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ABSTRACT

Context. Radio data obtained for the ultracool dwarf TVLM 513-46546 has indicated a rotation period of ≈1.96 h via regular radio
pulses, but how stable is this period. This has major implications regarding the stability of the magnetic field structures responsible
for the radio emission from the ultracool dwarf.
Aims. The aim of the present work is to investigate the stability of this rotation period using two datasets taken ≈40 days apart, some
12 months after the first report of periodical pulses in the radio data.
Methods. Here we use a Bayesian analysis method which is a statistical procedure that endeavours to estimate the parameters of an
underlying model probability distribution based on the observed data.
Results. Periodical pulses are detected in datasets taken in April and June 2007, with the pulses being confined to a narrow range
in the rotation period. This is in contradiction to a previous report of only aperiodic activity in the April 2007 dataset, while in fact
both datasets have a periodic signal with a false alarm probability 10−12 . These two datasets are then used to derive a more accurate
period (previously determined to be 1.96 h) of 1.96733 ± 0.00002 h.
Conclusions. The similarly in the burst structure in datasets taken several weeks apart point towards the stability of an electric field
structure which is somehow generated and sustained within the magnetosphere of the ultracool dwarf. The derived period of 1.96733 h
is consistent with the period derived via radio and optical data taken some 12 months prior to the present observations and implies the
near phase constancy of the pulsed emission. This suggest the presence of stable large-scale magnetic fields on timescales of more
than 1 year. The characteristics of the pulses suggest that they are produced by the electron cyclotron maser (ECM) instability.
Key words. methods: statistical – stars: magnetic field – stars: activity – stars: low-mass – radio continuum: stars – polarization

1. Introduction
The detection of radio emission from the coronae of a wide range
of main sequence stars was a major breakthrough with the advent
of large radio interferometers such as the VLA. The quiescent
emission suggested the presence of a non-thermal corona with
large populations of electrons at high energies. This quiescent
emission has generally been attributed to non-thermal gyrosynchrotron radiation. One possible explanation for its persistent nature and low degree of variability in M dwarfs is that it is due to
continuous unresolved low-level flaring (Stewart 1992) together
with eﬃcient trapping of accelerated electrons in coronal loops.
Given the above considerations, it was expected that radio emission from ultracool dwarfs (UCDs – spectral type M8 and later)
should be weak or absent, in accordance with the empirical correlation of Güdel & Benz (1993).
Less than a decade ago it was considered that the cool neutral atmospheres in UCDs, coupled with high electrical resistivities (Mohanty et al. 2002), lead to a decoupling of magnetic
lines from the upper atmosphere, and hence reduced or zero
activity in the outer atmosphere. There are now a number of
confirmed radio detections at and below the substellar boundary in recent years (Berger et al. 2001; Berger 2002; Burgasser
& Putman 2005; Berger et al. 2005; Hallinan et al. 2006;

Phan-Bao et al. 2007; Antonova et al. 2007) violating the Güdel
& Benz relation by up to four orders of magnitude.
Recently, we have detected periodic pulses of 100% circularly polarized radio emission from four ultracool dwarfs
(Hallinan et al. 2007, 2008; Antonova et al. 2008), with the periodicity for three of these dwarfs confirmed to correspond to the
rotation period of the dwarf (Lane et al. 2007; Hallinan et al.
2008). Due to the high degree of polarization, the emission process for these pulses must be coherent. The data collected to
date, suggest that the pulses are produced at the poles by the
electron cyclotron maser (hereafter ECM) instability, the same
mechanism known to be responsible for the radio emission from
the magnetized planets in our solar system (Zarka 1998). This
mechanism is also the source of certain classes of solar and stellar bursts (Melrose & Dulk 1982; Bingham et al. 2001; Osten
& Bastian 2006). It was also suggested to be operational in the
magnetic chemically peculiar star CU Vir where 100% circularly
polarized, bright and highly directive radio bursts were detected
(Kellett et al. 2007; Trigilio et al. 2007), and for the compact
binary RX J080 6.3+1527 (Ramsay et al. 2007).
The emission process for the unpolarizied “quiescent” emission is less clear. Many publications suggest gyrosynchrotron
(e.g. Berger et al. 2001) as the main source, in-fact, Berger et al.
(2008) argue towards the gyrosynchrotron interpretation as the
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Table 1. A summary of the radio observations for TVLM 513.
Date of observ.
23. 09. 2001
24. 01. 2004
–
13. 01. 2005
–
20. 05. 2006
–
20. 04. 2007
01. 06. 2007

