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ABSTRACT

We report results from a multiwavelength observing campaign conducted during 2000 March on the flare
star AD Leo. Simultaneous data were obtained from several ground- and space-based observatories,
including observations of eight sizable flares. We discuss the correlation of line and continuum emission in
the optical and ultraviolet wavelength regimes, as well as the flare energy budget, and we find that the
emission properties are remarkably similar even for flares of very different evolutionary morphology. This
suggests a common heating mechanism and atmospheric structure that are independent of the detailed
evolution of individual flares. We also discuss the Neupert effect, chromospheric line broadening, and veloc-
ity fields observed in several transition region emission lines. The latter show significant downflows during
and shortly after the flare impulsive phase. Our observations are broadly consistent with the solar model of
chromospheric evaporation and condensation following impulsive heating by a flux of nonthermal electrons.
These data place strong constraints on the next generation of radiative hydrodynamic models of stellar flares.

Subject headings: stars: chromospheres — stars: flare — stars: individual (AD Leonis) —
stars: low-mass, brown dwarfs

1. INTRODUCTION

Flares are by their nature random and unpredictable
events, and flare observations are often the serendipitous
result of observations designed for other scientific
endeavors (Joy & Humason 1949; Herbig 1956; Pettersen
et al. 1990; Liebert et al. 1999). While these observations are
useful for finding new flare stars and for their initial
characterization, the investigation of detailed flare physics
demands simultaneous observations in multiple wavelength
regimes, with both spectroscopic and photometric informa-
tion. Our recent advances in flare modeling (Abbett &
Hawley 1999), together with the availability of a new gener-
ation of space instrumentation offering order-of-magnitude
improvement in time resolution (Far Ultraviolet Spectro-
scopic Explorer [FUSE ], Hubble Space Telescope/Space
Telescope Imaging Spectrograph [HST/STIS]), led us to
organize a large flare campaign on the bright, well-known
dM3e flare star AD Leonis during 2000March.

AD Leo is one of the most active single M dwarfs in the
northern hemisphere and has been observed extensively by
ourselves and others (Rodono et al. 1989; Hawley &
Pettersen 1991; Bookbinder, Walter, & Brown 1992;
Hawley et al. 1995; Mauas & Falchi 1996; Cully et al. 1997).
In many aspects, flares on AD Leo resemble those on the
Sun, including the appearance of impulsive continuum
emission and longer-lived soft X-rays and chromospheric
emission lines. These are explained in the canonical solar
model as a manifestation of chromospheric evaporation
during the initial flare energy release and are empirically
connected through the Neupert effect, observed in some
80% of large solar flares (Dennis & Zarro 1993; McTiernan
et al. 1999). The Neupert effect has been observed on
AD Leo in optical, soft X-ray, and radio emission (Hawley
et al. 1995; Güdel et al. 1996). Stark broadening has also
been reported in the Balmer series lines in both solar and
stellar flares (Donati-Falchi et al. 1985; Hawley & Pettersen
1991; Johns-Krull et al. 1997). However, while velocity
shifts indicating large-scale mass motions are often
observed in solar flares, the stellar data are ambiguous and
generally of too poor a quality for meaningful interpreta-
tion. The behavior of ultraviolet emission lines is also rela-
tively unexplored in flare stars, although we have previously
predicted from theoretical considerations that these may
provide an important source of heating during the gradual
phase of a flare (Hawley & Fisher 1992). Finally, our recent
work on solar flare models incorporating radiative hydro-
dynamics (Abbett & Hawley 1999) and our plans to extend
these models to the stellar flare regime demand constraints
on velocity fields and emission timescales for numerous
species over a wide range of temperature. New data with
high time and spectral resolution are therefore required.

The campaign was planned to include the FUSE, HST,
and EUVE (Extreme Ultraviolet Explorer) satellites,
ground-based optical telescopes at the McDonald Observa-
tory, the Dominion Astrophysical Observatory (DAO), the
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Stephanion Observatory, and the Crimean Astrophysical
Observatory (CrAO), and the MERLIN array operated by
the Jodrell Bank Observatory. Unfortunately, the FUSE
satellite went into safe mode just hours before the scheduled
start of our observation, and no data were obtained. The
DAO and CrAO facilities were plagued with poor weather.
Their monitoring data were useful to show that no very
large flares occurred during the periods they were observing
but could not be used in a quantitative fashion. The radio
data from Jodrell Bank indicated no firm detection of the
source. The other telescopes recorded excellent data,
encompassing several energetic flares, and we report on
those results here.

Section 2 contains a description of the telescopes and
instruments, the types of data obtained, and the data reduc-
tion procedures. Section 3 describes our observation of the
stellar Neupert effect in soft X-rays and U-band radiation.
Section 4 gives our results on the optical and ultraviolet con-
tinuum and line radiation, including discussion of the flare
energy budgets, line broadening, and velocity fields. Finally,
in x 5 we present our preliminary conclusions and plans for
future work incorporating these data.

2. OBSERVATIONS

Figure 1 shows an overview of the data obtained during
the 2000 March AD Leo flare campaign, and Table 1 lists
the observing times, instruments, and observers who partici-
pated. At the top of the figure, we have indicated the eight
substantial flares that were observed. The final data
products discussed here include U-band photometry from
the Stephanion Observatory (flares 1, 2, and 5), UBVR

photometry from the McDonald Observatory 2.1 m tele-
scope (flares 3, 6, 7, and 8), coudé spectroscopy with resolu-
tion 55,000 from the McDonald Observatory 2.7 m
telescope (flares 3, 6, 7, and 8), soft X-ray photometry and
spectroscopy from the NASA EUVE satellite Deep Survey
(DS) and spectrometer instruments (spanning flares 1 and
2), and ultraviolet spectroscopy with resolution 70,000 from
the HST using STIS (flares 3, 4, 6, 7, and 8). The following
sections describe each of these data sources in detail.

