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ABSTRACT

Using solar soft X-ray irradiance measurements from the SXP instrument on the SNOE satellite, we relate
the solar surface flux densities and their variability to those of stars as measured with the PSPC instrument on
ROSAT. We translate SNOE-SXP measurements into equivalent ROSAT-PSPC counts using model spectra
calculated from the CHIANTI package. Using the SNOE-SXP measurements has significant advantages
over earlier studies: the absolute calibration is known to +£25%, SNOE measures the Sun as if it were an
unresolved star, it has operated over a significant fraction of the solar cycle, and its three wavelength channels
overlap substantially with that of the ROSAT-PSPC instrument. The predicted solar X-ray luminosities and
surface flux densities are compared with measurements from the ROSAT database. We find that we can
estimate the luminosity of the Sun as seen in the 0.1-2.4 keV (““ RASS ) passband of ROSAT-PSPC to within
+50%, not counting sources of systematic uncertainty mentioned in an appendix: the result lies between
1027-1 and 102775 ergs s~! (measured in the existing data set, only partially covering a full solar cycle) and
between 10208 and 1027 ergs s—! (extrapolated to the full activity range of a typical solar cycle). The solar
luminosities lie close to the median behavior found for a volume-limited (d < 13 pc) sample of G stars studied
in 1997 by Schmitt, revealing the Sun to be a normal or slightly inactive G dwarf. A factor of 1.5 peak-to-peak
variation in the RASS passband is predicted due simply to rotational modulations (i.e., those filtered to
include periods P < 81 days). The ratio of maximum/minimum RASS luminosities from the magnetic
activity cycle (filtered to include periods P > 81 days) are estimated to be 0.7-0.8 in log;, Lrass, a ratio of 5
or 6. These variations are much smaller than both recent estimates of solar X-ray variability and the range of
X-ray luminosities seen within Schmitt’s sample. It is suggested that the reported absence of ““solar-like ”
cyclic emission in stellar X-rays might partly arise because the Sun is less variable than assumed in some
earlier work. Repeated ROSAT observations of o Cen A during 1995-1998 show X-ray behavior reminiscent
of the Sun during activity minimum conditions.

Subject headings: stars: coronae — Sun: corona — Sun: X-rays, gamma rays

1. INTRODUCTION

The Sun remains the only star whose surface properties
can be studied in any real detail. Placing the Sun it its proper
context among the stars therefore is an important task,
which in principle can yield unique information of impor-
tance to both solar and stellar astrophysics. This task is not
as simple as it might sound, because different instruments
almost always are used to measure solar and stellar proper-
ties. Furthermore, many solar instruments take advantage
of the fact that the solar disk can be spatially resolved, so
that ““Sun-as-a-star” data have to be reconstructed from
spatially resolved images. Also, the large solar fluxes present
special challenges. For example, accurate photometry of the
Sun relative to the stars even at visible wavelengths is a non-
trivial task (e.g., Taylor 1984; Gray 1992; Gustafsson 1998).

These and other sources of uncertainty are mirrored in
the diversity of solar X-ray luminosities reported in the liter-
ature. For example, between 1 and 300 A (0.04-12.4 keV)
the range of solar cyclic variability is currently quoted as
3 x 10% to 10?7 ergs s~! by Hiinsch, Schmitt, & Voges
(1998) and Hiinsch et al. (1999), citing Haisch & Schmitt
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(1996) and Acton (1996). Very similar values are derived
from Acton’s (1996) preliminary tabulation of Yohkoh-SXT
X-ray indexes averaged over Carrington rotations, con-
verted using Acton’s Table 2 to a narrower “ROSAT-
PSPC” passband from 3 to 124 A (0.1-4.0 keV). Haisch &
Schmitt (1996) note that these estimates, based on Yohkoh-
SXT data and emission measure analyses, yield typical solar
minimum values closer to 102 than 3 x 10%° ergs s~!. In
contrast, in an effort to relate solar cyclic variations to
ROSAT-PSPC data, Ayres (1997) compiled results from
several suborbital rocket measurements and obtained solar
luminosities from 6 x 10% to 2 x 10?7 ergs s~! for a band
between 6.2 and 62 A (0.2-2.0 keV) in his Figure 7. These
data—in particular, the large discrepancy in the value of the
minimum solar luminosity—are revisited in § 4, together
with other measurements.

X-rays are generated in the coronae of the Sun and
solar-type stars by mechanisms yet to be understood but
that certainly involve magnetic fields (e.g., Vaiana & Rosner
1978). Placing solar X-rays accurately in the context of stars
can in principle tell us a great deal about magnetic activity,
extending beyond what is possible by studying the Sun or
stars separately. Here we relate solar coronal emissions to
the stars using data from the Solar X-Ray Photometer
(SXP) instrument on board the Student Nitric Oxide
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Explorer (SNOE) satellite (Bailey et al. 2000) and archival
data from the Position Sensitive Proportional Counter
(PSPC) instrument on the ROSAT satellite. Our aim is to
place the mean coronal activity level, and the rotational and
cyclic variations, of the Sun firmly among the stellar data-
base obtained by ROSAT-PSPC. Given this goal, our
approach is to transform the SNOE-SXP measurements,
which have no imaging capability, into ROSAT-PSPC
count rates, taking advantage of the substantial overlap in
wavelength coverage of the two different instruments. Our
technique and results differ from some earlier work based
on solar images from Yohkoh-SXT (e.g., Acton 1996;
Orlando, Peres, & Reale 2001), which are sensitive to higher
energy spectra, and these differences are explored in § 4. We
first review relevant instrumental properties, then describe a
simple method that relates the two data sets via simulations
of the coronal thermal emission based on the CHIANTI
emissivity package. Finally, we discuss the estimated behav-
ior of the “Sun as a star ”” as seen through ROSAT.

2. COMPARING THE ROSAT-PSPC AND
SNOE-SXP DATA SETS

2.1. ROSAT-PSPC

The ROSAT-PSPC instrument and its in-orbit
performance are described by Briel & Pfeffermann (1995).
The following summarizes details relevant to our study. A
cosmic X-ray photon, captured by the main grazing inci-
dence telescope, enters the detector through a thin plastic
window; the photon is then photoelectrically absorbed by a
counter gas, producing a photoelectron with kinetic energy
roughly proportional to the energy of the incoming photon.
Thermalization of the photoelectron by collisions with
other counter gas atoms yields a secondary electron/ion
cloud whose number of electrons is proportional to the ini-
tial photon energy. The secondary electrons are attracted to
a high-voltage anode where they excite a tertiary ionization
avalanche cloud whose charge induces signals at other ano-
des and cathodes in the detector, ultimately recorded as a
digital pulse. The detector’s quantum efficiency is mostly
determined by the transmission of the window foil and the
support grid. The presence of carbon in the window produ-
ces a large dip at the carbon edge near 44 A (0.28 keV; see
Fig. 1). The detected pulses are sorted into bins according to
their strengths (““ pulse-height channels ), which allows a
crude estimate of the energy spectrum to be recovered. If we
denote one such channel with label i, the count rate in this
channel is

Ci = /R,-eaeffde, (1)

where € is the energy at which the incident spectrum f; is
specified (in units of photons cm~2 s~! erg™!), a, is the
effective area (in units of cm?), and R;, is a redistribution
function. The latter describes the redistribution of the input
photon spectrum into the ROSAT-PSPC pulse-height
channels and is given as a matrix by the ROSAT project. It

satisfies, for all e,
> Ri=1. (2)

