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ABSTRACT 
A high-resolution infrared spectrum of the dM3.5e flare star AD Leo, obtained with the Kitt Peak 4 m Fourier 

Transform Spectrometer, clearly shows the presence of strong magnetic fields. This is the first detection of 
photospheric fields on a dMe star. We have modeled five absorption lines in the 4400-4600 cm-1 (2.27-2.17 /im) 
region and infer that 73% ± 6% of the surface of AD Leo is covered by active regions outside of dark spots 
containing a mean field strength oî B = 3800 + 260 G. If these active regions are brighter than the quiet 
photosphere, the surface filling factor will be somewhat smaller. Since simultaneous Ha observations exhibited 
no evidence of flares, our observations probably represent the quiescent magnetic flux level. The inferred field 
strength is consistent with equipartition of magnetic and thermal pressures in the photosphere (scaled from solar 
network fields) and is similar to values derived using the scaling laws of Golub. The large observed filling factor 
is consistent with efficient dynamo generation of magnetic flux in this rapidly rotating star. 

Subject headings: magnetic fields — stars: atmospheres —stars: flare —stars: individual 

I. INTRODUCTION 

Accurate measurements of stellar surface magnetic field 
strengths and fractional area coverages can provide empirical 
constraints on such important theoretical problems as the 
nature of dynamos, mechanisms for nonradiative heating in 
outer atmospheres, and the evolution of stellar angular 
momentum and interior properties (Marcy 1984). Understand- 
ing magnetic properties of dMe flare stars is of particular 
interest, due to the enormous enhancement of their activity 
indicators relative to those of normal solar-like stars (see 
reviews in Byrne and Rodonó 1983). No positive detection of 
fields has ever been made for these stars, however, despite 
several attempts using polarization techniques (e.g., Vogt 1980; 
Pettersen and Hsu 1981). 

The M dwarf flare stars exhibit many phenomena, including 
strong chromospheric and coronal emission and powerful 
flares, that by analogy with the Sun indicate intense mag- 
netic fields exist in their photospheres. The greatly enhanced 
level of this activity relative to the Sun suggests that substan- 
tial fractions of their surfaces are covered with magnetic 
regions (e.g., Linsky et al. 1982). Because of the lack of 
magnetic data for M stars, and the importance of such infor- 
mation, we have begun a program to measure directly the field 
parameters of dM and dMe stars. We present in this Letter 
the first such measurement for a dMe flare star: AD Leo. 

II. OBSERVATIONS AND ANALYSIS 

AD Leo (= G1 388) is an interesting target for several 
reasons. It is a single, dwarf M3.5e star with well-studied flare 
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characteristics (Pettersen, Coleman, and Evans 1984). Its large 
X-ray luminosity (log Lx = 29.0) places it among the upper 
envelope of X-ray emitting dwarfs (Golub 1983). Lang et al. 
(1983) detected highly polarized radio bursts from AD Leo 
and interpreted their observation as due to electron-cyclotron 
maser emission from electrons spiraling in coronal magnetic 
fields of about 250 G. The recent discovery of photometric 
modulation due to starspots (P = 2<?695; W. Sandmann 1985, 
private communication) and strong chromospheric and transi- 
tion region emission (Rodonó et al 1984) further indicate the 
presence of enormous magnetic activity. Finally, since AD 
Leo is relatively bright (mv = 9.4, mK = 4.7) and has a low 
projected rotational velocity (i?sin/ = 5 km s-1; Vogt, 
Soderblom, and Penrod 1983), it is a good candidate for 
magnetic fine profile analysis. 

We observed AD Leo in the infrared K band in un- 
polarized fight with the KPNO 4 m Fourier Transform Spec- 
trometer (4 m FTS; see Hall et al. 1979) to take advantage of 
the proportionality of magnetic Zeeman splitting to X2 and 
the near-infrared peak in stellar flux. Giampapa, Golub, and 
Worden (1983) and Gondoin, Giampapa, and Bookbinder 
(1985) have also used the 4 m FTS for stellar magnetic 
observations. We used a narrow-band interference filter cover- 
ing 4400-4600 cm-1 (2.27-2.17 ¡xm) to increase the signal-to- 
noise (S/N) ratio. A 6 hr exposure of AD Leo taken in poor 
seeing conditions (~ 5") yielded a spectrum with a S/N « 25 
at an apodized resolution of 0.1 cm-1 (X/AX = 45,000). Our 
data thus represent a spatial and temporal average over « 9% 
of the stellar rotational period. 