2.1. Stephanion Observatory Photometry

Photoelectric photometry through a Johnson U filter was
carried out at the Stephanion Observatory with the
University of Thessaloniki 30 inch (0.76 m) Cassegrain
reflecting telescope. The telescope, instrument, and observing
procedure are described in Mavridis et al. (1982). The obser-
vations consisted of continuous monitoring of AD Leo at a
cadence of 0.1 s, with brief excursions to measure sky bright-
ness. Comparison stars were observed periodically. The data
were reduced to instrumental intensities andmagnitudes, and
the magnitude of the quiescent state of AD Leo was matched
to the reference provided by overlapping observations at
McDonald Observatory (see below). The weather was only
partially clear during the three nights ofmonitoring, resulting
in a total of 6.2 hr of usable data. The largest optical flare
during the campaign was observed simultaneously by
Stephanion andEUVE and is discussed in x 3.

2.2. McDonald Observatory Photometry

Photoelectric photometry in the Johnson UBVR filters
was obtained with the McDonald Observatory 2.1 m Struve
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Day (0 is 0h UT on 10 March 2000)
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Fig. 1.—Observation periods are shown for the instruments that were involved in the AD Leo flare campaign. The time is in days from 00 UT on 2000
March 10. Light curves (in normalized units) are given for the STIS, EUVE, McDonald U-band, and Stephanion photometry fluxes only. The eight flares
analyzed in this paper are indicated by number along the top of the figure.
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telescope equipped with a two-channel photometer. AD
Leo was observed with the primary channel, while the sec-
ond channel monitored the sky conditions. Integrations of
0.8 s in each filter, combined with 0.2 s for filter rotation,
resulted in a 4 s cycle time. Sky measurements were made in
the primary channel every 15–20 minutes. Extinction and
photometric standard stars (Landolt 1973, 1992) were
observed each night, and the data were reduced to magni-
tudes and colors in the standard UBVR system. The abso-
lute photometric accuracy, based on our standard star
observations and our previous experience with this instru-
ment (Hawley & Pettersen 1991; Hawley et al. 1995), is
approximately�0.02 mag. The internal precision (i.e., mea-
sured from the Poisson statistics of the count rates) is even
better, being �0.01 mag in U and a few millimagnitudes in
B, V, and R (the result of observing a ninth-magnitude star
photometrically with an 82 inch [2.1 m] telescope!).

The weather was quite good at McDonald, resulting in
the loss of only a half-night of observations during the four-
night campaign, although clouds were evident during a few
hours on the other nights. Figure 1 shows the light curves
for the four nights of observations. Four large flares are
marked (flares 3, 6, 7, and 8); there were also numerous
smaller flares that we are still in the process of analyzing.

2.3. McDonald Observatory Spectroscopy

We used the McDonald Observatory 2.7 m Harlan Smith
telescope and the cross-dispersed coudé echelle spectro-
graph (Tull et al. 1995) to obtain high-resolution optical
spectroscopy with a time resolution of 70 s (20 s exposures
followed by 50 s for readout and writing to disk). The wave-
length range was nominally 3800–8800 Å, with small gaps
between each of the 61 orders except in the far blue. Because
of the relative faintness of AD Leo in the blue and the short
exposure times, the region blueward of H� was usually too
noisy for reliable measurements. The data were recorded on
a 2048� 2048 Tektronix CCD that was binned 2� 2 to
decrease readout time. As a result of this binning, the detec-
tor undersampled the spectrum. Spectra of a thorium-argon
lamp were used to determine the wavelength solution of the
instrument and to measure the resolution obtained during
the run. The median FWHM of the 1210 thorium lines used
in the wavelength solution was 1.16 pixels, corresponding to
a spectral resolution R ¼ 55; 000. The wavelength solution
was determined by fitting a two-dimensional polynomial to

m� as a function of detector column number and spectral
orderm. Spectra themselves were reduced in a standard way
using software written in the IDL programing language and
described by Hinkle et al. (2000). Briefly, the reductions
include cosmic-ray removal, dark current and background
subtraction, flat-fielding by a normalized exposure of an
incandescent lamp, and extraction of the spectral orders
using an optimal extraction algorithm. The optimal extrac-
tion algorithm is particularly effective at removing
cosmic-ray defects, as discussed in Piskunov & Valenti
(2002). The continuum was normalized in each echelle
order, enabling measurement of equivalent widths and line
profile parameters. Line fluxes were found using continuum
measurements from a spectrophotometrically calibrated
AD Leo spectrum observed by Pettersen & Hawley (1989).
Spectra were analyzed for flares 3, 6, 7, and 8.

2.4. EUVEDeep Survey Photometry

AD Leo was observed for 294 ks (from HJD
2,451,613.06532 to HJD 2,451,616.47099) by the EUVE
Deep Survey Imager and three spectrometers covering the
short (SW: 100–250 Å), medium (MW: 250–500 Å), and
long (LW: 500–700 Å) wavelength regions of the extreme-
ultraviolet spectrum (Malina & Bowyer 1991; Siegmund
et al. 1986). Background count rates were remarkably low
in spite of increased airglow from the solar maximum. The
satellite was carefully positioned to avoid the ‘‘ dead spot,’’
minimizing the uncertainty associated with that area of
decreased sensitivity on the detector.

EUVE DS photometry was obtained through the Lexan-
Boron filter (90% passband between 67 and 178 Å; Sirk
et al. 1997). The DS light curve was created by defining a
source region 13 pixels in radius and an annular background
region with inner and outer radii of 50 and 100 pixels,
respectively. Since the source region comprises only 2.2% of
the area of the background region, the contribution to the
Poisson error from the background subtraction is negli-
gible. Time intervals where the total detector counts
exceeded 1000 counts s�1 were excluded, as were intervals
where the dead-time correction exceeded 200%. Approxi-
mately 15% of the DS data were rejected by these criteria.
The mean count rate in the DS data was 0.23 counts s�1,
with amaximum of about 0.5 counts s�1 during the one flare
observed. These correspond to observed fluxes of
�ð3 6Þ � 10�12 ergs cm�2 s�1.

