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ABSTRACT

We present the first spectroscopic extreme-ultraviolet observations of the star EQ Peg (dM4e+dMée)
obtained during a guest observer pointing with the Extreme Ultraviolet Explorer (EUVE) satellite. EQ Peg
was detected in all three spectrometer channels (70-760 A) and was successfully monitored at the same time
by the EUVE Deep Survey photometer (67-178 A). We have identified the main features observed in the
spectra and conclude that a number of lines are produced by the highest ionization stages of iron. The detec-
tions in the 280-760 A range are mainly caused by second-order throughput, except for the He m 4304 line.
Evidence of activity modulation during the observation is present in both the photometric and spectroscopic

data.

Subject headings: line: identification — stars: flare — stars: individual (EQ Pegasi) — ultraviolet: stars

1. INTRODUCTION

EQ Peg (Gl 896AB, BD +19°5116) is a nearby (6.4 pc, 07155
parallax; Gliese 1969) visual binary system (period ~ 180 yr,
separation 3”7; Kukarkin 1969). Both components of the
system are flare stars (Owen et al. 1974; Pettersen 1976) of
spectral types dM4e and dM5e (Joy & Abt 1984) and visual
apparent magnitudes 10.38 and 12.4, respectively. The bright-
est component (EQ Peg A) has a stellar radius of 0.38 R,
while the companion is somewhat smaller (R ~ 023 Rg)
(Pettersen, Evans, & Coleman 1984; Bastian 1990). From an
activity-rotation relationsip, Doyle (1987) deduced a rotational
period of 2.7 days for Gl 896A.

EQ Peg AB has been extensively investigated over a large
part of the electromagnetic spectrum, and simultaneous multi-
frequency observations have been performed. The flare activity
is very prominent, and the system exhibits frequent large flares
in the U band (Lacy, Moffet, & Evans 1976) probably domi-
nated by the fainter star (Baliunas & Raymond 1984). Flare
activity in a large number of chromospheric lines, such as
Balmer Ha, He 1 15876, sodium D, and ionized calcium infra-
red triplet lines has been measured (Pettersen et al. 1984) and
used to derive constraints on temperature and density condi-
tions in the chromosphere. Monitoring of Ha equivalent width
is a well-known diagnostic tool of the chromospheric activity
of M dwarfs (Stauffer & Hartmann 1984) and has been system-
atically applied to the flare detection on EQ Peg (McMillan &
Herbst 1991). Ultraviolet observations of the system have been
performed by IUE (Baliunas & Raymond 1984), and flaring
conditions have been detected through the strong enhance-

' ment of the emission lines C v 41550, C 11 11335, and He 11

21640 and by the increase of the Balmer HJ line with respect to
the continuum. Simultaneous ultraviolet (IUE) and X-ray
(EXOSAT) observations have been reported (Haisch et al.
1987), and EXOSAT detected a very large flare during a coor-
dinated X-ray and radio campaign on flare stars (Kundu et al.
1988). The flare emission has been investigated within the
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framework of the theory of solar two-ribbon flares (Kopp &
Poletto 1984), and the very large flair detected by EXOSAT
has been successfully modeled in detail (Poletto, Pallavicini, &
Kopp 1988; Poletto 1989). Microwave (6 and 20 cm) emission
of EQ Peg has also been measured by the Very Large Array
during quiet conditions and has been attributed to the brighter
component (Jackson, Kundu, & White 1989).

EQ Peg was detected as a broadband extreme-ultraviolet
(EUYV) source during the all-sky survey of both the ROSAT
Wide Field Camera (Pounds et al. 1993) and the Extreme
Ultraviolet Explorer (EUV E; Bowyer et al. 1994). In this paper
we present the first spectroscopic observations of EQ Peg AB
obtained in the EUV wavelength range (70-760 A). The data
were collected by the EUVE telescope in 1993 August during a
guest observer pointing. In § 2 we present the spectroscopic
and photometric observations. Section 3 describes the line
identifications and the technique used to evaluate the differ-
ential emission measure (DEM) distribution and to compute
the synthetic spectrum. In § 4 we discuss the activity modula-
tion.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Spectroscopic Observations

EQ Peg was observed from 04:41 UT on 1993 August 29 to
11:38 UT on 1993 August 30 during the first year of EUVE
guest observer pointings. The 20 orbits of continuous observa-
tion yielded a total effective exposure time of approximately 40
ks (the spectrometers are shut down during satellite daytime
and passage through regions of high particle background such
as the South Atlantic Anomaly).

