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ABSTRACT

I present radio observations of 90 dwarf stars and brown dwarfs of spectral type M5—T8. Three sources exhibit
radio activity, in addition to the six objects previously detected in quiescence and outburst, leading to an overall
detection rate of ~10% for objects later than M7. The inferred magnetic field strengths are ~10 G in quiescence and
nearly 1 kG during flares, while the majority of the nondetected objects have B < 50 G. Depending on the config-
uration and size of the magnetic loops, the surface fields may approach 1 kG even in quiescence, at most a factor of a
few smaller than in early M dwarfs. With the larger sample of sources I find continued evidence for (1) a sharp tran-
sition around spectral type of M7 from a ratio of radio to X-ray luminosity of log (Lg/Lx) ~ —15.5t0 2—12, (2) in-
creased radio activity (Lg/Lye) With later spectral type, in contrast to Ha and X-ray observations, and (3) an overall
drop in the fraction of active sources from ~30% for M dwarfs to ~5% for L dwarfs, consistent with Ho and X-ray
observations. Taken together, these trends suggest that some late M and L dwarfs are capable of generating 0.1-1 kG
magnetic fields, but the overall drop in the fraction of such objects likely reflects changes in the structure of the
chromospheres and coronae, possibly due to increasingly neutral atmospheres and/or a transition to a turbulent
dynamo. These possibilities can best be tested through simultaneous observations, which can trace the effect of
magnetic dissipation in a direct, rather than a statistical, manner. Still, a more extended radio survey currently holds

the best promise for measuring the magnetic field properties of a large number of dwarf stars.

Subject headings: radio continuum: stars — stars: activity — stars: low-mass, brown dwarfs —

stars: magnetic fields

1. INTRODUCTION

The question of whether and how fully convective low-mass
stars and non-hydrogen-burning brown dwarfs generate and dis-
sipate magnetic fields has important implications for our under-
standing of their internal structure and the physical conditions in
their atmospheres. Theoretically, the so-called a2 dynamo, which
depends on shearing motions at the radiative-convective transition
zone and which is used to explain the origin of the solar magnetic
field, cannot operate in fully convective dwarfs. Instead, the mag-
netic dynamo may increasingly depend on turbulent motions
associated with the internal convection itself or on the com-
bined effect of stratification and rotation, the so-called o dynamo
(Raedler et al. 1990; Durney et al. 1993). However, it is not clear
whether these mechanisms can give rise to a large-scale, long-
lived magnetic field. Recent magnetohydrodynamic simulations
provide tantalizing evidence that a large-scale and stable field
may in fact be generated (Chabrier & Kiiker 2006; Dobler et al.
2006), contrary to earlier indications (Durney et al. 1993), but ini-
tial observations suggest that the models are not complete (Donati
etal. 2006). It remains to be seen whether the same result holds for
the much cooler L and T dwarfs, of which a large fraction lack hy-
drogen burning as a source of heat.

In addition, it has been argued that even if strong fields are
generated, their dissipation may be hampered by the increasingly
neutral atmospheres of late M and L dwarfs (Mohanty et al.
2002). If this is the case, then the suppression of chromospheric
and coronal heating will result in decreased emission in the Ha
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emission line, the X-rays, and possibly the radio band, despite
the presence of magnetic fields.

Clearly, direct observations that probe the presence, dissipation,
and properties of the magnetic fields are required to guide and
to test these theoretical ideas. Measurements based on Zeeman
broadening have been performed for a handful of active early
M dwarfs (up to M4.5), indicating field strengths of a few kilo-
gauss with near unity surface coverage (Saar & Linsky 1985;
Johns-Krull & Valenti 1996). Unfortunately, this approach cannot
be used effectively for late M, L, and T dwarfs because the re-
quired atomic lines are weak in the cool atmospheres of these stars
and tend to be blended with molecular features. It has recently
been suggested that the field strengths can be measured through a
secondary calibration of FeH lines (Reiners & Basri 2006), but
this approach has yet to be implemented for any star beyond M4.5.

The presence and dissipation of magnetic fields can be alter-
natively traced through activity indicators such as Ha, X-ray,
and radio emission. The Ha and X-ray emission are secondary
indicators, since they arise from plasma presumably heated by
the dissipation of magnetic fields, through, for example, mag-
netic reconnection. In the standard scenario the input of energy
drives an outflow of hot plasma into the corona through evapo-
ration of the underlying chromosphere, leading in turn to brems-
strahlung X-ray emission and Ha emission (Neupert 1968; Hawley
etal. 1995; Giidel et al. 1996). The radio emission, on the other
hand, arises from gyroresonance or coherent processes, which
trace the presence and properties of magnetic fields directly. Thus,
radio observations can be used to infer the field strength of indi-
vidual objects directly, whereas Ha and X-ray emission provide a
useful statistical measure and insight into the influence of mag-
netic fields on the outer layers of dwarf stars.

