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6. DISCUSSION

The data acquired in 2015 from Keck and the Hubble show
that the planet varies on a timescale of hours to months. The
largest feature at 45° S has been quite stable, however, as have

the locations of some of the bands of cloud activity. On the
other hand, the planet can show dramatic variability in clouds.
Figure 7 shows a similar map from Hubble data acquired in
2011 at 845 nm. Here there are no complete bands of clouds,

Figure 5. Hubble map of Neptune acquired 2015 September 18. The top panel shows a global map constructed from 845 nm images. The bottom is a visible-
wavelength color-composite map (with the blue, green, and red channels mapped to 467, 547, and 657 nm, respectively). We overplot the smoothed zonal wind profile
(Sánchez-Lavega et al. 2015), showing winds up to 400 m s−1 (top axis).

Figure 6. Light curve of Neptune from Hubble full-disk brightness at 845 nm (plus signs). A sinusoidal variation, with a 16.8 hr period and arbitrary amplitude, is
shown by the dashed line. For comparison, normalized Kepler light curves beginning at Day 6 and Day 25 are shown in blue and red, respectively.

(An animation of this figure is available.)
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Variability monitoring to probe weather in unresolved worlds

Simon et al. (2016)
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Fig. 2 Multi-wavelength remote sensing of Jupiter provides access to both reflected sunlight (UV to near-
IR) and thermal emission (mid-IR to radio). These false-colour images demonstrate the appearance of the
atmosphere at different wavelengths. JUICE UVS will measure scattered sunlight from upper-tropospheric
aerosols. JANUS and MAJIS observations (below approximately 3 µm) sense clouds, chromophores and
winds in the cloud decks using both the continuum and strong CH4 absorption bands (Hueso et al. 2017;
Grassi et al. 2020). MAJIS will be able to observe H3

+ emission from Jupiter’s ionosphere and auroras
between 3-4 µm (VLT/ISAAC observations, Credit: ESO), as well as thermal emission from the deep cloud-
forming layers (4-6 bars) near 5 µm (Gemini/NIRI observation, Wong et al. 2020). Although JUICE lacks
mid-IR capabilities (VLT/VISIR observations sensing the upper troposphere at 0.1-0.5 bars, and stratosphere
at 1-10 mbar, Fletcher et al. 2017a) and radio-wavelength capabilities (VLA observations, de Pater et al.
2016), sub-millimetre sounding by SWI will probe the stratospheric temperatures and winds. The approxi-
mate sensitivity of the JUICE instruments to different altitudes is shown in Fig. 26

North and South Equatorial Belts (NEB and SEB). At mid-latitudes, the banding becomes
more tightly packed, with Tropical Zones giving way to a series of Temperate Belts in each
hemisphere, each bordered by prograde (eastward) jets on the equatorward edge, and retro-
grade (westward) jets on their poleward edge. Here the correspondence between the ther-
mal/wind banding and the aerosol properties begins to break down (Fletcher et al. 2020).
The last detectable zonal jets, around 65 − 70◦ in each hemisphere, give way to a polar re-
gion dominated by smaller-scale vortices and large cyclones (Orton et al. 2017; Mura et al.
2022), albeit still with some form of latitudinal organisation (see Sect. 2.1.2). A diagram
presenting the zone/belt structure is shown in Fig. 4.

Jupiter’s belts and zones therefore appear to differ as a function of latitude, and their ap-
pearance at least at wavelengths sensitive to aerosols appears to change over poorly under-
stood timescales (Fletcher 2017; Antuñano et al. 2018, 2019). To better understand the circu-
lation patterns associated with the planetary banding, JUICE will probe their vertical aerosol
and gaseous structures via spectroscopy, and characterise the fluxes of momentum and en-
ergy into the zonal jets. Crucially, the JUICE orbital tour enables long-term monitoring of
the winds, clouds, and composition, to see how they change along with the axisymmetric
‘upheavals’ to their appearance. For example, the North Equatorial Belt undergoes peri-
ods of northward expansion and contraction with a 4-5 year period (Fletcher et al. 2017a);
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ABSTRACT 
Light curves of the very low-mass member of the a Persei open cluster, AP 
J0323 + 4853, obtained during two different observing runs in 1994 and 1995, display 
a starspot rotational modulation of period ~ 7.6 h. With a most likely mass of 
0.09 M0, close to the substellar limit, AP J0323 + 4853 is the lowest mass star so far 
for which a photometric rotation period has been derived. 

Key words: stars: activity - stars: individual: AP J0323 + 4853 - stars: low-mass, 
brown dwarfs - stars: rotation - open clusters and associations: individual: a 
Persei. 

1 INTRODUCTION 
In the young #a Persei open cluster (age ~ 5 x 107 yr), rota- 
tion periods have been measured for about 40 G-, K- and 
early M-type stars (O’Dell, Hendry & Cameron 1994; 
Prosser et al. 1995; Allain et al. 1996), providing a snapshot 
of the distribution of angular momentum for different 
masses at a given age. Comparison of the rotation velocities 
measured in a Persei with those of other clusters (Pleiades, 
Hyades) and T Tauri associations is a major tool in the 
understanding of angular momentum evolution (Soderblom 
et al. 1993; Keppens, MacGregor & Charbonneau 1995; 
Bouvier et al. 1996; Barnes & Sofia 1996). This has become 
a central issue of stellar physics, with important implications 
for other problems such as, for instance, the coupling of T 
Tauri stars to discs (Bouvier et al. 1993; Armitage & Clarke 
1996), the generation of stellar activity and a magnetized 
stellar wind, and transport of angular momentum in stellar 
interiors (Zahn 1992), and the pre-main-sequence deple- 
tion of lithium (Pinsonneault, Kawaler & Demarque 1990; 
Martín & Claret 1996). 

So far, most of the observational and theoretical studies 
of rotation have been devoted to solar-type stars. In this 
paper, we demonstrate that it is also possible to measure 
rotation periods in the least massive stars of a young open 
cluster. We have also obtained preliminary rotation periods 
for very cool field dwarfs (Martin, Zapatero-Osorio & 
Rebolo 1996). Such measurements should impact on our 
understanding of the evolution and structure of fully con- 
vective very low-mass objects. Any theory capable of 
explaining the evolution of angular momentum in solar-type 
stars should be extended to (and thereby tested at) very low 
masses. 

© 1997 RAS 

AP J0323 + 4853 was identified as a very low-mass 
(VLM) object in an R/ CCD survey of the a Persei cluster by 
Rebolo, Martín & Magazzù (1992). Subsequently, Zapa- 
tero-Osorio et al. (1996) presented spectroscopic observa- 
tions showing that this object has a radial velocity consistent 
with cluster membership. They also reported an upper limit 
to the lithium abundance of AP J0323 + 4853, which, 
together with its location in the Hertzsprung-Russell (HR) 
diagram, implies a most likely mass of ~ 0.09 M0, very close 
to the substellar mass limit (0.08 M0) which separates stars 
from brown dwarfs. 

2 OBSERVATIONS, DATA REDUCTION AND 
ANALYSIS 
We monitored AP J0323 + 4853 from 1994 November 6 to 
8, using the Instituto de Astrofísica de Canarias (LAC) CCD 
camera mounted on the 2.5-m Nordic Optical Telescope 
(NOT) at the Observatorio del Roque de los Muchachos 
(ORM, La Palma, Spain). In 1995 we continued observing 
AP J0323 + 4853 from November 8 to 23 using the CCD 
camera of the 1-m Jacobus Kapteyn Telescope (JKT), also 
at the ORM. 

The CCD frames were corrected for bias and flat-field 
using imred routines within iraf. Aperture photometry was 
performed using an iraf script written by Hans Deeg (Deeg 
et al. 1997). In brief, the procedure is as follows. The frames 
are aligned and the non-overlapping parts are trimmed, 
apertures for AP J0323 + 4853 and three reference stars are 
defined as a function of the average FWHM of the frame, 
and the sky is defined as an outer ring of width 1.5 pixel. 
Finally, instrumental and relative magnitudes are com- 
puted. Fig. 1 shows the field of AP J0323 + 4853, in which 
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Figure 1. The 4x4 arcmin2 field around AP J0323 + 4853 (arrow) 
in the I band. The three reference stars are labelled. 

the reference stars and the object are indicated. We com- 
pared these stars against each other and found them to be 
constant at the level of our la photometric error bars (0.005 
mag at the NOT). 

We observed preferentially in the standard Cousins 
/ band, as AP J0323 + 4853 is quite red, but in 1995 we 
also observed in the R band in order to check for possible 
colour effects. The average magnitudes in those bands 
(Cousins system) were the following: /NOT= 17.127 ± 0.004, 
/jKT = 17.031 ± 0.006, Æjkt^ 19.208 ± 0.007. The average /- 
band magnitude appears to be slightly different in the NOT 
from that in the JKT run. This could be due to long-term 
changes in the overall spot coverage. 

Periodogram analysis was performed on the differential 
photometry following the prescription of Scargle (1982) for 
unevenly sampled data. Significant peaks were found in 
both the 1994 and the 1995 data sets with periods of 7.75 
and 7.47 h, respectively. The FWHM of the periodogram 
peaks from the two seasons were 1.4 and 0.22 h. The 1994 
peak was broader, owing to the smaller time baseline. The 
difference of 0.28 h between the periods found for 1994 and 
1995 is not significant. However, it would be interesting to 
measure period differences which could be due to differen- 
tial rotation as spots migrate in latitude on the stellar sur- 
face. Donahue, Saar & Bahúnas (1996) have found that the 
range in observed rotation periods (AP) depends on the 
mean period «P» as AP=<P)13±01. In the mass range of 
their study (late F, G and K-type field stars), the relation- 
ship seems to be independent of mass. Taking <P > = 7.61 h 
for AP J0323 + 4853, the equation of Donahue et al. nor- 
malized to the Sun «P > = 26.09 d, AP=4d) gives 
AP=0.31 h for our object, which is too small to be measur- 
able with our data base. 

Figs 2 and 3 illustrate our results. The data have been 
folded in phase with the best period obtained from the 
periodogram analysis, and each night’s data are plotted with 

Figure 2. Differential /-band photometry from NOT obsevations 
of AP J0323 + 4853, folded in phase with a 7.75-h period. Different 
symbols correspond to different nights. The least-squares sinusoid 
fit used to estimate the amplitude is superimposed on to the data. 
The lower panel displays the differential /-band photometry of 
reference star No. 3 against the other two reference stars. 

Figures. Differential /-band (upper panel) and P-band (lower 
panel) photometry from JKT observations of AP J0323 + 4853, 
folded in phase with a 7.47-h period. Different symbols correspond 
to different nights. The least-squares sinusoid fit used to estimate 
the amplitude is superimposed on to the data. 

their own symbol. A least-squares sinusoid fit to the data 
was performed, giving the following amphtudes: AI=0.06 
(1994), AI=0.07 (1995), AÆ = 0.06 (1995). At most phases 
there are points taken on different nights, which ensures 
that the period is not an artefact arising from irregular 
variability being modulated by the sampling window. In Fig. 
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Abstract. We have undertaken a differential photometric I
band search for variability in three Pleiades brown dwarfs
and three very low mass field L dwarfs. Analysis of the re-
sultant time series for the Pleiades brown dwarfs (Teide 1,
Calar 3, Roque 11) gives no evidence for variability (above
99% confidence) greater than 0.05 mags in any of these ob-
jects on timescales between 25 minutes and 27 hours. Time
series of two of the L dwarfs, 2MASSW J0913032+184150
and 2MASSW J1146345+223053, are also consistent with no
intrinsic variability (no significant variability above 0.07 mags
for 30mins< τ < 126 hours, and above 0.025mags for 30mins
< τ < 75 hours, for the two objects respectively). However, the
L dwarf 2MASSW J1145572+231730 shows evidence for vari-
ability of amplitude 0.04 magnitudes with a tentative period of
about 7 hours. It is therefore interesting that Kirkpatrick et al.
(1999) report an Hα emission line of 4.2 Å equivalent width
for this star: If our detection is confirmed as a rotation period,
it would support the link between rotation and Hα emission in
very low mass stars.

Keywords:methods: observational – stars: activity – stars: indi-
vidual: 2MASSW J1145572+231730 – stars: low-mass, brown
dwarfs – stars: rotation

1. Introduction

Brown dwarfs are of great interest to astronomers. According to
one definition they can be considered to bridge the gap between
the lowest mass stable-hydrogen-burning stars and the Jupiter-
like planets which do not get hot enough to burn deuterium, the
most easily “combusted” element. Based on this definition, cur-
rent models place their mass in the range ≈ 0.015–0.075M⊙

(D’Antona & Mazzitelli 1994; Burrows et al. 1997). However,
for single objects mass is not a directly observable quantity, so
brown dwarf status can only be conferred via secondary indi-
cators. Models predict that brown dwarfs spend most of their
lives cooling, and all but the youngest and most massive brown
dwarfs have effective temperatures below about 2800K. Of par-
ticular interest, therefore, are the recently discovered compact

Send offprint requests to: Coryn Bailer-Jones (calj@mpia-hd.mpg.de)

objects with atmospheres characteristic of very low tempera-
tures (Kirkpatrick et al. 1999). Models of these objects suggest
1500K < Teff < 2000K, and the newly introduced class L
dwarfs has been suggested to emphasise the status of these ob-
jects as a low temperature continuation of the M dwarfs. We
therefore expect many of them to be brown dwarfs.

The intrinsic properties of brown dwarfs and L dwarfs are
of astrophysical interest, and the observations and models to
date raise a number of important questions. For example, what
is the nature of their atmospheres? At temperatures below about
2500K, models predict that dust grains start to condense and
appear in the atmosphere (e.g. Allard et al. 1997). How does the
angular momentum of these objects evolve? Knowledge of their
rotation speeds as a function of age and mass will help address
the problem of the formation and evolution of these objects.
Do these objects have magnetic activity and chromospheres?
In higher mass objects, dynamo models give a relationship be-
tween rotation speed and magnetic activity (as observed, for
example, via Hα emission). The measurement of rotation peri-
ods and variability amplitudes is important for addressing these
questions.

To date there has been very little work on measuring vari-
ability in brown dwarfs and L dwarfs. Tinney & Tolley (1999)
provide some evidence for photometric variability in the M9
brown dwarf LP 944-20, but do not derive a period for what they
suspect to be a rotational modulation. Based on spectroscopy,
Tinney & Reid (1998) report v sin i of about 28 ± 2 kms−1 for
this object.Martı́n et al. (1998) give a v sin i of 13±1 kms−1 for
the M6 Pleiades brown dwarf Teide 2, and Martı́n et al. (1997)
derive a v sin i of 20 ± 10 kms−1 for the L5 field brown dwarf
DENIS-P J1228.2-1547.

In this paper we present the results of a search for variability
in six very low mass (VLM) stars (Table 1). Three of these are
Pleiades brown dwarfs. Two (Teide 1 andCalar 3) are confirmed
brown dwarfs, based on their radial velocities and lithium de-
tections. The third, Roque 11, is a probable brown dwarf and
cluster member. The three other objects (2M0913, 2M1145 and
2M1146) are L dwarfs discovered by the 2MASS survey. One
of these, 2M1146, is a brown dwarf based on the detection of
lithium in its spectrum. The other two have no or very little
lithium, so are probably either VLM stars (just above the hy-
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Table 2. Approximate upper limits on intrinsic I band variability. Ilim

is defined as the scatter of the RMS (root mean squared) values in the
relativemagnitude time series that would have been required before we
obtained significant (P(χ2

s) < 0.01) evidence for variability according
to the χ2 test. For each star the search was sensitive to variations in
approximately the range shown.

Star Ilim period range
2M0913 0.070 30 mins to 126.2 hours
2M1145 0.035 30 mins to 74.8 hours
2M1146 0.025 30 mins to 74.8 hours
Roque 11 0.045 25 mins to 26.4 hours
Teide 1 0.050 25 mins to 26.4 hours
Calar 3 0.050 25 mins to 27.5 hours

aperture sizes in the original photometry. In all cases significant
variability was detected (according to the above four criteria)
and the determined periods were the same to within 1%.

The RMS (root mean squared) scatter of the relative magni-
tudes in Fig 1 is 0.038mags, and the amplitude of a least-squares
fit sinusoid (A × sin[wt + φ]) is 0.040 mags. This latter value
may be a slight overestimate of the amplitude of intrinsic vari-
ability on account of noise: the larger the aperture, the more
noise in each measurement, and so the more likely it is that a
larger amplitude is observed. This does not mean, however, that
the detection is just due to noise, as with a much larger aperture
the time series does not meet the variability criteria described
above. This problem with least-squares fitting could be over-
come using more robust techniques, but we choose to acquire
a more extensive data set before making an improved determi-
nation. Nonetheless, Fig 1 shows evidence of periodic variation
beyond the size of the error bars.