This function (when discretized in e to form a matrix) has a
broad diagonal structure, indicating that photons incident
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Fic. 1.—Relative effective areas a. of the ROSAT-PSPC and SNOE-
SXP channels (top), an isothermal spectrum f, computed using version 3.03
of the CHIANTI package (middle), and cumulative integrals I(E) =
I acf.de/ [ acf.de (bottom). While there is some overlap between
ROSAT-PSPC and the SNOE-SXP channels, they are qualitatively
different.

at a certain energy are most likely to be registered at a range
of pulse-height channels centered at that energy, but with a
significant spread Ae such that ¢/Ae ~ 1. Not all elements of
the matrix are precisely known, limiting the accuracy with
which spectral information can be extracted from the mea-
surements. The best-known parts of the matrix lie in subsets
of the 256 output channels. Following convention, we define
count rates for the passbands called R, S, and H as

240 240
R:;)C,-:;)/Rifaeffde, (3)

41
s=3" [ Riafide, 4)

i=11

201 ‘
H = Z/Rieaefe de, (5)

i=52

where R is proportional to the flux of soft X-rays between
energies of 0.1 and 2.4 keV (5-124 A), and H and S define
previously adopted hard and soft channels, respectively
(Schmitt, Fleming, & Giampapa 1995). The latter have been
used to define a ““ hardness ratio ”” as

H-S
H+S (6)

The sum in equation (3) for channel R corresponds to that
used in the ROSAT All-Sky Survey (RASS); in particular, it

HR =
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applies to the count rates used by Hiinsch et al. (1998, 1999),
adopted by us below. J. H. M. M. Schmitt (2002, private
communication) estimates an uncertainty of £10% for the
ROSAT-PSPC effective areas.

2.2. SNOE-SXP

The SNOE-SXP instrument and its performance are
described by Bailey et al. (2000). In brief, the instrument
consists of three silicon diodes sensitive in the soft X-ray to
extreme-ultraviolet wavelength range (XUYV), with different
filter materials deposited directly on the diode surfaces. A
photon of energy 3.65n eV (i.e., at wavelength 3400/n A)
that passes through each filter onto a diode surface yields, if
absorbed, n electrons in the diode’s conduction band. Each
photometer’s bandpass is determined by its thin film coat-
ing, which has been especially designed to reject the intense
solar light longward of 300 A. Thus, for a given voltage
applied to the diode, the current is proportional to the solar
energy flux per unit time, integrated over the appropriate
waveband and the area of the diode.

The first diode has a Ti coating that, when folded with
typical solar spectra, transmits photons of energies mostly
between 0.18 and 0.62 keV (i.e., 20-70 A) (Bailey et al. 2000,
their Fig. 4; see also our Fig. 1). The second has a Zr/Ti/C
coating w1th an effective passband mostly between 0.07 and
0.21 keV (60-190 A) and the third has an Al/C coating with
a passband between 0.062 and 0.073 keV (170-200 A). All
the diodes have sensitivities to photons at higher energies, as
can be seen in the SNOE-SXP response curves shown in
Figure 1. Coupled with the shape of the solar spectrum out-
side of flares, this means that the diodes’ responses all lie
mostly in the energy ranges listed above.

The photodiode coatings have small imperfections,
rendering the currents sensitive to the (much larger) flux of
solar UV photons through these defects. These contributions
to the currents must be measured and subtracted from the
data. This is done by periodically placing a fused silica
window in front of the diodes to absorb the XUV light, leav-
ing only the softer, UV component (see Bailey et al. 2000,
their Fig. 2). During the first 2 years of the mission (when the
data used in this paper were taken), the SNOE-SXP made an
X-ray measurement on every fourth orbit, or approximately
4 times per day. On the other orbits, approximately 12 per
day, a measurement with the fused silica window was
performed to obtain the UV/visible background. These
measurements showed that the window transmission and
UV /visible light leaks were very stable. Later in the mission,
the fused silica window measurement frequency was reduced
to 1 orbit per day. The SNOE-SXP diodes have thus been
carefully calibrated, yielding rms uncertainties of +23% for
the Ti-coated diode and +£15% for the Zr/Ti/C and Al/C
diodes, within the nominal bandpasses noted above.

Let f; be the flux density of soft X-ray photons incident
on the SNOE-SXP diodes. The electrical current J;
measured in diode 7 is

i

Ji= / Cdifode | (7)

1

where a! is the sensitivity function, whose shapes are shown
in Figure 1. Equation (7) serves to define an effective area a’
for each diode in terms of the current per unit incident flux
density, instead of the more familiar count rate per unit flux
density given by equations (3)—(5).
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2.3. Tying the ROSAT-PSPC and SNOE-SXP
Data Sets Together

Equation (7) for the current measured by SNOE-SXP
is of essentially the same form as equations (3)—(5) for
the count rates measured by the ROSAT-PSPC instru-
ment, except for the redistribution function R, in equa-
tions (3)—(5). The formalisms are identical when the sum
over pulse-height channels extends over the entire
ROSAT-PSPC range, because of equation (2). Summing
over the narrower ranges in the ROSAT-PSPC pulse-
height channels given by equations (3)-(5) leads to a
well-defined set of count rates for a given input spectrum
and has the benefit that these subsets are more accurately
calibrated (i.e., R; is better known) than for the channels
outside of these ranges.

Figure 1 shows curves proportional to the effective
areas of the ROSAT-PSPC and SNOE-SXP instruments, a
theoretical spectrum f. computed using the latest version
(3.03) of the CHIANTT package (see below), and the cumu-
lative contributions to the total count rates (ROSAT-PSPC)
and currents (SNOE-SXP). The ROSAT-PSPC and SNOE-
SXP instruments obviously measure different properties of
the solar and stellar spectra f;, but the bottom panel of Fig-
ure 1 shows that the SNOE-SXP channels span the sensitiv-
ity range of ROSAT-PSPC to the energy of this particular
input spectrum. Note that f,—or at least some spectrally
integrated property of f;—is the information about the Sun
and stars that we would like to compare directly. To com-
pare data sets from such different instruments requires addi-
tional information on f;. Such information is added using
synthetic spectra.

First, we normalize each flux density f. to that projected
down onto the stellar surface F; using

d2
Fe: f67 (8
3 )

where Ry is the stellar radius and d'is the distance to the star.
Next, we define average flux densities that can be derived
directly from the count rates and currents measured by the
two instruments. For the ith diode of SNOE-SXP, a suitable
average can be defined as

4 f:,; alF. de
(F') = ———— photons cm > s~ erg™' . (9)
ff al de
1
With
A" = / " & de cm? ergs (10)

1

a quantity that is determined only by instrumental
properties, equations (7) and (8)—(10) give

a’ 1 2 -1 1

(F’) R2 AfJi photons cm™~ s~ erg™ " . (11)

By analogy, for the ROSAT-PSPC instrument, we can write
from equations (3)—(5), for the ith passband,

Z / R;.a.F. de, (12)

Jj=min
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where

/R,eaE de (13)

Jj=min

and where “min " and “max ” specify the lower and upper
limits of the summed ROSAT-PSPC pulse-height channels
for the ith passband, whence

a> 1 2 1 1

(F'y = R2 AlC photons cm™* s~ erg™" . (14)

Equations (11) and (14) are both of the form

d> 1 .

(F') = R oM photons cm™2 s ! erg™!,  (15)

where the measured quantities M; are C; for ROSAT-PSPC
and J; for SNOE-SXP. By definition, (F’) measures a
weighted average of the surface flux density, where the
weighting function is the effective area of the SNOE-SXP
diode or the effective area and redistribution function for
the particular ROSAT-PSPC passband. Given 4’ and mea-
surements of M;, equation (15) contains everything needed
to determine (F?) for channel 7 of either instrument. It is
important to note that, for a given instrument, this equation
can be used to determine (F') from the measurements M inde-
pendently of any assumptions concerning the shape of the
spectrum.