Observationally, the lack of significant change in the measured
level of Ha and X-ray activity with the onset of full convection at
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about spectral type M3 suggests that at least in the early M dwarfs
the putative turbulent or distributed dynamo can operate efficiently.
It is also possible that the magnetic field itself acts to reduce the
mass at which the transition to fully convective structure takes
place (Mullan & MacDonald 2001). However, beyond spectral
type M7 there is a precipitous drop in Ha and X-ray persistent
activity, and only a few percent of the objects exhibit flares (e.g.,
Reid et al. 1999; Gizis et al. 2000; Rutledge et al. 2000; Liebert
et al. 2003; West et al. 2004). Furthermore, unlike in the early
M dwarfs (Rosner et al. 1985; Fleming et al. 1993; Mohanty et al.
2002; Pizzolato et al. 2003), many late-type rapidly rotating
dwarfs exhibit little or no discernible activity in these bands (Basri
& Marcy 1995; Mohanty & Basri 2003). These patterns are con-
sistent with a decrease in either the generation or dissipation of
the magnetic fields, or both.

On the other hand, radio emission has been detected from sev-
eral late M and L dwarfs (Berger et al. 2001, 2005; Berger 2002;
Burgasser & Putman 2005), suggesting that at least some of
these objects are capable of generating and dissipating magnetic
fields. Surprisingly, the ratio of radio to X-ray luminosity in the
detected objects exceeds by several orders of magnitude the
value measured for early M dwarfs and a variety of other stars
(including the Sun; Giidel & Benz 1993; Benz & Giidel 1994),
and there is no obvious correlation with Ho emission. Thus, ra-
dio observations present a powerful and perhaps unique approach
for inferring the magnetic field strength of late-type stars and
brown dwarfs.

Here I exploit this approach and continue my investigation of
radio emission from late M, L, and T dwarfs by expanding the
observed sample by about a factor of 3 (to 90 sources). With this
extended sample I find continued evidence for a sharp transition
in the ratio of radio to X-ray luminosity at spectral type M7, as
well as an increased level of activity with later spectral type. I
show, however, that as in the case of Ha and X-ray observations,
the fraction of objects producing radio emission drops from about
30% in the M dwarfs to only ~5% in the L dwarfs. Most im-
portantly, I present for the first time estimates of the magnetic
field strength of a large sample of late M and L dwarfs and show
that for the active sources there is at most a modest drop in the
field strength from early M to early L dwarfs.

2. OBSERVATIONS

I observed a sample of 21 late M, L, and T dwarfs with the
Very Large Array (VLA)® at 8.46 GHz using the standard contin-
uum mode with 2 x 50 MHz contiguous bands at each frequency.
The flux density scale was determined using the standard extra-
galactic calibrator sources 3C 48 (JO137+331), 3C 147 (J0542+
498), and 3C 286 (J1331+305), while the phase was monitored
using calibrators located within 10° of the target sources. The
data were reduced and analyzed using the Astronomical Image
Processing System. In addition to these observations, I obtained
and reduced all publicly available observations of late M, L, and
T dwarfs from the VLA archive and collected all measurements
published in the literature. This resulted in a total of 88 objects
ranging from M7 to T8, as well as a single M5 dwarf and a single
M5.5 dwarf. A summary of all observations and the relevant
source properties are given in Table 1 and Figure 1.

For the detected objects I searched for variability (flares) us-
ing the following method. All the bright field sources were re-
moved using the AIPS IMAGR routine to CLEAN the region
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around each source (with the exception of the target source) and
the AIPS UVSUB routine to subtract the resulting source models
from the visibility data. The real part of the complex visibili-
ties were then plotted at the position of the science target as a
function of time using the AIPS UVPLT routine. The subtraction
of field sources is necessary, since their sidelobes and the change
in the shape of the synthesized beam during the observation re-
sult in flux variations over the map, which may contaminate any
real variability or generate false variability.

3. PROPERTIES OF THE RADIO EMISSION

Quiescent radio emission has been previously detected from
six late-type dwarfs ranging from spectral type M7 to L3.5 (Berger
etal. 2001, 2005; Berger 2002; Burgasser & Putman 2005; Osten
et al. 2006). Four of these objects also produced short-lived,
highly polarized flares with a typical timescale of ~10 minutes
and a flux increase compared to the quiescent level of at least a
factor of a few. In addition, the L3.5 dwarf 2MASS J00361617+
1821104 (2M 0036+18) was shown to exhibit a periodicity of
3 hr in its quiescent radio emission, whose origin is not fully un-
derstood but may arise from a closely orbiting companion (Berger
et al. 2005).