5. Discussion

The most plausible explanation for the observed periodic vari-
ation in 2M1145 is a rotational modulation of the emitted flux.
Assuming a radius of 0.1R⊙ (Burrows et al. 1997), and rigid
rotation, the period of 7.12 hours implies an equatorial rotation
velocity of 17 kms−1. This falls in the range of rotation speeds
for 93 fieldM dwarfs measured by Delfosse et al. (1998) (all ex-
cept one with v sin i in the range< 2–32 kms−1), but is smaller
than the range for 9 Pleiades M5–M6.5 dwarfs observed by Op-
penheimer et al. (1997) (37≤ v sin i ≤ 65 kms−1). However,
our data does not give unambiguous evidence for rotation at
this speed. All we can say for certain is that we have evidence
for periodic variability which is not present in the reference
stars, and therefore is probably intrinsic to 2M1145. But given
that we only have 28 points in our time series spread over several
periods, confirmation of this period is required with a more ex-
tensive data set, preferably with smaller error bars and in more
than one filter to provide somewhat independent measurements
of the period. Observations should also be carried out over at
least two (and preferably three or four) complete periods. We
also stress that the period determination method assumes that
the time series is stationary, in particular that the period and am-

Fig. 1. Light curve of the (zero mean) relative magnitude time series
for the L dwarf 2M1145 phased at the detected period of 7.12 hours.
Two (identical) periods are shown. The RMS scatter of the variations
is 0.038 mags, and the amplitude of the overplotted least-squares fit
sinusoid is 0.040 mags.

plitude of the variations are constant: any evolution of surface
features over the timescale of the observations would interfere
with the interpretation of the periodogram. Additionally, mul-
tiple surface features may not give rise to a single sinusoidal
modulation (and indeed, other peaks were present in the peri-
odogram).

Given that the observations have only been carried out in a
single filter, we can only speculate about the cause of the mod-
ulation in 2M1145. If its Hα emission (Kirkpatrick et al. 1999)
can be taken as evidence of magnetic activity, then the modula-
tion could be the result ofmagnetically induced star spots. How-
ever, as we have only observed three L dwarfs we cannot draw
any conclusions about the correlation betweenHα emission and
rotation speed at the bottom of the main sequence, particularly
as the amplitude limit on one of the targets (2M0913) is rather
high. The observed modulations in 2M1145 could alternatively
be the result of inhomogenous dust clouds rotating across the
stellar disk. To distinguish between these two possibilities it
will be necessary to re-observe in multiple filters (or with time
resolved spectroscopy) to measure the change in Teff , and in
filters sensitive to high dust opacity.

Acknowledgements. We would like to thank James Liebert and the
2MASS team for supplying information on the 2MASS L dwarfs prior
to publication. This work is based on observations made with the 2.2m
telescope at the German–Spanish Astronomical Center at Calar Alto
in Spain.
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of L dwarfs with time-resolved spectrophotometry
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Abstract. I present the results of a program to spectrophotometrically monitor the L1.5 dwarf 2MASSW
J1145572+231730 to identify the cause of photospheric variability in ultra cool dwarfs. Plausible candidates are
magnetically-induced star spots and inhomogeneous photospheric dust clouds. Based on the atmospheric models
and synthetic spectra of Allard et al. (2001), the expected signatures of these phenomena in the 0.5–2.5 µm wave-
length region are presented and discussed. Near infrared spectra of 2M1145 were obtained along with a nearby
reference star observed simultaneously in the spectrograph slit. No convincing variability over a 54 hour interval
is found in any one of several colour indices designed to be most sensitive to dust- and spot-related variability.
Nonetheless, a significant correlation between the variability of two colour indices is found. This is slightly more
consistent with the dust-related variability model than the cool spot one considered. Based on the theoretically
predicted signatures and the median errors in the colour indices (0.03–0.05 mag), upper limits are placed on the
coverage of possible spots and clouds. Assuming the L dwarf to be best modelled by a dusty atmosphere at 1900 K,
coherent clear clouds are limited to a coverage of 10–15% of the projected surface area and 200 K cooler spots
to a 20% coverage. A larger coverage of many small features varying incoherently cannot be ruled out with this
method. A lower effective temperature restricts coherent clear clouds to be much smaller; a higher temperature
allows both clouds and spots to be larger. These upper limits are consistent with the two separate variability
detections in the I-band reported by Bailer-Jones & Mundt (2001).

Key words. stars: atmospheres – stars: low-mass, brown dwarfs – stars: starspots – stars: variables: general –
stars: individual: 2MASSW J1145572+231730 – methods: data analysis

1. Introduction: variability, dust and magnetic
fields in ultra cool dwarfs

In a study of 21 low mass stars and brown dwarfs, Bailer-
Jones & Mundt (2001; hereafter BJM) found evidence for
I-band photometric variability in 11 M and L dwarfs, with
variability timescales of a few hours and rms amplitudes
of 0.01–0.06mags. In a few cases, this variability could not
be ascribed to a rotational modulation by stable surface
features (e.g. cool spots), such as those often found on pre-
main-sequence, earlier-type stars (e.g. Herbst et al. 2001).
This observed non-periodic variability was therefore in-
terpreted as evidence for the evolution of surface features
on a timescale shorter than a rotation period. This could
happen if the features rapidly form and dissipate or if they
migrate with respect to the rotation.

This raised the question as to the physical nature of the
putative surface features on ultra cool dwarfs (UCDs)1.

⋆ e-mail: calj@mpia-hd.mpg.de

BJM found no correlation between the presence or ampli-
tude of variability and the Hα equivalent width (although
many of the objects had no Hα data). Taking the latter as
a measure of chromospheric activity and hence as a proxy
for the size and/or temperature contrast of magnetically-
induced photospheric spots, this lack of correlation pro-
vides evidence against the surface features being magnetic
spots. This is supported by the observation of Gizis et al.
(2000), who found that the ratio of Hα emission to bolo-
metric luminosity decreased by more than two orders of
magnitude from M7 to L1. As BJM also found that vari-
ability appeared to be more common later than M9, they

1 An ultra cool dwarf (UCD) is loosely defined here as any
dwarf star with spectral type later than about M 8, thus includ-
ing L and T dwarfs. UCDs have effective temperatures below
about 2800 K, surface gravities in the range 300–3000 m s−2

(i.e. log g of 4.5–5.5) and masses less than about 0.1 M⊙.
Following the mass definition of substellar objects, a given
UCD could be a low mass hydrogen-burning star, a brown
dwarf or a gas giant planet.
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Fig. 12. Correlation between the two relative colours j1−j2
and j1−h2. The different symbols refer to observations on
the different nights: night 1 (solid squares); night 2 (crosses);
night 3 (open triangles). The median error is shown in the
top-left corner.

Fig. 13. Same as Fig. 12 but for the colours j1−j2 and j2−h2.

j1−h1. Both changes are significant according to the χ2

test (1 − p = 0.99 for I, 1 − p > 0.99 for j1−h1). This is
still significant if h1 is replaced with h3, but not so sig-
nificant (1 − p = 0.90) for j1−h2. This is the signature
expected for the appearance of a cond cloud on a dusty
atmosphere or the dissipation of a cool spot on the same
atmosphere (Fig. 2).

Fig. 14. Variation in 2M1145 of the relative colours j1−h1
(filled squares) and h1−k1 (open triangles) plotted along with
the differential I-band photometry of 2M1145 (crosses) ob-
tained simultaneously on the 2.2m telescope at the same site
(latter taken from Fig. 3 of BJM). Moving up the page the
I-band gets brighter and the colours bluer. The night labels
refer to the present data set (Table 3). Note that Fig. 3 of
BJM is plotted the other way up (see that paper’s erratum).

7. Summary and discussion

To summarise the results of the analysis for 2M1145: a
formal χ2 test does not reveal any variability at the 99%
confidence level across the whole data set in any of the four
relative colour indices given in Table 4. Relative colours
means the ratio between two band fluxes, each formed by
summing flux in a relative spectrum (2M1145 divided by
reference) over a specific wavelength region (see Sect. 5).
Relative photometry and absolute colours (i.e. the colour
of 2M1145 alone) could not be used due to time-dependent
light losses from the slit. The relative colours appear un-
affected by this and there is no reason to consider them
as unreliable. Although no single colour shows significant
variation (across the whole observing period), there is a
significant correlation between the j1−j2 and j1−h2 rel-
ative colours. This is not expected from random noise and
does not appear to be caused by the slit losses. I there-
fore conclude it to be intrinsic to either 2M1145 or the
reference star. The reference star is most likely to be
mid or late-type F dwarf and not a short period vari-
able (see Sect. 2) so the variability is probably not in
this object. Assuming that the variability is intrinsic to
2M1145, then it is more consistent with dust-free (cond)
clouds rather than a dusty cool spot, assuming 2M1145
to have an overall dusty atmosphere and an effective tem-
perature of 1900K. However, if 2M1145 is actually hotter
(2100K), then cool spots are equally consistent with these
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ABSTRACT

We present multicolour photometry of the M8.5V ultracool dwarf ‘pulsar’ TVLM 513-46546

(hereafter TVLM 513) obtained with the triple-beam photometer ULTRACAM. Data were

obtained simultaneously in the Sloan-g′ and Sloan-i′ bands. The previously reported sinusoidal

variability, with a period of 2 h, is recovered here. However, the Sloan-g′ and Sloan-i′ light

curves are anticorrelated, a fact which is incompatible with the currently proposed starspot

explanation for the optical variability. The anticorrelated nature and relative amplitudes of the

optical light curves are consistent with the effects of persistent dust clouds rotating on the

surface of the star. In the absence of other plausible explanations for the optical variability

of TVLM 513, it seems likely that dust cloud coverage combined with the rapid rotation of

TVLM 513 is responsible for the optical variability in this object. However, crude modelling

of a photosphere with partial dust cloud coverage shows that the anticorrelation can only be

reproduced using cooler models than the literature temperature of TVLM 513. We suggest

this discrepancy can be removed if more dust is present within the photosphere of TVLM 513

than theoretical model atmospheres predict, though a definitive statement on this matter will

require the development of self-consistent models of partially dusty atmospheres.

Key words: stars: individual: TVLM 513-46546 – stars: low-mass, brown dwarfs.

1 IN T RO D U C T I O N

Brown dwarfs and very low mass stars (collectively known as

ultracool dwarfs, or UCDs) are strongly affected by the presence

of dust in their photospheres. Dust absorbs elements from the gas

phase, changing the opacity and metallicity of the atmosphere. Dust

begins to form at temperatures corresponding to the transition be-

tween M and L spectral types, and becomes more prominent as the

atmosphere cools; the presence of dust thus defines the L-dwarfs.

Finally, when the dust clouds ‘rain-out’ at lower temperatures still,

they are responsible for the L–T transition. Thus, understanding

the formation, chemistry and atmospheric dynamics of dust is the

central challenge facing theories of UCD atmospheres (Burrows,

Sudarsky & Hubeny 2006).

The presence of dust is also thought to affect the magnetic proper-

ties of UCDs. A combination of an increasingly neutral atmosphere

!Based on observations made at the European Southern Observatory,

Paranal, Chile (ESO programme 079.C-0686).

†E-mail: S.Littlefair@sheffield.ac.uk

and frequent collisions between charged particles and dust grains in

the dense atmosphere results in the atmospheres of UCDs having a

high electrical resistivity (Mohanty et al. 2002). Thus, whilst strong

quiescent and flaring radio emission reveals strong magnetic fields

amongst the UCDs (e.g. Berger et al. 2001; Burgasser & Putman

2005; Hallinan et al. 2007), the predominantly neutral atmospheres

may explain the relatively low levels of other activity indicators,

such as Hα emission and X-rays (e.g Gizis et al. 2000; West et al.

2004).

TVLM 513 (M8.5V) is an ideal object in which to study the

interplay of magnetic fields with a cool, dense atmosphere. It is

close by (d = 10.6 pc; Dahn et al. 2002), has known radio and Hα

activity, and is rapidly rotating (Mohanty & Basri 2003). The radio

emission of TVLM 513 is fascinating; observations from 1.4 to

8.5 GHz show the radio emission can switch states between highly

polarized pulses with a 2-h period (Hallinan et al. 2007) to a fainter,

quiescent state interrupted by stochastic flares (Berger et al. 2008).

The periodic nature of the radio emission has led to this object being

dubbed an UCD ‘pulsar’. Strong Hα emission, modulated on the

same 2-h period, and a detection of X-ray emission (Berger et al.

2008) show that TVLM 513 is a magnetically active star, which is

C© 2008 The Authors. Journal compilation C© 2008 RAS
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Figure 1. Sloan-g′ and Sloan-i′ light curves of TVLM 513. The change in brightness of the target star (mmag) is plotted against time in days. The data have

been binned into bins of 20-s duration. The Sloan-g′ light curve is plotted in green in the top panel, whilst the bottom panel shows the Sloan-i′ light curve,

plotted in red. Note the vertical scales for the g′-band light curve are much larger than that for the i′-band light curve. Also shown are the sinusoidal fits to the

data.

observed to vary in antiphase to a good level of accuracy (see Fig. 1).

This requires additional fine tuning of the spatial arrangement of

the spots and faculae, as the contrast of faculae is greatest at the

limb, whereas spot contrast is roughly independent of limb position

(Gondoin 2008). For these reasons, we consider an explanation of

the optical variability in terms of spots and faculae unlikely.

3.2 Chromospheric emission

Anticorrelated variability in the Sloan-g′ and Sloan-i′ bands is pos-

sible with a combination of starspots and chromospheric emission.

Whilst the Ca H&K lines lie outside the g′ and i′ bands, several

of the higher order Balmer lines fall in the g′ band. Thus, a more

active region of the star might show lower i′-band flux (due to the

dimming caused by starspots), but a higher g′-band flux (due to

the contribution to the g′ band from Balmer emission lines). How-

ever, the spectrum of TVLM 513 appears to rule out this conjecture

(Fig. 2). From the Gemini spectra of Berger et al. (2008), we can

see that the higher order Balmer lines contribute very little to the

g′-band flux, even in the high state. In fact, Balmer emission only

contributes an additional 0.3 per cent to the g′ flux, so it is unable

to account for the 3 per cent peak-to-peak variability seen in the

g′-light curve. Since the Hα equivalent widths in the Berger et al.

(2008) spectra span the range of observed Hα equivalent widths in

the literature for TVLM 513, it is likely that the Balmer emission

in these spectra adequately reflects the Balmer emission at the time

of our observations, and so we judge it unlikely that chromospheric

emission is responsible for the optical variability.

3.3 Magnetospheric emission

The radio emission of TVLM 513 is highly variable in nature. The

radio emission seems to change between the bright pulsations with

2-h period reported by Hallinan et al. (2007) to a fainter, quiescent,

Figure 2. Gemini spectra of TVLM 513 from Berger et al. (2008). The

spectra in high- and low-Balmer emission states are shown. The high Balmer

emission state is plotted in black, with the low-Balmer emission state shown

in light grey. Both spectra have been normalized by the peak flux of the high

Balmer emission state spectrum. The ULTRACAM response curve in the

g′-band is overplotted. A weak Hβ emission line is visible in the high-state

spectrum.

state interrupted by stochastic flares (Berger et al. 2008). There is

some debate as to whether the radio emission results from an elec-

tron cyclotron maser (ECM) emission mechanism (Hallinan et al.

2006), or the same gyrosynchrotron emission which powers the

radio emission in warmer M-dwarfs (Berger et al. 2008). As a

narrow-band emission mechanism, ECM emission will not con-

tribute to the optical flux, and so here make the conservative

assumption that the radio emission is caused by gyrosynchroton

radiation.

It is beyond the scope of this Letter to determine whether

gyrosynchrotron radiation can provide sufficient flux at optical
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ABSTRACT
The M8.5 object SSSPM J0109−5101 has recently been shown to be both a periodic and a
flaring variable, based on optical observations in the extreme red. More than 16 h of monitoring
in the near-infrared (NIR) reported here failed to show any variability. Similarly, no NIR
variability could be detected in intensive monitoring of three other suspected optical variables.
This paper also reports on photometry of half a dozen targets monitored over a few weeks, and
on the comparison of intensive monitoring at different epochs. In only one case, that of the
T dwarf binary ε Indi Bab, is there good evidence for variability. Our results allow stringent
limits to be placed on the NIR variability levels in a large sample of ultracool dwarfs.

Key words: techniques: photometric – stars: individual: ε Indi Bab – stars: individual: SSSPM
J0109−5101 – stars: low-mass, brown dwarfs – stars: variables: other.

1 I N T RO D U C T I O N

Koen et al. (2004, Paper I) monitored 18 objects with spectral clas-
sifications of L or T for a few hours each in JHK s, and found no vari-
ability in excess of about 0.02 mag. This result contrasts with earlier
studies of other objects (see Paper I for references) in which substan-
tial near-infrared (NIR) variability was reported, although usually on
somewhat longer time-scales. In an attempt to shed more light on the
question of NIR variability, the present paper contains the results of
three rather disparate studies. First, it is possible that objects that are
known to be variable in the optical will vary on similar time-scales in
the NIR. Four targets with fairly short confirmed or suspected optical
periods were therefore chosen for more intensive NIR monitoring.
Secondly, we obtained a few observations, spread over an interval of
about three weeks, on each of half a dozen targets: this was intended
to provide information about variability on time-scales of days.
Thirdly, for a few objects the results of a few hours of monitoring at
different epochs are available. This is valuable, as mean brightnesses
at the different epochs can be calculated to very good accuracy and
compared.