Our next step—the central aspect of this work—is to
derive theoretical relationships between the mean flux den-
sities (F') for the commonly used passbands for ROSAT and
the three channels of SNOE. We do this using sets of syn-
thetic spectra (F, = S,) to compute (F’) in equations (9) and
(12). The synthetic spectra S, were computed using version
3.03 of the CHIANTI package (Dere et al. 2001).

Coronal X-ray emission is dominated by optically thin
Bremsstrahlung and emission lines (with smaller contribu-
tions from photoionization continua), all of which arise
from collisions involving thermal electrons. Thus, we com-
pute mean flux densities from series of spectra computed
under isothermal conditions. While both S, and (F’) depend
also on electron pressure P,, the shape of the spectrum
depends far more strongly on electron temperature 7, par-
ticularly when integrated over channels covering many spec-
tral lines, as are considered here. When the X-ray spectrum
from an entire corona is mostly optically thin, it can simply
be computed as a sum of spectra of isothermal plasmas with
an appropriate weighting. Our approach is therefore as
follows:

1. Compute S.(7,) from isothermal plasmas as a
function of 7, between 5 x 105 and 2 x 107 K

2. Determine mean flux densities (F) in ROSAT and
SNOE passbands from the computed S,(7), as a function
of T,, using equations (9) and (14).

3. Find linear combinations of the SNOE mean flux
densities that approximate the ROSA T mean flux densities:

(F') rosar( ch] )svoe(Te)

106K<T<2><107K (16)
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4. Convert the SNOE-SXP measured currents to
(F7) snog from equation (11), and use equation (16) to esti-
mate (F') pos47> Which can be compared with stellar meas-
urements through equation (14). Conversion to energy flux
densities and luminosities requires further use of the
synthetic data and is discussed in § 2.4.

5. Evaluate the influence of pressure and elemental abun-
dance variations within the coronal plasma on the results
(coronal abundance variations are reviewed, for example,
by Feldman 1998).

To determine the coefficients ¢;; we minimized the residual

2

i 1 - l
R :;Z (F')rosar(Tk) ZCU Ysvoe(Tk)|  (17)

k=1

for each ROSAT-PSPC passband i. The optimization was
done numerically using an IDL version of the genetic algo-
rithm (GA) PIKAIA (Charbonneau & Knapp 1995) kindly
provided by S. McIntosh (2002, private communication).?
The sum over temperatures from 7 to T, included a grid of
temperatures linear in log T,, from 10° to 2 x 107 K. This
temperature range was chosen to encompass contributions
from solar-like quiet and active regions (e.g., Vaiana &
Rosner 1978; Haisch & Schmitt 1996).

In the Appendix, we discuss sources of error in this
approach, which hinge on three issues: the accuracy of the
model spectra, uncertainties introduced via abundance var-
iations, and the quality of the fit given by equation (16).
While there remain unquantifiable, but potentially impor-
tant, sources of error arising from the first two considera-
tions, those arising from the quality of the fit are shown
there to be +15% or less. Figure 2 shows two typical calcula-
tions of (F)(T,) for the RASS passband (0.1-2.4 keV). In
these calculations two sets of abundances were adopted,
from Allen (1973) and from Feldman et al. (1992b), and a
constant electron pressure of 101 cm—3 K was assumed. In
these cases, between 10° and 107 K, the linear combination
of SNOE-SXP channels can reproduce the ROSAT-PSPC
soft channel’s behavior with an rms variation (v/R' in eq.
[17]) of ~14% of (F'). This relatively small variation shows
that, provided the synthetic data are qualitatively reason-
able, the SNOFE measurements can be translated into equiv-
alent ROSAT-PSPC RASS count rates with this level of
accuracy. These rms variations should be considered as
upper limits because they relate to isothermal calculations.
Stellar spectra are better characterized by a distribution of
material at different temperatures, which serves to average
out these variations.

Fits, not shown here, for electron pressures factors of 10
smaller and larger have very similar coefficients. The fits for
the other passbands differ not only in the coefficients but
also in the quality of fit, as measured by the rms fluctua-
tions. The S passband (0.1-0.4 keV) fits show rms fluctua-
tion variations of 12%-32% about calculated values, the
worse fits corresponding to calculations using coronal abun-
dances. For the H passband (0.5-2 keV), the rms variations
are between 20% and 29%, and examples are shown in Fig-
ure 12 in the Appendix. However, for the H passband, an
additional source of error arising from uncertainties in the

2Simple linear projection using Gram-Schmidt orthogonalization
yielded very similar results. The GA yields slightly smaller residuals.
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FI1G. 2.—Mean flux densities in arbitrary units (given by egs. [9] and [12])
computed as a function of electron temperature 7, for the RASS (0.1-2.4
keV) ROSAT-PSPC passband and the three SNOE-SXP channels. Abun-
dances were taken from Allen (1973) (top), and from Feldman et al. (1992a)
(bottom). The electron pressure was p, T, = 10> cm~3 K in both cases. The
thick solid line shows the linear combination of SNOE-SXP channels that
most closely mimics the ROSAT-PSPC temperature dependence, as given
by eq. (16). The legend lists the fit parameters and residual in eq. (17). Also
shown (and measured on the right axis) is the mean passband energy (')
(defined through eq. [21]).

poorly known SNOE-SXP effective areas at energies higher
than the nominal passbands limits the usefulness of equa-
tion (16). Such fits are very sensitive to these high-energy
values. For this reason we cannot trust conversions from
SNOE-SXP to ROSAT-PSPC for the H passband.

2.4. Energy Flux Densities and X-Ray Luminosities

Our use of photon flux densities enables us to use
equations such as equations (11) and (14) to link the
ROSAT-PSPC and SNOE-SXP data sets via equation (16).
However, essentially all of the literature deals with energy
flux densities and luminosities. Therefore, some estimate of
the energy flux densities is required. Starting with the mea-
sured SNOE-SXP currents, two approaches are possible.
First, we note that equations (9) and (16) yield

a2 3 J;
Cizd_ﬁ IROSATZCUA]'— ; (18)
= SNOE

where d, is the Sun-Earth distance, allowing us to convert
the SNOE-SXP net current densities J; approximately into
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count rates in ROSAT-PSPC’s passband i, if the Sun were
placed at a distance d from the Earth. This approach could
be used directly to simulate the count rates and hardness
ratios employed in earlier work in which luminosities were
computed directly from these quantities. As an example, the
data sets compiled by Hiinsch et al. (1998, 1999) used results
from spectral calculations of Fleming et al. (1995) to esti-
mate stellar energy flux densities as functions of count rates
and hardness ratios, based on calculations using the emis-
sivities of Raymond & Smith (1977). These calculations
yielded

frass = [5.30(HR) + 8.31] x 10712 Cgass ergs cm 2 57!
(Raymond-Smith) , (19)

where HR is defined in equation (6), Crass is the count rate
determined in the RASS (0.1-2.4 keV) passband, and the
energy flux density frass (ergs cm=2 s—1) is the estimated
energy flux in the same passband. The stellar luminosity in
this passband is simply

Lrass = 4md*frass - (20)

Instead of applying equations (18)—(20) directly, a second
approach is more desirable for estimating the solar luminos-
ity in a given passband from SNOE-SXP data, from two
points of view. First, as noted above, counts in the A band-
pass, and hence the hardness ratios, are not accurately
determined from SNOE-SXP. Second, the approach out-
lined above combines calculations from two theoretical
models, so it lacks internal consistency. Instead, we use the
CHIANTI calculations to get directly the energy conversion
factors through the relation

E' = / ’ F.ede = (F')(e — €))(€) ergs cm ™2 s !, (21)

1

which simply defines the mean energy in channel i, (¢'), in
terms of the total energy flux density in the channel, E7, and
other quantities introduced earlier. Given E!, X-ray
luminosities Lk are simply

Ly = 47RLE ergss™' . (22)

Our preferred approach is thus to evaluate (¢/) using the the-
oretical calculations in equation (21). Measured currents
and count rates are converted to (F') using equations (18)
and (14). Equations (21) and (22) then yield solar and stellar
X-ray flux densities and luminosities.