Instr/Array/Freq. (GHz)
VLA/CD/8.4
VLA/CD/4.8
VLA/CD/8.4
VLA/A1/4.9
VLA/A2/8.4
VLA/A/4.8
VLA/A/8.4
VLA/D/8.4
VLA/A/8.4

Integr. time (h)
2
10
10
5
5
10
10
8
8

Time res. (s)
5
10
10
10
10
10
10
5
1.7

radio emission mechanism in UCDs for both the pulses and “quiescent” emission. A two emission model involving both incoherent gyrosynchrotron and the coherent electron cyclotron maser
emission was suggested as a possibility by Hallinan et al. (2006)
for TVLM 513-46546 and by Berger et al. (2009) for the observations of an L dwarf binary. An alternative view, suggested first
by Hallinan et al. (2006) was that the unpolarized component of
the emission was due to depolarization of the coherent electron
cyclotron process.
Hallinan et al. (2008) reported on radio observations of
the M8.5 dwarf LSR J1835+3259 and the L3.5 dwarf 2MASS
J00361617+1821104, which provided strong evidence that the
electron cyclotron maser instability is the dominant mechanism
producing the radio emission (including the unpolarized emission from 2MASS J00361617+1821104, see the above paper for
further details). In this model, some of the emission is depolarized on traversing the ultracool dwarf magnetosphere, possibly
due to propagation eﬀects such as scattering. Further evidence
for this idea comes from radio observations of an M 4 star, V374
Peg (Hallinan et al. 2009).
Here, we address only the issue of the pulses. Radio monitoring for a number of ultracool dwarfs has confirmed that the
pulses can vary in brightness, disappear and reappear (Hallinan
et al. 2006, 2007; Antonova et al. 2007). If the magnetic field
is stable, such pulses should always be confined to a particular
range of phase of rotation of the dwarf governed by the topology
of the magnetic field. This can be investigated through correlating the phase of the radio pulses from datasets obtained at different epochs. Here, we report on observations of TVLM 51346546 (hereafter TVLM 513) taken in June 2007, these being
followup observations to the earlier detection of pulses in data
acquired in 2006. In addition, we re-analyze archival data, in
particular, data taken in late April 2007 (Berger et al. 2008), i.e.
≈40 days earlier than our data.

2. TVLM 513-46546: a potted history
Berger (2002) reported variable emission from TVLM 513 at an
average flux of 308 μJy during ≈2 h observation in September
2001. A brightening towards the end of the observation was interpreted as a flare. Osten et al. (2006) re-observed TVLM 513
in January 2004 during a 12 h observation period, sampling three
frequencies, 8.4 GHz, 4.8 Hz and 1.4 GHz. The 8.4 GHz observation had an average flux of 228 μJy; however due to sequential sampling of three diﬀerent frequencies, the time resolution
was not suﬃcient to allow a variability study. In January 2005,
Hallinan et al. (2006) observed the same target simultaneously
at 8.4 GHz and 4.9 GHz for a total of 5 h. These authors reported
a periodicity at both frequencies of ≈2 h (later confirmed as the
rotation period of the dwarf, Lane et al. 2007), with a ≈400 μJy
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Average flux (μJy)
308 ± 16
228 ± 11
284 ± 13
405 ± 18
396 ± 16
368 ± 16
464 ± 9
353 ± 14
318 ± 9