In the extended sample I detect radio emission from three ad-
ditional dwarfstars: LHS 1070 (M5.5), LSR J1835+3259 (M8.5),
and 2MASS J05233822—1403022 (2M 0523—14; L2.5) with
fluxes of 161 & 15, 525 + 15, and 231 £ 14 uly, respectively.
LHS 1070 has been detected on two separate occasions with
fluxes of 153 4+ 23 and 167 £ 20 uly, respectively, consistent
with nonvariable quiescent emission. Similarly, I do not find
evidence for variability within a single observation for any of the
three sources, but I note that the observations are relatively short,
~90-220 minutes. The fractional circular polarization for the
three objects is f. < 30% (LHS 1070), f. < 9% (LSR J1835+
3259), and f. = 19% =+ 6% (2M 0523 —14), similar to the level
of circular polarization in the quiescent emission from previous
objects.

Finally, I note that weak radio emission is detected in near
positional coincidence (<5”) with two other sources, 2MASS
J01483864—3024396 (2M J0148—30; M7.5) and 2MASS
J04234858—-0414035 (2M 0423—04; L7.5). However, I do not
believe that these are genuine detections for two reasons. First,
the offset for 2M 0423 —04 does not coincide with the proper
motion measured by Vrba et al. (2004); for 2M J0148—30 the
proper motion is not known, but the offset is 3”3 + 074 with a
position angle of about 75°. Second, in both cases the emission is
strongly detected in only one of the two intermediate-frequency
(IF) channels of the VLA but is consistent with zero in the other
IF channel. This suggests that the radio emission is most likely
spurious and may be due to a low level of interference.

4. PHYSICAL PROPERTIES: MAGNETIC FIELD
STRENGTH, SOURCE SIZE, AND DENSITY

Using the observed fluxes and fractional circular polarization I
now estimate the magnetic field strengths for the detected sources.
I first provide a rough estimate of the brightness temperature as a
way to assess the origin of the radio emission (coherent vs. gyro-
synchrotron): 7, = 2 x 10°F,, mjyyaﬁzallfc(R/RJ)*2 K, where R ~
Ry ~ 7 x10° cm is Jupiter’s radius and roughly the source radius,
and R ~ 1Rj—2 Ry (Leto et al. 2000) is the size of the emitting
region if the covering fraction is of order unity. For our detected
sources I find 7, ~ 108-10° K. Conversely, the inverse Comp-
ton limit of 7, < 10'? K for gyrosynchrotron emission defines a
minimum size for the emitting region of R ~ 0.035R; ~ 2.5 x
10 cm, or about 0.03% of the surface area at the height of the