TABLE 1

Observing Log

Telescope/Instrument Observer

Timea

(UT) Wavelength/Resolution

HST/STIS............................................... Valenti 10d: 3:28–10:30; 11d: 3:36–10:38; 12d: 2:09–9:10;

13d: 2:17–9:18

1160–1700 Å,R ¼ 70; 000

McDonald 2.1 m photometer ................... Johns-Krull 10d: 3:33–10:21; 11d: 2:00–6:13; 12d: 2:12–11:03;

13d: 2:03–9:55

U,B,V,R

McDonald 2.7 m coudé spectrograph....... Hawley 10d: 2:56–10:15; 11d: 2:17–6:15; 12d: 2:15–10:30;

13d: 1:51–10:00

3800–8800 Å,R ¼ 55; 000

Stephanion 30 inch photometer................ Seiradakis &Avgoloupis 10d: 20:58–25:53; 11d: 23:53–26:41 U

EUVEDeep Survey/Spectrometer........... Fisher 9d: 13:34– 12d: 23:17 60–190 Å/R ¼ 200

DAO 72 in (1.8 m) spectrometer............... Abbett &Deustua 10d: 5:21–9:40; 12d: 3:57–10:30 3500–7000 Å

CrAO 1.25 m photometer......................... Alekseev 11d: 17:07–22:07 UBVRI

Jodrell Bank/MERLIN........................... Gunn 11d: 18:00–12d 6:00 5 GHz

a 10d is 2000March 10; 11d is 2000March 11, etc.
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The spectra for the SW spectrometer were extracted as
follows. First, time intervals were defined that excluded
periods of high background (less than 2% of the time). Addi-
tional intervals were created corresponding to the quiet and
flare periods of the DS light curve. The time filters were
applied to the photon list, and images were created. A narrow
strip of 13 pixels centered on the spectrum defined the spec-
tral region, and two rectangular regions above and below the
spectrum, each of 100 pixel extent, were used for background
determination. The background spectrum was very noisy
because of the low count rate. It was modeled following
Hurwitz et al. (1997), so that no additional Poisson noise was
added to the spectrum from the background estimate.

Figure 2 shows the SW spectrum obtained from the entire
observation. There are �15 iron lines, indicative of plasma
with temperatures between 5 and 20 million degrees. SW
spectra extracted during the quiet and flare states appear
different, but the low count rates preclude a more quantita-
tive estimate. No measurable flux was seen in the MW or
LW spectrometers.

2.5. HST/STIS Spectroscopy

The STIS instrument aboard HST was used with the
FUV-MAMA detector in TIMETAG mode to obtain
the highest possible time resolution. The E140M grating

centered at 1425 Å, combined with the 0>2� 0>2 aper-
ture, results in a line-spread function with an FWHM of
�1.3 pixels according to the STIS Instrument Handbook.
This undersampled spectrum has resolution R � 70; 000
over the wavelength range 1160–1700 Å. The data were
processed in a customized way using software written in
IDL in order to extract spectra in various time intervals.
The time-tagged data files were used to identify the loca-
tion on the detector of all photons recorded in a specified
time interval. Spectra were then extracted from each
order by summing all counts in each column that were
detected within 7 pixels of the order locations returned
by the HST archive. The background (generally negli-
gible) was estimated by fitting a second-order polynomial
to the background from either side of the order in ques-
tion. Background spectra were constructed by extracting
spectra centered between each order and summing the 3
pixels in each column around this location. The pipeline
reduction flux calibration for converting count rate to
flux was then applied to each spectrum to determine the
observed flux. The flux calibration was checked by-
extracting spectra for each of the five HST visits to AD
Leo and comparing the results with the STIS pipeline
reductions. On the basis of this comparison, we estimate
the absolute flux calibration is accurate to �2%.

Fig. 2.—Spectrum obtained with the SW spectrometer onEUVE. The dotted line indicates the 1 � error.
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Uncertainties in the observed flux are determined from
the Poisson statistics of the detected source counts and
estimated background level. For weak lines and continua,
the flux uncertainties are dominated by the Poisson
statistics, not the flux calibration.

Five strong flares were observed with HST/STIS (flares
3, 4, 6, 7, and 8). Flare 4 occurred during a period of cloudy
weather at McDonald Observatory, while the other four
flares have simultaneous optical observations. Numerous
smaller flares were also observed. Figure 3a shows the STIS
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the regions that were averaged together to measure the UV continuum. Numerous emission lines are identified, and the log of the formation temperature is
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spectrum observed by extracting 36 minutes of quiescent
data, together with the flare spectrum from 3 minutes
around the peak of flare 8. The data are plotted on a
logarithmic flux scale to emphasize the enhanced continuum
emission during the flare. Figure 3b illustrates, on a linear
flux scale, the response of the strong emission lines during
the flare. Clearly there is a wealth of detailed information
contained in this ultraviolet wavelength region.

For each of the large flares, we extracted the time-tagged
data to obtain spectra with reasonable signal-to-noise ratio
(S/N) while still preserving the best possible time resolution.
Typically, the spectra used in our analysis represent 8–16 s
integration times. We measured line fluxes and line-profile
parameters directly from the extracted spectra and also
defined continuum regions between the strong lines to
obtain a measure of the ultraviolet continuum flux, as
shown in Figure 3a.

2.6. Summary

The flare data described above divide naturally into two
categories. The Stephanion optical photometry overlaps the
only flare observed withEUVE, enabling us to further inves-
tigate the Neupert effect (x 3). The McDonald optical
photometry and spectroscopy overlap the STIS ultraviolet
data, allowing us to examine in detail the line and contin-
uum emission, energy budget, line broadening, and velocity
fields. Data were obtained for several flares, allowing us to
compare and contrast flares of varying strength and
evolutionary morphology (x 4).

3. THE NEUPERT EFFECT

During a solar flare, the time integral of the hard
X-ray flux is often proportional to the soft X-ray flux.
This is explained in the canonical solar flare model as fol-
lows. The hard X-rays are nonthermal bremsstrahlung
radiation produced by the interaction of a flux of acceler-

ated electrons with the ambient atmosphere. The heating
of the atmosphere during a flare is provided by the elec-
trons; thus, the hard X-rays effectively measure the flare
heating rate. Soft X-rays are produced in the corona,
which has been heated during the flare by chromospheric
evaporation and direct deposit of nonthermal electron
energy flux. The soft X-rays are thermal radiation, meas-
uring the temperature of the corona (and hence the result
of the heating). Therefore, the smooth rise in the soft
X-ray flux should be proportional to the time integral of
the hard X-ray flux.