The raw spectrum was divided by a tungsten lamp exposure 
to remove the filter response, and by a spectrum of Sirius 
which had been logarithmically scaled to the same average 
airmass as AD Leo to remove telluric fines. We then visually 
compared a multiplet of Ti i fines in this reduced spectrum 
with umbra/photosphere ratio profiles in Hall’s (1973) in- 
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Fig. 1.—Comparison of apodized 4 m FTS spectra of AD Leo (crosses), similar spectra of the dK5 magnetically inactive star 61 Cyg A, and a sunspot 
umbra/photosphere ratio spectrum from Hall’s (1973) atlas. (The ratio spectrum removes telluric Unes without affecting Ti I, which is absent at solar 
photospheric temperatures.) The solid Une model to the AD Leo data is for the magnetic parameters indicated. All data are on the wavenumber scale of 
AD Leo. The spectra have been displaced vertically for clarity, and positions where the noise is enhanced because of the approximate removal of strong 
telluric Unes from the AD Leo spectrum are marked with arrows. 

frared sunspot atlas (for which the umbral field strength was 
2900 G [Hall 1970]) and unspht profiles of the inactive K5 
dwarf 61 Cyg A which we also observed (see Fig. 1). Inspec- 
tion of these profiles suggests that fields well in excess of 3000 
G cover much of the photosphere of AD Leo. 

Visual inspection of the spectrum, however, also reveals 
numerous line blends in this region, which complicate the 
analysis and can lead to spurious Zeeman signals. As a 
detailed synthesis of these largely unidentified Unes is not now 
possible, we plan in the future to observe a chromospherically 
inactive star of the same spectral type and employ a differen- 
tial analysis (see Saar, Linsky, and Beckers 1985, hereafter 
SLB) to remove the effects of blends. For the present, how- 
ever, we analyze the spectrum without compensating for blends 
and rely on the consistency of the measured field parameters 
among several modeled fines to argue that the deduced Zeeman 
signal is not caused by the chance positioning of extraneous 
fines in the spectrum (cf. Gray 1984). 

We computed theoretical fine profiles using our LTE mag- 
netic modeling code (SLB; S. H. Saar 1985, in preparation), 
which includes radiative transfer effects such as fine satura- 
tion, and computes the full Zeeman patterns. Since no ade- 
quate magnetically insensitive fines fie in this spectral region, 
we could not compare low and high g fines directly (cf. 
Robinson 1980; Marcy 1984). Instead, we computed models 
for each fine individually, assuming vsini = 5 km s-1, a 
macro turbulent velocity ? = 3 km s-1 (Vogt, Soderblom, and 
Penrod 1983), and pure LS coupling for the Zeeman splitting 
(Beckers 1969). The angle y between the magnetic field and 
the fine of sight was taken to be a disk-averaged value (Marcy 
1982; for a limb darkening coefficient of 0.3) of (y) = 43°. 
We then varied the fine opacity ratio (17), magnetic field 
strength (5), and magnetic area filling factor (/) for each 
model to match the observed profiles. The code combines LTE 
magnetic (Fmag) and nonmagnetic flux profiles (7^0 in the 
form Ftotal = /Fmag(i), 5) + (1 - /)Fqukt(i), 0), assuming 
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TABLE 1 
Spectral Lines Used and Derived Parameters 

Atom and 
Wavenumber? 

(cm-1) 

Derived Parameters 

Transition geff
b 

Normalizedc 

log gf 
Normalized 

V f 
B 

(gauss) 

Til 4480.95 . 
Til 4488.30 . 
Ti i 4496.6ld 

Til 4501.00 . 
Til 4565.51 . 

5p _5n0 M u0 
5p3-

5d° 
5p2-

5d% 

5Pj-5D? 

2.500 
1.583 
1.667 
2.000 
1.167 

= 1 
2.3 
2.9 
2.3 
4.8 

! 1 
1.7 

: 2.8 
2.6 
4.6 

0.68 
0.78 
0.66 
0.72 
0.80 

3600 
4200 

* 3700 
3600 
3900 

aFrom Hall 1973. 
bFrom Beckers 1969. 
cFrom Kurucz and Petreymann 1975. 
dThe 4496.61 cm-1 line is heavily blended, and its derived parameters are poorly de- 

termined. Lower weight is given to these results. 