The EUVEE Deep Survey/Spectrometer (Welsh et al. 1990;
Bowyer & Malina 1991) is equipped with a direct broadband
imaging detector and three spectrometers to cover the “short”
(70-190 A; SW), “medium” (140-380 A; MW), and “long”
(280-760 A; LW) EUV wavelengths. The instrument configu-
ration allows simultaneous imaging and spectroscopy, with
spectral resolutions of AA~ 0.5, 1, and 2 A at the short,
medium, and long wavelengths, respectively.

Despite the interstellar medium (ISM) attenuation, EUV
flux from EQ Peg was detected in all the spectrometer chan-
nels, although the long-wavelength detection is mainly the
result of second-order throughput. The three spectra were
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extracted from the two-dimensional detector image using the
EUVE Guest Observer Center software (the IRAF/EUV
package) and other standard spectroscopic IRAF tasks.

Particular care was required in performing the subtraction
of the background, which dominates the spectra at all wave-
lengths. The EUV background is predominantly due, in the
MW and LW spectrometers, to diffuse emission from inter-
planetary He 11 1304 and He 1 1584 photons. A precise back-
ground subtraction is therefore particularly important to
extract correct information for one of the most interesting
stellar emission lines, He 1 A304. The optimum extraction was
obtained by linearly fitting an average background in two
regions of the detector, one from each side of the spectrum. In
addition, in order to increase the signal-to-noise ratio (SNR),
we restricted the analysis to the “clean ” time intervals with the
lowest background counts.

Corrections for electronics dead time and limited telemetry
allocation (known as “ Primbsching ) were also applied to the
data, resulting in final exposure times of 40,324, 39,539, and
36,533 s for the SW, MW, and LW spectrometers, respectively.

The resulting wavelength-calibrated spectra, corrected with
the detectors’ effective areas, are illustrated in Figures 1a, 2a,
and 3a. The wavelength calibration and instrument effective
area were derived from independent in-orbit calibration
observations (Boyd et al. 1994).
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Figures 1b, 2b, and 3b show the SNR relative to each bin in
the extracted spectra. The SNR was computed as

S, S,

o(d) " [S,+ B,(1 + H/Hg)]"?’

where o(4) is the standard deviation of the flux measurement, S
represents the signal from the target, B is the average back-
ground subtracted from the total counts, and H,, and Hy are,
respectively, the width of the extraction window for the spec-
trum and for the background in the direction perpendicular to
the dispersion.

SNR(4) =

2.2. Deep Survey Photometry

As mentioned in § 2.1, EQ Peg was simultaneously moni-
tored by the Deep Survey (DS) detector. The DS detector is
located along the optical axis of the Deep Survey/Spectrometer
telescope in the focal plane. It has a field of view approximately
5° in diameter and is divided into a central band for the
Lexan/B filter (67-178 A) and into two sidebands for the Al/C
filter (157-364 A). During a pointed spectroscopic observation,
the image of the source forms near the center of the DS detec-
tor in the Lexan/B section. The effective area of the DS detec-
tor in the Lexan/B filter (e.g., Malina et al. 1994) covers roughly
the same wavelength range as the SW spectrometer but peaks
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FiG. 1.—a) Flux-calibrated SW EUV spectrum of EQ Peg smoothed over 7 pixels and (b) corresponding SNR calculated from the raw count spectrum binned
over 7 pixels. Note that the most prominent lines are identified and pertain to the highest ionization stages of iron.
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F1G. 2—Same as Fig. 1, for the MW spectrometer channel with smoothing and binning performed over 14 pixels. In this case the most prominent line pertains to

He 11; the blend of Fe xu and Fe xx1v is present at ~ 192 A,

at ~ 100 A with a value about 10 times larger than the SW
effective area at peak wavelength. Thus, a proportionally larger
count rate results in the DS and allows the generation of a
more detailed light curve than from the spectrometer data. For
a relatively faint source like EQ Peg, the result is a more reli-
able monitoring of the EUV variability.