It is not yet possible to measure the nonthermal hard
X-ray emission from stellar flares, so the white-light
continuum (which has been observed to trace the hard
X-rays during solar flares) is used as a proxy (Hawley et al.
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1995). The soft X-rays were measured by EUVE. Cully et al.
(1997) have calculated the neutral hydrogen column density
between AD Leo and the EUVE detector to be 3� 1018

cm�2. Such a small column density means that to a good
approximation we can ignore absorption from the
interstellar medium.

Our results are shown in Figure 4, where the data have
been scaled to stellar surface values. The first panel illus-
trates the U-band photometric light curves for flares 1 and
2, while the second panel shows the cumulative (integrated)
U-band energy together with the EUVE DS light curve
spanning this 7 hr period. The rise in the soft X-ray light
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curve is consistent with the Neupert effect, as the peak U-
band emission coincides with the increase in the DS light
curve.

4. LINE AND CONTINUUM EMISSION

Data from three instruments (STIS ultraviolet spectros-
copy and McDonald optical spectroscopy and photometry)
provided simultaneous continuum and emission line meas-
urements for four flares (3, 6, 7, and 8), while only STIS data
were available for flare 4. Figures 5–9 show light curves in
several of the strong ultraviolet emission lines (top panels)
for flares 3, 4, 6, 7, and 8, respectively. Optical emission line
(bottom left and middle panels) and continuum (bottom right
panels) light curves are illustrated in Figure 5 (flare 3) and
Figures 7–9 (flares 6–8). The optical U-band light curve is
taken as a fiducial for the identification of the flare impulsive
and gradual phases. The transition is determined from the
first zero in the derivative of theU-band light curve after the
flare peak, indicating a change from rapid to slow decay. It
is marked by the vertical lines on the continuum light curves
in each figure.

4.1. Continuum Emission

The primary defining characteristic of stellar flares is a
sharp rise in the blue continuum flux. Figures 5–9 clearly
illustrate this behavior in the continuum light curves.
Figure 10 also shows (for flare 8, but this is true for all of the
flares) that the emission peaks in the U band, with lower
continuum fluxes measured in both the ultraviolet and the
red. As discussed in detail in Hawley & Fisher (1992), the
only emission mechanism that can fit such a continuum
distribution is blackbody emission at a temperature near

10,000 K. Accordingly, we model the flare continuum flux
distribution as blackbody emission from the flaring area of
the star,

F� ¼ X
R2�
d2

�B�ðTflÞ ; ð1Þ

where X, the fractional flare area coverage, and Tfl, the
blackbody temperature, are free parameters. The radius,
R�, and distance, d, that we used for AD Leo are 3� 1010

cm (Pettersen 1976) and 1:5� 1019 cm (Pettersen 1980),
respectively. Equation (1) was convolved with the (UBVR)
filter response functions and then fitted, using weighted least
squares, to the measured continuum fluxes as a function of
time during each flare. To model the flare-only contribution
to the continuum flux, the quiescent flux was subtracted
from the total measured flux. Figure 10 shows these fits at
four times (A–D, as indicated on Fig. 11) during flare 8. It is
clear that a blackbody provides only an approximate fit to
the observations and in general does not fit all of the fluxes
within the formal errors. However, it does provide the cor-
rect overall shape of the continuum and allows us to investi-
gate the possible evolution of the flare temperature and area
coverage. Other mechanisms have been tried by several
authors, with marginal results (see, e.g., Abranin et al.
1997). A description of the exact nature of the blue contin-
uum emission, as well as the underlying physical mechanism
that produces it, remains elusive. We are currently investi-
gating flare continuum emission using new radiative hydro-
dynamic models of stellar flares (J. C. Allred et al. 2003, in
preparation).

Figure 11 illustrates our computed temperature and area
coverage for flares 3, 6, 7, and 8 as a function of time. Our
results show that each flare has a similar temperature,
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Tfl � 9000 K, regardless of its duration, peak flux, time evo-
lution, or total energy. It follows that the area coverage
must increase with the peak flux (e.g., flare 8 has [8 : 5 : 4]
times the area of flares [6 : 7 : 3] at their respective peaks).
Note that the inferred areas are small, typically �0.01% of
the visible hemisphere, as expected from the rapid onset and
rise of the continuum emission during the impulsive phase.
We will show in x 4.4 that the total energy of the flare is cor-
related primarily with its duration (see Table 4 below), and
not with area coverage or temperature. The longest dura-

tion flare, flare 7, radiated nearly twice the energy of flare 8,
although flare 8 has a much larger peak flux and hence area
coverage. These results are in general agreement with those
found in Hawley & Fisher (1992).

4.2. Line Emission

4.2.1. Ultraviolet Lines

Line fluxes were determined for 24 ultraviolet emission
lines that were measurably enhanced over their quiescent
values during at least one of the flares. The line identifications
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and formation temperatures (from Dere et al. 1997, 2001),
together with the quiescent line fluxes measured from the
quiet AD Leo spectrum (see x 2), are listed in Table 2. The
line fluxes were computed by integrating the flux, F� � F cont

� ,
over the line region, where F cont

� is the measured continuum
flux in a region adjacent to the line. The quiescent line flux
was then subtracted to obtain the flare line flux. By subtract-
ing the full value of the quiescent flux, we have implicitly
assumed that the flare area is negligible compared to the
quiescent emitting regions. This assumption is justified by

our area coverage results in the previous section; however, we
note that the area of line emission may be more extensive
than the continuum-emitting regions.