Period (h)
no
no
no
≈2
≈2
1.96
1.96
1.96
1.96733

Data first reported
Berger (2002)
Osten et al. (2006)
–
Hallinan et al. (2006)
–
Hallinan et al. (2007)
–
Berger et al. (2007)
this paper

flux at 8.4 GHz. The first report of pulsed emission from TVLM
513 was by Hallinan et al. (2007) who observed the target in May
2006 for ≈10 h on consecutive days at 8.4 GHz and 4.9 GHz. The
derived period was 1.96 h, in agreement with the period derived
by Lane et al. (2007) from I-band data. Approximately 9 h of
data obtained in April 2007 by Berger et al. (2008) report a nonperiodicity in the pulses/flaring activity (see later). A summary
of the radio observations of TVLM 513 is given in Table 1.

3. Observations
On 1 June 2007, follow-up observations of TVLM 513 at
8.6 GHz were conducted for ≈8 h using the VLA in full array
mode with the A configuration. The flux density was determined
using the extragalactic source 1331+305 (3C 286) which was observed both at the start and the end of the observation. Phase was
monitored using the source 1513+236 observed for 110 s every
10 min. Data reduction was carried out with the Astronomical
Image Processing System (AIPS) software package. The visibility data were inspected for quality both before and after the
standard calibration procedures, and noisy points removed. For
imaging the data, we used the task IMAGR. There were three
background sources in the field, one of which was stronger than
TVLM 513. The other two were of comparable intensity. We
CLEANed the region around each source and used the UVSUB
routine to subtract the resulting source model of the background
sources from the visibility data. The tangent point coordinates of
TVLM 513 were shifted to coincide with the phase center and
the light curves were generated by plotting the real part of the
visibilities as a function of time.

4. Results and discussion
TVLM 513 was detected with a mean flux level of 318 ± 9 μJy.
This flux is ≈100 μJy lower than the one found in January 2005
and May 2006, yet it is similar to that reported by Berger (2002).
The Stokes V map of the source did not produce a source at the
position of the dwarf, thus the net polarization for the total time
of the observation could only be constrained by an upper limit
on the polarized flux (S V < 30 μJy) to be fc < 10%. However,
inspection of the light curve (see Fig. 1) of TVLM 513 revealed
a number of bright, highly polarized bursts of short duration,
similar to the May 2006 observations of the same dwarf. As in
the earlier TVLM 513 data, this points towards a coherent process, such as the electron cyclotron maser. The Stokes V map of
a single 10 min scan containing one such burst gives a detection
with a mean flux level S V = 348 ± 43 μJy. In the left-hand side
of Fig. 1 we plot the Stokes I and V data for 1 June 2007 at
two time resolutions; 10 and 60 s smoothing. For this we used a
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Fig. 1. 8.4 GHz light curves of TVLM 513 in Stokes I (upper panel) and Stokes V (lower panel) on June 1, 2007 and April 20, 2007. The upper
light-curve shows the data smoothed over 60 s while the lower light-curve shows smoothing over 10 s. The 60 s data has been shifted in flux to
best show the variability.