The accuracy of this approach, in common with all earlier
stellar X-ray work, hinges on the accuracy of the theoretical
spectra and the relative constancy of (¢} with T,, which is
also shown in Figure 2. The top panel shows results for the
RASS bandpass computed using the photospheric abun-
dances of Allen (1973). The function (¢’) varies remarkably
little with T,, showing a weak, almost monotonic increase
with T, above 10° K. A linear fit of the computed values of
HR and (€') yields, for calculations done with 7, > 10° K,
in analogy to equation (19),

fiass = [1.40(HR) + 8.32] x 10712 Cgrass ergs cm 2 s~
(Allen abundances) . (23)

Similarly, for the bottom panel of Figure 2, which is based
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on abundances of Feldman et al. (1992b), we find

=4 4+ 7.61] x 107 “Cgrass ergs cm™ “ s~
fiinss = [295(HR) + 7.61] x 10~ 2Cags ergs om 2 57!
(Feldman abundances) . (24)

The CHIANTI results yield a less steep dependence of
the energy flux densities on the hardness ratio than those
computed using the earlier Raymond-Smith model.
Figure 3 compares X-ray luminosities in the RASS band-
pass computed using equations (19) and (23), from count
rates and hardness ratios tabulated by Hiinsch et al.
(1998). The systematic offset between these two calcula-
tions simply reflects the differences between equations
(19) and (23). This highlights the need for internal consis-
tency and emphasizes that energy flux budgets are more
difficult to evaluate than photon flux budgets. Finally, we
note that equations (19), (23), and (24) can be applied to
the measured ROSAT-PSPC data but not to the
ROSAT-PSPC data that have been derived via equation
(18), simply because the SNOE-SXP data cannot yield
reliable values of HR. Hence the use of the asterisk
superscript in equations (23) and (24). Therefore, for the
solar data, we use

Frinss = (8.1£0.9) x 1072 Crass ergs cm 2 s~
(Allen abundances) , (25)

with Ly o = 47d2 fiass- The constants in equation (25)
come from the mean value and rms variation of ()
above 10° K, as shown in the top panel of Figure 2.
For comparison, the numerical constant® derived using
the abundances of Feldman et al. (1992b) is
(7.4 +£2.0) x 10712 ergs cm~2 count™'.

3 All these calculations are similar to those used by earlier workers. For
example, it is reassuring that our CHIANTI calculations applied to the
Einstein IPC instrument yield a numerical conversion factor of
1.7 x 10~" ergs cm~2 count™!, identical to that used by Schrijver (1983).
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Fi1G. 3.—X-ray luminosities in the RASS passband computed using the
earlier energy budget calculations based on the Raymond-Smith code
(abscissa) and on the CHIANTI calculations in this paper (ordinate).
ROSAT-PSPC count rates and hardness ratios were taken from Hiinsch
et al. (1998). The solid line represents equality. The different slopes arise
from the different values of the coefficients in eqs. (19) and (23).
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3. RESULTS

We examined the SNOE-SXP net currents in the three
channels that were obtained for the first 545 days following
the launch of the SNOE satellite on 1998 March 11. The
minimum of the solar magnetic activity cycle occurred in
1997 January or so. Thus, the SNOE-SXP data set does not
sample a representative minimum in solar magnetic activity,
and so below we include some extrapolations of the SNOE-
SXP measurements. Fortunately, the data were acquired
during the steepest part of the cycle. The Ottawa radio emis-
sion at 10.7 cm (““F10.7,” measured in the usual ““ solar flux
units” of 1019 ergs s~! cm~2 Hz!) varied from 80 to 270
during this period, with 96% of the F10.7 values containing
between 95 and 210. Only rarely does F10.7 exceed 300; at
solar minimum it is ~65. Thus, the SNOE-SXP data set did
sample a significant fraction of the solar cycle.

The measured currents are shown in Figure 4, together
with X-ray luminosities predicted for the RASS bandpass,
for two sets of abundances. These were evaluated using
equation (18) to get the equivalent count rates only for the
RASS bandpass, and then equation (25) (and its equivalent
for the other abundance data set). The uncertainties plotted
include those in the SNOE-SXP effective areas and the rms
variation of the mean energy (€/) with 7. Several features in
the figure are of interest. First, the conversion preserves the
overall form of the SNOE-SXP current variations. This is
because of the linear relationship between these quantities
built into equation (18). Second, the summation does
not suffer unduly from cancellation, so that propagated
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FIG. 4—Top: Net currents measured in the three SNOE-SXP diodes
plotted as a function of time. Middle and bottom: Equivalent X-ray
luminosities as would have been measured by ROSAT-PSPC in the RASS
bandpass, for two cases of the assumed abundances. The shaded areas
mark the estimated uncertainties.
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FiG. 5.—Estimated ranges of X-ray luminosities in the RASS passband
for the Sun compared with stellar values from the ROSAT-PSPC database
compiled by Hiinsch et al. (1998), plotted against the Johnson B—J color
index taken from the same database. The circle sizes are proportional to the
measured hardness ratios, and the three lines delimit the central 96% of the
predicted solar luminosity distribution functions, to remove outlying
points. Note that the Sun lies at the lowest activity levels among this sample
because the sample is drawn from a brightness-limited, not volume-limited,
data set.

uncertainties are not overwhelming and are 27% and 35%
for the two abundance sets, respectively. Third, the conver-
sion predicts significant rotational and solar cyclic modula-
tion of the Sun as seen through the RASS passband of
ROSAT-PSPC (this is quantified below). Finally, we see
that within the estimated uncertainties the results are essen-
tially identical for the two quite different sets of abundances.

A comparison between ROSAT-PSPC stellar luminosi-
ties and the solar behavior predicted for the RASS passband
is shown in Figure 5, where the abundances of Allen (1973)
are used. The figure includes those stars with B—J colors
between 0.55 and 0.75 in the data set of nearby dwarf and
subgiant stars from Hiinsch et al. (1998). ROSAT-PSPC
count rates and Hipparcos distances were taken directly
from Table 2 of Hiinsch et al. (1999), and equation (23) was
used to evaluate luminosities. The error bars include the
uncertainties in the ROSAT-PSPC and SNOE-SXP effective
areas and the uncertainty given in equation (25). Uncertain-
ties in distances are in general small for this population of
stars, of which 90% of this subset are closer than 50 pc, and
65% are closer than 25 pc. They are negligible compared
with the propagated uncertainties from the other sources.
For example, a typical Hipparcos uncertainty is less than
[d (pc)/5]% (Arenou et al. 1995), translating to an addi-
tional uncertainty in Lx of less than 20% for 90% of the stars
in this sample. Figure 6 compares the surface flux densities,
where values of d/Rx were derived from the surface bright-
ness versus B—J relationship of Barnes, Evans, & Moffett
(1978). The error bars are larger for this plot because this
relationship has an intrinsic uncertainty of £22% in the
ratio of @2/ R}, for stars of this color range. Figures 7 and 8
compare histograms of the luminosities and flux densities
plotted for the variation over that part of the solar cycle
observed by SNOE-SXP and for the same sample of stars.
Very similar results are found for the sample of stars
selected by Hiinsch et al. (1999), which consists of a nearly
complete sample of all stars within 25 pc of the Sun. It is
unfortunate that the predicted Sun’s luminosity in the
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Fic. 6.—Similar to Fig. 5, except that X-ray surface flux densities are
plotted on the ordinate. The stellar sample is drawn from a brightness-
limited data set.