TABLE 1

RADIO OBSERVATIONS OF M, L, AND T DWARFS

J K s Fl/,R vsini Lbol R T
R.A. Decl. SpT (mag) (mag) (mas) (wly) (kms™)  (Lo)  Lpalloer (Ro) (K) Notes Reference
1) () B3 @ (5) (6) (7 (®) ©) (10) an - a2 (13) (14)
1626 19.2............ —-242416 M5 1635 11.73 6.25 <150 -1.32 1
0024442.......... —270824 M55 926 823 1353 161 + 15 LHS 1070ABC
04 35 16.1. —-16 0657 M7 1040 934 1163 <48 —4.71* LP 775-31
04 40 23.2. —053008 M7 10.68 9.56 102.0 <39 —4.28° LP 655-48
07 52 23.9. +16 1216 M7 10.83 982 952 <39 LP 423-31
14 56 38.3............ —28 0947 M7 996 892 1524 270 + 40 8 —-329 522 ... 2600 LHS 3003 2
16 55 353............ —08 2340 M7 9.78 8.83 1545 <24 9 —3.21 —4.06 0.113 2707 VB 8 3
01 48 38.6............ —3024 40 M7.5 1228 11.24 543 <45
03 31 30.2 —-304238 M7.5 11.37 1028 82.6 <72 —4.21* LP 888-18
04 17 37.5. —08 00 01 M7.5 12.17 11.05 575 <36
04 29 18.4. —312357 M7.5 1089 9.80 103.1 <438
1521 01.0. +50 5323 M7.5 12.00 1092 62.1 <39
10 16 34.7 +27 5150 M7.5 1195 1095 633 <45 7 —4.70 LHS 2243 1
19 16 57.6............ +0509 02 M8 995 881 1742 <81 6.5 —3.35 —4.32 2700 VB 10 3
1534 57.0............ —141848 M8 11.39 10.31 909 <111 -339  —4.80° 2500 2
1048 142............ —395609 M8 9.55 845 2475 140 + 40 25 -339  —4.92° 2500 2
(29.6 + 1) x 10* Flare
11 39 51.1. —315921 M8 12,67 1149 50 <99 —-3.39 —4.22% 2500 2
18 43 22.1. +404021 M8 11.30 1027 70.9 <48 -3.10 LHS 3406
0019 26.3............ +46 14 08 M8 12.61 1147 513 <33
03 50 574.......... +18 18 07 M8 1295 11.76  43.7 <105 4 —4.06 2550 LP 413-53
04 36 104............ +22 5956 M8 13.76 12.19 7.14 <45 8 —4.36" CFHT-BD-71 2
0517 37.7 .o —-334903 M8 12.00 10.82 68.0 <54 DENIS 0517—-33
20 37 07.1. —113757 M8 1228 11.26 59.5 <33
1501 08.3 +22 5002 M85 11.80 10.74 944 190 £+ 15 60 —3.59 =503 0.097 2319 TVLM 513-46 1
980 + 40 .. Flare
03 35 02.1.......... +23 4236 M85 1226 1126 52.1 <69 30 —4.63 2475
18 35379........... +32 5955 M85 1027 9.15 1764 525 £ 15 .. LSR 1835+3259
14 54 28.0............ +16 06 05 M8.5 11.14 10.02 101.9 <30 —3.39 2440 GJ 569Ba 3
14 54 28.0............ +16 06 05 M9 11.65 10.43 101.9 <30 . —3.56 ... 2305 GJ 569Bb
08 53 36.2. —032932 M9 11.18 997 1176 <81 12 —3.49 —430 0.101 2441 LHS 2065 1,3
01 09 51.2. —034326 M9 11.70 1042 90.9 <33 —4.52% LP 647-13
04 34 15.2. +22 5031 M9 13.74 11.87 7.14 <69 7 —4.55% CFHT-BD-7 1
04 36 389............ +2258 12 M9 1370 12.34 7.14 <57 12 -3.79° .. CFHT-BD-7 3
0537 259....uu... —023432 M9 1822 17.00 2.84 <66 —-3.08 —3.00 2460 S Ori 55
17 07 234............ —055824 M9 12.06 10.71 <48 —5.82°%
00 19458............ +52 1318 M9 1282 11.62 53.5 <42
03 39352............ —352544 M9 10.75 9.52 2014 74 + 13 28 -3.79 —5.26 0.093 2138 LP 944-20 4
2600 + 200 Flare
04 43 37.6............ +00 02 05 M9.5 12.52 11.17 654 <60
0024 246............ —01 5820 M9.5 11.86 10.58 86.6 83 + 18 34 —3.45 <—6.01 0.103 2495 BRI 0021—-0214 1
0027 42.0............ +0503 41 M9.5 16.08 14.87 13.8 <75 13 —3.62  —3.39 0.097 2302 PC 0025+0447 1
034543.1............ +254023 LO 13.92 12.67 37.1 <87 25 —3.56 0.098 2364 1
07 46 42.5............ +20 0032 L0.5 11.78 1047 819 <48 24 —-3.62 =524 0.097 2302
06 02 304............ +39 1059 L1 1230 10.86 94.3 <30 LSR 0602+3910
1300 425............ +19 1235 L1 12.72  11.62 719 <87
18 07 15.9. +50 1531 L1.5 1293 11.60 68.5 <39
02 13 28.8. +44 44 45 L1.5 1349 12.21 53.5 <30
20 57 54.0. —025230 LI1.5 13.12 11.72 61.7 <36 DENIS 2057—02
04 45 53.8 —-304820 L2 1341 1198 60.2 <66
0109 01.5............ —510049 L2 1223 11.09 100 <111 —3.89 ... 2100 2
13 0540.1............ —-254110 L2 1341 11.75 536 <27 60 —3.57 =523 0.098 2354 Kelu 1 3
05 23 382...ccc.... —14 0302 L25 13.08 11.64 74.6 <39
05 23 38.2. —140302 L2.5 13.08 11.64 74.6 231 + 14
17 21 03.9. +3344 16 L3 13.62 1249 65.8 <48
02 51 14.9. —035245 L3 13.06 11.66 82.6 <36
2104 149............ —103736 L3 13.84 1237 58.1 <24
0045214..... +16 3444 13.5 13.06 11.37 962 <39
00 36 16.1............ +18 2110 L3.5 1247 11.06 1142 134 + 16 15 —-3.93 0 0.091 1993 1,5
720 + 40 Flare
17 05483............ —051646 L4 1331 1203 934 <45 .. DENIS 1705—-05
14 24 39.0. +09 1710 L4 15.69 14.17 31.7 <96 17.5 —4.04 —5.07 0.090 1885 GD 165B 1
06 52 30.7............ +47 10 34 L4.5 13.54 11.69 90.1 <33
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TABLE 1— Continued