The observation of EQ Peg was obtained after the sensitivity
of DS detector had degraded in the boresight vicinity during
the observation of the bright white dwarf HZ 43. We have
verified that the location of the centroid of the DS image of EQ

+ Peg is indeed very close to the center of the “dead spot.” This

proximity implies that the absolute value of the flux derived
from the nominal DS effective area is incorrect unless a correc-
tion factor accounting for the sensitivity loss is applied. We
have estimated this correction factor by taking the ratio of the
mean count rate during the second nighttime pass to that of
the following consecutive six nighttime passes. This correction
factor is approximately 2 and is likely to be uncertain up to
15%-25% according to Sirk (1994). We were also concerned
about the probable apparition of spurious features in the light
curve because of small spacecraft motions that could take the
* DS image of EQ Peg outside of the dead spot where the detec-
' tor sensitivity is maximal. With the exception of the first two

orbits, where the image of the source was found to extend out
of the dead spot (see the DS light curve in Fig. 4), we have
explicitly verified that for the remainder of the observation, the
source was located within the dead spot. The flares detected
during the second half of the observation are not artifacts of
the dead spot since the DS photometry is valid in a relative
sense. Indeed, a comparison between light curves of the SW
(Fig. 4a) and the DS (Fig. 4b) detectors clearly shows the corre-
lation between the flares.

The DS data were processed and analyzed using the soft-
ware provided by the EUVE Guest Observer Center. Part of
the software can be applied to the DS data to produce DS
QPOE files in the same manner as for spectrometer data. For
the light-curve generation, we have used the XTIMING
(within XRAY) package available in IRAF. As the source
region we selected a circle centered on EQ Peg with a radius
large enough to include all the source photons (about 2:8). The
region selected for the background was a circle about 11’ away
from the source with a radius of 4!5. Light curves for EQ Peg
were generated using the task LTCURYV that automatically
applies the background subtraction and effective time calcu-
lation for each time bin. A similar procedure was applied to get
the light curves for individual emission lines (see § 4).
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FIG. 3—Same as Fig. 1, for the LW spectrometer channel. The most prominent lines pertain to He i1 and the Na-like doublet of Fe xvi. Note that the signal above

440 A is dominated by second-order contributions.

Figure 4a is the DS Lexan/B light curve of EQ Peg in 500 s
time bins, and Figure 4b is the corresponding SW channel light
curve in 600 s time bins. The data consistently indicate that two
flares occurred during the second half of the observation. In
Figures 5 and 6, we show an enlargement of the two time
intervals when the flares were observed with a higher (100 s)
time resolution.

We estimated the total flux emitted during the entire DS
observation from the measured count rate. We used the Mon-
signori Fossi & Landini (1994a) spectral code for a temperature
of 6 x 10° K for the quiescent phase, ~ 10" K for the first flare
peak, and ~2 x 107 K for the second large flare peak. We
assumed Ny = 1.4 x 10'® cm ™2 (see § 3.1 below). We derived a
luminosity of 1.15 x 10%® ergs s~ ! for the quiescent period,
7.0 x 1028 ergs s~ ! for the first peak, and 1.15 x 10?° ergs s~ !
at the second peak. The luminosity measured during the
quiescent period is in good agreement with the luminosity
derived from the count rate measured in the Lexan/B band
during the EUVE all-sky survey (0.11 counts s~ %).

The large AU Mic flare observed in 1992 July 15 (Cully et al.
1994) reached a peak luminosity of 103 ergs s ! and a total
energy of 3 x 1034 ergs. In comparison, we estimate a total
energy of 1.7 x 1033 ergs for the two flares on EQ Peg, ie.,
about 20 times weaker than the large AU Mic flare.

3. SYNTHETIC SPECTRA

3.1. Line Intensity

Several bright lines, which can be identified through com-
parison with solar and laboratory spectra, are visible in
Figures la, 2a, and 3a. From the intensity of these lines (see
paragraph below) it is possible to evaluate the DEM as a
function of temperature, to simulate the theoretical spectrum
emitted by the source, and to perform further identifications of
minor features.