RASS band is as low as 10?7 ergs s—!, because the detection
limit of the RASS observations is typically just
10279[d /(25 pc)]* ergs s~!. Thus, at the level of sensitivity
needed to detect solar X-ray emission throughout most of
the solar activity cycle, the sample is complete only within
d=9 pc, where there are just three stars with
0.55 < B—V < 0.75 (HD 10700 = 7 Cet, HD 20794, and
HD 128620 = « Cen A). RASS was simply not sensitive
enough to make quantitative comparisons of the solar and
stellar distributions shown in Figures 7 and 8: a survey twice
as sensitive would have captured 16 stars in this color range.
In § 4.2 we compare the solar luminosity distribution func-
tion with one determined from a volume-limited sample of
nearby G stars by Schmitt (1997). Schmitt’s fit to this
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FiG. 7.—Histograms showing the predicted X-ray luminosity of the Sun
as seen in the RASS bandpass of the ROSAT-PSPC instrument, among the
distribution of nearby stars with B— ¥ colors between 0.55 and 0.65 in the
data set of Hiinsch et al. (1998). Only main-sequence stars and subgiants
are included, amounting to just 120 stars, in this color range. The ranges of
X-ray luminosities derived in earlier work are shown as horizontal lines,
annotated with references and the relevant bandpasses. The smooth dot-
dashed curve shows Schmitt’s (1997) fit to his volume-limited sample of
nearby G stars, truncated at the lowest luminosities (no stars were found
for such low values). The difference between Schmitt’s curve and the histo-
gram of Hiinsch et al. (1998) arises from the fact that the latter is a
brightness-limited sample.
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Fic. 8.—Similar to Fig. 7, except that histograms of the X-ray surface
flux densities are plotted on the ordinate. The same subset of stars is
extracted from the sample of Hiinsch et al. (1998) as in Fig. 7. The arrow
marked “Schmitt 1997 shows the lower limit of X-ray surface flux
densities found for stars, identical to that found by Schmitt (1997) for the
Sun covered with coronal hole plasma.

distribution function is shown as the dot-dashed curve in
Figure 7. The figure shows that the Sun’s behavior derived
from the SNOE-SXP measurements is typical of nearby
G stars, but if the extrapolated data are to be believed,
the Sun’s average X-ray luminosity may be a factor of
~2 smaller than the broad peak of Schmitt’s (1997)
distribution.

3.1. Extrapolations

To estimate further the solar cyclic variations, we must
look to additional data. A minimum value of the luminosity
in the RASS bandpass can be estimated from earlier data
sets. In data collected by Manson (1977), the solar luminos-
ity in the RASS bandpass does not drop below 1026-8+03 ergs
s~! for F10.7 values even as low as 81 (see § 4.1). This is sub-
stantially higher than the estimates of 10233 to 102° based on
Yohkoh-SXT data and models mentioned in § 1.

A second way to estimate the cyclic variation is extra-
polation using regressional analysis with other data sets.
Estimates were therefore made through linear regression fits
of the SNOE-SXP data and two sets of data for which com-
plete and accurately calibrated solar cyclic behavior are
available. The first (not shown in the figures here) is the 10.7
cm radio flux that has been measured at least once daily
since 1947. Outside of flares, the radio measurements arise
from free-free emission in the corona. F10.7, when filtered
to remove occasional radio “flares,” is strongly correlated
with EUV irradiance measurements (Manson 1977; Walker
1977). The SNOE-SXP irradiance data are no exception
(see Fig. 7 of Bailey et al. 2000), showing correlation coeffi-

TABLE 1

CORRELATION COEFFICIENTS BETWEEN THE SNOE-SXP
20-70 A CHANNEL AND THE OTHER DATA SETS

Data Set Pearson Spearman
F10.7 oo 0.895 0.899
SOLSTICECIV.....o.coivcne 0.913 0.919
Yohkoh-SXT 80-20 A 0.867 0.870
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cients of 0.9 (see Table 1). The second data set is the irradi-
ance of the C 1v A\1548, 1550 doublet observed with the
SOLSTICE instrument on the Upper Atmosphere Research
Satellite since 1991, for which accurate daily values are
available (T. Woods 2002, private communication). The
C 1v feature arises in the subcoronal ““ transition region ” at
a temperature of ~10° K. Stellar data have revealed statisti-
cal correlations between X-ray and C 1v emission (e.g.,
Ayres, Marstad, & Linsky 1981; Schrijver 1987; Rutten
et al. 1991). Both the F10.7 and C 1v data sets were filtered
using a running median to remove outliers before making
the linear regression. Figure 9 shows the linear regression
between the SNOE-SXP Ti (20-70 A) diode’s current and
the C1v irradiances.

Both of the above data sets have more accurate calibra-
tions than the SNOE-SXP data themselves. They suffer,
however, from being only indirectly related to X-ray emis-
sion. Therefore a third data set, with substantially higher
calibration uncertainties, was regressed against the SNOE-
SXP data set. Yohkoh-SXT obtained imaging data from
1991 October to 2001 April. L. W. Acton (2003, private
communication) kindly provided daily averaged estimates
of X-ray luminosities in three bins, between 1 and 8 A, 8 and
20 A, and 20 and 40 A, extracted from the raw Yohkoh-SXT
data, from accompanying models. The highest correlations
with the SNOE-SXP 20-70 A diode’s current were actually
found for the Yohkoh-SXT 8-20 A channel. Correlation
coeflicients for all three data sets are listed in Table 1. Only
linear fits were needed for the F10.7 and SOLSTICE data,
but a quadratic fit was required to fit adequately the
Yohkoh-SXT data, which increase more than linearly with
the SNOE-SXP currents.

Figures 5-8 include the estimates (dotted and dashed lines)
using the Yohkoh-SXT and SOLSTICE data, extrapolated
over at least one complete solar cycle. The results extra-
polated from the Yohkoh-SXT versus SNOE-SXP fit are
remarkably similar to those (not shown) from the F10.7
regression. Both the SOLSTICE and Yohkoh-SXT extrapo-
lations extend the estimated distribution downward, to 26.8
and 27.0 in the logarithm of Ly, s, respectively. It is worth
noting that Ly g = 26.8 ergs s—! corresponds to a surface
flux density of 10* ergs cm=2 s~!, identical to Schmitt’s
(1997) smallest values found for his volume-limited sample
of G stars (see Fig. 8) and to his estimate of the Sun covered
with coronal holes based on the analysis of Yohkoh-SXT
data by Hara et al. (1994).# Nevertheless, it is important to
stress that all estimates based on extrapolation must be
regarded with skepticism.