Gaussian filter (FWHM = 2.354 × σ), where σ equals 10 and
60 respectively.
This is a second epoch observation of pulsed radio emission
from TVLM 513, thus suggesting that the emission mechanism
is stable on long times scales. From previous observations we
know that the rotation period is ≈1.96 h (Hallinan et al. 2006;
Lane et al. 2007). The main diﬀerence between the present data
and the 2006 data reported by Hallinan et al. (2007) is that the
intervals of activity are longer, typically spread over 0.25 phase,
comprising of several pulses. For the June 2007 data shown in
Fig. 1, the period of activity are best seen in Stokes V, e.g. we
can visually identify intervals of activity at ≈2.8 h, ≈4.8 h, ≈6.7 h
and ≈8.6 h, again implying a ≈2 h periodicity.
The periodicity is more clearly seen in the Lomb-Scargle periodogram (Fig. 2), which has two peaks at frequencies ∼0.5 h−1
and ∼1 h−1 , corresponding to a period of ≈1.96 h, as is the
case for the January 2005 and May 2006 data. In addition,
we have an inter-pulse at ≈3.8 h (best seen in Stokes I but
also visible in Stokes V), i.e. 0.5 phase later than the pulse at
≈2.8 h. As shown by Hallinan et al. (2007), due to the beaming of the ECM emission, additional activity can be observed
≈0.5 phase later. However, depending on the local density condition, this secondary activity 0.5 phase later is not always observed. At ≈8 h, we observe an event/flare, confirming that the
detected periodical emission does not exclude the presence of
random flare events. Flares have been reported in the optical,
UV and X-ray bands as well as in spectral lines such as Hα

(Rutledge et al. 2000; Liebert et al. 2003; Schmitt & Liefke
2002; Fuhrmeister & Schmitt 2004) on several UCDs.
As noted in Sect. 2, data was also obtained in April 2007
for TVLM 513 (see Berger et al. 2008). However, these authors did not report a periodicity, thus this data was obtained
from the archive and reduced in a similar manner as the June
2007 data. The resulting Stokes I and V light-curves are also
shown in Fig. 1. Looking at the Stokes I data, we can identify by eye four intervals of activity separated by ≈2 h; e.g. at
≈5.5 h, ≈7.4 h, ≈9.4 h and ≈11.3 h. These events were reported
by Berger et al. (2008) as random flaring events. We show in
Fig. 2 the Lomb-Scargle periodogram for the April 2007 data
and for comparison, the Lomb-Scargle periodogram for the May
2006 data. The periodicity in all three datasets is unquestionable,
with a Lomb-Scargle false alarm probability 10−12 .
In the April 2007 data, we detect two other pulses of activity
at ≈4.5 h and ≈6.8 h. The activity at ≈4.5 h can be explained by
the ECM beaming model (Hallinan et al. 2008), while the event
at ≈6.8 h is another random flare event. In order to distinguish
between periodic and random flares, it is essential to do a proper
period analysis.
To determine a precise measure of the periodicity within the
April and June 2007 Stokes I data, the Bayesian oscillation parameter estimation code of Marsh et al. (2008) is applied. The
advantage of this method is that it determines precise estimates
of the oscillation parameters and their 1σ errors based on probability theory. It is also suited to low signal to noise and unevenly
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Fig. 3. Phase-folded plot for the April (dotted line) and June 2007 (solid
black line) data with the 1.96733 h period. The red and blue lines indicate the 1σ errors, i.e. 0.00002 h.
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at half maximum of the periodogram peak, has no relation to
the limit with which a frequency may be resolved. Marsh et al.
(2008) demonstrate the increased frequency resolution obtained
using the Bayesian method compared to that estimated using a
Fourier and wavelet transform. For their single frequency time
series, with a signal to noise ratio of one, the Bayesian method
had an order of magnitude greater frequency resolution than that
estimated using the Fourier transform. The basic principal of the
Bayesian method is based on the probability of obtaining the
oscillatory model given the observed data. The fitting of the oscillation model to the data is similar to least squares fitting, but
with the advantage of a self-consistent statistical derivation of
the parameter errors, and a reduction in the dimensions of the
fitted parameter space. A full description of the method is given
in Marsh et al. (2008), and references within, to which the reader
is referred for further details.
To determine a precise measure of the ≈1.96 h period within
the Stokes I data, the code of Marsh et al. (2008) is applied to
the April and June datasets as a whole, taking advantage of the
ability to analyse unevenly sampled data. The precise frequency
measurement that is obtained also allows the phase constancy to
be confirmed by applying a phase-folding analysis (see Fig. 3).
To evaluate the most significant sources of power within the data,
at frequencies around 0.5, 1.0, and 3.5 h−1 , the data is fitted with
an oscillation model comprised of three distinct frequencies of
the form:

15
10

f (t) =

5
0

3


Ai cos (2π fi t) + Bi cos (2π fi t) .