The observations of the known variable, SSSPM J0109−5101,
and the three suspected variables, 2M 2130−0845, 2M 2104−0845
and DENIS 0255−4700, are plotted and analysed in Section 4 of the
paper. This material forms the bulk of the new photometry reported
on here. Relevant information (infrared magnitudes and spectral
classifications) and the observing log are given in Table 1. The details

!E-mail: ckoen@uwc.ac.za

were obtained from the DwarfArchives.1 We note one change: the
original L2 spectral classification of SSSPM J0109−5101 (Lodieu,
Scholz & McCaughrean 2002) has been revised to M8.5 (Lodieu,
private communication).

Table 2 contains similar information for the nightly targets; the
observations are dealt with in Section 5. The multi-epoch data are
discussed in Section 6 (objects listed in Table 3).

Data acquisition and reduction are described in the next section of
the paper. Section 3 is concerned with the combination of data from
different nights, i.e. the calculation of zero-point differences, for
which we use a somewhat unconventional approach. Conclusions
are presented in Section 7.

The IAU recommended names of the objects studied in this
paper are rather long, and we chose to abbreviate most below,
as follows:

2M 0030−1450 = 2MASSI J0030300−145033,
= 2MASSW J0030300−145033

DENIS 0255−4700 = DENIS-P J025503.5−470050
SDSS 0330−0025 = SDSS J033035.13−002534.5
SDSS 0423−0414 = SDSS J042348.57−041403.5
2M 1225−2739AB = 2MASS J12255432−2739466[AB]
2M 1534−2952AB = 2MASS J15344984−2952274[AB]
2M 2104−1037 = 2MASS J21041491−1037369
2M 2130−0845 = 2MASS J21304464−0845205
2M 2224−0158 = 2MASS J22244381−0158521

1 http://spider.ipac.caltech.edu/staff/davy/ARCHIVE
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The M8.5 object SSSPM J0109-5101 has recently 
been shown to be both a periodic and a flaring 
variable, based on optical observations in the 
extreme red. More than 16 h of monitoring in the 
near-infrared (NIR) reported here failed to show any 
variability. 
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Abstract

We have obtained series of continuous differential pho-
tometry in the J and Ks bands for several L-type dwarfs.
We intend to search for photometric variability in order
to:

– investigate the variability amplitude associated to at-
mospheric changes in time-scales from minutes to sev-
eral hours,

– investigate rotation periods through light curve mod-
ulation due to superficial inhomogenities,

– set constrains on the frequency of flares in these fully
convective objects,

– search for transits of brown dwarf and planetary com-
panions in very close orbits (including habitable zones).

First results obtained for the brown dwarf 2M1146+22 are
presented.

Key words: Brown dwarfs – Planetary systems – Habitable
zones – Infrared astronomy

1. Introduction

Brown dwarfs are considered the bridge between the light-
est stars and giant planets. Since their discovery (Rebolo
et al. 1995, Nakajima et al. 1995), searches in star clus-
ters and in the field have shown that brown dwarfs are
rather numerous and could outnumber stars in the disk
of the Galaxy (Delfosse et al. 1997, Kirkpatrick et al.
1999, Kirkpatrick et al. 2000, Béjar et al. 1999, Béjar et
al. 2001). Photometric variability of brown dwarfs is an
unknown, potentially important phenomenon, which may
bring valuable information on rotational periods, magnetic
energy deposition in outer layers, surface inhomogenities
associated to changes in the phisical conditions of very
cool atmospheres (2200–750 K) and the existence of com-
panions. Optical variability appears to be common in L-
type dwarfs (Bailer-Jones & Mundt 1999, Terndrup et al.
1999, Bailer-Jones & Mundt 2001). Several objects show
periodicities at about a few hours, possibly associated to
rotation.

Here we present the first results of a long-term moni-
toring programme aimed to search for infrared variability
of L-type dwarfs.

2. Observations. The sample

We list in Table 1 several objects which have been moni-
tored with the 1.55-m Carlos Sánchez Telescope on Teide
Observatory. They are L-type dwarfs selected from the list
of potential brown dwarfs discovered by 2MASS (Kirk-
patrick et al. 1999, Kirkpatrick et al. 2000). Names have
been abbreviated following common practice. L dwarfs can
span a wide mass range depending on age. Most likely
masses for objects in Table 1 are in the range 50–90 MJup.

Each object in Table 1 was monitored in the J and Ks

bands for an time interval of 3–6 hours, short exposures of
5–10 s were adopted. Every ten exposures we did dithering
to perform proper sky substraction. Typically, about 5000
images were taken for each star. Individual exposures ob-
tained at each detector position were combined into single
images where aperture photometry was performed on the
target and reference stars. An aperture radius twice the
FWHM was adopted.

Table 1. Abbreviated L-dwarf name, apparent magnitudes
in J and Ks bands, spectral type, lithium equivalent width
and distance. 2M0345+25 is a spectroscopic binary L-dwarf;
2M1146+22 is a wide binary brown dwarf.

L-dwarf J Ks Sp. T Li EW d

(Å) (pc)

2M0015+35 13.82 12.24 L2 < 0.5 ∼ 20
2M0030+31 15.49 13.99 L2 < 1.0 ∼ 35
2M0147+34 14.34 13.59 L0.5 < 0.5 ∼ 32
2M0208+25 14.02 12.58 L1 < 0.5 ∼ 25
2M0345+25 14.03 12.70 L0 < 0.5 28.2
(sp.Bin.)
2M0829+14 14.72 13.12 L2 < 0.5 ∼ 30
2M1146+22 14.23 12.63 L3 5.1 ∼ 18
(wide Bin.)

3. Search for very faint objects

We have combined all the exposures obtained for each
target in order to produce deep images where wide faint
brown dwarf companions could be detected at projected
separations of 3–30 arsec (50–500 AU, given the distances

Proc. 1st Eddington workshop “Stellar Structure and Habitable Planet Finding”, Córdoba, 11–15 June 2001 (ESA SP-485,
January 2002, F. Favata, I.W. Roxburgh & D. Galad́ı-Enŕıquez eds.)
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hour, this is actually one of the likely periods claimed by
Bailer-Jones & Mundt.
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Figure 3. Light curve for 2M1146+22 in the J-band (lower
curve). Each triangle represents masurements at each dithering
position. Pentagons represent the mean of the values obtained
every five positions. Error bars give the error on these mean
values. For comparison, the upper light curve represents the
differential magnitude for two brighter reference stars.

5. Habitable zones planets around brown dwarfs

While very low mass stars become stable through hydro-
gen burning, brown dwarfs slowly cool down as time pro-
gresses. Old brown dwarfs have radii similar to Jupiter.
Fig. 4, in wich we represent the temporal evolution of
brown dwarf characteristics, has been made after models
of Chabrier et al. 2000 and Burrows et al. 1997.

Assuming global radiative balance, planetary atmo-
spheric albedo depending on effective temperature of the
central object (Caballero & Rebolo, in preparation) and
the evolutionary tracks plotted in Fig. 4, we have obtained
the curves plotted in Fig. 5, where we depict the spatial
and temporal region of habitability for a terrestrial planet
orbiting around 42, 63 and 73MJup brown dwarfs. Plan-
ets orbiting at 3–20RJup from brown dwarfs will live in
habitable zones (defined as regions capable of supporting
liquid water) for periods of several Gyr. The longest hab-
itable time intervals (about twice the Earth’s age) will
be found around the most massive brown dwarfs. The
Roche’s limit of tidal disruption gives a minimum distance
to the primary, about 5–6RJup for a Jupiter-like planet
around a typical 50–60MJup brown dwarf. A high-density
terrestrial planet would have a shorter disruption distance
(∼ 3 RJup).
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Figure 4. Effective temperature and radius as functions of time
for brown dwarfs and very low mass stars. From top to bottom:
0.080, 0.070, 0.060 (dashed) and 0.040M! (solid).
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Figure 5. Habitable zones for an hypothetical Earth-like planet
around a 0.070 (darkest grey), 0.060, 0.050 or 0.040M! (light-
est grey) brown dwarfs. Regions within curves indicate where
and when liquid water can be found.

Earth-like planets orbiting at the short distances re-
quired for habitability could be detected by radial veloc-
ity monitoring programmes with accuracies of 10 m/s or
better using, for example, near IR high resolution spec-
troscopy. Photometric monitoring programmess as the one
presented here have a significant probability to detect tran-
sits of planets in habitable zones around brown dwarfs
(orbital-periods of 3–30 hours). The transit of a terres-
trial planet would cause a ∼10mmag dip in the light curve
of a brown dwarf for a time interval in the 20–40 min-
utes range, depending on the the orbital semimajor axis.

(2002)
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Abstract. We have carried out multi-epoch, time-series differential I-band photometry of a large sample of objects in the
south-east region of the young (∼3 Myr), nearby (∼350 pc) σ Orionis open cluster. A field of ∼1000 arcmin2 was monitored
during four nights over a period of two years. Using this dataset, we have studied the photometric variability of twenty-eight
brown dwarf cluster candidates with masses ranging from the stellar-substellar boundary down to the planetary-mass domain.
We have found that about 50% of the sample show photometric variability on timescales from less than one hour to several
days and years. The amplitudes of the I-band light curves range from less than 0.01 up to ∼0.4 mag. A correlation between
the near-infrared excess in the Ks band, strong Hα emission and large-amplitude photometric variation is observed. We briefly
discuss how these results may fit the different scenarios proposed to explain the variability of cool and ultracool dwarfs (i.e.
magnetic spots, patchy obscuration by dust clouds, surrounding accretion discs and binarity). Additionally, we have determined
tentative rotational periods in the range 3 to 40 h for three objects with masses around 60 MJup, and the rotational velocity of
14 ± 4 km s−1 for one of them.

Key words. stars: low mass, brown dwarfs – Galaxy: open clusters and associations: individual: σ Orionis –
techniques: photometric

1. Introduction

The photometric variability of brown dwarfs and very low mass
stars close to the substellar limit has received significant atten-
tion during the past few years. The studies, mostly performed in
the red part of the optical spectrum, using broad-band (Martín
& Zapatero Osorio 1997; Terndrup et al. 1999; Bailer-Jones
& Mundt 1999, 2001; Martín et al. 2001; Gelino et al. 2002;
Joergens et al. 2003) and narrow-band filters (Tinney & Tolley
1999; Clarke et al. 2002a,b), indicate that approximately one
third of the late M- and L-type dwarfs show variability with am-
plitudes from ∼10 to ∼80 mmag. Several of these objects have
been reported as periodic variables, with periods in the range
from half an hour to ten days. Photometry in the near-infrared
region, where cool dwarfs emit most of their output energy, has
also been performed in young clusters (Carpenter et al. 2002;
Zapatero Osorio et al. 2003 – hereafter ZO03) and in the field
(Bailer-Jones & Lamm 2003; Enoch et al. 2003). The detected
amplitudes of variation are in the range 0.05–0.2 mag, and ten-
tative periods of ∼1.5 to 3 h have been reported. On the other
hand, time-resolved spectroscopy has emphasized the study of
dust/temperature- or activity-sensitive spectral features such
as water vapour, TiO, FeH and CrH bands or Hα emission,

respectively (Nakajima et al. 2000; Hall 2002; Bailer-Jones
2002; Burgasser et al. 2002; Liebert et al. 2003; Clarke et al.
2003). Among the scenarios proposed to explain the observed
levels of photometric and spectroscopic variability, we may
list cool and/or hot corotating magnetically-induced spots in
the atmospheres, heterogeneous or patchy coverage of photo-
spheric clouds of grains of solid condensates, (sub)stellar discs
surrounding the objects, and the presence of very low-mass
companions in close orbits, which may produce eclipses or
mass-transfer episodes.

Photometric variability studies of objects with confirmed
membership in star clusters with known astrophysical prop-
erties have advantages to those in the field. Age, metal-
licity and distance are the same for the sample of cluster
members. Because they lie within a well-defined photometric
sequence, different luminosities correspond to different masses.
Hence, the monitoring of a sample of cluster objects usually
leads to the exploration of the properties of members in a wide
range of masses. Additionally, wide field cameras can simul-
taneously observe a relatively large number of sources un-
der the same sky and instrumental conditions. At very young
ages (e.g., a few Myr), fast-rotating completely convective
brown dwarfs may generate a magnetic field strong enough to

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20047048

J. A. Caballero et al.: Variability of young brown dwarfs in σ Orionis 863

Fig. 5. Light curves of the fourteen brightest objects in the final sample.

4.2. Intermediate timescales

To detect variability in a target from one night to another
(hereafter mid-term variability, i.e. scale of a few days), we
compared the averaged magnitudes (of both targets and field
sources), Ii, computed for each night, i. We list the mean mag-
nitudes of our sample in Table 3. The comparison is performed
by obtaining the absolute value of Ii − I j per object, where i
and j represent two different nights. In order to avoid the bias
introduced by short-term photometric variability, we have di-
vided the differences by the standard error of the mean magni-
tudes. Hence, we have defined a dimensionless absolute mag-
nitude difference, δ(I)i j, as:

δ(I)i j =

∣∣∣Ii − I j

∣∣∣
√
σ(Ii)2

ni
+
σ(I j)2

nj

(2)

where n stands for the number of photometric data points
per night. By using mean I-band magnitudes per night we are
increasing the sensitivity to mid-term variability.

We have selected likely mid-term variables in our sample
in a similar manner as we picked short-term variable brown
dwarfs. We have used the definition of Eq. (1), which we now
name #MT, where the subscript stands for “mid-term”. N+

and N− represent, in this case, the number of sources in the
same magnitude bin with δ(I)i j larger and lower, respectively,
than the δ(I)i j of the object under consideration. Figure 8 shows
the dimensionless differences against apparent magnitudes for
the second and third nights of the WFC00 epoch. Similar dia-
grams are obtained when considering other possible combina-
tions, e.g. first and second nights, second and third nights. We
note that mid-term variability can be investigated only in the
WFC00 data. As in the previous analysis of short-term variabil-
ity, the bin magnitude is chosen to be 0.2 mag centred on the
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Abstract. We report di↵erential I-band and J-band photometry of SOri 45, a cool (spectral type M8.5), young (1–8Myr)
brown dwarf of the �Orionis cluster with a likely mass estimated at around 20 times the mass of Jupiter. We detect variability
(amplitudes ranging from 34 to 81mmag) and observe a modulation at a period of 2.5–3.6 h in both optical and near-infrared
light curves. The most recent optical data set, however, presents a modulation at the very short period of 46.4± 1.5min, which
remains a mystery. The origin of the 2.5–3.6 h modulation is analyzed in terms of various scenarios: inhomogeneous features
(dust clouds or magnetically induced dark spots) co-rotating with the object’s surface, and presence of an unseen very low-mass
companion that is steadily transferring mass to the primary. Because of the very young age of the object and its persistent strong
H↵ emission, the possible presence of an accreting disk is also discussed. If the period of a few hours is related to rotation,
our results suggest that �Orionis low-mass brown dwarfs are rotating faster than more massive cluster brown dwarfs at a rate
consistent with their theoretically inferred masses and radii, implying that all of these objects have undergone similar angular
momentum evolution.

Key words. stars: low mass, brown dwarfs – stars: rotation – stars: pre-main sequence – stars: formation

1. Introduction

Variability is an important phenomenon in very low-mass stars
and brown dwarfs that may contribute to the understanding
of the stellar/substellar atmospheric physics. These objects are
fully convective with quite cool atmospheres capable of form-
ing condensates. In addition, they appear to be faster rotators
than slightly more massive stars (e.g., Basri & Marcy 1995;
Tinney & Reid 1998; Basri 2001; Reid et al. 2002). This high
rotation may drive some atmospheric dynamics. However, very
low-mass stars and brown dwarfs show significantly less ac-
tivity as measured from H↵ emission, which suggests that the
well-known connection between rotation and magnetic activity
operating in G–F type stars is not functioning in objects cooler
than spectral type ⇠M5 (Tinney & Reid 1998; see Basri 2000
for a review).

Send o↵print requests to: M. R. Zapatero Osorio,
e-mail: mosorio@laeff.esa.es
? Based on observations made with the Isaac Newton Telescope
(INT) operated on the island of La Palma by the Isaac Newton
Group in the Spanish Observatorio del Roque de Los Muchachos
of the Instituto de Astrofı́sica de Canarias; with the 2.2m telescope
at the German-Spanish Astronomical Center at Calar Alto in Spain;
with the Nordic Optical Telescope of the Observatorio del Roque de
Los Muchachos; and with the 1.5m Carlos Sánchez Telescope oper-
ated on the island of Tenerife in the Spanish Observatorio del Teide.

Photometric monitoring is a powerful tool to explore vari-
ability. Various time-dependent phenomena can be detected,
like rotational modulation caused by surface inhomogeneities,
evolution of magnetically induced dark spots, accretion from
surrounding envelopes, and eclipses due to unseen companions
or disks. Time-resolved photometric observations have been re-
cently reported for several late-M and L-type field dwarfs (e.g.,
Bailer-Jones &Mundt 2001a,b; Martı́n et al. 2001; Gelino et al.
2002; Clarke et al. 2002a,b), confirming that variability can be
detected in such cool objects. Some of them show very short
periods, which may be associated to rotation. Obtaining more
rotational data in very low-mass objects of di↵erent ages would
help to constrain models of angular momentum evolution. High
rotation of very low-mass stars and brown dwarfs may have
important implications for the modelling of their structure and
evolution. Martı́n & Claret (1996) have shown the important
impact of rotation on pre-main sequence evolution and lithium
depletion.