J K s F,,.R vsini Lbol R T
R.A. Decl. SpT (mag) (mag) (mas) (wJy) (km s7h (Le) Lua/Lver  (R3) (K) Notes
1) () 3) “ (%) (6) @) (®) ) (10) an - 12 (13)
2224 438.......... —015852 L45 1407 12.02 88.1 <33 —4.13 0.089 1792
01 41 03.2 +18 04 50 L4.5 13.88 12.49 79.4 <30
08 35 42.5 —08 19 23 L5 13.17  11.14 109.9 <30 —4.09 1700
01 44 353 . —0716 14 L5 14.19  12.27 74.6 <33
02 05 034.......... +12 51 42 LS 15.68 13.67 37.0 <48
00 04 348.......... —40 44 05 L5 13.11 11.40 104.7 <45 32.5 —4.00 —5.23 0.090 1923 LHS 102B
1507 47.6.......... —16 27 38 LS 12.82 1131 136.4 <57 . —4.23 0.088 1703
12 28 15.2.......... —15 47 34 L5 1438 12.77 49.4 <87 22 —4.19 —5.75 0.089 1734 DENIS 1228—15
15 15 00.8 +48 47 41 L6 14.06 12.56 108.7 <27
04 39 01.0 —235308 L65 1441 12.82 92.6 <42
02 05 29.4 . —11 59 29 L7 14.59  13.00 50.6 <30 22 —434 <—6.16 0.088 1601 DENIS 0205—11
00 30 30.0.......... —14 50 33 L7 16.28  14.48 37.4 <57
1728 114.......... +39 48 59 L7 1599 1391 41.5 <54
08 25 19.6.......... +21 1552 L7.5 1510 13.03 93.8 <45 —4.61 0.088 1372
04 23 48.5.......... —04 1403 L75 1446 1293 65.9 <42
2252 10.7 —173013 L7.5 1431 1290 1205 <30 DENIS 2252—-17
09 29 33.6 +34 29 52 L8 16.60  14.64 45.5 <42
1523 22.6 . +30 14 56 L8 16.06  14.35 53.7 <45 . —4.60 0.088 1376 Gl 584C
16 32 29.1.......... +19 04 41 L8 15.87 14.00 65.6 <54 30 —4.65 —6.23 0.088 1335
01 5141.5.......... +1244 30 TO0.5 16.57 15.18 46.7 <51 . —4.68 1300
2204 10.5.......... —56 46 57 T1 1229 1135 2758 <79 28 —4.71 0.091 1276 eInd Ba
02 07 42.8.......... +00 00 56 T4.5 16.80 15.41 34.8 <39 —4.82 1200
05 59 19.1 —14 0448 T45 13.80 13.58 97.7 <27 —4.53 1425
15 34 49.8 —295227 T55 1490 14.84 73.6 <63 —5.00 1070
16 24 14.4 . +00 29 16 T6 1549 1552 90.9 <36 —5.16 975
22 04 10.5............. —56 46 57 T1 13.23  13.53 2758 <79 —-5.35 0.096 854 e Ind Bb 6
13 46 464............. —003150 T6.5 16.00 15.77 68.3 <105 -5.00 1075 1
10 47 539............. +212423 T6.5 1582 16.41 94.7 <45 —-5.35 900
06 10 35.1............. —215117 T7 1420 1430 1732 <69 —-5.21 950 Gl 229B 3
1217 11.1............. —03 1113 T7.5 1586 15.89 90.8 <111 —-5.32 900
04 15 19.5............. —09 35 06 T8 1570 1543 1743 <45 —-5.73 700

Notes.—Properties of the M, L, and T dwarfs presented in this paper. Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arc-
minutes, and arcseconds. Col. (1): right ascension; col. (2): declination; col. (3): spectral type; col. (4): J-band magnitude; col. (5): K-band magnitude; col. (6): parallax;
col. (7): radio flux; col. (8): rotation velocity; col. (9): bolometric luminosity; col. (10): Ha activity; col. (11): radius; col. (12): surface temperature; col. (13): notes; col. (14): references.

? Lya/Lpor calculated from the Hav line equivalent width using the conversion of West et al. (2004).

REerereNces.— (1) Berger 2002; (2) Burgasser & Putman 2005; (3) Krishnamurthi et al. 1999; (4) Berger et al. 2001; (5) Berger et al. 2005; (6) Audard et al. 2005.
General references for source properties: Wilking et al. 1999; Cruz & Reid 2002; Cruz et al. 2003; Lodieu et al. 2002, 2005; Dahn et al. 2002; Mohanty & Basri 2003;
Reid 2003; Gizis 2002; Fuhrmeister & Schmitt 2004; Deacon & Hambly 2001; Gizis et al. 2000; Martin et al. 2001; Leggett et al. 2002; Golimowski et al. 2004; Geballe et al.
2002; Reid et al. 2000, 2002, 2003a, 2003b; Costa et al. 2005; Salim & Gould 2003; Liebert et al. 2003; Zapatero Osorio et al. 2000; Martin & Ardila 2001; Neuhauser
et al. 1999; Graham et al. 1992; Knapp et al. 2004; Hawley et al. 2002; Martin et al. 1999; Gizis & Reid 2006; Bouy et al. 2003, 2004; Salim et al. 2003; Kirkpatrick 2005;
Bailer-Jones 2004; Ruiz et al. 1997; Tinney 1998; Kendall et al. 2003, 2004; Schweitzer et al. 2001; Kirkpatrick et al. 1993, 2000, 2001; Delfosse et al. 1999; Tinney et al.
1997, 2003; Scholz et al. 2003; McCaughrean et al. 2004; Smith et al. 2003; Burgasser et al. 1999, 2000, 2003a, 2003b, 2003c, 2005; Tsvetanov et al. 2000; Nakajima et al.
1995; Oppenheimer et al. 1995.

corona. If the emitting region is in fact more compact than this
size, then the emission is most likely due to coherent emission
processes such as plasma radiation or electron cyclotron maser.
Since the latter emission mechanisms are typically responsible
for short-lived flares, I proceed with the reasonable assumption
that the observed emission is due to gyrosynchrotron radiation.