4. DISCUSSION

4.1. Comparison with Earlier Estimates of the
Solar X-Ray Luminosity

Figure 7 compares our estimates of solar X-ray luminosi-
ties with those from earlier work, spanning cycle minimum

4 While the minimum value of the X-ray luminosity given by Schmitt
(1997) derives from the work of Hara et al. (1994), the origins of the mean
and maximum values are unclear. It is interesting that his values, if multi-
plied by a factor of 4, come into agreement with our new estimates and that
a factor of 4 increase is what was found by Solomon, Bailey, & Woods
(2001) to convert some standard solar XUV irradiance models to the
SNOE-SXP measurements.
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and maximum, in a variety of passbands. These compari-
sons also are summarized in Table 2. Note that not all of
these earlier results were designed to match the specific
ROSAT-PSPC response in the manner presented in this
paper, so they cannot all be directly, or fairly, compared.
Relative to the 0.1-2.4 keV RASS bandpass, our CHIANTI
calculations show that the 0.15-4 (Einstein) and 0.2-2.0 keV

(Ayres’s results) bandpass luminosities should be multiplied
by factors of roughly 1.1 and 1.6, respectively, and that the
0.04-12.4 keV “bolometric” bandpass of Acton (1996)
should be divided by an unknown but substantially larger
factor. Applying the known factors, we see that just two of
the studies are broadly compatible with our results: that
of Ayres (1997) based on suborbital rocket data, and that of

TABLE 2
ESTIMATES OF THE SUN’S X-RAY LUMINOSITY

Passband Energy log Lin log Liax Original
Passband Name (keV) (ergss1) (ergss1) Source Source
Einstein ...........cc.ccoveu.n. 0.15-4.0 26.0 27.4 1
Einstein ..........c..coou..... 0.154.0 27.0 28.0 2 3
Einstein ... 0.15-4.0 27.2 27.8 4 5
Bolometric .. 0.04-12.4 25.5 27.0 6 7
ROSAT... 0.1-4.0 25.6 27.1 8
ROSAT .......ccvvven. 0.1-2.4 26.7 27.3 9
ROSAT ... 0.2-2.0 26.8 27.4 10
ROSAT. 0.1-2.4 26.0 27.7 11
ROSAT. 0.1-2.4 27.1 27.75 12
ROSAT .......ccvvven. 0.1-2.4 26.8 27.9 13

Note.— Einstein data are for the IPC; ROSAT data are for the PSPC.

Sources.—(1) Pallavicini et al. 1981; (2) Golub et al. 1982; (3) Vaiana & Rosner 1978; (4) Rutten &
Schrijver 1987; (5) Schrijver 1983; (6) Haisch & Schmitt 1996; (7) L. W. Acton 1996, private
communication to Haisch & Schmitt; (8) Acton 1996; (9) Schmitt 1997; (10) Ayres 1997; (11) Orlando
et al. 2001; (12) this work (1998.2-1999.7); (13) this work (extrapolated over a full solar cycle).
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Rutten & Schrijver (1987). The estimates of Golub et al.
(1982) can be brought into agreement if divided by ~2.
Schmitt’s (1997) work underestimates our luminosities by a
factor of 2-3. The remaining studies systematically underes-
timate our X-ray luminosities during solar minimum and
overestimate the solar cyclic variability, and of these only
the work of Orlando et al. (2001) matches our estimate
under solar maximum conditions.

The origins of the estimates cited in the Einstein-IPC
studies are all quite vague. While Golub et al. (1982) cite
Vaiana & Rosner (1978) as their source, no solar cyclic lumi-
nosity estimates can be found in the latter. However, given
additional statistical data concerning the coverage of the
Sun with coronal holes, quiet features, and active regions, it
is possible to construct such estimates from their Table 2,
but even so, no specific bandpass is given for these estimates,
which hinge on the lowest energy limit of the given bandpass
because of the steepness of the spectrum (e.g., see Fig. 1).
Interestingly, the somewhat different estimates of Rutten,
Schrijver, and colleagues in the table also point to Vaiana &
Rosner (1978) as the original source in Table 1A of the
paper by Schrijver (1983). The other Einstein-related esti-
mate, from Figure 6 of Pallavicini et al. (1981), seems to be
based on early irradiance measurements summarized by
Kreplin et al. (1977) that focused on the region below 10 A
(i.e., above 1.24 keV) but also discussed data to 20 A. The
bandpass used for this estimate is presumably that of the
Einstein IPC, 0.15-4 keV, although again this is not clear.

Two of the more recent studies are based on analysis of
Yohkoh-SXT data, and they disagree significantly with our
results. The preliminary estimates of Acton (1996) are all
significantly smaller than ours. The luminosity at the maxi-
mum of the solar activity cycle given by Orlando et al.
(2001) agrees well with our estimate, but their minimum
value is significantly smaller. By predicting much smaller
luminosities at solar minimum, these authors also predict a
factor of 30 variability of the Sun as seen by the ROSAT-
PSPC 0.1-2.4 keV bandpass, over the solar cycle. These dis-
agreements with our results appear to have a twofold origin.

First, Yohkoh-SXT’s bandpasses are relatively hard (see
Fig. 2 of Stern, Alexander, & Acton 2003), so they miss the
soft part of the spectrum below 0.3 keV (A > 41 A), where
ROSAT-PSPC and Einstein-IPC have high sensitivities.
Figure 10 shows images of the Sun obtained on 1996 May
13 with instruments on SOHO (SUMER, EIT), which
imaged the transition region (the A933 line of S vi, formed
near 2 x 10° K) and 10¢ K corona (171 A channel contain-
ing Fe 1x and Fe x emission), and with Yohkoh-SXT. These
images were selected because a full-disk image of a (nonhe-
lium) transition region line near to solar minimum activity
levels was available. Clearly, the EIT 171 A image contains
no detectable signature of transition region lines, even
though a weak but potentially contaminating multiplet of
O vi lies within the 171 A EIT passband. By masking the
EIT and Yohkoh-SXT images as shown to separate active
regions and X-ray bright points from the quiet Sun, we find
that the active Sun contributes ~8% and 37% to the total
irradiance in these EIT and Yohkoh-SXT images, respec-
tively. Replacing the active region intensities with the aver-
age quiet Sun data in each image would reduce the
irradiances by 6% and 31%, respectively. Thus, the Yohkoh-
SXT irradiances are far more sensitive to the presence of
small amounts of hotter active region plasma than are the
EIT images, whose emission more accurately reflects plasma
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contributing to the softer spectra seen with ROSAT-PSPC
and SNOE-SXP. Thus, it is potentially risky to use Yohkoh-
SXT data to try to infer X-ray luminosities extending to the
low energies sampled by the ROSAT-PSPC 0.1-2.4 keV
passband. We believe that this problem is manifested by the
fact that different authors have derived quite different values
for the minimum solar luminosity using Yohkoh-SXT data:
Schmitt (1997) determined L ,qq = 26.8 ergss~!, but Acton
(1996) found values of 25.5-26, and Orlando et al. (2001,
their Fig. 6a) found LgJ,qq =26. The differing results
depend on the modeling procedures used to convert
Yohkoh-SXT to ROSAT-PSPC luminosities.