The intensity of a spectral line (i — j) for an optically thin
coronal plasma is given by

I; = K Ab(Z)e PN LG“(T’ N)NZdv

= K Ab(Z)e oW J; G(T,N,)f(T)dT photonscm 25,

M

where K is a constant that takes into account the properties of
the instruments and the star distance; Ab(Z) is the abundance
of element Z relative to H; f(T) = N2(dV/dT) is the differential
emission measure, i.c., a measure of the amount of emitting
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F1G. 4—(a) Light curve obtained from the DS photometer data and (b)
corresponding light curve obtained from the SW spectrometer data. The time

bins are 500 and 600 s for the DS photometer and the SW spectrometer,
respectively. The start time corresponds to 04:54:28 UT on 1993 August 29.

material in the temperature interval from T to T + dT; Ny =
{ nydh is the hydrogen column density to the star; o(4) is the
ISM absorption cross section; and G;{T, N,) (the contribution
function) is the power emitted per unit emission measure and
is a function of the atomic line data, which is related to the
electron temperature (T) mainly through the ion abundance
and to the electron density (N,) mainly through the level
population.

To evaluate the contribution functions G;(T, N,), we have
used an updated version of the spectral emission code devel-
oped by Landini & Monsignori Fossi (1990) and Monsignori
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Fi1G. 5—DS light curve for the first flare (time resolution 100 s)
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F1G. 6.—DS light curve for the second flare (time resolution 100 s)

Fossi & Landini (1994a). We adopted the ISM photoionization
cross sections of Rumph, Bowyer, & Vennes (1994), which
include the neutral He autoionization features

To our knowledge, no direct measurement exists of the
hydrogen column density N(H 1) in the direction of EQ Peg.
Therefore, we estimated N(H 1) = 1.34 x 10'® cm~2 from a
mean interstellar hydrogen density of 0.07 cm ™3 (Paresce 1984)
and a distance of 6.4 pc (Gliese 1969). We compared this value
with the best estimate from a new physical model of the ISM
(Jelinsky & Fruscione 1995) that employs a three-dimensional
interpolation method on a large database of hydrogen column
densities (Fruscione et al. 1994, plus additional data). The
model gives a best-fit value of N(H 1) = 3.31 x 108 cm ™2, i.e,,
a factor of 2.5 higher. However, since only a few direct mea-
surements of N(H 1) are present in the database at such nearby
distances, the typical error in the model is about 0.3-0.4 dex at
the distance of EQ Peg; therefore, the estimates are compatible
within the errors. We assumed N(H 1) = 1.34 x 10'® ¢cm~2
throughout the paper.

In order to obtain information on the distribution of emit-
ting material as a function of temperature, we derived a model
of the DEM model f(T) by combining the measurements of the
fluxes for a set of spectral lines with the knowledge of the
appropriate contribution functions G;;. The numerical pro-
cedure that we used to fit the DEM distribution function f(T)
minimizes the square of the differences between observed and
predicted fluxes of the selected lines (see Monsignori Fossi &
Landini 1991a, b, 1994b for further details on the method).

3.2. Differential Emission Measure and Line Identification

We have marked in Figures 1a and 1b all emission features
with SNR > 3 that we have identified in the SW and MW
spectra. We have used all these lines (except for the He 1
+ Fe xxiv blend) plus an upper limit for the Fe 1x 1171 line to
perform the DEM analysis. Using the spectral code of Mon-
signori Fossi & Landini (1994a), we have evaluated the power
emitted per unit emission measure for each selected wavelength
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FiG. 7—DEM distribution that best fits the EUVE spectroscopic obser-
vations of EQ Peg. Squares refer to the observations and are plotted for the
temperature at which the product G(T) x DEM(T) reaches the maximum
value. The error bars on the observations indicate the uncertainties of the
DEM. The minimum at ~10° K is mainly due to the presence of the upper
limit for the Fe 1x line among the features selected for the fit. The increase in
the DEM distribution for temperatures larger than 3 x 107 K is not well
constrained since no EUV spectral features can be ascribed to temperatures
larger than 2 x 107 K. The high-temperature continuum is not detected in the
SW spectrum.

bin including both line and continuum contributions for an
electron density of 10! ¢cm™3. Figure 7 shows the volume
DEM distribution that best reproduces the observations
within the observed errors. Uncertainties in the DEM distribu-
tion are indicated by the error bars of the observations plotted
for the temperature at which the product G(T) x DEM(T)
reaches its maximum value.