L49 

identical continuum and line properties for the magnetic and 
quiet regions. The computed models (Fig. 1) indicate that 
active regions with a mean field strength of 3800 ± 260 G 
cover 73% ± 6% of the surface of AD Leo (Table 1). The 
relative opacity ratios computed from our fits compare well 
with those of Kurucz and Peytremann (1979), and the B and / 
values are uncorrelated with other parameters, confirming that 
our Une models are reasonable. The stated errors reflect the 
scatter of the individual magnetic parameters from the mean. 
Deviations of the magnetic parameters in the individual line 
models from the mean can be accounted for by line blends, 
noise, inadequate removal of telluric Unes (e.g., the 4480 cm-1 

line), and departures from LS coupling (Giampapa, Golub, 
and Worden 1983). 

A simultaneous, serendipitous observation of Ha, kindly 
provided by Dr. B. Bopp, shows a normal equivalent width of 
2.88 Á (cf. Bopp and Schmitz 1978; Giampapa et al. 1978) 
and a central reversal, indicating that no major flare activity 
occurred during the middle hour or so of the FTS exposure. 
Since large flares are rare (Pettersen, Coleman, and Evans 
1984), we presume that our magnetic measurements probably 
represent the normal, “quiescent” magnetic flux level of 
AD Leo. 

hi. DISCUSSION 

We first consider the type of active regions detected. The 
value of 73% for the fractional magnetic area coverage was 
derived assuming equal continuum fluxes in the magnetic and 
nonmagnetic regions. If we now consider the possible contri- 
bution of starspots and assume Tspot/Teff = 0.85 (Vogt’s 1983 
value for the dMOe flare star BY Dra) and 7¡ff(AD Leo) = 
3350 K (from Table 2 of Pettersen 1983 for V - K = 4.8), we 
find the continuum Planck function ratio Fx (spot)/Fx (photo- 
sphere) = 0.7 at 2.2 fim. Thus if the observed magnetic re- 
gions are starspots, they must cover 0.73/0.7, or the entire 
stellar surface, clearly an unphysical result. Indeed, only re- 
cently (W. Sandmann 1985, private communication) has any 
evidence for spots on AD Leo been found (Bopp and Espenak 
1977, for example, saw no photometric modulation). We 
therefore presume that the magnetically split Unes are formed 
in regions which are roughly as bright as the quiet photo- 

sphere, as we found (SLB) for the dK5e flare star EQ Vir, and 
as is found in the magnetically active solar network and 
plages. If the magnetic regions are brighter than the quiet 
photosphere, our derived filling factor of 0.73 will be some- 
what too large. 

The field strength we obtain is about one-half of Mullan’s 
(1975) predicted value (based on scaling arguments from his 
starspot models), but is consistent with equal gas and mag- 
netic pressures in the stellar photosphere when scaled from 
solar network fields. We interpolate between Mould’s (1976) 
M dwarf model atmospheres (7¡ff = 3250 K and 3500 K, 
log g = 4.75) to find that the photospheric pressure at 
TRoSSeiand = 1 is ¿ad Leo = 7.57 X 105 dyn cm“2. Then using 
PQ = 1.173 X 105 dyn cm 2 (at t5000 = 1; Vemazza, Avrett, 
and Loeser 1981) and a solar network field strength of 1500 G 
(Tarbell and Title 1977), we assume equipartition and derive 
5ADLeo = (Woo/^g)172 x #g = 3810 G, in excellent 
agreement with our observed value of 3800 G. EQ Vir, the 
only other flare star with a measured photospheric magnetic 
field, also has a field (2500 + 300 G) close to equipartition 
(SLB). 