In this paper we present di↵erential photometry of the
young brown dwarf SOri 45 (SOri J053825.6–024836; Béjar
et al. 1999). These observations were obtained as part of our
on-going e↵orts to characterize young substellar objects. Béjar
et al. (1999, 2001) published the photometry and optical spec-
troscopy of SOri 45, concluding that it is a bona fide mem-
ber of the star cluster �Orionis. Thus, its age and mass are
constrained at 1–8Myr (most likely age of 3Myr, Oliveira
et al. 2002; Zapatero Osorio et al. 2002) and 0.020+0.020�0.005 M�,
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Fig. 11. SOri 45 1998 J-band photometry folded on to the period
of 0.1067 day (2.562 h). Data points have been binned in groups of
three to improve the signal-to-noise ratio. Error bars stand for the stan-
dard deviation of the binning. Overplotted is a sinusoidal curve with
an amplitude of 52± 18mmag.

three to increase the signal-to-noise ratio, and a sinusoid fit is
overplotted. Each individual error bar corresponds to the stan-
dard deviation of the group of three data points. A least-square
minimization technique yields that the amplitude that best re-
produces the sinusoidal variation is 52± 18mmag. We did not
attempt to obtain the amplitude from the cleaned power spec-
tra because the amplitude of the peaks is usually altered by the
number of iterations of the algorithm. Figure 12 displays the
2000 INT phased I-band data points with no binning. As for
the previous figure, the amplitude of the fitting sinusoidal curve
is 13± 4mmag. Note that the two brightest and faintest points
are excluded from the fit. Figure 13 depicts the 2001 folded
J-band data. Each night’s data are plotted with di↵erent sym-
bols. We did not attempt to fit a sinusoid to these data. The 2002
I-band di↵erential photometry is folded in Fig. 14. Because of
the di↵erent amplitude of the variations, each night’s photom-
etry is plotted in two separate panels. The best sinusoidal fits
have amplitudes of 126± 29 and 35± 12mmag. Note that all
these fits are intended to provide a visual guide to the data. It
is remarkable that the scatter of the photometric data appears
larger at phase ⇠0.5 in almost all light curves. We will discuss
SOri 45 phased light curves further in Sect. 4. Table 2 summa-
rizes the results of the analysis of the optical and near-infrared
di↵erential photometry.

4. Discussion

The photometric variability of SOri 45 was first studied by
Bailer-Jones & Mundt (2001a,b). These authors found it to
be variable with a peak in its power spectrum at 30± 8min,
and concluded that this period is extremely fast to be the
rotation period. Our derived periodicity of 46.4± 1.5min is

Fig. 12. SOri 45 2000 INT I-band photometry folded on to the period
of 0.1134 day (2.722 h). No smoothing has been applied. Di↵erent
symbols correspond to di↵erent observing nights. Overplotted is a si-
nusoid of amplitude 13± 4mmag.

Fig. 13. SOri 45 2001 TCS J-band photometry folded on to the period
of 3.6 h. No smoothing has been applied. The two nights are plotted
with di↵erent symbols.

slightly longer. Nevertheless, it is still too rapid to be explained
by purely geometric e↵ects such as surface rotation and/or bi-
nary motions. It is possible that we have detected a submultiple
of the other detected period of a few hours. The power spectrum
of Fig. 8 shows a secondary peak at around 42min; however,
the period of ⇠2.6 h dominates and shows reasonable evidence
for sinusoidal variation (Fig. 11). The source that produces pe-
riodic photometric changes between 30 and 46min (Fig. 14) is
unknown to us. Clearly, it has to evolve in time scales shorter
than our observations as inferred from the rapid change in the
amplitude of the light curves (Table 2).

S Ori 45 (M8.5, ~20 MJup) 

Prot = 2.5-3.6 h

(2004)

(2003)

Also, an intriguing ~46 min variability. 

Hints for pulsations due to deuterium 
burning? See Palla & Baraffe (2005)
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Abstract. We present the results of a photometric monitoring campaign for very low mass (VLM) members of the Pleiades.
Periodic photometric variability was detected for nine VLM stars with masses between 0.08 and 0.25 M". These variations are
most likely caused by co-rotating, magnetically induced spots. In comparison with solar-mass stars, the photometric amplitudes
are very low (<0.04 mag), implying that either the fraction of the spot-covered area, the asymmetry of the spot distribution,
or the contrast between spots and photospheric environment decreases with mass. From our lightcurves, there is evidence for
temporal evolution of the spot patterns on timescales of about two weeks. The rotation periods range from 2.9 h to 40 h and tend
to increase linearly with mass. Compared with more massive stars, we clearly see a lack of slow rotators among VLM objects.
The rotational evolution of VLM stars is investigated by evolving the previously published periods for very young objects
(Scholz & Eislöffel 2004) forward in time, and comparing them with those observed here in the Pleiades. We find that the
combination of spin-up by pre-main sequence contraction and exponential angular momentum loss through stellar winds is
able to reproduce the observed period distribution in the Pleiades. This result may be explained as a consequence of convective,
small-scale magnetic fields.

Key words. techniques: photometric – stars: low-mass, brown dwarfs – stars: rotation – stars: activity – stars: magnetic fields

1. Introduction

Rotation is a key parameter of stellar evolution. The investiga-
tion of the rotational evolution of solar-mass stars showed that
the angular momentum regulation is directly connected to ba-
sic stellar physics: Solar-mass stars rotate slowly in the T Tauri
phase, probably because of rotational braking through mag-
netic coupling between star and disk. After losing the disk, the
rotation accelerates as the stars contract towards the zero age
main sequence (ZAMS). From here, the rotation rates decrease
again as a consequence of angular momentum loss through
stellar winds (Bouvier et al. 1997; Bodenheimer 1995, and
references herein; see also the recent reviews of Stassun &
Terndrup 2003 and Mathieu 2003). The main ingredients for
models of rotational evolution are thus angular momentum loss
via a) magnetic interaction between star and disk and b) stellar
winds.

One of the cornerstones of our understanding of rotational
evolution are the rotation rates for Pleiades members, since
the age of the Pleiades (125 Myr, Stauffer et al. 1998) marks
the beginning of the main sequence for solar-mass stars, and
thus the turning point in their angular momentum evolution.
From the work of Magnitskii (1987), Stauffer et al. (1987),
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e-mail: scholz@tls-tautenburg.de
! Visiting Astronomer, German-Spanish Astronomical Centre,

Calar Alto, operated by the Max-Planck-Institute for Astronomy,
Heidelberg, jointly with the Spanish National Commission for
Astronomy.

van Leeuwen et al. (1987), Prosser et al. (1993a,b, 1995), and
Krishnamurthi et al. (1998), we have a large number of pho-
tometric rotation periods for Pleiades stars with 0.5 < M <
1.2 M" in hand, available from the Open Cluster Database
compiled by Prosser and Stauffer. For very low mass (VLM)
stars with M < 0.4 M", however, there are only two periods
known (Terndrup et al. 1999). First insights into the rotational
behaviour of the VLM members of the Pleiades come from ro-
tational velocity studies (Terndrup et al. 2000, and references
herein), indicating a lack of slow rotators among VLM stars.
This has been explained by a mass-dependent saturation thresh-
old of the angular momentum loss rate (e.g., Barnes & Sofia
1996; Krishnamurthi et al. 1997).

Whereas the rotational velocity analysis suffers from pro-
jection effects and high uncertainties, rotation periods can be
determined from photometric lightcurves without ambiguity
with respect to the inclination angle and with high precision.
Considering the lack of known rotation periods for VLM ob-
jects, it is necessary to compile a period database that com-
plements the known periods for solar-mass stars. This was
the main motivation for our long-term project dedicated to the
study of rotation periods in the VLM regime. In the first pub-
lication of this project, we presented 23 rotation periods for
VLM objects in the very young cluster around σOri (Scholz
& Eislöffel 2004, hereafter SE2004), giving us the first, al-
though rough approximation for the initial period distribution
of VLM objects. Here we report the discovery of nine new ro-
tation periods for VLM stars in the Pleiades, increasing the
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the Pleiades and around 10% at the age of σOri. Thus, we
could underestimate Pe by a factor of 1.12/1.022 = 1.16.

d) The final ingredient that determines rotational evolution
is angular momentum loss through stellar winds. It has
long been known that the rotational velocity of main se-
quence stars is proportional to stellar activity, and both de-
cline with age following a t−1/2 law (Skumanich 1972), i.e.
the period is proportional to t1/2. This simple model has
been improved by Chaboyer et al. (1995) to account for
the ultrafast rotators in young open clusters. This modifica-
tion introduces a saturation of the activity at high rotation
rates, resulting in Pe = Pi exp (t/τC), where τC is the spin-
down timescale (see Terndrup et al. 2000; Barnes 2003).
Increasing rotation rates for lower mass stars have been
successfully modelled using a mass-dependent saturation
level (Barnes & Sofia 1996; Krishnamurthi et al. 1997),
which scales to the inverse of the global convective over-
turn timescale.

In the σOri cluster, we measured rotation periods for 23 ob-
jects (SE2004). Ten of these periods were measured for stars
with 0.075 < M < 0.3 M", the mass regime covered by our
Pleiades targets. In the following, we use only these ten peri-
ods as Pi. For each of these objects, we determined the radius
at 3 Myr (the most probable age for σOri, see Zapatero Osorio
et al. 2002) and 125 Myr (the age of the Pleiades). For most
of these stars, there is only photometry available, disabling
us from determining the radii empirically. Therefore, the radii
were extracted from the models of Chabrier & Baraffe (1997),
which are available for masses of 0.075, 0.08, 0.09, 0.1, 0.15,
0.2, 0.3 M". For each object, we used the model for the mass
nearest to the object mass. Thus, we obtained a list of Pi, Ri,
and Re, from which we now calculate Pe.

The rotational evolution can then be calculated as

Pe = αPi

(
R2

e/R
2
i

)
. (1)

In the following, we consider four different scenarios:

– α = 1: no rotational braking (model A);
– α = (te/ti)1/2: angular momentum loss through stellar

winds following the Skumanich law (model B);
– α = exp ((te − ti)/τC): angular momentum loss through

stellar winds with saturated activity (model C);
– α = exp ((te − ti)/τC): model C plus disk-locking

(model D).

In Fig. 10, we show the rotational evolution for these scenar-
ios. Model A is shown with dotted, model B with dash-dotted,
model C with dashed and model D with solid lines. In the
following, we discuss the results for each of the four models
in detail.

A) In this model, we simply assume no angular momentum
loss, i.e. only hydrostatic contraction. In this case, the period
evolution is fixed by Pi and the evolution of the radii. For the
periods at the Pleiades age, we obtain Pe = 0.28 . . .17 h. In
Fig. 10 (upper panel), we show the period evolution for two
objects (dotted lines). As can be seen from this figure, half of
the σOri objects would end up with periods below the lower
limit of the observed Pleiades periods. Thus, this approach is in

Fig. 10. Rotational evolution of VLM objects: the upper panel shows
the evolution of the rotation period for model A (no braking, dotted
lined), model B (Skumanich braking, dash-dotted lines), and model C
(exponential braking, dashed lines). In the lower panel, we compare
model C (dashed lines) with model D (exponential braking with disk-
locking, solid lines).

clear contradiction to the observations in the Pleiades, since it
produces too high rotation rates for all objects and does neither
reproduce the upper nor the lower period limit. The lower limit
of the known rotation periods of VLM objects lies at about 2
to 3 h for ages of 3 Myr (Zapatero Osorio et al. 2003), 36 Myr
(Eislöffel & Scholz 2002), 125 Myr (this work), and ≈1 Gyr
(Clarke et al. 2002a), i.e. it seems to be nearly constant and
independent of age. Since the objects surely undergo a signifi-
cant contraction process, it becomes obvious that there must be
significant rotational braking.

B) In the second model, we assume a Skumanich law for
the rotational braking. Thus, the period evolution is determined
only by the radii of the objects and the ages of the σOri clus-
ter ti and the Pleiades te. Using ti = 3 Myr and te = 125 Myr
(Zapatero Osorio et al. 2002; Stauffer et al. 1998), we ob-
tain periods of 1.7 . . .110 h at the age of the Pleiades. Three
periods lie outside the limits defined by the observations in
the Pleiades. In Fig. 10 (upper panel), we show the evolu-
tion for the slowest and the fastest rotator (dash-dotted lines).
Remarkably, two objects end with periods larger than 100 h, in
clear contradiction to the observations. Age uncertainties can-
not explain this result, since we would have to choose >10 Myr
for the age of σOri and <70 Myr for the age of the Pleiades
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Abstract. We explore the rotation and activity of very low mass (VLM) objects by means of a photometric variability study. Our
targets in the vicinity of ε Ori belong to the Ori OB1b population in the Orion star-forming complex. In this region we selected
143 VLM stars and brown dwarfs (BDs), whose photometry in RIJHK is consistent with membership of the young population.
The variability of these objects was investigated using a densely sampled I-band time series covering four consecutive nights
with altogether 129 data points per object. Our targets show three types of variability: Thirty objects, including nine BDs,
show significant photometric periods, ranging from 4 h up to 100 h, which we interpret as the rotation periods. Five objects,
including two BDs, exhibit variability with high amplitudes up to 1 mag which is at least partly irregular. This behaviour is
most likely caused by ongoing accretion and confirms that VLM objects undergo a T Tauri phase similar to solar-mass stars.
Finally, one VLM star shows a strong flare event of 0.3 mag amplitude. The rotation periods show dependence on mass, i.e. the
average period decreases with decreasing object mass, consistent with previously found mass-period relationships in younger
and older clusters. The period distribution of BDs extends down to the breakup period, where centrifugal and gravitational
forces are balanced. Combining our BD periods with literature data, we found that the lower period limit for substellar objects
lies between 2 h and 4 h, more or less independent of age. Contrary to stars, these fast rotating BDs seem to evolve at constant
rotation period from ages of 3 Myr to 1 Gyr, in spite of the contraction process. Thus, they should experience strong rotational
braking"".

Key words. techniques: photometric – stars: low-mass, brown dwarfs – stars: rotation – Sun: activity – stars: magnetic fields –
stars: flare

1. Introduction

Variability studies are a key tool for investigating the physics of
stars. From simple photometric monitoring campaigns alone,
it is possible to unveil important properties of stars. One ex-
ample is the rotation period, which in many cases can be ob-
tained from photometric light curves, if the objects exhibit
asymmetrically distributed surface features, e.g. magnetically
induced spots (e.g., Bouvier & Bertout 1989; Bouvier et al.
1993, 1995; Herbst et al. 2000a, 2002). The amplitude of the
light curve then contains information about the spots, and thus
about the magnetic activity of the targets (e.g., Krishnamurthi
et al. 1998). Other signs of activity can be seen in the light
curves as well, in particular rapid brightness eruptions like
flares (Stepanov et al. 1995). Additionally, accretion processes
manifest themselves in strong variability, because they often
produce hot spots where matter flows from the accretion disk

" Based on observations collected at the European Southern
Observatory, Chile, observing run 68.C-0213(A)
"" Table 2 is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/429/1007

onto the star’s surface. These hot spots are again a source of pe-
riodic variability, and spot instabilities as well as accretion rate
variations can additionally induce irregular photometric vari-
ability (Fernández & Eiroa 1996; Herbst et al. 2000b).

This broad output motivated extended photometric moni-
toring studies of young stars. The advent of wide-field CCD de-
tectors increases the efficiency of such projects enormously,
since they allow observers to monitor a large number of objects
simultaneously. Many of these studies focus on open clusters,
because they deliver coeval target samples for which good es-
timates for age and distance are available. That way, one can
evaluate the evolution and dependence on mass of stellar prop-
erties like rotation and activity.

Most monitoring studies in young open clusters, however,
are concentrated on solar-mass stars with masses >0.5 M". The
major outcome of this work is a huge database of more than
1500 rotation periods, mostly for T Tauri stars with ages less
than 10 Myr (see the recent reviews by Stassun & Terndrup
2003 and Mathieu 2003). These periods deliver the crucial con-
straints for any model of rotational evolution. The state-of-the-
art description of the rotational behaviour contains a) magnetic
interaction between star and disk; b) angular momentum loss

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20041932

1020 A. Scholz and J. Eislöffel: Rotation and variability of VLM objects near εOri

Fig. 12. Period-mass relationship for the ε Ori cluster. The crosses are
the periods measured in this study. Filled squares mark the median
period for the mass bins 0 < M ≤ 0.1 M", 0.1 < M ≤ 0.2 M", and
0.2 < M ≤ 0.3 M". The horizontal lines are the quartiles for these val-
ues. The solid line shows the period-mass-relationship for the ONC,
as derived by Herbst et al. (2001).

is not valid. For some objects the rotation might be sig-
nificantly braked by magnetic interaction between star and
disk (so-called “disk-locking”). The study of Lamm et al.
(2004b) in NGC2264 showed that the impact of disk-locking
on the rotational regulation is dependent on mass, in the sense
that VLM objects are probably less affected by disk-locking
than solar-mass stars (so-called “imperfect” disk-locking).
Nevertheless, even in the VLM regime the disk has a certain
influence on the rotation of young objects. For VLM objects
in the σOri cluster we noted that stars which show evidence
for the existence of the accretion disk rotate on average slower
than stars without disk (SE1). This is consistent with the sce-
nario where a few objects are still braked by interacting with
their disks. This result has been confirmed by a recent angular
velocity study of Mohanty (2004), where the accreting objects
are mostly slow rotators. Thus, disk-locking might be less ef-
ficient than in solar-mass stars, but it still works in the VLM
regime. This could be the explanation for the moderate de-
crease of the average period in ε Ori compared with the periods
in the Trapezium cluster.