Flare-only light curves (quiescent flux has been sub-
tracted) for some representative UV lines (C ii, iii, and iv;
Si ii, iii, and iv; O i, He ii, and N v) are plotted in the upper
panels of Figures 5–9. Each panel shows lines in order of
increasing ionization stage and hence formation tempera-
ture. The UV lines are primarily impulsive, with only He ii,
C iv, and N v showing extended gradual phases, similar to
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Fig. 8.—Light curves for flare 7. Time is in seconds from 5:21:03UT on 2000March 12. The panels correspond to those plotted for flare 3 in Fig. 5.
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the U-band continuum. Interestingly, the extended gradual
phase may be correlated with formation temperature, as
C iv and N v are the highest temperature lines measured
(other than Fe xxi, which is too weak for quantitative
analysis). This would suggest that these lines are formed
along with the thermal coronal radiation that marks the
gradual phase in solar flares, in agreement with the discus-
sion in Hawley & Fisher (1992). The lower temperature lines
fade more quickly, indicating a different atmospheric struc-
ture in the transition region during the gradual phase. These

data will provide strong constraints on atmospheric models,
since they sample many atomic species and many ionization
stages of a given species, thus spanning a wide range of
formation temperature and atmospheric conditions.

4.2.2. Optical Lines

As described in x 2.3, the optical echelle spectra are nor-
malized to unity in each order during the data reduction
procedure. To obtain the flux calibration necessary for
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Fig. 9.—Light curves for flare 8. Time is in seconds from 2:29:33UT on 2000March 13. The panels correspond to those plotted for flare 3 in Fig. 5.
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computing absolute line fluxes from these data, we follow a
two-step process. First, the spectra were calibrated using
spectrophotometric data for AD Leo during quiescence
(Pettersen & Hawley 1989). The flare contribution to the
continuum flux was then found by interpolating the fluxes
measured from the broadband UBVR photometry. This
method of calibration introduces a systematic uncertainty
in the absolute scale of the continuum flux, which we
estimate to be less than 10%.

Using the calibrated spectra, we computed line fluxes fol-
lowing the prescription given in x 4.2.1. Optical emission
lines that were measured included the first five Balmer lines
(H� through H�), two of the Ca ii IR triplet lines (��8498
and 8662), two He i lines (��4471 and 5876) and the Ca iiH
line. The line IDs and quiescent fluxes are given in Table 3.
Light curves for H�, H�, H�, He i ��4471 and 5876, and
Ca ii �8662 are shown in the bottom left and middle panels
of Figures 5–9. Note that these panels have expanded time
axes, and the U-band light curve is overplotted as a thick
solid line to provide a visual benchmark for comparing the
data to the continuum and ultraviolet emission lines.

The optical chromospheric emission lines exhibit only a
mild impulsive phase but have dramatically stronger and
longer gradual phases compared to the ultraviolet lines, in
agreement with previous results (Hawley & Pettersen 1991).
This is particularly noticeable in flares 3 and 8, which have
the best-S/N optical spectra. It does not appear that there is
enough energy in the ultraviolet emission lines, nor do they
stay elevated long enough, to power these chromospheric
lines. The backwarming mechanism suggested by Hawley &
Fisher (1992) to provide the energy to produce these lines
must therefore come primarily from higher temperature

TABLE 2

Ultraviolet Emission Lines

Line logTa FQ
b Comment

C iii �1176................. 4.8 19.45� 0.80 6 lines

Si iii �1206 ................ 4.7 13.37� 0.74

N v �1239c ................ 5.3 9.85� 0.46

N v �1243c ................ 5.3 4.91� 0.19

C iii �1247................. 4.8 0.42� 0.14

Si ii �1265 ................. 4.1 1.27� 0.09 Doublet

Si iii �1298 ................ 4.7 2.29� 0.14 4 lines

O i �1305................... <4.0 7.22� 0.21 Doublet

Si ii �1309 ................. 4.1 0.45� 0.06

Si iii �1313 ................ 4.7 0.01� 0.04

C ii �1324.................. 4.4 0.09� 0.05 4 lines

C ii �1335.................. 4.4 25.08� 0.35 Doublet

Fe xxi �1354 ............. 7.0 0.71� 0.07

Si iv �1394c ............... 4.9 8.51� 0.21

Si iv �1403c ............... 4.9 4.64� 0.26

Si iii �1417 ................ 4.7 0.21� 0.05

Si ii �1526 ................. 4.1 0.71� 0.08

Si ii �1533 ................. 4.1 1.30� 0.15

C iv �1548c................ 5.0 32.93� 0.67

C iv �1551c................ 5.0 16.78� 0.44

Fe iii �1560 ............... 4.1 5.55� 0.24

He ii �1640................ 4.7 28.39� 0.66 7 lines

C i �1657................... <4.0 15.30� 0.54 5–6 lines

Fe ii �1671 ................ 4.1 1.27� 0.20

a T is the formation temperature of the line.
b FQ is the flux measured in the high-S/N quiescent spectrum, in

units of 10�14 ergs s�1 cm�2.
c The two components of the strong N v (��1239, 1243), Si iv

(��1394, 1403), and C iv (��1548, 1551) doublets are well resolved
in the STIS spectra and were measured separately.
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lines formed in the corona, perhaps including C iv and N v

at the coronal/transition region boundary. We still do not
have enough data to directly test this hypothesis; the FUSE
observations were planned to provide those higher tempera-

ture diagnostics, but unfortunately, they were not obtained
during this flare campaign.

We do have indirect evidence that coronal back-
warming produces the chromospheric line radiation. The
long gradual phase exhibited by the chromospheric lines
suggests that they are another manifestation of the
Neupert effect, acting in this case as a proxy for the coro-
nal soft X-ray emission. Figure 9 shows that the H� and
U-band radiation follow the same Neupert effect behavior
as the U band and soft X-rays in Figure 4, as expected if
this scenario is correct.