A second problem can be traced to the methods used by
Orlando et al. (2001) to compute the emission measure dis-
tributions needed for their synthetic spectra. This issue had
been recognized in earlier papers in their series (Orlando,
Peres, & Reale 2000; Peres et al. 2000), but we believe that it
leads to systematic errors under some important circum-
stances. From two filter measurements by Yohkoh-SXT,
they derive for each pixel in each image a single temperature
and a single value of the emission measure. A total * emis-
sion measure distribution” is derived for each image by
adding up the total emission measures found in certain tem-
perature bins (their Fig. 4, right). The resulting “ distribu-
tion” then is taken as the input in a spectral calculation.
Unfortunately, this can lead to a systematic bias in spectral
simulation, because in principle one should first derive an
emission measure distribution as a function of temperature
for each pixel, and only afterward add the individual emis-
sion measure distributions to build up a valid composite for
the whole Sun. The results will be correct only if the plasma
observed in each pixel is truly isothermal. If material encom-
passing a wide range of temperatures falls along the line of
sight, their monothermal analysis tends to pick a “mean”
temperature—avoiding, in particular, any cooler coronal
gas that is present (compare the EIT and Yohkoh-SXT
images in Fig. 10)—therefore missing a critical part of the
temperature structure required for an accurate calculation
of the spectrum. The result is that the inactive part of their
distribution of inferred X-ray luminosities is underesti-
mated. Finally, independent measurements of irradiance
made in the 1960s and 1970s show that the Yohkoh-SXT—
based estimates of the amplitude of the solar cyclic variabil-
ity in their quoted bands must be incorrect. For example,
irradiances constructed from Tables 1 and 2 of Manson
(1977) show that, when all radiation above 0.1 keV (123 A)
is included, the solar luminosity does not drop below 10268
ergs s—!, within the quoted factor of ~2 uncertainties. To
drop to a value of 3 x 102 ergs s—!, one must include only
the part of the spectrum above 0.4 keV.

In summary, we depart from the following assessment of
Haisch & Schmitt (1996): ““The solar coronal luminosity
has been widely cited for years as ranging from 1027 ergs s—!
at solar minimum to 102 ergs s~! at solar maximum
(excluding flares) (cf. Golub et al. 1982). It now appears that
the inactive Sun may have a significantly lower L,.” Instead
we believe that Golub and colleagues were nearer to the
mark.

4.2. The Sun in Comparison with the Stars

As noted above, the sample of stars plotted in diagrams
such as Figure 7 derived from all-sky survey data is biased
by intrinsically brighter coronal sources, skewing the
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Fi6. 10.—Full-disk images from the SUMER (S v1) and EIT (171 A channel containing Fe 1x, Fe x) on SOHO and Yohkoh-SXT for 1996 May 12/13.
The EIT and Yohkoh-SXT images have color tables linear in the intensity, but the SUMER image’s color table is not known (it was taken from http://
www.linmpi.mpg.de/english/projekte/sumer). The active regions and bright points (demarcated within the contours) contribute ~8% and 37% to the total

irradiance in the EIT and Yohkoh-SXT images, respectively.

distributions toward higher luminosities. By supplementing
RASS data with targeted observations, Schmitt (1997) con-
structed a volume-limited (d < 13 pc) sample of A, F, and
G stars. The fit to his derived distribution function for G
stars (0.61 < B—V < 0.8), taken from his Table 3, is shown
as the smooth dot-dashed curve in Figure 7, except that we
have moved his luminosities upward by 50% to bring his
data approximately into consistency with our evaluation of
the energy budget (see § 2.4 and Fig. 3). Note that Schmitt
used equation (19) to convert his count rates to luminosities

when hard photons were detected; otherwise, he used an
HR-independent conversion factor of 6 x 10-12 ergs cm—2
count~!. The difference between Schmitt’s curve and the dis-
tribution derived from the data of Hiinsch et al. (1998,
1999) is that it is volume limited, not flux limited. Within the
quantifiable uncertainties, the comparison of the Sun’s his-
togram with Schmitt’s reveals the Sun to be a typical G-type
star, which experiences fluctuations in its luminosity far
smaller than the fluctuations seen between stars. The
median solar luminosity is in good agreement with Schmitt’s
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volume-limited sample of G stars. Thus, our analysis essen-
tially removes the systematic offset between the medians of
the solar and stellar behavior noted by Schmitt, which indi-
cated to him that the Sun is anomalously weak. Our
extrapolated luminosity histograms move the median values
downward, perhaps lending some support to Schmitt’s
claim, but this difference is far smaller than the width of
Schmitt’s distribution. In short, our conclusion that the Sun
is quite typical differs from that of Schmitt (1997), essen-
tially because he believed that the value of Ly was, at solar
maximum, only ~2 x 10?7 ergs s—!. Instead, it is probably
closer to 6 x 10?7 ergs s—! (Figs. 6 and 7).

Finally, we draw attention to the dozen dwarf stars
marked in Figures 7 and 8 whose measured X-ray properties
make them interesting candidates as solar twins. There are
also five or so subgiant stars of potential interest as indica-
tors of the later evolution of the Sun’s X-ray emission.

4.3. Rotational and Cyclic Modulations

We now turn to the question of why solar-like activity
cycles or rotational modulation have not been widely
reported in G-type stars. Several attempts (e.g., by
Hempelmann, Schmitt, & Stepien 1996; Stern et al. 2003)
have failed to find conclusive evidence for cyclic variability.
Given the cyclic modulation of Ca 1 data seen in between
54% and 80% of FGK main-sequence stars (Baliunas et al.
1995; Saar & Brandenburg 1999) and the nonlinear relation-
ship between stellar Ca 11 and X-ray emission, should not stel-
lar cycles have been hinted at with ROSAT-PSPC? At least
part of the answer may lie within Figure 7, which shows that
the predicted solar peak-to-peak 0.1-2.4 keV amplitude lies
between factors of 5 and 10, including variations due to rota-
tion modulation. Thus, the amplitude of solar cyclic varia-
tions expected in the 0.1-2.4 keV passband might be
substantially smaller than the order of magnitude or higher
assumed by some authors (e.g., Hempelmann et al. 1996).

To investigate this issue, Figure 11 shows the computed
variations of Lgrass as derived from the C 1v regression. The
peak-to-peak variation of log;, Lrass seen over the entire
solar cycle sampled in the figure is ~1.0. Breaking down the
variations into long-term (>81 days) ““cyclic”” and short-
term (<81 days) ““ rotational ” components, the figure shows
that long-term peak-to-peak variations are =0.8 dex, the
rotational component contributing typically an rms varia-
tion of 0.06 dex. Given the 0.1-0.2 dex smaller variations
computed using the F10.7 and Yohkoh-SXT extrapolations,
we estimate that the greater than 81 day * cyclic” component
of the solar X-ray luminosity, as might have been observed by
ROSAT-PSPC, varies only by a factor of 5-6 from solar min-
imum to maximum. This result can help to explain why cyclic
variations have not been seen conclusively in other stars.

4.4. oo Cen A as a Solar Twin?

As a case study of a star very similar to the Sun, in which
to look for rotational modulation and cyclic variability, one
star, o Cen A (G2 V), must be considered a prime candidate.
It has been observed repeatedly with the ROSAT High Res-
olution Imager (HRI), in which it is sufficiently separated
from the X-ray brighter K-type companion (o Cen B: K1 V)
for an accurate flux measurement (Fig. 15 of Schmitt 1997).
« Cen was observed by the HRI over the period 1995.6—
1998.1, with extensive monitoring of the binary during two
approximately month-long intervals in 1996. During the
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first of these, 1996.1-1996.2, both A and B were relatively
constant with a flux ratio of f,/fp ~ 0.35, although one of
the pointings in the middle of the series shows evidence for a
factor of 2 X-ray enhancement—a ““ flare ”—on the K star.
In contrast, during the second period, 1996.6-1996.7, the K
star showed a steady, systematic 40% decline from its pre-
vious X-ray level, but with several periods of transiently
enhanced fluxes. The A/B flux ratio during this period was
closer to 60%. Even « Cen A displayed a significant amount
of systematic variation, also at the ~40% level, perhaps due
to rotational modulations. In the final, isolated HRI obser-
vation in 1998.1, o« Cen A was close to its mean level of the
full time series, but B had fallen substantially from its mean,
down to that of A. Thus, in general, the X-ray flux of o Cen
A is only half that of its cooler companion (as known since
the Einstein era: see Schmitt 1997), but long- and short-term
variability can change the ratio significantly.