7.2. Rotation of brown dwarfs

In contrast to the variability studies in the Trapezium cluster
and NGC 2264, our analyses for σOri (SE1) and ε Ori (this
paper) extend well down into the substellar regime, down to
0.03 M". Rotation periods were measured for nine BDs for
each of these two clusters, enabling us to give a first detailed
description of the rotational behaviour of substellar objects.

One of the main conclusions of Fig. 12 is that the period-
mass relationship extends down into the substellar regime.
Thus, in comparison with stars, BDs rotate very fast. For σOri
the median period is 43.4 h for VLM stars and 14.7 h for BDs.
For ε Ori the values are very similar, 35.9 h for VLM stars
and 15.5 h for BDs. Only in a very few cases do BDs show

periods longer than two days in these two clusters. The pre-
viously published periods for substellar objects are in good
agreement with this result: Bailer-Jones & Mundt (2001) and
Zapatero Osorio et al. (2003) obtained periods shorter than 10 h
for three BDs in the σOri cluster. Additionally, the field brown
dwarf Kelu-1 shows a period of only 1.8 h (Clarke et al. 2002),
and Koen (2004) found tentative periods between 2 and 7 h for
three ultracool field dwarfs. Rotational velocity studies also in-
dicate that brown dwarfs in general are rapid rotators with a
lower v sin i limit of about 10 km s−1 (Mohanty & Basri 2003;
Bailer-Jones 2004). Slowly rotating BDs with periods of a few
days were only detected in the Chamaeleon I star-forming re-
gion (Joergens et al. 2003). However, since these objects are
only about 1 Myr year old, they could still be subject to signifi-
cant rotational braking by interaction with the circumsubstellar
disk, as argued by Joergens et al. (2003). Thus, based on our
current knowledge, BDs are very rapid rotators with average
periods shorter than one day, as soon as they are no longer in-
fluenced by the disk.

It is of particular interest to have a closer look at the lower
limit of the periods, since this value is constrained by the
breakup period, i.e. the period where the centrifugal forces ex-
ceed the gravitational forces. For the σOri cluster the short-
est period measured so far is about 3 h (Zapatero Osorio et al.
2003). In our own study in σOri, we found a lower limit of
6 h (SE1). In ε Ori, which is probably slightly older than σOri,
we obtain a lower boundary of 4 h, whereas our period search
was sensitive down to periods below one hour. In our variabil-
ity study in the Pleiades we found periods of 3 and 4 h for
two VLM stars with masses very close to the substellar bound-
ary. Finally, the above mentioned period of 2 h measured for
Kelu-1 defines the lower period limit for field brown dwarfs.
This is confirmed by the available rotational velocities for field
objects, which show an upper limit between 40 and 60 kms−1,
corresponding to a period of 2–3 h. Thus, the lower period limit
of 2–4 h seems to be independent of age, implying that a frac-
tion of BDs evolve with nearly constant period over one Gyr,
in clear contrast to the period evolution of stars. This is par-
ticularly surprising because all these objects should undergo
significant rotational acceleration as a consequence of the con-
traction during the first Gyr of their evolution. Assuming angu-
lar momentum conservation, their period should decrease by a
factor of about ten as they evolve from 3 Myr to 1 Gyr. Thus,
these very fast rotating objects should experience strong angu-
lar momentum loss.

It seems unlikely that disk-locking can account for the
required rotational braking, since, as mentioned already in
Sect. 7.1, the impact of disk-locking decreases with decreasing
object mass (Lamm et al. 2004b). It is also implausible to as-
sume excessive angular momentum loss through stellar winds
in the BD regime. As BDs evolve they will rapidly cool down,
and the resistivity in their atmospheres will increase. This will
very likely lead to a decline of the efficiency of angular momen-
tum loss by stellar winds. It is thus unclear how the rotation of
the fast rotating substellar objects is regulated.

As mentioned above, there is a natural lower limit to the
rotation period, namely the so-called breakup period where the
centrifugal exceeds the gravitational force. No object can rotate
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impede the dissipation of any magnetic fields in the cool and in-
creasingly neutral atmospheres of ultracool dwarfs (Mohanty et al.
2002). The existing radio detections suggest that field dissipation
may not be a problem, but the overall field configuration and the
effect of neutral atmospheres in the presence of magnetic dissipa-
tion remain largely unexplored.

As a result of the various conflicting trends and the transition
from persistent to flaring emission, progress in our understanding
of magnetic activity and dynamos in ultracool dwarfs requires
simultaneous observations of the various activity bands. We have
already undertaken such observations for the L3.5 brown dwarf
2MASS J00361617+1821104 in late 2002 and discovered peri-
odic radio emission (P ¼ 184 minutes), with no corresponding
X-ray or H! emission (Berger et al. 2005). These observations
indicated a magnetic field of"200 G covering a substantial frac-
tion of the stellar surface, as well as the first direct confirmation
that the radio/X-ray correlation is indeed violated by orders ofmag-
nitude. Follow-up observations showed that the field is stable on
a k3 yr timescale, much longer than the convective turnover
time, pointing to a stable dynamo process. A recent simultaneous
observation of the L dwarf binary Kelu-1 resulted in an X-ray
detection without corresponding radio emission (Audard et al.
2007), although the radio limits still allow for a violation of the
radio/X-ray correlation by up to "2 ; 103.

Here we exploit the powerful approach of simultaneous obser-
vations to investigate the magnetic activity in the M8.5 dwarf
TVLM 513#46546, an object previously detected in the radio
(Berger 2002, 2006; Osten et al. 2006; Hallinan et al. 2006, 2007)

and in H! (Martin et al. 1994; Reid et al. 2002; Mohanty & Basri
2003). These observations are the first in a series that targets sev-
eral objects in the sparsely studied and critical spectral type range
M7–L3. In the case of TVLM513#46546we detect radio, X-ray,
and Balmer line emission, but no UV emission. The overall be-
havior is complex and largely uncorrelated between the various
emission bands. The long time and wavelength baselines provide
unprecedented detail, including the first case to date of sinusoidal
Balmer line emission; the observed 2 hr period is in excellent
agreement with the rotation of TVLM 513#46546. Using the
various activity indicators we infer the properties of the magnetic
field, corona, and chromosphere, and show that the underlying
processes and field configuration likely differ from those in early
M dwarfs.

2. OBSERVATIONS

We targeted the M8.5 dwarf TVLM 513#46546 due to its vi-
cinity (d ¼ 10:6 pc; Dahn et al. 2002) and known radio and H!
activity. The bolometric luminosity of TVLM 513#46546 is
Lbol $ 10#3:59 L%, and its rotation velocity is v sin i $ 60 km s#1

(Mohanty&Basri 2003). The nondetection of lithium,with a limit
of 0.058, suggests that TVLM 513#46546 is most likely a very
low mass star (Reid et al. 2002). Adaptive optics imaging of
TVLM 513#46546 revealed no companions with "mP 3mag in
the range 0.100–1500 (Close et al. 2003).

TVLM 513#46546 was first detected in the radio during a
2 hr observation at 8.5GHz in 2001 September, and exhibited both
persistent (F# $ 190 $Jy) and flaring emission (Berger 2002),

Fig. 1.—Radio, H!, UV, andX-ray of TVLM513#46546. The arrival times of the X-ray photons are shownwith arrows, and their energies in keVare listed. Open arrows
correspond to likely background events with"10 keV; two are expected from the background count rate. Times of UV coverage are marked by squares; no UVemission is
detected. The H! emission is clearly sinusoidal and periodic, with P $ 2 hr matching the rotation period of TVLM 513#46546, with an implied sin i $ 1. There is no clear
correspondence between the various emission bands, with the possible exception of an X-ray photon pair that coincides with the broadest radio flare (at about 07:40 UT).
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ABSTRACT

We present the first simultaneous radio, X-ray, ultraviolet, and optical spectroscopic observations of the M8.5 dwarf
TVLM 513!46546, with a duration of 9 hr. These observations are part of a program to study the origin of magnetic
activity in ultracool dwarfs, and its impact on chromospheric and coronal emission. Here we detect steady quiescent
radio emission superposed with multiple short-duration, highly polarized flares; there is no evidence for periodic bursts
previously reported for this object, indicating their transient nature.We also detect soft X-ray emission, with LX/Lbol "
10!5:1, the faintest to date for any object later than M5, and a possible X-ray flare. TVLM 513!46546 continues the
trend of severe violation of the radio/X-ray correlation in ultracool dwarfs, by nearly 4 orders of magnitude. From the
optical spectroscopywefind that theBalmer line luminosity exceeds theX-ray luminosity by a factor of a few, ruling out
chromospheric heating by coronal X-ray emission.More importantly, we detect sinusoidalH! andH" equivalentwidth
light curves with a period of 2 hr, matching the rotation period of TVLM 513!46546. This behavior points to a co-
rotating chromospheric hot spot or an extended magnetic structure, with a covering fraction of about 50%. This feature
may be transitory based on the apparent decline in light-curve peak during the four observed maxima. From the radio
data we infer a large-scale and steady magnetic field of #102 G. A large-scale field is also required by the sinusoidal
Balmer line emission. The radio flares, on the other hand, are produced in a component of the field with a strength of
#3 kG and a likelymultipolar configuration. The overall lack of correlation between the various activity indicators sug-
gests that the short-duration radio flares do not have a strong influence on the chromosphere and corona, and that the
chromospheric emission is not the result of coronal heating.

Subject headinggs: radio continuum: stars — stars: activity — stars: low-mass, brown dwarfs —
stars: magnetic fields

1. INTRODUCTION

In recent years it has become evident that low-mass stars and
brown dwarfs (spectral classes late-M and L) are capable of pro-
ducing unanticipated levels of magnetic activity, manifested pri-
marily in their strong quiescent and flaring radio emission (Berger
et al. 2001, 2005; Berger 2002, 2006; Burgasser & Putman 2005;
Osten et al. 2006; Antonova et al. 2007; Phan-Bao et al. 2007;
Hallinan et al. 2007; Audard et al. 2007). Other traditional activity
indicators such as chromospheric Balmer line emission and coro-
nal X-ray emission, however, appear to steeply decline from peak
levels in early- and mid-M dwarfs (Pallavicini et al. 1981; Vilhu &
Walter 1987; Gizis et al. 2000; West et al. 2004), leading to di-

vergent trends of magnetic activity at the bottom of the main
sequence. In both H! and X-rays there is also a clear transition
from persistent emission to a small number offlaring objects with
duty cycles of a few percent (Reid et al. 1999; Gizis et al. 2000;
Rutledge et al. 2000; Liebert et al. 2003; West et al. 2004), as
well as a breakdown of the rotation-activity relation (Basri &
Marcy 1995; Mohanty & Basri 2003) that is clearly seen in early
M dwarfs (Rosner et al. 1985; Fleming et al. 1993; Mohanty et al.
2002; Pizzolato et al. 2003).
The change and divergence in activity trends is most clearly

evident in the breakdown of the radio/X-ray correlation that holds
for a large number of early-type stars and solar flares (Güdel &
Benz 1993; Güdel et al. 1993a; Benz & Güdel 1994), and is at-
tributed to flare heating of coronal plasma to X-ray temperatures
(Neupert 1968; Güdel et al. 1996).While objects in the rangeM0–
M6 obey this correlation, several objects later than M7 exhibit
radio emission that is several orders of magnitude brighter than
expected (Berger et al. 2001, 2005; Berger 2002, 2006). Simi-
larly, in early M dwarfs there is an overall energy balance be-
tween X-ray and chromospheric emission, which has led to the
idea of chromospheric heating by coronal X-rays (e.g., Cram
1982; Hawley et al. 1995). It is not known whether this mech-
anism holds in ultracool dwarfs, primarily because of the decline
in persistent activity.
Theoretical work on magnetic dynamos in ultracool dwarfs

also remains inconclusive. Studies of the !2 dynamo in fully con-
vective stars suggest that a stratified and rotating turbulent me-
dium can lead to the buildup of a nonaxisymmetric andmultipolar
field (e.g., Chabrier & Küker 2006; Dobler et al. 2006), but these
models make several simplifications for computational purposes.
It has also been argued that decreasing electrical conductivity will
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Figure 3. Hα equivalent width light curve (top) in comparison to the 4.86 GHz
total intensity light curve (bottom). The Hα emission is clearly sinusoidal, with
the same period as that measured from the radio bursts. The peaks of the Hα
light curve (dashed lines) lead the radio bursts (dotted lines) by exactly 1/4 of
a period. These properties, along with the nonzero minima, point to emission
from a large-scale chromospheric structure whose projected solid angle varies
with the rotation of 2M 0746+20.
(A color version of this figure is available in the online journal.)

band pulses since it is detected at both 4.86 and 8.46 GHz and
it does not vary with the stellar rotation. The wide frequency
range (δν/ν ∼ 1) and inferred spectral index of −0.7 ± 0.3
are typical of optically thin gyrosynchrotron emission from a
power law distribution of electrons with an energy index of
p ≈ 2.4 (Güdel 2002). The lack of variability during 8.4 hr (or
four rotations) suggests that the quiescent emission arises from
particle acceleration in a uniform large-scale field component
with order unity covering fraction.

3.2. Hα Emission

The Hα light curve is shown in Figure 3. The equivalent
width ranges from 2.4 to 3.1 Å, with a mean value of about
2.7 Å. More importantly, the light curve is clearly periodic,
with P = 126 ± 10 min in excellent agreement with the radio
periodicity. This indicates that the radio and Hα emission arise
from the same binary member. However, despite the identical
periods, two clear differences are present between the Hα and
radio light curves, which provide additional constraints on the
geometry of the magnetic field.

First, the Hα light curve is sinusoidal as opposed to the
∼ 1% duty cycle of the radio pulses. This indicates that
the Hα emission is produced by chromospheric plasma that
covers a substantial fraction (though less than 100%) of the
stellar surface and rotates relative to our line of sight. A small
enhancement is ruled out since it would result in a sharp rise
and decline through ingress and egress, respectively, and a flat-
topped peak. In addition, the nonzero minimum equivalent width
(≈ 2.4 Å) indicates that the sinusoidal variations are most likely
due to a combination of rotation and field orientation effects,
such that at any given time some fraction of the Hα-emitting
chromosphere is visible, with the maximum projected solid
angle corresponding to the light-curve peaks (see Section 4).

Second, while the radio and Hα periods are identical, the
phase of the two light curves differs (Figure 3). In particular,
we find that the Hα peaks lead the radio pulses by about
31 min, corresponding to 1/4 of the period (or, equivalently

1/4 of a rotation). This lag indicates that the narrow beam
which gives rise to the radio pulses is offset by about 90◦

relative to the central axis of the chromospheric geometry. As
we show in the following section, such a 90◦ offset cannot be
accommodated in a simple dipole magnetic field model, unless
there is a significant breaking of the symmetry between the field
and emission regions.

We have previously observed similar periodic Hα emission
from the M8.5 dwarf TVLM 513−46546, with P ≈ 2 hr well
matched to the rotation velocity of v sin i ≈ 60 km s−1 (Berger
et al. 2008a). This object has also been shown to produce radio
bursts on a separate occasion (Hallinan et al. 2007). In the
case of LSR 1835+32, on the other hand, despite the presence
of periodic radio bursts (Hallinan et al. 2008) no periodic
Hα emission was evident in a separate 5.4 hr observation
(Berger et al. 2008b). It is thus possible that the magnetic
field topology and stability timescale, as well as the viewing
and magnetic axis orientation, play a role in determining the
correlation (or lack thereof) between the periodic radio and Hα
signals.

4. THE MAGNETIC FIELD GEOMETRY

Taking into account the properties of the radio and Hα
emission, we now investigate the magnetic field topology. This
topology has to satisfy the following requirements: (1) the
Hα emission is due to a large-scale feature; (2) the nonzero
minimum of the Hα light curve requires some fraction of the
active chromosphere to be visible at all times; (3) the short-
duration radio pulses arise from a narrow region; and (4) the
radio pulses lag the Hα peaks by 1/4 of the period.

The first scenario we explore is a poloidal field with a
simple dipole geometry. Such fields have been inferred for
convective mid-M dwarfs, such as V374 Peg, from phase-
resolved spectropolarimetry (Donati et al. 2006; Morin et al.
2008). This field geometry, and our line of sight orientation,
are shown in Figure 4. We assume that the inclination of the
rotation axis relative to our line of sight is identical to the orbital
axis, i = 142◦. In order to explain the radio pulses with a
small duty cycle the magnetic axis has to be tilted relative to
the rotation axis so that the beam emerging from the radial field
at the poles sweeps into out line of sight once per rotation (a
“pulsar configuration”). This configuration also explains the Hα
modulation since the solid angle subtended by the poloidal field
that is projected along our line of sight varies sinusoidally as the
object rotates. Specifically, as the field is tilted towards our line
of sight we observe maximum Hα emission (see panels A and
B of Figure 4 for the geometry corresponding to the maximum
and minimum Hα emission, respectively).