4.3. Line and Continuum Ratios

Another way to compare the relative timing of the impul-
sive- and gradual-phase emission is shown in Figure 12, for
flare 8. This figure illustrates the ratio of various line fluxes
and the UV continuum flux per angstrom to the U-band
continuum flux per angstrom; the scaled U-band light curve
is overplotted as the dotted line in each panel. Note that the
continuum values are shown as flux per angstrom, since this
is a convenient reference for the line fluxes, which are typi-
cally integrated over only 1–2 Å. ‘‘ Flare-only ’’ data are
shown on this figure, so occasional negative values of the
ratios are spurious and are due to noise in the data. The top

TABLE 3

Optical Emission Lines

Line �0
a FQ

b

H� ................... 6563 45

H� ................... 4861 12

H� ................... 4340 5.0

H� .................... 4101 3.2

H� .................... 3970 2.0

Ca ii ................. 8662 6.6c

8498 4.2c

Ca iiH ............. 3968 1.2

He i .................. 4471 0.3

He i .................. 5876 0.2

a Central wavelength in Å.
b FQ is the flux measured in the

quiescent spectrum, in units of
10�13 ergs s�1 cm�2.

c Includes only the central
reversal.
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panels show that the C iv and N v ratios are essentially flat,
indicating that these lines exhibit evolution very similar to
that of theU band throughout both the impulsive and grad-
ual phases of the flare. The middle panels of Figure 12 show
that Si iv and the UV continuum rise much more sharply
during the impulsive phase than theU band and decay more
quickly during the gradual phase. The bottom panels of Fig-
ure 12 show that the chromospheric optical lines (H�, Ca ii

�8662) have little or no impulsive response but grow very
strong during the gradual phase (Neupert effect behavior).

The strong correlation between the UV/U continuum
ratio and the U-band light curve is intriguing. The flux-flux
plots shown in Figure 13 indicate that the C iv, Si iv, and
N v fluxes are well fitted by nearly linear relationships with
the U-band flux per angstrom. Although the illustrated
results are only for flare 8, similar relations hold for flares 3,
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6, and 7. If the U-band continuum were the response of the
atmosphere to backheating by UV line emission, the
observed linear relationship with UV line fluxes would be
expected in an energetic steady state. The UV continuum
flux, on the other hand, is proportional to F 1:7

U , where FU is
the U-band flux. The reason for this differing behavior is
unexplained as yet; we are investigating these results with
our new generation of flare models.

4.4. Energy Budget

The flare energy budget comprises the energy emitted in
the continuum and from the emission lines listed in Tables 2
and 3. The results are shown in Tables 4–6. The energy con-
tribution due to line emission has been removed from the
continuum values. The optical data were interrupted (by
clouds) near the end of flare 3, while theU and B bands were
still elevated. Therefore, to estimate the total flare energy
for flare 3, we fit the end of the gradual phase to a decaying
exponential. This contribution (of approximately 20%) has
been included in the values listed for flare 3 in Table 4. Also
note that flare 7 had an unusually slow rise during the

impulsive phase (see Fig. 8). This has been included in the
impulsive portion of the energy budget.

Data for flares 1 and 2 (discussed in x 3) comprise only
U-band and EUVE/DS photometry, so a similar energy
budget calculation is not possible. However, we have com-
puted the energies emitted in these two wavelength regimes,
with EU ¼ 3:4� 1032 ergs and EDS ¼ 1:1� 1032 ergs for the
sum of these two flares. The U-band energy is almost an
order of magnitude larger than the amount observed in
flare 8.

Table 7 summarizes the energy budget results for the
flares in which both optical and ultraviolet data were avail-
able (3, 6, 7, and 8). These flares have rather different light-
curve morphology (recall Figs. 5–9), with flare 7 being the
longest and slowest, flare 3 being somewhat more impulsive,
flare 6 being a small, mostly impulsive flare, and flare 8
being the most impulsive and also exhibiting the strongest
peak flux. Flares 3, 6, and 7 exhibited multiple peaks.
Despite these differences, the energy results show that the
continuum flux (particularly in the U band) carries the vast
majority of the energy in all cases, during both the impulsive
and gradual phases. Similarly, the ultraviolet emission lines
dominate the line emission during all of the impulsive
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TABLE 4

Continuum: Energy Budget

Flare 3 Flare 4 Flare 6 Flare 7 Flare 8

Region 0–349 s 349–1072 s 0–173 s 173–223 s 0–192 s 192–468 s 0–828 s 828–1816 0–98 s 98–822 s

Total ............................. 46.7 42.6 2.1 0.1 28.4 4.4 139.8 115.2 64.0 61.9

UV continuum .............. 5.6 4.1 5.9 0.4 3.7 0.6 8.0 4.4 9.4 5.7

Ua ................................. 16.7 22.4 . . . . . . 7.6 2.1 31.1 18.8 18.2 28.1

Ba.................................. 12.0 16.1 . . . . . . 6.9 1.7 31.4 20.1 14.4 12.4

Va.................................. 2.9 0.0 . . . . . . 2.2 0.0 15.7 13.8 5.1 3.5

Ra.................................. 9.6 0.0 . . . . . . 8.0 0.0 53.6 58.2 17.0 12.2

Total ......................... 46.7 42.6 5.9 0.4 28.4 4.4 139.8 115.2 64.0 61.9

Note.—All values represent the surface flux integrated over time and wavelength for each flare interval, in units of 1030 ergs.
a Flux contributions from lines within this continuum region have been removed.

TABLE 6

Optical Emission Lines: Energy Budget

Flare 3 Flare 6 Flare 7 Flare 8

Line 0–349 s 349–3070 s 0–192 s 192–2100 s 0–828 s 828–3890 s 0–98 s 98–3600 s

H� .......................... 2.7 17.2 0.8 3.2 2.5 19.7 2.5 35.0

H� .......................... 2.4 13.7 0.8 3.3 6.1 7.6 1.8 25.1

H� .......................... 0.7 2.2 0.7 0.9 1.1 3.4 1.0 17.7

H� ........................... 1.1 3.6 0.5 1.3 3.2 4.9 1.0 16.1

H� ........................... 1.1 2.2 0.0 2.5 3.6 5.7 0.6 6.5

Ca ii �8662.............. 0.5 6.8 0.3 1.8 2.0 2.2 0.0 10.2

Ca ii �8498.............. 0.3 8.0 0.0 1.2 0.0 1.7 0.0 4.5

Ca iiH .................... 0.3 0.6 0.0 0.6 0.3 0.1 0.3 3.2

He i �4471............... 0.7 3.8 0.3 1.6 3.6 2.8 0.6 4.1

He i �5876............... 1.1 5.0 0.0 1.4 1.7 1.4 0.7 5.7

Total ................... 10.7 54.5 2.7 17.7 24.0 49.4 7.7 128.0

Note.—All values represent the surface flux integrated over time and wavelength for each flare interval, in units of 1029 ergs.