In this context I follow the typical assumption that the emitting
electrons obey a power-law distribution, N(y) o 77, above a cut-
off Lorentz factor, ,,. The value of the power-law index is typically
p ~ 3 for M dwarfs and was found to be about 2.7 for the L.3.5
dwarf 2M 0036+18 (Berger et al. 2005). I adopt the standard value
of p = 3 here. The peak frequency, flux, and degree of circular

the flux density is given by
F,ma1.54x 107 B TR 421270 ]y, (2)
the fraction of circular polarization is given by
fom2.85x10°By, 051 (3)

and an average angle of 7/3 between the magnetic field and the
line of sight was assumed.
Using v,, = 8.5 GHz as an estimate of the spectral peak, and

polarization of the detected radio emission are directly related to the
density of emitting electrons (n.), the size of the emission region
(R), and the magnetic field strength (B). Following the formulation
of Giidel (2002) I find that the peak frequency is given by

U = 1.66 x 1002 P R*# B%77 Hz, (1)

the measured circular polarization fractions, I find that B ~ 55 +
17 G for 2M 0523—14, B < 135 G for LHS 1070, and B < 13 G
for LSR J1835+3259. For 2M 0523—14 I further find a source
size R ~ 4.6 x10° cm ~ 0.7R;, and n, ~ 2.2 x 10° cm™3. The
former indicates that at the height of the emission region (pre-
sumably the corona) the field covers ~5%—10% of the surface
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Fic. 1.—General properties of the survey sources, including spectral type, near-IR magnitudes, distances, effective temperatures, and bolometric luminosities.

area. For the two other sources I find R < 3.0 x 10° cm and n, =
3.3x10° cm™3 (LHS 1070)and R < 1.7 x10° cm and 7, = 5.8 x
10° cm~3 (LSR J1835+3259). These values, along with those
inferred for the six dwarf stars detected previously, are summarized
in Table 2 and Figure 2. I note that the inferred sizes are consistent
with our inference based on the brightness temperature argument
that the radio emission is due to gyrosynchrotron radiation.

For the nondetected sources I find a rough limit on the mag-
netic field strength by assuming typical values of the source size,
0.5Ry, and electron density, n, = 10° cm™3, as inferred from the
detected sources. The resulting upper limit on the magnetic field
strength is thus B < 9F Bﬁ'ﬁjyd,l)‘c% G, which at our typical sensitiv-
ity threshold corresponds to B < 10* G for d < 25 pc; for objects
within 10 pc, the limit is B < 30 G (Fig. 2).

Thus, I find from both the detected and nondetected ob-
jects that the typical quiescent magnetic fields in late M, L, and
T dwarfs are of the order of <10? G but may approach ~1 kG
during flares. I note that these field strengths are relevant at the
location where the radio emission is produced, possibly ~1R,—
2R, above the stellar surface. Thus, depending on the exact field
configuration, the surface magnetic field may be an order of mag-
nitude larger, or nearly 1 kG even in quiescence.

The inferred field strengths can be compared to those of a few
early M dwarfs (EV Lac, AD Leo, AU Mic, Gl 729) for which
values of about 4 kG with a surface coverage approaching unity
have been inferred from Zeeman line broadening (Saar & Linsky
1985; Johns-Krull & Valenti 1996). Somewhat weaker fields,
~1 kG, have been estimated for young accreting brown dwarfs
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TABLE 2

PuysicaL PROPERTIES OF M aND L DWARFs

Vol.

QUIESCENT FLARING
B R e B R ne
OBJECT SeectraL Tyee  (G) (cm) (cm™3) (G) (cm) (cm™3)

LHS 1070.....cccovvevrreenan. M5.5 <135 <3.0x10° >33 x10°
DENIS 1048 . M8 2x 100 <3 x 108 3 x 10"
TVIM 513 o, M8.5 <35 <3.0x10° >1.5x 10" 630 1.9 x 101 1.5x% 10°
LSR 1835+32..cceceean. M8.5 <13 <1.7x10° >58x10°
LP 944-20 ... M9.5 <95  <12x10°  >1.3x10° 135 7.1 x 10° 6.9 x 107
BRI 0021....ovevererreene. M9.5 95 3.0 x 10° 5.3 x 108
2M 0523 =14 ..o, L2.5 55 4.6 x 10° 2.2 % 10°
2M 0036+18 ..o L3.5 175 1.0 x 1010 1.6 x 10° 560 13x 10"  32x10°

Norte.— Derived magnetic field strengths, as well as electron densities and emission region sizes for the M and L dwarfs
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presented in this paper and in the literature.

based on evidence for magnetic funneling from variations in the
Ha line (Scholz & Jayawardhana 2006). Thus, it appears that the
magnetic field strengths in field late M, L, and T dwarfs may be a
factor of a few smaller than in early M dwarfs and possibly have
a smaller surface coverage, but these fully convective stars and
brown dwarfs are clearly capable of generating large-scale, long-
lived fields.

