FIP) in eV. The dotted line crudely
separates low-FIP and high-FIP clements. Black data points correspond
with the black emission measure distributions in Fig. 6, and red data
points correspond with the red distributions (with the coarser tempera-
ture binning). Error bars are meant to indicate the uncertainties in the
abundances relative to Fe, so that is why the Fe uncertainties are zero,
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Figure 9: Coronal abundances from Fig. 8 divided by the Fe abundance
and plotted versus first ionization potential (FIP). Dotted lines connect
the high FIP abundances for each star, suggesting the following sequence
of increasing FIP cffect: 70 Oph B, € Fri, 36 Oph A, 36 Oph B, 70 Oph A.

3. Emission Measure and Abundance Analysis

In order to quantify the coronal abundances and temperature distribu-
tions, we perform an emission measure (EM) analysis using the PINTOfALE
software developed by Kashyap & Drake (2000). Figure 6 shows EM dis-
tributions for the 5 stars in our sample, where we have experimented with
two different temperature binnings. Our 5 moderately active K dwarfs show
very similar EM distributions, all of which rise steeply from log T' = 5.8 to
log T’ = 6.1, all of which show a peak near log T’ = 6.6, and all of which
decline for log T' > 6.7.

‘The initial EM analysis is based solely on line measurements. Coronal
abundances are measured relative to Fe, which is itself initially fixed to
the solar photospheric abundance. In order to determine the absolute Fe
abundance relative to H and properly normalize the EM distribution, it is
necessary to assess the line-to-continuum ratio. Figure 7 illustrates this
process for the case of ¢ Eri. The bottom panel shows a synthetic spectrum
generated from the emission measure distribution in Figure 6, assuming
an absolute Fe abundance of [Fe/H] = 1.4[Fe/H],, which is judged to
Tead to the best fit. In addition to the dominant first-order spectrum, we
also take into account orders 2 5 in generating synthetic spectra. The
lower panel shows what happens when [Fe/H] is raised or lowered by a
factor of 2. The upper pancl shows the same fit, and also shows explicitly
the continuum (in blue) and higher order (in green) contributions to the
total line-plus-continuum spectrum (in red). Our best-fit model spectra are
compared with the data in Figure 3 for all of our stars.

Figure 8 llustrates the coronal abundances derived from this analysis,
plotted versus FIP. Abundances are shown divided by stellar photospheric
from Allende Prieto et al. (2004) in order to correct for intrinsic
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Figure 7: Anillustration of how the line-to-continuum ratio is used to derive
the absolute coronal Fe abundance, using ¢ Fri as an example. The bottom
‘panel compares the highly smoothed stellar spectrum with a synthetic spec
trum (red line) computed from the emission measure distribution in Fig.
6, assuming a best-fit absolute Fe abundance of [Fe/H] = 1.4[Fe/H],. Dot-
ted blue lines show the effect of raising or lowering this value by a factor
of 2, where the higher line corresponds to lower [Fe/H]. The upper panel
shows the same fit, and also shows explicitly the continuum (blue line)
and higher order (green line) contributions to the total line plus continuum
model spectrum (red line).

stellar abundance variations. One unexpected result is that even in cases
where a FIP effect appears to be present (70 Oph A, 36 Oph AB), the
effect. seems to be more of a case of high FIP clements being depleted
in the corona rather than the low FIP elements being enhanced, which
is the usual picture. Telleschi et al. (2005) find a similar effect in their
sample of solar like stars, and some analyses of solar X ray spectra have
also yielded this result (Fludra & Schmelz 1995). Does this imply that our
entire empirical picture of the FIP effect needs revision, or are these results
artifacts of missing X-ray lines that lead to overestimation of the true X-ray
continuum level (sce Fig. 7)?

For ease of comparison, Figure 9 plots the Mg, Si, C, O, N, and Ne
abundances of all 5 stars from Figure 8 relative to Fe, as a function of
FIP. The high FIP data points are connected with dotted lines, which sug-
gests the following sequence of decreasing FIP bias: 70 Oph A, 36 Oph B,
36 Oph A, ¢ Eri, 70 Oph B. The remarkable difference between 70 Oph A
and 70 Oph B has already been discussed in section 2. It is interesting that
the relative abundances of the high-FIP elements are similar for all 5 stars,
with Ne being particularly high and O being particularly low. s this due
to a real coronal abundance effect that favors Ne over O, or is this an arti-
fact of inties in the reference i ? The issue
of solar/stellar O and Ne abundances has become very muddy in the last
few years (Allende Pricto et al. 2001; Bahcall et al. 2005; Drake & Testa
2005), too muddy to get into in any detail here! But it is worth noting
that the Ne/O ratios seen for our 5 stars agree well with the Ne/O=0.41
average found from the large stellar sample of Drake & Testa (2005), which
seems to be at least a factor of 2 larger than the solar coronal value (e.g,
Acton et al. 1975; Young 2005). Does this difference indicate that either
the solar or stellar measurements are wrong, or are the stellar Ne/O truly
Targer than the solar value (presumably due to the stars being of generally
‘higher activity than the Sun)?