We compare our magnetic parameters with estimates based 
on Golub’s (1983) coronal loop scaling laws (note the incor- 
rect exponents in his equations): 

5 = 1.2 X lO-^v^/vey'lTHg./go)]^2 (1) 

and 

/= 3.4 X io~9fx/p(r)[r/(g*/g0)] (2) 

where P(T) is the plasma emissivity given by P(T) = 
Fx/Hcn

2
efc, Fx is the stellar X-ray surface flux (= Lx/A

tnR\), 
Tc is the coronal temperature, i;twist is the magnetic footpoint 
twisting velocity, fc is the magnetic filling factor at the base of 
the corona, and Hc is the coronal emission scale height. The 
stellar coronal loops are assumed to have lengths L = Hc = 5 
Xl03rc X (g*/go)_1. Taking R* = 0.43Ro (Pettersen 1980), 
log g = 4.17 + 0.38(2? - V) (Gray 1976), log Lx = 29.0, Tc 

= 7 X 106 K (Swank and Johnson 1982; note the Lx and Tc 

data are not cotemporal with ours), ^wist Ao = 1/3 (L. Golub 
1985, private communication), ne = 1010 cm-3, and fc = 0.73, 
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we find 5(model) = 945 G and /(model) = 6.33. This type of 
result (/ > 1), Golub suggests, implies that the loop structures 
on AD Leo must be smaller than assumed (i.e., L < Hc). 
There is no obvious lower limit on L, however. If we instead 
force /(model) to agree with the observed value of 0.73, we 
find R (model) = 2780 G, which is lower than the observed 
value of 3800 G but within the errors of the input parameters. 
For example, if we set ne = 1.37 X 1010 cm-3, we find 
£(model) = 3800 G for /(model) = 0.73. We therefore con- 
clude that Golub’s models can yield magnetic field parameters 
in reasonable agreement with our results. 

The high-temperature coronal component of AD Leo (Tc ~ 
4 X 107 K) obtained by Swank and Johnson (1982) from 
modeling Einstein SSS data may correspond to coronal re- 
gions above areas of even larger magnetic pressures, such as 
starspots (e.g., Giampapa, Golub, and Worden 1983). Sub- 
stitution of this higher temperature into the model yields 
Æ(model) = 12,900 G and /(model) = 0.19. If such parame- 
ters describe starspots, this component of AD Leo’s magnetic 
surface structure would have escaped detection at our S/N, 
since the depth of the resulting starspot sigma components 
with a 19% filling factor would be less than « 3%. Higher 
S/N data are therefore needed to determine whether very 
large fields ( > 10 kG) are present in spot umbrae on AD Leo. 

Our results for AD Leo imply that the surface-averaged 
field (B) = fB ^ 2800 G. This averaged field strength, to- 
gether with that of EQ Vir (with (B) = 2000 G), is well above 
the mean detected in active dwarfs to date of (5) = 600-700 
G (SLB; Gray 1985). Gray suggests that the small range of 
(B) for the observed stars (a » 100 G) is due to the existence 
of a universally constant number of magnetic flux tubes on 
active stars. Our results for AD Leo and EQ Vir indicate that 
at least the most active and/or the coolest stars (the BY Dra 
and dMe stars) deviate significantly from the apparent trend. 

Although the sample is small, the large surface-averaged 
fields of AD Leo and EQ Vir appear to reinforce the idea that 

rapid rotation is central to stellar magnetic activity. With 
rotational periods of 2<?695 and 3<?96 (Vogt et al. 1983), re- 
spectively, AD Leo and EQ Vir have much larger angular 
velocities than any other late-type star with measured mag- 
netic fields. The field strengths in the nonspotted regions of 
these flare stars, however, seem to be controlled by the photo- 
spheric pressure balance. Perhaps the large observed filling 
factors, therefore, are due to redistribution of the emerging 
magnetic flux to cover a larger surface area when surface field 
strengths have reached maxima (Galloway and Weiss 1981) at 
the equipartition value. If this scenario is correct, we antic- 
ipate that / will increase with angular velocity for stars with 
equipartition field strengths, since simple dynamo models 
predict magnetic flux generation scales with rotation (e.g., 
Dumey and Robinson 1982). The theory of Dumey and 
Robinson (1982) in fact predicts / « 1.0 (assuming equiparti- 
tion fields) for stars with Teñ and values appropriate for 
AD Leo and EQ Vir, in rough agreement with our results. The 
weak correlation of filling factor with rotational velocity noted 
by Gray (1985) is also consistent with this concept. 

We conclude that the surface magnetic fields on the dM3.5e 
flare star AD Leo have characteristics very similar to those 
found on the dK5e flare star EQ Vir, namely field strengths 
consistent with thermal pressure balance in the photosphere, 
and filling factors consistent with rapid rotation. Further 
measurements of the magnetic parameters of M dwarfs are 
needed to help dehneate exactly how magnetic flux generation 
varies with stellar parameters. 
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