5. TRENDS AND IMPLICATIONS

With the large sample of 90 M5-T8 dwarfs presented in this
paper and compiled from previous work, we can begin to address
trends in the radio emission and hence magnetic properties of
dwarf stars. Three interesting possibilities have been suggested
previously based on a smaller sample of sources (Berger 2002).
First, the ratio of radio to X-ray luminosity of late M and L dwarfs
appears to be orders of magnitude larger than that of other stars,
including M dwarfs earlier than spectral type M7. Second, the
level of radio activity appears to increase with later spectral type.
Finally, there may be a correlation between the strength of the
radio activity and rotation velocity, such that rapid rotators exhibit
stronger radio activity.

[ first investigate any trends in the strength of the radio activity
as a function of spectral type. A proper comparison requires nor-

malization by the bolometric luminosity of each source. These
are available in the literature for about half of the survey sources,
including all of the T dwarfs. For the rest I use published bolo-
metric correction factors. For the L dwarfs I derive BCx = 3.42 +
0.075(SP — 4) for L0-L4 and BCx = 3.42 — 0.075(SP — 4) for
L5-L9, with SP = 0 for L0, from the samples of Dahn et al.
(2002) and Nakajima et al. (2004). For the M dwarfs I use the
mean of BC; = 2.43 + 0.0895SP and BCx = 1.53 + 0.148SP —
0.0105SP?, with SP = 0 for MO (Wilking et al. 1999).

With these values, I plot the ratio of radio to bolometric lu-
minosity, Lq/Lyol, as a function of spectral type in Figure 3. Two
trends are clear from this figure. First, the fraction of detected
objects drops considerably as a function of spectral type, from
about 30% for the M dwarfs to about 4% for the L dwarfs. If we
consider only nondetections that are lower than the level of ac-
tivity in the detected objects, these fractions are roughly 45% and
7%, respectively. Second, and perhaps more important, the level
of radio activity tends to increase with later spectral types, with
the active L dwarfs exhibiting a level of activity at least an or-
der of magnitude larger than that of the mid-M dwarfs. Whether
this trend continues to late L and T spectral types remains un-
clear due to the relatively small number of observed objects and
the observed decrease in the fraction of active sources. Still, the
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Fic. 2.—Magnetic field strengths and upper limits as inferred from the radio
observations (quiescent: circles; flares: squares). Also shown are the values for
early M dwarfs measured from Zeeman line broadening (Saar & Linsky 1985;
Johns-Krull & Valenti 1996). I note that the surface field strength in the radio
active dwarfs may up to an order of magnitude larger depending on the structure
of the field and the height of the radio-emitting region.

Fic. 3.—Radio and Hev activity as a function of spectral type. Shown are flares
(squares), quiescent emission (circles), and upper limits (zriangles) in the radio;
the Ho observations are shown as gray dots. Note that the scale on the ordinate is
different for the radio and Ha observations. The trend of increased radio activity
with later spectral type is evident, as is the overall drop in the fraction of detected
objects. Unlike the radio emission, the Ha emission drops beyond a spectral type
of about M7.
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Fic. 4—Radio vs. X-ray luminosity for stars exhibiting coronal activity. Data
for late M and L dwarfs are from Rutledge et al. (2000), Berger et al. (2001, 2005),
Berger (2002), and Burgasser & Putman (2005), while other data are taken from
Giidel (2002) and references therein. Data points for the Sun include impulsive and
gradual flares, as well as microflares. The strong correlation between Ly and Ly is
evident but begins to break down around spectral type M7 (see inset). The late M
and L dwarfs clearly violate the correlation and are overluminous in the radio.

increased level of activity supports our inference that the magnetic
field strengths are not significantly lower in late M and L dwarfs.

On the other hand, with the larger sample I do not find clear
evidence for a correlation between the level of activity and ro-
tation velocity. Specifically, for the seven detected sources with a
spectral type later than M7 and a measured rotation velocity, the
average value of Lg/Ly, is roughly the same for v sin i < 20 km s~!
and >20 km s~'. A more careful analysis of this possible trend
requires rotation velocity measurements for a significantly larger
sample. As can be seen from Table 1, less than one-quarter of the
observed objects have measured velocities.