The selected lines allowed us to perform a rather detailed
diagnostic of the emitting plasma in the temperature interval
between log T = 5.8 and log T = 7.2. Little information exists
for the low-temperature regime, which is constrained only by
the He 11 Lya line. However, this line is probably optically thick
and can give only a lower limit for the DEM distribution at
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~10° K. A high-temperature (log T > 7.5) component appears
to be necessary to get a good fit for the Fe xx1v 1192.03 line.

The DEM distribution shows a minimum at ~10° K,
mainly due to the presence of the upper limit for the Fe 1x line
among the features selected for the fit. A well-constrained
maximum is visible at 10%-® K. The observed increase in the
DEM distribution for temperatures larger than 3 x 107 K is
not well constrained since no EUV spectral features (except for
the Fe xxiv + Fe xu 4192 blend) can be ascribed to tem-
peratures larger than 2 x 107 K. The continuum in the SW
spectrum could give information on the high-temperature
DEM distribution, but it is not detected above the background
noise. Therefore, the DEM distribution for temperatures
greater than 107 K is highly insensitive to the EUVE data.

Figure 8 illustrates the results of the fitting procedure:
Figure 8a plots the observed versus predicted fluxes (a few lines
are not properly reproduced within the errors; e.g., Fe xvin
493.8). The quality ratio, I /1,4, is plotted for each bin as a
function of wavelength (Fig. 8b), of the temperature of the
maximum value of the contribution function (Fig. 8c), and of
the temperature of the maximum value of the product
G(T) x f(T) (Fig. 8d).

We used the best-fit DEM distribution to evaluate the syn-
thetic spectrum in the wavelength region of interest and to
analyze the contribution of different lines to the selected bins.
Figures 9a and 9b reproduce the synthetic spectra convolved
with the instrument point-spread function smoothed similarly
to the observed spectra (Figs. 1a and 2b) for the SW and MW
ranges.

A detailed comparison between the predicted and the
observed spectra allows the identification of several minor
emission lines. In Table 1 we list the observed and the theoreti-
cal wavelengths (Monsignori Fossi & Landini 1994) for all the
identified lines (non—density sensitive) of the ions that contrib-
ute to the bin selected for the DEM analysis.

The large feature at ~256 A is probably a blend of Fe xxiv
4256.10 and He 11 4256.30, but we cannot correctly reproduce
the observed flux. The Fe xvin 193.80 line presents a few prob-
lems: the observed flux is not well reproduced and it is not
consistent with the flux of the 1103.94 line of the same ion,
which should have about half of the flux.

Three density-sensitive lines of Fe xxi1 fall within the SW
spectral range. Fe xx1 4128.73 and 4102.22 are both detected
with SNR > 3; the faint feature observed at 144.9 A could be

TABLE 1

LINE IDENTIFICATION

j'obs )‘lheo Fnbs X 10—4 Fpred X 10_4
ITon A) A) (photons cm~2s™! A=)  (photons cm~2s~! A7)
Fe xvii ............ 93.80 93.93 54+ 09 40
Fe XXI.....o.vnn... 98.02 97.88 29+ 18 1.1
Fe x1x + xxI ...... 108.17 108.37 39+ 0.8 4.2
Fe xxiI............. 117.16 117.18 6.5+ 3.2 37
Fexx .............. 118.69 118.66 21+07 29
Fe XX .ccovviinnnnn. 121.91 121.63 35+1.2 4.6
Fe xxu1 + XX...... 132.73 132.84 + 132.86 20.0 +2.2 21.0
Fe XXI............. 13547 135.76 35+1.2 50
Feix .....o.oooones 169.90 171.07 <70 10.0
Fe xxiv ... 192.32 192.03 140 + 4.2 14.0
Fe xv ..... 284.74 284.15 220+ 170 150
Heu ............... 304.10 303.78 1100 + 16 110.0
Fexvi.............. 335.67 335.41 270+ 82 29.0
Fe XVI.............. 359.58 360.11 <16.0 16.0
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Fi1G. 8.—Results of the fitting procedure: (a) observed vs. predicted fluxes, (b) quality factor (I,,/I,4) V5. Wavelength, (c) temperature of the maximum value of the
contribution functions, and (d) temperature of the maximum value of the product G(T) x f(T).