Unfortunately, while this simple model explains both the
radio pulsations and the Hα light curve, it predicts a 1/2 phase
lag between the two light curves, rather than the observed 1/4
phase lag. This is simply because the same phase of the rotation
that orients the magnetic pole toward our line of sight (resulting
in a radio burst), also projects the minimum solid angle of
the dipole field (i.e., minimum Hα emission). This effect is
independent of our choice of orbital inclination (Figure 4).

Alternatively, a toroidal dipole configuration, with the polar
caps producing the brightest Hα emission, will also produce
radio bursts and sinusoidal Hα emission. However, in this
configuration the two light curves would be exactly in phase
since when the polar region is oriented toward our line of sight
we will observe both an enhancement of the Hα emission and a
radio pulse.
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ABSTRACT

We present an 8.5 hr simultaneous radio, X-ray, UV, and optical observation of the L dwarf binary 2MASSW
J0746425+200032. We detect strong radio emission, dominated by short-duration periodic pulses at 4.86 GHz with
P = 124.32 ± 0.11 min. The stability of the pulse profiles and arrival times demonstrates that they are due to
the rotational modulation of a B ≈ 1.7 kG magnetic field. A quiescent nonvariable component is also detected,
likely due to emission from a uniform large-scale field. The Hα emission exhibits identical periodicity, but unlike
the radio pulses it varies sinusoidally and is offset by exactly 1/4 of a phase. The sinusoidal variations require
chromospheric emission from a large-scale field structure, with the radio pulses likely emanating from the magnetic
poles. While both light curves can be explained by a rotating misaligned magnetic field, the 1/4 phase lag rules out
a symmetric dipole topology since it would result in a phase lag of 1/2 (poloidal field) or zero (toroidal field). We
therefore conclude that either (1) the field is dominated by a quadrupole configuration, which can naturally explain
the 1/4 phase lag; or (2) the Hα and/or radio emission regions are not trivially aligned with the field. Regardless
of the field topology, we use the measured period along with the known rotation velocity (v sin i ≈ 27 km s−1),
and the binary orbital inclination (i ≈ 142◦), to derive a radius for the primary star of 0.078 ± 0.010 R%. This
is the first measurement of the radius of an L dwarf, and along with a mass of 0.085 ± 0.010 M% it provides a
constraint on the mass–radius relation below 0.1 M%. We find that the radius is about 30% smaller than expected
from theoretical models, even for an age of a few Gyr. The origin of this discrepancy is either a breakdown of the
models at the bottom of the main sequence, or a significant misalignment between the rotational and orbital axes.

Key words: radio continuum: stars – stars: activity – stars: low-mass, brown dwarfs – stars: magnetic fields

Online-only material: color figures

1. INTRODUCTION

Radio observations conducted over the past several years have
shown that about 10% of all very low-mass stars and brown
dwarfs of spectral types M7–L3 are magnetically active (Berger
2006). Both quiescent and flaring emission are present, with
luminosities that remain unchanged down to at least spectral
type ∼ L3, in contrast to the declining activity seen in X-rays
and Hα (Berger et al. 2001, 2005, 2008a, 2008b; Berger 2002,
2006; Burgasser & Putman 2005; Osten et al. 2006; Hallinan
et al. 2006, 2007, 2008; Antonova et al. 2007, 2008; Phan-Bao
et al. 2007; Audard et al. 2007). Depending on the nature of the
radio emission mechanism, the inferred magnetic field strengths
are ∼ 0.1–3 kG with order unity filling factors (Berger 2006;
Hallinan et al. 2008). Long term monitoring of several objects
in the spectral type range M8–L3.5 has further shown that the
fields are generally stable for at least several years (Berger et al.
2005, 2008a; Berger 2006; but see also Antonova et al. 2007),
providing an important constraint on the lifetime of magnetic
dynamos in fully convective objects. The strength, scale, and
stability of the inferred fields are in good agreement with recent
results from phase-resolved spectropolarimetry (spectral type
∼ M4; Donati et al. 2006; Morin et al. 2008) and Zeeman

broadening of FeH lines (spectral type < M9; Reiners & Basri
2006, 2007), as well as with the most recent numerical dynamo
simulations (e.g., Browning 2008).

Equally important, three ultracool dwarfs to date have been
observed to produce periodic radio emission, with periods of
184 min (2MASS J00361617+1821104; Berger et al. 2005),
118 min (TVLM 513−4654610; Hallinan et al. 2007), and
170 min (LSR 1835+3259; Hallinan et al. 2008). In the case
of 2M 0036+18, the periodic emission is sinusoidal, while in
the latter two objects it is in the form of short-duration pulses
(duty cycle of a few percent). In all three cases, the observed
periods are in good agreement with the known rotation velocities
(v sin i), indicating that the radio periodicity traces the stellar
rotation.

As a result, in addition to allowing a measurement of the
magnetic field properties, radio observations provide a unique
opportunity to measure the radii of late-M and L dwarfs through
the combination of rotation period and velocity. However, since
only v sin i values are known for these objects, there is an
inherent degeneracy between the radius and the inclination of

10 This object also exhibits periodic Hα emission, with the same period as
observed in the radio (Berger et al. 2008a).
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Fig. 1.—Light curves of the total intensity (Stokes I) and the circularly
polarized (Stokes V) radio emission detected at 8.44 GHz from TVLM 513.
Right circular polarization is represented by positive values, and left circular
polarization is represented by negative values in the Stokes V light curve.
Bursts of both 100% right circularly polarized emission (an example is high-
lighted as RCP) and 100% left circularly polarized emission (an example is
highlighted as LCP) are detected with a periodicity of 1.96 hr. The absence
of a left circularly polarized burst at ∼8.7 UT is due to the VLA being pointed
at a phase calibration source.

Fig. 2.—Lomb-Scargle periodograms of (a) the 8.44 GHz radio data ob-
tained on 2006 May 20, (b) the 4.88 GHz radio data obtained on 2006 May
21, (c) the I-band photometric monitoring data obtained on 2006 May 21 with
the VO 1.8 m telescope, and (d) the I-band photometric monitoring data ob-
tained on 2006 May 18 with the USNO Flagstaff Station 1 m telescope. The
dashed line corresponds to the putative rotational period of 1.96 hr for TVLM
513. The periodicity present in the radio data is also present in the optical
data confirming rotation of the dwarf as the source of this periodicity.

Fig. 3.—Light curves of the total intensity (Stokes I) and circularly polarized
(Stokes V) radio emission detected from TVLM 513 at 8.44 and 4.88 GHz
(4.88 GHz shifted by !2 mJy) phase-folded to a period of 1.958 hr. For the
circularly polarized (Stokes V) light curves, right circular polarization is rep-
resented by positive values, and left circular polarization is represented by
negative values. Two periods of each phase-folded light curve are shown for
clarity. Inset: Closer examination of the brightest burst detected at 8.44 GHz
reveals further structure, possibly due to the anisotropic morphology of the
source region of this burst. The dashed line corresponds to an unfolded light
curve of one of the bursts correlated with the phase-folded light curve to
confirm that this further structure is not a product of the phase folding of the
data.

2006 May 20 and for ∼10 hr at a frequency of 4.88 GHz on 2006
May 21. Data reduction was carried out with the Astronomical
Image Processing System (AIPS) software package. The light
curve of the 8.44 GHz radio emission is characterized by periodic
bursts of both left and right 100% circularly polarized emission,
the brightest periodically reaching flux values of ∼5 mJy, which
are stable in phase for the duration of the observation (Fig. 1).
Similar, albeit less bright (up to ∼1 mJy), periodic bursts are also
present in the 4.88 GHz light curve. The periodicity of 1.96 hr
was also retrieved in I-band photometric monitoring observations
of TVLM 513 using telescopes at the US Naval Observatory
(USNO), Flagstaff Station, and the Vatican Observatory (VO),
Arizona confirming that the periodicity present in the radio emis-
sion from TVLM 513 is due to the rotation of the dwarf (Fig. 2).
Therefore, although the bright, polarized bursts present in the radio
data appear to be transient flares, they are produced by the strong
beaming of persistent radio emission together with the rapid ro-
tation of the dwarf. For the limiting case of perfectly beamed
emission and assuming a source !0.5R from the surface, where
R is the radius of the dwarf, we can use the duration of the bursts
to geometrically constrain the size of the emitting source region
to be !0.22R. Using this value, we can establish the brightness
temperature of the radio emission to be 1 K, which,112.4# 10
together with the 100% circular polarization and extremely narrow
beaming, provides conclusive confirmation of its coherent nature.
The phase-folded light curves of the radio emission detected

from TVLM 513 at 8.44 and 4.88 GHz are shown in Figure 3.
The flux detected over the duration of the observation was

and mJy at 8.44 and 4.88 GHz,0.464! 0.009 0.368! 0.011
respectively. These values are similar to those reported previ-
ously for this dwarf by Hallinan et al. (2006) of 0.405!

and mJy at 8.44 and 4.88 GHz, respec-0.018 0.396! 0.016
tively. However, the periodic bursts, particularly those detected

at 8.44 GHz, which are an order of magnitude brighter than the
mean flux values, were not detected in the observations of Hal-
linan et al. (2006), indicating that activity levels in the compact
regions producing the bursts have increased greatly in the in-
tervening ∼16 months between the two epochs. Although the
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ABSTRACT
We report the detection of periodic ( hr) bursts of extremely bright, 100% circularly polarized, coherentp p 1.96

radio emission from the M9 dwarf TVLM 513!46546. Simultaneous photometric monitoring observations have
established this periodicity to be the rotation period of the dwarf. These bursts, which were not present in previous
observations of this target, confirm that ultracool dwarfs can generate persistent levels of broadband, coherent
radio emission, associated with the presence of kG magnetic fields in a large-scale, stable configuration. Compact
sources located at the magnetic polar regions produce highly beamed emission generated by the electron cyclotron
maser instability, the same mechanism known to generate planetary coherent radio emission in our solar system.
The narrow beams of radiation pass our line of sight as the dwarf rotates, producing the associated periodic
bursts. The resulting radio light curves are analogous to the periodic light curves associated with pulsar radio
emission highlighting TVLM 513!46546 as the prototype of a new class of transient radio source.
Subject headings: pulsars: general— radio continuum: stars— radiation mechanisms: nonthermal—

stars: activity— stars: low-mass, brown dwarfs— stars: magnetic fields

1. INTRODUCTION

Ultracool dwarfs are generally defined as those dwarfs with
spectral type ≥M7 (Kirkpatrick et al. 1997), encompassing very
low mass stars just above the stellar/substellar boundary and
all brown dwarfs below it. Surprisingly, despite their low bo-
lometric luminosity, a number of ultracool dwarfs have been
detected as relatively bright sources at radio frequencies (Ber-
ger et al. 2001; Berger 2002, 2006; Burgasser & Putman 2005;
Phan-Bao et al. 2007). Initially, the detection of variable, broad-
band radio emission with low net circular polarization sug-
gested incoherent gyrosynchrotron radiation due to a population
of electrons spiraling in the magnetic field of the ultracool
dwarf (Berger et al. 2005; Osten et al. 2006). This is the mech-
anism by which higher mass dwarf stars are thought to generate
persistent levels of radio emission. However, such stars are
surrounded by high-temperature chromospheres and coronae,
and the levels of radio emission they produce have been found
to be tightly correlated to their coronal X-ray luminosities (Gü-
del & Benz 1993; Benz & Güdel 1994). Ultracool dwarfs, on
the other hand, are thought to possess cooler, more neutral
atmospheres, as evidenced by their low Ha and X-ray lumi-
nosities (Mohanty & Basri 2003; Stelzer et al. 2006) and yet
can produce high levels of radio emission, many orders of
magnitude brighter than those predicted by this relationship.
Berger et al. (2005) reported a periodicity of ∼3 hr in the

radio emission detected from one such ultracool dwarf 2MASS
J00361617"1821104, citing orbital motion of a companion, ro-
tation of the dwarf, or periodic magnetic reconnection as possible
causes of the observed behavior. Hallinan et al. (2006) detected

1 Computational Astrophysics Laboratory, National University of Ireland, Gal-
way, Ireland; gregg@it.nuigalway.ie, stephen@it.nuigalway.ie, c.lane2@nuigalway
.ie, agolden@it.nuigalway.ie.

2 Armagh Observatory, Armagh BT61 9DG, North Ireland; tan@arm.ac.uk,
jgd@arm.ac.uk.

3 US Naval Observatory, Flagstaff Station, Flagstaff, AZ 86001; bza-
vala@nofs.navy.mil, fjv@nofs.navy.mil.

4 National Radio Astronomy Observatory, Socorro, NM 87801; wbrisken@aoc
.nrao.edu.

5 Vatican Observatory Research Group, Steward Observatory, University of
Arizona, Tucson, AZ 85721; boyle@ricci.as.arizona.edu.

a periodicity in the radio emission from a second ultracool dwarf,
TVLM 513!46546 (hereafter TVLM 513), consistent with the
putative rotation period of the dwarf derived from data,v sin i
thereby favoring rotation as the cause of the observed periodic-
ities for both dwarfs. On the basis of this assumption, the periodic
variability can be explained by either (1) an anisotropically
beamed radio emission mechanism or (2) the occultation of very
high brightness temperature compact regions in the magneto-
sphere of the dwarf. Both scenarios were deemed inconsistent
with isotropic gyrosynchrotron emission from a large extended
corona. It was postulated that the radio emission from ultracool
dwarfs may instead be due to coherent electron cyclotron maser
emission generated in the low-density regions above the poles
of a large-scale magnetic field (Hallinan et al. 2006), the same
mechanism producing the coherent radiation detected from the
magnetized planets in our solar system (Zarka 1998; Ergun et
al. 2000). However, studies of the electron cyclotron maser in-
stability operating in planetary magnetospheres have reported
intrinsically narrow banded, 100% polarized emission. The radio
emission from TVLM 513, on the other hand, was found to be
broadband with net circular polarization !13% reaching a pe-
riodic maximum of ∼40%, properties more consistent with the
incoherent gyrosynchrotron process. We have conducted further
deep pointings of TVLM 513 in an effort to unambiguously
distinguish between incoherent gyrosynchrotron emission and
coherent electron cyclotron maser emission. The periodicity re-
ported by Hallinan et al. (2006) was once again present, but the
dwarf was found to be in a much more active state than in
previous epochs, producing periodic bursts of extremely bright
100% circularly polarized emission. These observations provide
direct confirmation that ultracool dwarfs can produce persistent
levels of broadband, 100% polarized, coherent electron cyclotron
maser emission.

2. OBSERVATIONS
We used the Very Large Array (VLA)6 to observe theM9 dwarf

TVLM 513!46546 for ∼10 hr at a frequency of 8.44 GHz on
6 The VLA is operated by the National Radio Astronomy Observatory, a

facility of the National Science Foundation operated under cooperative agree-
ment by Associated Universities, Inc.
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(2007) Variability is everywhere 
and it has many origins.
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ABSTRACT 

We present a method of time-series spectral analysis which is especially useful for unequally spaced 
data. Based on a complex, one-dimensional version of the clean deconvolution algorithm widely used 
in two-dimensional image reconstruction, this technique provides a simple way to understand and 
remove the artifacts introduced by missing data. We describe the method, give several examples, and 
point out various analogies with the conventional use of clean. 

I. INTRODUCTION 
In this paper, we present a new approach to the problem of 

estimating the complex frequency spectrum of a continuous 
function of time which can be measured only at a finite num- 
ber of discrete times. Our method is particularly useful for 
data samples unequally spaced in time. However, the tech- 
nique we describe is also useful in the case of equally spaced 
data. We will deal only with deterministic signals. 

Fourier inversion of a finite representation of a continuous 
function leads to a frequency spectrum distorted by (i) the 
limited frequency resolution due to the finite time span of the 
data sample and (ii) spurious apparent responses that are 
caused by the incompleteness of the sampling. By adapting 
the two-dimensional clean algorithm developed for use in 
aperture synthesis (Högbom 1974), we show that there is a 
very intuitive way of handling the difficulties associated with 
the latter effect. The clean algorithm performs a nonlinear 
deconvolution in the frequency domain (equivalent to a 
least-squares interpolation in the time domain). The algo- 
rithm is especially suitable for functions whose spectra are 
dominated by a small number of components at discrete fre- 
quencies. A good example of the application of clean to 
such a spectrum can be seen in Fig. 6, where Fig. 6(c) shows 
the results of a direct inversion of a discrete sample of a 
function consisting of two components (at 31 and 57 Hz), 
and Fig. 6(d) shows the spectrum recovered by clean. 

In the next section we set out the problem. Section III 
describes the application of clean to spectral analysis. Sev- 
eral examples are presented and discussed in Sec. IV, and a 
brief comparison with other techniques is made in Sec. V. 
Appendix A is a brief summary of aperture synthesis and the 
use of clean, and appendices B and C contain some calcula- 
tional details. The reliability of the technique (how well it 
recovers the amplitude and phase of a signal in the presence 
of noise and/or multiple signals) will be discussed later ( Le- 
hár, Roberts, and Dreher 1987; Paper II). clean was used 
in the search for periodic variability in the BL Lacertae ob- 
ject OJ 287 by Dreher, Roberts, and Lehár ( 1986). 

il spectral analysis 
We begin by considering a functionf{t) known for all time 

t. It is well known that/may be constructed by the superpo- 
sition of contributions from all frequencies v, both positive 
and negative, 

dv F(v)e + 27nVi, - oo<K+ oo; 

here, as elsewhere, we follow the notation of Jenkins and 
Watts ( 1968 ). The spectrum of f which defines the contribu- 
tion of each v to/, is given by the Fourier transform {FT) of 
/ 

dtf{t)e~2jriv\ 00 <V< + 00. 