TABLE 5

UV Emission Lines: Energy Budget

Flare 3 Flare 4 Flare 6 Flare 7 Flare 8

Line 0–349 s 349–1072 s 0–173 s 173–223 s 192–468 s 0–828 s 828–1816 s 0–98 s 98–822 s

C iii �1176................. 70.3 28.9 69.9 4.9 2.5 53.8 18.3 109.5 71.5

C iv �1548................. 57.0 53.7 57.4 8.3 7.5 120.7 42.9 72.8 173.1

C iv �1551................. 42.8 29.8 35.6 4.5 6.4 80.9 33.2 55.6 101.5

Si iv �1394 ................ 34.4 11.7 33.8 2.7 1.3 39.7 13.7 45.6 44.7

Si iv �1403 ................ 28.0 7.2 26.0 2.0 1.4 24.1 8.1 35.6 26.2

C ii �1335.................. 23.0 17.6 21.5 1.9 1.6 19.2 9.8 28.4 21.6

Si iii �1206 ................ 21.7 13.2 22.3 1.8 0.3 15.1 11.9 27.1 13.8

Si iii �1298 ................ 17.9 1.5 17.8 0.6 0.4 9.2 3.9 27.1 8.6

He ii �1640................ 16.8 35.8 9.4 3.4 1.5 44.5 23.4 12.7 43.8

Fe ii �1671 ................ 6.9 7.2 0.0 0.2 0.0 15.1 0.0 2.5 0.0

N v �1239 ................. 5.2 8.0 3.2 0.0 0.0 10.7 5.3 4.4 14.8

C iii �1247................. 4.0 2.0 2.6 0.3 0.1 1.8 1.1 7.1 1.4

Fe iii �1560 ............... 3.7 3.1 0.3 0.2 1.1 1.4 1.0 0.9 4.4

Si ii �1265 ................. 2.9 2.1 1.9 0.0 0.0 2.2 1.1 3.4 2.5

N v �1243 ................. 2.4 5.8 1.9 0.5 0.0 5.0 1.7 2.6 8.4

C i �1657................... 2.3 6.3 3.0 0.7 0.7 4.4 6.4 3.2 4.0

O i �1305................... 2.2 2.0 0.3 0.1 0.0 0.3 2.1 2.2 2.9

C ii �1324.................. 2.0 0.9 1.1 0.1 0.0 1.4 0.6 1.9 1.5

Si iii �1417 ................ 1.6 0.6 1.4 0.0 0.0 1.5 0.3 2.8 0.5

Si ii �1533 ................. 1.6 0.0 0.1 0.4 0.0 0.7 0.0 2.2 1.4

Si ii �1309 ................. 1.6 0.9 1.4 0.0 0.1 0.5 0.8 1.6 1.3

Si iii �1313 ................ 1.5 0.2 0.7 0.1 0.1 0.1 0.4 2.5 0.4

Si ii �1526 ................. 1.1 1.2 1.2 0.0 0.4 0.6 1.1 2.2 1.1

Fe xxi �1354 ............. 0.5 0.0 0.0 0.0 0.2 0.2 0.4 0.4 1.3

Total ..................... 351.2 239.4 305.2 29.6 23.5 453.0 183.9 454.4 544.0

Note.—All values represent the surface flux integrated over time and wavelength for each flare interval, in units of 1028 ergs.



phases, while the optical lines dominate the line emission
during all of the gradual phases. The relative ratios of
[UV lines : optical lines : continuum] are also similar, at
[0.07 : 0.02 : 1] during the impulsive phases and
[0.05 : 0.18 : 1] during the gradual phases. The optical results
agree with those of Hawley & Pettersen (1991), while the
ultraviolet results represent a new diagnostic that has not
previously been measured.

The astonishing similarity between flares in the numerous
atmospheric emission diagnostics, despite the large dispar-
ity in the detailed flare evolution for this sample of flares,
suggests a common mechanism for flare heating and energy
deposition. The flare atmospheres apparently have similar
temperature and density structure and hence emission prop-
erties over the temperature range 5� 103 to 5� 105 K.
Indeed, the optical continuum results for many flares on a
variety of stars, which show that temperatures of �9000 K
are ubiquitous, suggest that this may be true for stellar flares
in general. More data are necessary to confirm these trends,
especially in the higher energy (extreme-ultraviolet and
X-ray) regimes that map the corona.

The measured optical and ultraviolet flare luminosity, Lf ,
may be computed for each phase of each flare from the ener-
gies (Table 7) and durations (Table 5). These range from
0:2� 1029 ergs s�1 for the gradual phase of flare 6 to
7:1� 1029 ergs s�1 for the impulsive phase of flare 8. The
bolometric luminosity of an M3 star such as AD Leo is
�5:9� 1031 ergs s�1; hence, the ratio Lf /Lbol ranges from
3� 10�4 to 1� 10�2 for the flares observed here. By com-
parison, the quiescent magnetic activity on AD Leo gives
rise to X-ray luminosity at the level LX=Lbol ¼ 9� 10�4

(Giampapa et al. 1996) and H� luminosity
LH�=Lbol ¼ 2� 10�4 (Hawley, Gizis, & Reid 1996).

4.5. Line Broadening

Figure 14 shows the line broadening at the base of the
strong hydrogen Balmer lines and He i �5876 for flares 3
and 8 (the only ones in which measurements were possible).
The full width at one-tenth of the maximum value is used as
a fiducial, as measured by double-Gaussian fits to the
observed line profiles. The increased line widths of the
Balmer lines may be due to the Stark effect from
the increased electron density in the flaring atmosphere
(Donati-Falchi et al. 1985; Johns-Krull et al. 1997). The
flares we observed were evidently not strong enough to
cause the significant broadening (up to 30 Å) seen in pre-
vious flares on AD Leo (Hawley & Pettersen 1991). The
present data indicate that some broadening has occurred
but are insufficient to place strong constraints on the
electron density.