identified with the Fe xx1 1145.65 line, but the wavelength shift
seems too large. Using the density-sensitive ratio (Fe xxi1
A128.73/Fe xx1 A102.22), we estimate an electron density of
~10'3 cm 3, in agreement with the assumption of the model.
This density value is also consistent with the intensity of the
feature at 108.17 A that should be mainly caused by Fe xix
A108.37 with 10% contribution of Fe xx1 1108.45.

4. ACTIVITY MODULATION IN THE LINES

The count rate of a few very bright lines was high enough to
study the time evolution of the emission and to investigate the
modulation from either flare activity or the appearance of
active regions. The light curves of the brighter lines have been
obtained using the XTIMING software in the IRAF/XRAY
‘package. The count rate was integrated over 2000 s time bins,

* and the resulting light curves are shown in Figures 10a and 10b
! for the Fe xvin 194 and the Fe xvin 1133 lines of the SW

spectrum and in Figures 11a and 116 for the Fe xxiv 1192
and the He 11 1304 lines of the MW spectrum. Activity modula-
tion is clearly visible in the case of the Fe xvi line, and the
general behavior is, in all cases, in good agreement with the DS
observation.

5. SUMMARY

Despite the relatively short exposure time (=40 ks), EQ Peg
was significantly detected over the entire EUV wavelength
range. Several emission lines corresponding to the highest ion-
ization stages of iron (from Fe xvi to Fe xx) have been identi-
fied in the SW spectrum; He 11, Fe xx1v, Fe xv, and Fe xv1 lines
are present in the MW spectrum; while the He 11 Ly« line (the
most prominent feature) and the Fe xvi A335.4 line are identi-
fied in the LW spectrum. The SNR is too low to clearly identify
the other component of the Na-like doublet of Fe xv1 1360.8 in
the LW spectrum.
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A longer exposure time could not only provide more infor-
mation about the Fe xvi 41360.8 line but also clarify whether
the feature at ~417.2 A can be ascribed to a blend of Fe xv
and S x1v. Furthermore, a good detection of the Na-like iron
lines would allow a comparison of the observed to the predict-
ed ratio, putting strong constraints on the unknown amount of
hydrogen absorption in the direction of EQ Peg.

The DEM distribution shows a minimum at 10¢ K and a
bump at 6 x 10° K. A hotter tail in the DEM distribution is
needed to reproduce the intensity of the Fe xxiv 4192 line.
However, it should be noticed that such high temperature
could be due to the presence of two strong flares during the
observation: an analysis of the DEM distribution during the
flares seems to indicate the presence of hotter plasma at tem-
peratures greater than 107 K. '

The emission measure distribution derived from the EUVE
spectrum of Capella by Dupree et al. (1993) also shows a
minimum at ~10° K and a maximum at 6 x 10° K; but for
temperatures larger than 107 K, the tail in Capella’s DEM
seems well constrained by the presence of the continuum in the
short-wavelength spectrum. To explain the high-temperature
tail, Dupree et al. (1993) present several plausible hypotheses.

250

1
300

Wavelength (R)

Fic. 9—EUY synthetic spectra for (a) the SW and (b) the MW spectral ranges; the spectra have been convolved with the instrument point-spread function

In the SW spectrum of EQ Peg, the continuum is not clearly
detected and the high-temperature tail could only be ascribed
to the presence of the two flares during the observation.

An activity modulation over timescales of several minutes
was observed on the DS photometer and on the SW channel
light curves. The light curve of the Fe xxiu line seems in rather
good agreement with the DS data. The time modulation of the
Fe xxin, Fe xvi, and He 11 lines deserves more attention and
elaboration in order to compare it with similar events already
observed on many flare stars and the Sun and in order to have
better insight into the modeling of solar-type stellar activity.
Work is in progress to study the activity modulation.
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