We assume that f{t) is real, so F{v) satisfies 
F{ -v) =F*(r), (1) 

where the * represents complex conjugation. Rayleigh’s 
theorem, which relates the variances of f and F, 

f dt\f(t)\2= f dv\F(v)\2, 
•1—00 J — oo (2) 

leads one to define the power spectrum of/as 
P{v) = |F(v)|2, — oo <v< + oo. 

P{v) is the contribution of v to the variance of/; since Pis a 
square it is generally denoted a “power.” Since f{t) is real, 
half of the power at a given | v| occurs at a negative frequen- 
cy. 

a) Real Data—Sampling a Continuous Function 

In most experimental or observational settings, all that is 
available are the values of/at a finite number of sample 
points {/}, i.e., a finite number A of data points, 

{fr,tr} = {f{tr),tr}, r=\,2,...,N. (3) 
These N data points may be regarded as having been sampled 
from/by multiplication with a sampling function s{t) con- 
sisting of a weighted sum of N Dirac delta functions <5(;c). A 
convenient definition is 

s{t)=C 2.?=1wrS(t-tr) 
,wr 

(4) 

where the rth data point is assigned weight wr, and the nor- 
malization and dimensions of s are determined by the con- 
stant C. In this paper, we will use equal weights wr = 1 and 
take C = 1; thus the sampled signal is 
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ABSTRACT 
Detection of a periodic signal hidden in noise is frequently a goal in astronomical data analysis. 

This paper does not introduce a new detection technique, but instead studies the reliability and 
efficiency of detection with the most commonly used technique, the periodogram, in the case where 
the observation times are unevenly spaced. This choice was made because, of the methods in current 
use, it appears to have the simplest statistical behavior. A modification of the classical definition of 
the periodogram is necessary in order to retain the simple statistical behavior of the evenly spaced 
case. With this modification, periodogram analysis and least-squares fitting of sine waves to the data 
are exactly equivalent. Certain difficulties with the use of the periodogram are less important than 
commonly beheved in the case of detection of strictly periodic signals. In addition, the standard 
method for mitigating these difficulties (tapering) can be used just as well if the sampling is uneven. 
An analysis of the statistical significance of signal detections is presented, with examples. 
Subject heading: numerical methods 

I. THE SIGNAL DETECTION PROBLEM 

Time series analysis has long been important in 
astronomy, but the application of automatic data 
acquisition systems has recently emphasized the need for 
this kind of mathematics. The first paper of this series 
(Scargle 1981, hereafter Paper I) reviewed astronomical 
time series in general and developed time domain analy- 
sis techniques for random phenomena. The opposite 
case, namely deterministic processes, leads naturally into 
the opposite (i.e., the frequency) domain. This paper is 
concerned with the detection of a special kind of de- 
terministic signal, namely those which are strictly peri- 
odic. While time-domain techniques are well suited for 
the random case, the frequency domain has advantages 
for periodic processes (see, e.g., Blackman and Tukey 
1958; Jenkins and Watts 1968; or, for an astronomical 
flavor, Brault and White 1971). 

This paper discusses a specific frequency-domain ap- 
proach to the detection problem, namely estimation of 
the power spectrum by means of the periodogram. The 
treatment includes the common situation where the ob- 
servation times are not evenly spaced. In § II û it is 
shown that the periodogram’s infamous statistical diffi- 
culty is not severe if the signal is rigidly periodic. In 
addition, the same smoothing techniques used to im- 
prove statistical and leakage properties in the evenly 
spaced case can be used if the sampling is uneven. If the 
sample times are at the observer’s disposal, there is a 

new degree of freedom in the tailoring of the shape of 
the spectral response function. Further, uneven spacing 
can be desirable if abasing (the appearance of high- 
frequency signals in the low-frequency part of the spec- 
trum) is an important problem (see Appendix D). This 
paper does not propose a new technique for the detec- 
tion of periodic signals, but rather presents a statistical 
analysis of the standard workhorse technique, namely 
periodogram analysis. When an error in the classical 
definition of the periodogram for unevenly sampled 
data is corrected (§ lib), three results follow: (1) the 
statistical behavior of the periodogram for uneven spac- 
ing is essentially identical to that for the case of even 
spacing (Appendix A); (2) periodogram analysis is ex- 
actly equivalent to least-squares fitting of sinusoids to 
the data (Appendix C); and (3) time-translation invari- 
ance is retained (Appendix B). Section III is an elabora- 
tion of Groth’s (1975) statistical analysis, and includes 
expressions for the false alarm rate and the detection 
efficiency of a signal detection scheme using either 
periodogram or least-squares analysis. In § IV it is 
shown how to maximize the efficiency of a detection 
scheme. Specific examples of all of these concepts ap- 
pear in § V. Some of the statistical results are applied to 
the planetary detection problem in an accompanying 
paper (Black and Scargle 1982, hereafter BS). 

The basic problem considered throughout this paper 
is: A physical variable X is measured at a set of times ¿z; 
the resulting time series data, { Y(¿z), / = 1,2,..., V0}, are 
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PERIOD DETERMINATION USING PHASE DISPERSION MINIMIZATION 
R. F. Stellingwerf 
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ABSTRACT 
We derive a period determination technique that is well suited to the case of nonsinusoidal time 

variation covered by only a few irregularly spaced observations. A detailed statistical analysis 
allows comparison with other techniques and indicates the optimum choice of parameters for a 
given problem. Application to the double-mode Cepheid BK Cen demonstrates the applicability 
of these methods to difficult cases. Using 49 photoelectric points, we obtain the two primary 
oscillatory components as well as the principal mode-interaction term; the derived periods are in 
agreement with previous estimates. 
Subject headings: stars: Cepheids — stars: individual — stars: pulsation 

I. INTRODUCTION 
In connection with a survey of RR Lyrae stars, 

Lafler and Kinman (1965, hereafter LK) proposed a 
technique of period determination designed for use on 
an electronic computer. This technique is simply an 
automated version of the classical method of dis- 
tinguishing between possible periods, in which the 
period producing the least observational scatter about 
the mean (derived) light curve is chosen. Apart from 
its historical flavor, this approach is appealing for a 
number of reasons. It is well suited to cases in which 
only a few observations are available over a limited 
period of time, especially if the light curve is highly 
nonsinusoidal. An optimum light-curve shape is 
obtained, which can be subtracted from the data to 
allow a search for other periods to be made (Stobie 
1972; Stobie and Hawarden 1972). Also, the computa- 
tion is very straightforward, allowing complete automa- 
tion of the period search. This technique has recently 
been applied to the double-mode Cepheid U TrA by 
Henden (1976) and to an analysis of theoretical 
variability by Cox, Hodson, and King (1978). 

Fourier techniques have also been applied to period 
determination in variable stars (Wehlau and Leung 
1964; Fitch 1967). They are particularly useful in 
complicated cases, especially if deconvolution is 
needed or if spectral information is required over a 
continuum of frequencies. If a power spectrum has 
been obtained and indicates the presence of discrete 
lines, then the LK approach can be used to obtain 
accurate periods and nonsinusoidal light curves for 
the component oscillations (Ostriker and Hesser 1968; 
Hesser, Ostriker, and Lawrence 1969). In the case of 
a very complicated spectrum, the maximum entropy 
technique (Percy 1977) should be considered. 

In this paper a generalization of the LK technique is 
presented. This generalization greatly increases the 
utility of the algorithm, allows an arbitrary degree of 
smoothing, and provides complete statistical informa- 
tion. A discussion of statistical significance is given by 

LK, but their results are model-dependent and essen- 
tially empirical. The need for smoothing can be seen 
by comparing the spectral curve in LK (Fig. 3) with 
those computed by Stellingwerf (1975, Fig. 1), who 
used a smooth theoretical statistic. The smoothing is 
accomplished in the present paper in a natural way, by 
increasing the number of degrees of freedom of the 
algorithm. 

II. CHARACTERISTICS OF THE PHASE 
DISPERSION MINIMIZATION METHOD 

a) Definitions 
A discrete set of observations can be represented by 

two vectors, the magnitudes x and the observation 
times t, where the ith observation is given by (.Xi, ¿0 
and there are N points in all (f = 1, N). Let a2 be the 
variance of x, given by 

2(xi- 
A- 1 ’ (1) 

where x is the mean; x = 2 Xi/N. For any subset of 
Xi we define the sample variance s2 exactly as in 
equation (1). Suppose we have chosen M distinct 
samples, having variances s2(j—l,M) and con- 
taining «y data points. The overall variance for all the 
samples is then given by 

,2 20*,- IV (2) 

as a consequence of equation (1). 
We wish to minimize the variance of the data with 

respect to the mean light curve. Let II be a trial period, 
and compute a phase vector <$>: fa = iJU — lA/n]; 
here brackets indicate the integer part. Equivalently, 
<|> = f mod (II). We now pick M samples from x using 
the criterion that all the members of sample j have 
similar fa. Usually the full phase interval (0, 1) is 
divided into fixed bins, but the samples may be chosen 
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Residual sum-of-squares periodogram (Koen 2003)

1134 C. Koen

Figure 1. Observations in the IC band of DENIS 0255−4700 (middle panel) and two other stars in the field of view. The vertical scale on each panel
is 0.22 mag.

Figure 2. Amplitude spectrum of the detrended, combined IC band obser-
vations of DENIS 0255−4700.

Figure 3. The observations of DENIS 0255−4700, folded with respect to
the best-fitting period identified from the amplitude spectrum in Fig. 2. The
data from the different nights were individually detrended.

Figure 4. A residual sum-of-squares periodogram (see text) of the obser-
vations of DENIS 0255−4700.

Figure 5. The observations of DENIS 0255−4700, folded with respect to
the best-fitting period from the RSS periodogram. The data from the different
nights were zeropoint-adjusted to obtain the optimal fit.

C© 2005 RAS, MNRAS 360, 1132–1142
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Figure 2. Standard deviation (σ ) of the differential photometry plotted
against the average differential magnitude (" m) for each object with SNR
≥ 10 in the field of the targets. We show LT data for all the objects with the
exception of LP 349–25AB (IAC80 data) and PSO J140+45 (WHT data).
Targets and comparison stars are plotted with red circles and green triangles,
respectively.

of all the objects in the field, including the targets. We used the
same comparison stars per target in all epochs taken with the same
instrument and filter. However for a target observed with different
instrumentation, the selected comparison stars data differ from tele-
scope to telescope due to the different exposure times, filters and
telescope sizes. The number of comparison stars used per target and
telescope is given in Table 2.

For each source contained in each field, we computed both the
average value (" m) and the standard deviation (σ ) of the time
series. These measurements are plotted in Fig. 2. Sources located
in the far left (" m ! −1 mag) show increasing photometric dis-
persion as they approximate to the non-linear regime of the de-
tectors, thus these objects are not considered in our analysis due
to their poor photometric quality. Sources in the interval −1 ≤
" m ≤ 1 mag show nearly constant dispersions, yielding the photo-
metric accuracy achieved in our study (typically 1–2 mmag). The
selected comparison stars are always located in this photometric
interval to guarantee that they do not introduce additional noise in
the determination of the target’s light curve. The faintest sources

(" m > 1 mag) show dispersions that grow as expected for photon
noise statistics. The photometric error (σ err) associated with our
targets was determined by taking the average dispersion of objects
with similar " m (≈± 0.1 mag), being in the range ±1.5–28 mmag
depending on the filter and brightness of the target. In Table 2,
we provide the dispersion of the light curve of the targets (σ obs),
and their associated photometric error (σ err) of each epoch. The
ratio σ obs/σ err may be used as a criterion to identify variability:
large values of σ obs/σ err indicate likely photometric variability (see
Section 4.2).

The differential light curves for each target are plotted in Figs 3
(LT data) and 4 (IAC80 and WHT data). For comparison purposes,
in the Appendix, we include the light curves of one star with similar
brightness to the target in Figs A1 and A2. These Figures have the
same horizontal and vertical scales as those presented in Figs 3
and 4. We also investigated the likely dependence of the differential
photometry of our targets with airmass, seeing changes, and their x
and y positions on the detectors (before any alignment of the images)
to search for any correlation which could lead to false detections
or systematic error of variability in the differential intensity light
curves. No obvious correlation was found.

4.2 Variability and periodicities

To define photometric variability with the time-scales of our study,
we use the standard deviation (σ obs) of the target’s light curves
shown in Fig. 2. Any object with a dispersion greater than the aver-
age value of other sources with similar brightness should be consid-
ered as likely variable. We searched for targets whose light curves
satisfy σ obs/σ err ≥ 2 in at least one epoch of observations (columns
9 and 10 in Table 2), and found that 9 out of 18 targets comply with
this requirement: J0019+4614, LP 349−25AB, LP 415−20AB,
J1159+0057, J1510−0241, J1521+5053, J1539−0520, J1807+50
and J1821+1414. Their light curves can be seen in Figs 3 and 4; peri-
odic patterns can be easily seen by eye in six of them (J0019+4614,
LP 349−25AB, LP 415−20AB, J1521+5053, J1539−0520 and
J1807+50), while the remaining three (J1159+0057, J1510−0241,
and J1821+1414) show stochastic variability.

We searched for variability at low photometric amplitudes in
our data by running a LS periodogram since it is able to detect
periodic patterns with amplitudes similar to the uncertainty of the
data (i.e. σ obs/σ err ≈ 1; Horne & Baliunas 1986). We investigated
the existence of periodic signals in all the targets independently of
whether or not they passed the 2σ criterion.

Besides the LS periodogram, we also used its Bayesian version
(BGLS; Mortier et al. 2015), and the CLEAN algorithm (Roberts,
Lehar & Dreher 1987). The BGLS provides the relative proba-
bility between different peaks of similar power in the LS peri-
odogram, which is useful to discern the most significant peaks in
the data. We found that the most significant peaks obtained from
the BGLS periodogram are in agreement with those obtained by us-
ing the CLEAN algorithm (we used 10–20 iterations and values of
0.1–0.2 for the gain parameter). The LS periodogram is able to de-
tect periodicities in objects with non-sinusoidal light curves, but the
retrieved frequency may be far from the real one. Because of this,
we also used the phase dispersion minimization technique (PDM;
Lafler & Kinman 1965; Stellingwerf 1978; Davies 1990). Its basic
mechanism relies on the study of which frequency produces the
least observational scatter about the mean phase folded light curve
of the data.

For the LS, BGLS and PMD algorithms, we explored 104 pe-
riods between 2× the minimum time separation of the data and
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Figure 2. Standard deviation (σ ) of the differential photometry plotted
against the average differential magnitude (" m) for each object with SNR
≥ 10 in the field of the targets. We show LT data for all the objects with the
exception of LP 349–25AB (IAC80 data) and PSO J140+45 (WHT data).
Targets and comparison stars are plotted with red circles and green triangles,
respectively.

of all the objects in the field, including the targets. We used the
same comparison stars per target in all epochs taken with the same
instrument and filter. However for a target observed with different
instrumentation, the selected comparison stars data differ from tele-
scope to telescope due to the different exposure times, filters and
telescope sizes. The number of comparison stars used per target and
telescope is given in Table 2.

For each source contained in each field, we computed both the
average value (" m) and the standard deviation (σ ) of the time
series. These measurements are plotted in Fig. 2. Sources located
in the far left (" m ! −1 mag) show increasing photometric dis-
persion as they approximate to the non-linear regime of the de-
tectors, thus these objects are not considered in our analysis due
to their poor photometric quality. Sources in the interval −1 ≤
" m ≤ 1 mag show nearly constant dispersions, yielding the photo-
metric accuracy achieved in our study (typically 1–2 mmag). The
selected comparison stars are always located in this photometric
interval to guarantee that they do not introduce additional noise in
the determination of the target’s light curve. The faintest sources

(" m > 1 mag) show dispersions that grow as expected for photon
noise statistics. The photometric error (σ err) associated with our
targets was determined by taking the average dispersion of objects
with similar " m (≈± 0.1 mag), being in the range ±1.5–28 mmag
depending on the filter and brightness of the target. In Table 2,
we provide the dispersion of the light curve of the targets (σ obs),
and their associated photometric error (σ err) of each epoch. The
ratio σ obs/σ err may be used as a criterion to identify variability:
large values of σ obs/σ err indicate likely photometric variability (see
Section 4.2).

The differential light curves for each target are plotted in Figs 3
(LT data) and 4 (IAC80 and WHT data). For comparison purposes,
in the Appendix, we include the light curves of one star with similar
brightness to the target in Figs A1 and A2. These Figures have the
same horizontal and vertical scales as those presented in Figs 3
and 4. We also investigated the likely dependence of the differential
photometry of our targets with airmass, seeing changes, and their x
and y positions on the detectors (before any alignment of the images)
to search for any correlation which could lead to false detections
or systematic error of variability in the differential intensity light
curves. No obvious correlation was found.