(1)

i=1
0

1

2

3
hrs −1

4

5

6

Fig. 2. Lomb-Scargle periodogram for the April and June 2007 datasets,
plus for comparison the May 2006 data. For each dataset, the false alarm
probability of 10−12 is indicated.

sampled data. As described by Bretthorst (1988), the resolution
with which the frequency of an oscillatory signal may be determined is dependent upon the signal to noise ratio within the data.
Using periodogram-type methods, an arbitrary estimate of the
uncertainty of an oscillation frequency, such as the half width
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This results in a three-dimensional probability density function
for this model, and determines the most probable oscillation
model frequency, amplitude and phase expressed in polar form
(see Table 2). Considering the ≈1.96 h period of TVLM 513, this
determines the period and 1σ error to be 1.96733 ± 0.00002 h.
We find excellent agreement (see the phase-folding Fig. 3) between the two datasets suggesting (i) that the pulse locations
are stable remaining confined to a narrow range of rotational
phase (although they may vary in intensity and duration) and
(ii) that a more accurate period may be derived based on these
two datasets. The stability of the field structure has major implications with the pulsed emission giving vital information on the
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Table 2. Most probable oscillation frequency, phase and amplitude.
Frequency (h−1 )
0.508302 ± 4.0 × 10−6
1.024582 ± 5.0 × 10−6
3.546318 ± 9.0 × 10−6

Phase (rad)
1.494 ± 0.013
1.869 ± 0.016
5.023 ± 0.025

Amplitude (mJy)
0.136 ± 0.002
0.114 ± 0.002
0.071 ± 0.002

characteristic size and topology of magnetic fields in ultracool
dwarfs.
The similarity between the two datasets and near phase constancy of the pulsed emission suggests that the magnetic field
structures are stable on timescales of at least 6 weeks for this
UCD and considering that a similar period was obtained for the
May 2006 data, these magnetic structure are stable for at least
1 yr. In fact, Zeeman Doppler Imaging by Morin et al. (2008)
has shown that the magnetic topology for an M 4 dwarf is stable
on a time-scale of 1 yr. Such information on the magnetic field
is crucial to understanding the means by which persistent levels
of ECM emission are sustained in the magnetospheres of UCDs.
This persistent generation of ECM emission in turn, implies the
presence of stable electric fields, which are somehow generated
and sustained within the magnetosphere of the ultracool dwarf.
Such electric fields may be a fundamental source of electron acceleration, and hence radio emission, for plasma trapped in a
large-scale magnetic field.
The above may have implications for the non-pulsed emission, which, as noted in the introduction, has been largely interpreted as gyrosynchrotron. In fact, many authors, e.g. Berger
et al. (2008), initially interpreted both the non-pulsed emission
and the pluses as gyrosynchrotron; however, if the ECM emission can become depolarized as it propagates through the ultracool dwarf magnetosphere, then a two-source model may not be
required (Hallinan et al. 2008, 2009). Further work is however
needed to investigate this aspect.

5. Conclusions
Using data taken ≈40 days apart, we have established to a high
degree of accuracy the lack of evolution in the morphology of
the periodic light curves, although changes in the structure of the
pulses are observable from one rotation to the next. Nevertheless,
the overall pulse interval does still occur (within a few minutes)
at the same orbital phase. However, further monitoring, particularly at a higher cadence and frequency resolution is required
in order to investigate the location, extent, and morphology of
the sub-pluses which are clearly observable in each burst interval. Phase connecting both datasets, gives a more accurate period

of 1.96733 ± 0.00002 h. Aperiodic flaring events are possible,
thus in order to distinguish between periodic and random flares,
it is essential to do a proper period analysis.
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