Other possibilities are (1) that the weak broadening seen
in the present data is due to curve of growth effects in the
line wings as the core becomes optically thick, and (2) that
the broadening is due to mass motions (see, eg., Eason et al.
1992). We hope to distinguish between these effects with our
new generation of flare models.

To investigate mass motions, we have examined the H�
profiles during flare 8 using the flux-weighted line-center
method described in the next section. The data are noisy
and have relatively poor time resolution, so the full analysis
carried out on the ultraviolet lines is not possible. However,
we do find that there is an indication of a blueshift of �40
km s�1 during the impulsive phase. This is of the same mag-
nitude, but in the opposite sense (upflow), as the results for
the transition region lines. Clearly, H� data with better
time resolution (on larger flares!) would be desirable to
investigate these effects in more detail.

4.6. Velocity Fields

The strongest ultraviolet lines had enough signal during
flares 3 and 8 that we were able to extract spectra with high
time resolution and examine changes in the velocity of the
atmosphere in the line formation region. The lines exhibit
significant redshifts, corresponding to a net downward flow
of material in this part of the atmosphere.

We measured the velocities using two different methods.
The first method consisted of simply calculating the flux-
weighted line center from the line profile data. The second
method employed a double-Gaussian fit to the measured
line profile, with one Gaussian fixed at the nominal line-
center position, and the other Gaussian allowed to move in
redshift to best fit the profile. Unfortunately, the majority of
the data were too noisy to obtain good Gaussian fits, so the
results reported here are from the flux-weighted line-center
method.

Figure 15 shows the velocity evolution of C iv �1548 and
Si iv �1403 during flares 3 and 8. The appearance of large
redshifts in UV lines, during and after the flare impulsive
phase, is analogous to the ‘‘ chromospheric condensation ’’
behavior seen in solar flares. Fisher (1989) showed that the
peak downflow speed is related to the flare energy during
chromospheric evaporation by

vpeak ’ 0:4
Fevap

mnch

� �1=3

; ð2Þ

where Fevap is the total flare energy flux at the peak of the
flare andmnch ¼ 	 is the chromospheric density.

We compare our results to this model as follows. We
estimate Fevap by totaling the flux in the UBVR filters,

TABLE 7

Total Energy

Flare 3 Flare 6 Flare 7 Flare 8

Region Impulsive Gradual Impulsive Gradual Impulsive Gradual Impulsive Gradual

Continuum ............... 466.8 (0.91)a 425.5 (0.84) 284.3 (0.92) 43.9 (0.69) 1398.1 (0.95) 1152.2 (0.94) 640.5 (0.92) 618.7 (0.77)

UV lines .................... 35.1 (0.07) 23.9 (0.05) 23.4 (0.08) 2.3 (0.04) 45.3 (0.03) 18.4 (0.02) 45.4 (0.07) 54.4 (0.07)

Optical lines .............. 10.7 (0.02) 54.5 (0.11) 2.7 (0.01) 17.7 (0.28) 24.0 (0.02) 49.4 (0.04) 7.7 (0.01) 128.0 (0.16)

Total ......................... 512.7 504.0 310.3 64.0 1467.4 1220.1 693.6 801.0

Note.—All values represent the surface flux integrated over time and wavelength for each flare interval, in units of 1029 ergs.
a Numbers in parentheses indicate the ratio of the region’s energy to the total energy during that phase of the flare.
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converting to surface flux, and dividing by the fractional
area coverage computed in x 4.1. For flare 8 we find
Fevap ¼ 1:6� 1011 ergs cm�2 s�1. Using a chromospheric
density of 1:5� 10�10 g cm�3 (model B of Mauas & Falchi
1996) results in a peak speed of �41 km s�1. The observed
peak velocities of�30–40 km s�1 are therefore slightly lower
then the value predicted with the chromospheric condensa-

tion model. The consistently lower measured values may be
an artifact of the flux-weighted line center for calculating
the velocities. This method essentially averages the quies-
cent and flare flux leading to systematically smaller veloc-
ities. The Gaussian fit method attempts to account for the
quiescent flux independently, and the few profiles for which
we were able to obtain good fits did show larger velocities
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compared to those from the flux-weighted line-center
method. Thus, it appears that the chromospheric con-
densation model provides a reasonable explanation for our
velocity data.

5. SUMMARY

We have presented observations and analysis of a large
body of flare data obtained during a multiwavelength
observing campaign on the dM3e star AD Leo during 2000
March. The combination of EUVE soft X-ray and HST/
STIS ultraviolet observations, together with optical
photometry and spectroscopy, provides unprecedented
diagnostics of the simultaneous response of many regions of
the flare atmosphere. Our results confirm previous work

indicating that stellar flares exhibit a Neupert effect in both
soft X-rays and chromospheric emission, when compared to
the U-band continuum radiation. Further, the optical and
ultraviolet line and continuum radiation exhibits remark-
able correlations that hold for flares of dissimilar light-curve
morphology and evolution. These results suggest that the
flare-heating mechanism and resulting atmospheric struc-
ture are relatively independent of the exact timing and mag-
nitude of the flare energy deposition. In all cases, a flare
continuum temperature of �9000 K is indicated, with small
area coverage (<0.1%). The optical continuum carries the
bulk of the energy, with the ultraviolet lines contributing a
few percent during the impulsive phase, while the optical
lines contribute �10%–20% during the gradual phase. The
high-resolution spectroscopic observations of strong
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ultraviolet lines allowed us to determine the velocity
evolution of the strongest flares we observed. The data show
significant downflows, in agreement with chromospheric
condensation models for solar flares.

The wealth of observational data presented here places
strong constraints on models of flare energy deposition and
heating in stellar flare atmospheres. We are now adapting a
radiative hydrodynamic code (Carlsson & Stein 1997;
Abbett & Hawley 1999) for use in modeling the AD Leo
atmosphere, with the ultimate goal of understanding the
heating of the lower atmosphere and production of the
white-light continuum radiation.
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