Finally, I find continued evidence that the correlation between
radio and X-ray luminosity, which is roughly constant at a value
of log (Lgr/Lx) ~ —15.5 for a wide range of stars (Giidel & Benz
1993; Benz & Giidel 1994), breaks down at a spectral type of
about M7 (Fig. 4). Possible explanations for the breakdown in
this correlation have been discussed previously (Berger 2002;
Berger et al. 2005; Burgasser & Putman 2005; Osten et al. 2006)
and focus on efficient trapping of the relativistic electrons, thereby
reducing the efficiency of coronal and chromospheric heating, or
inefficient production of X-rays due to a reduction in the number
of free ions in the cool atmospheres of these dwarf stars. From a
purely observational standpoint, the data indicate that the decrease
in X-ray luminosity by 3 orders of magnitude occurs over a nar-
row range in spectral type at about M7 (or 7o =~ 2500-2700 K),
roughly the same spectral type where a transition to predomi-
nantly neutral atmospheres occurs (Mohanty et al. 2002). This is
also the same location at which a significant drop in Ha activity
occurs, from an average value of log (Lya/Luol) = —3.6 earlier
than M5 to ~—4.3 later than M7 (West et al. 2004). Since the
magnetic field strengths do not decrease significantly, I conclude
that the drop in X-ray and Ha activity is related to changes in the
field configuration, or the increasingly neutral atmospheres.

6. CONCLUSIONS AND FUTURE DIRECTIONS

I have presented radio observations of 88 dwarf stars and
brown dwarfs in the range M7-T8, along with a single M5 and
a single M5.5 dwarf. This sample is nearly comparable to the
number of objects with Ha measurements but is significantly
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larger than the number of objects observed in the X-rays. The
drop in the fraction of active sources at the M/L transition, which
is observed in He, is also apparent in the radio observations.
However, the strength of the activity in the detected objects is in
fact higher for the L dwarfs, both in quiescence and during flares.
As I have shown in § 4, this is probably because the magnetic
field strengths remain roughly unchanged despite the drop in
effective temperature and luminosity with later spectral type; the
continued presence of free electrons is also required. The impli-
cation is that the magnetic dynamo process may be similar in
early M and L dwarfs and is not strongly dependent on luminos-
ity or temperature.

I also stress that while Ha observations are relatively simple to
carry out, it is not trivial to translate the observed emission to an
estimate of the magnetic field strength. The advantage of radio
observations is that they directly trace the strength of the field
and provide, in addition, information on the physical properties
of the emission region, such as its size and density. I therefore
suggest that a three-pronged approach is required for continued
progress in our understanding of magnetic fields in dwarf stars
and brown dwarfs.

First, the survey for radio emission from these objects should
be expanded to all of the ~500 currently known L and T dwarfs,
as well as a large sample of objects in the spectral range M5-M9,
which covers the breakdown in the radio/ X-ray correlation. Such
a survey can be carried out efficiently with the Expanded Very
Large Array, which is scheduled to come online in the next few
years and which will deliver a nearly order of magnitude increase
in sensitivity. This is essential, since the majority of the current
detections are near the threshold of the VLA. I estimate that
about 500—1000 hr of observing time would be required for such
an undertaking, delivering a sensitivity of L;,q/Lp around a few
x107% at LO and ~10~ at TO.

Second, the objects that have been detected so far and will
be detected with the expanded survey should be observed over
a wide frequency range to better characterize the shape of their
spectrum and the frequency dependence of their polarization. This
is essential for deriving magnetic field strengths to better accuracy
than is possible with the current single-frequency observations. |
expect that at the current signal-to-noise ratio level, the magnetic
field strengths can be inferred to an accuracy of ~20%-30%,
which is comparable to, or better than, measurements made from
Zeeman broadening for early M dwarfs. In addition, long-time-
scale, high signal-to-noise ratio observations can be used to check
for possible periodicity in the radio emission, as has been un-
covered for the L3.5 dwarf 2M 0036+18 (Berger et al. 2005). If
the periodicity is in fact related to a close-in companion, which
excites the dynamo by tidal or magnetic interactions, this may be a
ubiquitous feature of the active objects.

Finally, these same objects should be observed simultaneously
in the radio, X-rays, and Ha in order to directly measure the cor-
relation, or lack thereof, between these activity indicators. This is
necessary in order to trace the origin of the shift in the radio/ X-ray
correlation and in order to trace the evolution of flares as the
release of magnetic stresses, evident in the radio, heats up the
corona (X-rays) and chromosphere (Ha). While the current ob-
servations allow us to address in a statistical manner the overall
trends observed with each technique, only simultaneous observa-
tions can provide insight into the production and evolution of
flares. As the most catastrophic events in the atmospheres of dwarf
stars, such events will undoubtedly shed light on the structure of
the fields, their strengths, and the details of the energy dissipation
process, all of which will provide observational constraints on
the dynamo mechanism in dwarf stars.
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