The Iuminosity of @ Cen A shown in Figure 5 was based
on PSPC exposures in which the binary is not resolved. The
apparent flux is comparable to the Sun under maximum
conditions but is strictly an upper limit for & Cen A owing
to the presence of the usually dominant companion’s coro-
nal emission. The HRI observations of o Cen A suggest an
average Lx ~ 1.5 x 10?7 ergs s—!, with a ~430% variability
over 1995-1998, near the bottom of the solar range. The
corresponding surface fluxes would be comparatively even
lower since oo Cen A has a ~50% larger surface area than the
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Sun (e.g., Thévenin et al. 2002; also compare our Figs. 5 and
6). The +£30% variability observed is compatible with a
random sampling of the solar-like rotational modulations
seen in the bottom panel of Figure 11. Interestingly, the
same figure suggests that the star’s behavior is not compati-
ble with solar-like cyclic variability unless o« Cen A were
near maximum or minimum activity levels during 1995-
1998. Taken together, these findings suggest that o Cen A
might be very similar to the Sun if it can be subsequently
shown that 1995-1998 was a period of minimum activity for
this star.

5. CONCLUSIONS
Our results can be summarized as follows:

1. Using SNOE-SXP data, we can estimate the behavior
of the Sun as seen in the 0.1-2.4 keV (““RASS ") passband
of ROSAT-PSPC to within +50%, not counting sources of
systematic uncertainty discussed in the Appendix.

2. We find that the Sun’s 0.1-2.4 keV luminosity lies
between 10271 and 102775 (measured over the time span of
the SNOE-SXP data) and between 10268 and 10%79
(extrapolated over a full activity cycle). This behavior places
it among the least active late-F and G stars in the bright-
ness-limited samples of Hiinsch et al. (1998, 1999).

3. In comparison with a volume-limited (d < 13 pc)
sample of G stars from Schmitt (1997), the Sun’s luminosi-
ties lie very close to the median stellar behavior but exhibit
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only small temporal deviations compared to the overall
spread of X-ray luminosities in the stellar sample.

4. We predict (Figs. 4 and 11) that a solar-like star should
show factors of typically 1.5 peak-to-peak variations in the
RASS passband simply because of rotational modulations
of active regions.

5. The solar cyclic variations are less easy to predict,
owing in part to the fact that SNOE missed the solar mini-
mum of 1996-1997. Extrapolations and earlier solar obser-
vations indicate solar cyclic variations are 0.7-0.8 in
log;y Lrass, or a ratio of 5-6 in the maximum to minimum
values. Superposed on this is the smaller amplitude rota-
tional modulation.

6. Repeated ROSAT observations of @ Cen A show that
it appears to behave like the Sun during activity-minimum
conditions. It remains to be seen how alike the activity
cycles of these stars really are.
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reading of the manuscript. P. G. J. thanks Jiirgen Schmitt
for reading the manuscript and for useful discussions. We
thank L. W. Acton for processing and providing the
Yohkoh-SXT data. G. Peres made several valuable
suggestions for improving the manuscript.

APPENDIX
SOURCES OF SYSTEMATIC ERROR

As well as the known sources of error discussed in the main text, our analysis hinges on the accuracy with which the
synthetic spectra match real data over extended energy ranges (see Fig. 1 and eqs. [9] and [12]). There is no way to judge the
magnitude of uncertainties that might arise from such systematic errors in our calculations. However, we offer the following
justification in support of the calculations done. The CHIANTI package was chosen because of its overall success at
accounting for solar coronal spectra at longer wavelengths than are important here (Young, Landi, & Thomas 1998; Landi,
Feldman, & Dere 2002) and because of the recent inclusion of atomic data for abundant H-like and He-like ions that extend
the completeness of computed spectra down to the wavelength limit of a few A, the lowest wavelengths at which the
instruments are sensitive. To our knowledge, no quantitative comparison between computed and observed solar or stellar
spectra throughout the entire ROSAT-PSPC and SNOE-SXP wavelength ranges exists. Using early atomic and solar data,
good agreement has, however, been found for important transitions of certain H- and He-like ions (Gabriel & Jordan 1971).
Furthermore, comparison of early measurements (e.g., Tables 1 and 2 of Manson 1977; Table 2 of Kreplin et al. 1977) with the
CHIANTI calculations shows that the CHIANTI line list contains all of the strong lines of importance to the irradiance. Dere
et al. (2001) have shown that there remain some gaps in the atomic data, however. Such gaps correspond to weak transitions
in abundant ions or stronger transitions in ions of elements with low abundances. In either case they contribute little to the
total X-ray emission over relatively broad bands.

The level of agreement exhibited in Figure 2, yielding rms values of +14% in the residuals of the fits given by equation (17),
is typical for the RASS passband in two more abundance sets given by the CHIANTI project’s database. Photospheric
abundances were also taken from Anders & Grevesse (1989), updated using data from Grevesse & Noels (1993), Grevesse,
Noels, & Sauval (1992), and Young et al. (1997). ““ Coronal ” abundances were examined using data from Meyer (1985) as well
as from Feldman et al. (1992b). The photospheric abundance sets used were very similar. The coronal abundance sets differ
substantially according to the first ionization potential (FIP) of a given element. In Meyer’s work, the abundances of high-FIP
elements are factors of 3 or so lower than their photospheric values; in Feldman’s work, the low-FIP elemental abundances
are a similar factor higher than photospheric values. The main influence of varying the abundances is to alter the shape of the
mean photon flux densities (F7)(7,) and the coefficients ¢;; in equation (16). The luminosities and energy flux densities remain
almost independent of the abundances used.

It is important to note that the coeflicients ¢;; in equation (17) were determined using the same set of abundances for both the
Sun and the stars. If the Sun conspired to have coronal abundances that were systematically different from essentially all other
stars, then additional systematic errors would be introduced through the erroneous prediction of the Sun’s ROSAT-PSPC
count rates. To our knowledge, there is no reason to believe that the Sun is in such an anomalous state.
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F1G6. 12.—Mean flux densities for the hard ROSAT-PSPC passband (0.52-2 keV), plotted as in Fig. 2

A problem arises when attempting to convert SNOE-SXP data into the ROSAT-PSPC H passband. Figure 12 shows the fits
for the H passband, similar to those shown in Figure 2. Judging from these figures, one might expect to be able to predict the
H bandpass behavior quite accurately, from the SNOE-SXP measurements. However, as mentioned in the main text, there is
an additional problem with the H passband. The count rates in this channel are particularly sensitive to uncertainties in the
poorly determined SNOE-SXP effective areas at high energies. To test this, we computed count rates as seen in the various
ROSAT-PSPC bandpasses, using equation (18) as in the main text, but in two ““ perturbed ** cases where the high-energy parts
of the effective areas (i.e., those beyond the nominal bandpasses listed in the text) were multiplied by factors of 0.5 and 2. The
resulting count rates in the RASS and S bandpasses both differed from the unperturbed calculation by ~30%. The count rates
in the H bandpass differed, however, by factors of 2. The actual uncertainties in the high-energy parts of the effective areas are
not known, so we err on the side of caution and do not trust the count rates for the H bandpass. This is supported by the fact
that using equation (18) for the H channel yields hardness ratios HR near —0.16, whereas solar-type stars have measured
values much closer to —1.

Finally, for each abundance set, similar calculations were done for a variety of electron pressures. The differences between
the mean flux densities computed at electron pressures of 1014 and 10! cm—3 K for the three SNOE-SXP channels and their
sum are at most a few percent, much smaller than the differences between the summed SNOE mean flux densities and those of
the ROSAT-PSPC. These differences therefore are negligible in our analysis.
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