4.2 Variability and periodicities

To define photometric variability with the time-scales of our study,
we use the standard deviation (σ obs) of the target’s light curves
shown in Fig. 2. Any object with a dispersion greater than the aver-
age value of other sources with similar brightness should be consid-
ered as likely variable. We searched for targets whose light curves
satisfy σ obs/σ err ≥ 2 in at least one epoch of observations (columns
9 and 10 in Table 2), and found that 9 out of 18 targets comply with
this requirement: J0019+4614, LP 349−25AB, LP 415−20AB,
J1159+0057, J1510−0241, J1521+5053, J1539−0520, J1807+50
and J1821+1414. Their light curves can be seen in Figs 3 and 4; peri-
odic patterns can be easily seen by eye in six of them (J0019+4614,
LP 349−25AB, LP 415−20AB, J1521+5053, J1539−0520 and
J1807+50), while the remaining three (J1159+0057, J1510−0241,
and J1821+1414) show stochastic variability.

We searched for variability at low photometric amplitudes in
our data by running a LS periodogram since it is able to detect
periodic patterns with amplitudes similar to the uncertainty of the
data (i.e. σ obs/σ err ≈ 1; Horne & Baliunas 1986). We investigated
the existence of periodic signals in all the targets independently of
whether or not they passed the 2σ criterion.

Besides the LS periodogram, we also used its Bayesian version
(BGLS; Mortier et al. 2015), and the CLEAN algorithm (Roberts,
Lehar & Dreher 1987). The BGLS provides the relative proba-
bility between different peaks of similar power in the LS peri-
odogram, which is useful to discern the most significant peaks in
the data. We found that the most significant peaks obtained from
the BGLS periodogram are in agreement with those obtained by us-
ing the CLEAN algorithm (we used 10–20 iterations and values of
0.1–0.2 for the gain parameter). The LS periodogram is able to de-
tect periodicities in objects with non-sinusoidal light curves, but the
retrieved frequency may be far from the real one. Because of this,
we also used the phase dispersion minimization technique (PDM;
Lafler & Kinman 1965; Stellingwerf 1978; Davies 1990). Its basic
mechanism relies on the study of which frequency produces the
least observational scatter about the mean phase folded light curve
of the data.

For the LS, BGLS and PMD algorithms, we explored 104 pe-
riods between 2× the minimum time separation of the data and
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stars (several works)



Infrared Breakthroughs: SIMP J0136+0933 (T2.5)
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Figure 1. Raw light curves for SIMP0136 and the comparison star on 2008 September 21. The modulation is clearly seen in SIMP0136 light curve. The slow
modulation in the reference star light curve is seen for all objects and is due to the air-mass change during the night (∼1.95 at the beginning and end of the sequence
and a minimum of 1.24 at transit).

Figure 2. Light curves of SIMP0136 for each observing night are shown on the upper panel. The lower panel shows the light curves of the comparison star. The light
curves are binned over 5 minute time bins.

et al. 2003). Strong discrete periodograms peaks have been
reported for 2M1145 at periods ranging from 2 to 3.5 hr (Bailer-
Jones & Mundt 2001) but the light curve of this object cannot
unambiguously be folded to a single period.

The clear evolution of the light curves from night to night in
Figure 4 could be due to time-varying clouds or storms in the
atmosphere of SIMP0136. In that case, observations over several
days can give a timescale for the evolution of those clouds/
storms. The evolution of the modulation could also be attributed
to a differential rotation. If such an assumption is made, a
significant phase difference between the equator and the higher
latitudes has to be present within our 5 day baseline (here we
assume that the December observation is entirely decorrelated).
Assuming a (maximum) phase difference of 180◦ between the
equatorial and high-latitude regions of SIMP0136 over the 5-
day-long observing sequence would imply a ∼1% differential

rotation. This value is comparable to Jupiter showing a ∼0.8%
differential rotation per period between its equator and high
latitudes. It is thus possible that the evolution of the light curves
in Figure 4 is the result of differential rotation. This hypothesis
will require a much better temporal sampling to be confirmed.

The relative variations at J and Ks can be used for constraining
the physical processes at play. Using the Allard et al. (2003) and
Burrows et al. (2006) models, assuming an effective temperature
of 1200 K, log g = 5.0 and solar metallicity, we derived ∆Ks

∆J
for

three different variability scenarios: (1) dusty clouds on a clear
atmosphere with both phases at the same effective temperature;
(2) inhomogeneous surface temperature, for either a dusty or a
clear atmosphere; and (3) dusty clouds on a clear atmosphere
with both phases at different temperatures. Here dusty and clear
refer to the settled and condensed models of Allard et al. (2003)
and to the cloudy and clear models of Burrows et al. (2006).

The Astrophysical Journal, 750:105 (24pp), 2012 May 10 Radigan et al.
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Figure 2. Left: an example of raw (top) and detrended (bottom) light curves for 2M2139 (gray lines) and reference stars (colored lines) for a photometric sequence
taken on 2009 September 23. Right: standard deviations of the detrended light curves for all stars on the chip as a function of J magnitude. 2M2139 is shown as an
open star symbol. A solid line shows the photon noise limit. At J magnitudes brighter than ∼16.5, observations are close to being photon-limited.
(A color version of this figure is available in the online journal.)
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observations on different nights. The given dates correspond to the beginning of each observing night. The J-band data points show unbinned 60 s exposures, while
the H and Ks data points show 20 s exposures binned by a factor of three.

Table 3
Light Curve Properties

Epocha Filter Ab AH /AJ AKs /AJ σt σc

2008 Aug 1 J 0.080 · · · · · · 0.0072 0.0056
2009 Sep 21 J 0.260 · · · · · · 0.0067 0.0051
2009 Sep 22 Ks 0.156 · · · · · · 0.0145 0.0156
2009 Sep 23 J 0.262 · · · · · · 0.0079 0.0070
2009 Sep 24 H 0.166 · · · · · · 0.0124 0.0119
2009 Sep 26 J (H,Ks) 0.134 (0.123, 0.111) 0.91 ± 0.07 0.83 ± 0.08 0.0092 (0.0159,0.0186) 0.0088 (0.0136,0.0236)
2009 Sep 30 J (H,Ks) 0.109 (0.092, 0.064) 0.84 ± 0.08 0.59 ± 0.07 0.0107 (0.0154,0.0201) 0.0107 (0.0132,0.0227)
2009 Oct 1 J (H,Ks) 0.084 (0.077, 0.038) 0.91 ± 0.15 0.45 ± 0.11 0.0088 (0.0142,0.0175) 0.0076 (0.0116,0.0188)
2009 Nov 8 J 0.152 · · · · · · 0.0391 0.0232

Notes.
a As in Table 1, dates correspond to the local day at the beginning of the night.
b Peak-to-peak amplitudes are measured as the absolute change in flux, divided by the mid-flux and correspond to the filter(s) indicated in the second column.

SpeX Prism Library.6 In the SpeX Prism Library there are two
low-resolution NIR spectra (R ∼ 120) for 2M2139, obtained
in 2003 and 2004 by Burgasser et al. (2006). The SpeX Prism
Library, while not able to provide absolute photometry, allows
us to derive colors for 2M2139 at additional epochs. When
synthetic 2MASS colors for M, L, and T dwarfs from the SpeX

6 http://pono.ucsd.edu/adam/browndwarfs/∼spexprism/

Prism Library are compared to their 2MASS values, the match
is surprisingly good, with a standard deviation similar to the
reported photometric errors from the 2MASS catalog. For L
and T dwarfs no significant systematic trends exist as a function
spectral type, whereas we find the synthetic J − Ks colors of
M dwarfs to be on average slightly bluer than values derived
in 2MASS. We present a comparison between 2MASS and
synthetic SpeX colors in Appendix A.
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for twelve nights, reaching a typical precision ⇠0.2% per bin
of 10 min, thanks to the relatively large brightness of the sys-
tem. This high precision allowed us to detect for the T-dwarf
Luhman 16B a clear quasi-periodic variability combined with a
fast evolution of the observed patterns.

The next section presents our TRAPPIST data and their re-
duction. Our analysis of the resulting photometric time series is
described in Sect. 3. Finally, we discuss our results briefly in
Sect. 4.

2. Data description

We monitored WISE 1049-5319 for twelve nights between 2013
March 14 and 26 with the robotic 60 cm telescope TRAPPIST
(TRAnsiting Planets and Planetes Imals Small Telescope; Jehin
et al. 2011) located at ESO La Silla Observatory in the Atacama
Desert, Chile. The TRAPPIST telescope is equipped with a
thermoelectrically-cooled 2 K⇥ 2 K CCD having a pixel scale
of 0.6500 that translates into a 220 ⇥ 220 field of view. The obser-
vations were obtained with an exposure time of 115 s, with the
telescope focused and through a special I+z filter having a trans-
mittance >90% from 750 nm to beyond 1100 nm1. Considering
the transmission curve of this I + z filter, the spectral response
curve of the CCD detector, and the spectral type of the target, we
derive an e↵ective wavelength of ⇠910 nm for the observations.
The positions of the stars on the chip were maintained to within
a few pixels over the course of each run, thanks to a software
guiding system that regularly derives an astrometric solution for
the most recently acquired image and sends pointing corrections
to the mount if needed.

After a standard pre-reduction (bias, dark, flatfield correc-
tion), the stellar fluxes for each run were extracted from the
images using the IRAF/DAOPHOT2 aperture photometry soft-
ware (Stetson 1987). The same photometric aperture of 8 pix-
els (⇠5.100) was used for all nights. After a careful selection of
ten stable reference stars of similar brightness (|�mag|< 1), dif-
ferential photometry was then obtained. Finally, the light curves
were normalized. The twelve resulting light curves are shown in
Fig. 1. To assess the night-to-night variability of the target, we
also extracted a global di↵erential light curve that is shown in
Fig. 2.

The typical full width at half maximum (FWHM) of the
TRAPPIST point-spread function (PSF) is ⇠3 pixels = ⇠200. At
this resolution, the two components of the 1.500 binary are only
partially resolved, and our photometry extracted with an aper-
ture of ⇠5.100 radius shows the evolution of the sum of the fluxes
of both components.

3. Data analysis

Although it is relatively stable on longer timescales (Fig. 2),
Luhman 16 shows a clear variability on a nightly timescale
(Fig. 1). Furthermore, the observed patterns evolve strongly
from one night to the next. A Lomb-Scargle periodogram (Lomb
1976; Scargle 1982) applied to our photometry shows a strong
power excess around ⇠0.2 d, matching well the typical separa-
tion between similar features in the light curves.

1 http://www.astrodon.com/products/filters/
near-infrared/
2 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National
Science Foundation.
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Fig. 1. Normalized TRAPPIST light curves for Luhman 16 binned per
10 min intervals. For each light curve, the best-fit global model (see
Sect. 3) is over-imposed in red. Gaps for night #1 and #5 correspond to
cloudy conditions. The gap for night #2 corresponds to the observation
of another target.

We performed a global analysis of our twelve light curves,
adapting for that purpose the Markov chain Monte Carlo
(MCMC) code described in Gillon et al. (2012, hereafter G12).
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Figure 2. Left: the generalized Lomb–Scargle periodogram of the J-band light curve of ULAS J2321+1354. Right: the J-band light curve of ULAS
J2321+1354 before decorrelation. The best-fitting sinusoid and linear trend, with a period fixed at a value of 1.64 h as suggested by the periodogram, is shown
as a dashed line. The amplitude of the best-fitting sinusoid is 3 mmag.

calculated a generalized Lomb–Scargle periodogram (Zechmeister
& Kürster 2009), which accounts for a floating mean and observa-
tional errors. The periodogram was calculated using GATSPY (Van-
derplas 2015), and shows a strong peak at a period of 1.64 h. The
periodogram and best-fitting sinusoid are shown in Fig. 2. We cal-
culated the false-alarm probability (FAP) for the strongest peak
following Zechmeister & Kürster (2009). The FAP is given by

FAP = 1 − [1 − Prob(z > z0)]M, (1)

where Prob(z > z0) is the probability that a periodogram power z can
exceed the highest peak found z0, under the assumption that the data
are Gaussian noise. M is the number of independent frequencies.
Using this formula, we found FAP = 0.5 per cent. Using the same
method, the FAP for our comparison star light curves indicates
that none of our comparison stars show significant evidence for
periodicity; the lowest FAP amongst our comparison light curves
was 10 per cent.

Whilst the Lomb–Scargle periodogram of ULAS J2321+1354
shows evidence of periodic variability with a period of 1.64 h,
one cannot take the FAP at face value. Estimating the number
of independent frequencies is difficult for unevenly spaced data.
Monte Carlo methods can overcome this (e.g. Cumming, Marcy &
Butler 1999), but are computationally expensive. In 100 000 trials
where we calculated the periodogram of Gaussian noise with the
same time sampling as the ULAS J2321+1354 light curve, seven
had a power greater than that seen in the actual periodogram, lead-
ing to an estimate of the false-alarm probability of FAPMC = 0.007
per cent.

Even Monte Carlo methods cannot overcome a more serious is-
sue in using the FAP to estimate the reality of an apparent periodic
signal. Critically, the FAP gives the probability that a peak as large
as the one observed will occur in the periodogram by chance, under
the assumption that the data are pure Gaussian noise. Many astro-
physical light curves do not satisfy this assumption. Instrumental
systematics or astrophysical red noise mean that even in the absence
of periodic signals, the light curve has a clear temporal structure
which is not consistent with pure Gaussian noise. This is clearly
the case for our data, where instrumental systematics are present.
As a result, we do not believe the FAP is an appropriate measure

to judge the reality of the periodic signal in ULAS J2321+1354.
Instead, we describe below an alternative method to determine the
reality of a periodic signal in data which also shows systematics or
astrophysical red noise, based on computing the Bayesian evidence
for competing models.

4 BAY ESIAN MODEL FITTING

Consider two models MA and MB . Given our data set d we can
write the posterior odds ratio:

P (MA | d)
P (MB | d)

= Pr(MA)
Pr(MB )

· m(d | MA)
m(d | MA)

. (2)

Pr(MA)
Pr(MB ) is the prior odds ratio: we set this ratio to unity as we have
no prior reason to prefer either model. The second term on the
right-hand side of the equation is the ratio of marginal likelihoods,
also known as the evidence ratio or Bayes’ factor. The marginal
likelihood m of a data set d given a model MA with parameter set
θA is given by:

m(d | MA) =
∫

L(d | MA, θA) Pr(θA | MA) dθA, (3)

where L(d | MA, θA) is the likelihood function for the data, given
the model and a particular set of parameters.

Under this framework, we could determine if a periodic signal
is real by computing the odds ratio between two models. Our first
model, MA, would contain parameters to fit both the red noise in
the data set and a periodic component. The second model, MB,
would only contain the red-noise parameters. A Bayesian approach
to finding periodic signals thus has two challenges; finding appro-
priate models for the data set, and adopting a suitable algorithm to
calculate the marginal likelihood of these models, given these data.

4.1 Gaussian process models for red noise and periodicity

Gaussian processes (GPs) are seeing increasing use to model sys-
tematics and red noise in astrophysical data sets. For a textbook in-
troduction, see Rasmussen & Williams (2006). Roberts et al. (2013)
offer a clear explanation of how GPs can be used to represent time
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Fig. 1. Left: J-band di↵erential photometry of EQ J1959-3338 (top) and 2MASS J09393548-2448279 (bottom). Gray points represent 20 s pho-
tometric measurements, with symbol size indicating uncertainty. Comparison stars (brown symbols) are also shown. Data are vertically shifted
for clarity. Best fits using a first-order truncated Fourier series (blue line) and a second-order series (red dashed line) are overlaid. Middle: Lomb-
Scargle periodogram of the left-panel time series. Targets (orange line) show strong periodicity at 1.4–1.9 h with 99.9% confidence (green line),
while comparison stars (gray line) show no significant periodicity. Right: Phase-folded light curves of the targets, covering 2.9 (EQ J1959-3338)
and 2.3 (2MASS J09393548-2448279) rotation cycles. Di↵erent colors (blue, orange, and red) represent separate cycles. Open circles show data
binned every 15 points (⇡5 min).

20.7 mag at a 3� confidence level for separations �000.5. No pho-
tometric monitoring for this target is available in the literature.

2MASS J09393548-2448279 (J = 15.98 ± 0.11 mag)
has a trigonometric parallax of 187.3 ± 4.6 mas (5.34 ±
0.13 pc, Kirkpatrick et al. 2019) and a bolometric luminosity
of log(Lbol/L�) = �5.768+0.066

�0.063 (Zhang et al. 2021). The mod-
eling of its near-infrared spectra by Line et al. (2017) and
Zalesky et al. (2022) points to a cooler Te↵ (611–632 K) and
a radius slightly larger (1.01–1.22 Rjup) than those of EQ
J1959-3338. It has been suggested that 2MASS J09393548-
2448279 is likely an unresolved equal-mass binary, with a
mass range of 0.01–0.05 M� between the ages of 0.4 and
12 Gyr (Burgasser et al. 2008). Line et al. (2017) report that the
source remains unresolved down to 000.07. Radigan et al. (2014)
obtained J-band di↵erential photometry over 5.92 h using the
WIRC instrument on the Du Pont 2.5 m telescope and did not
find any variability down to 0.016 mag. Khandrika et al. (2013)
also monitored this target in the K band over 2 h and reported
a marginal detection of photometric variability at the level of
0.3 mag, but could not derive any rotation period.

According to the literature (Zalesky et al. 2022), both dwarfs
have an iron abundance compatible with solar levels, and their
spectra do not significantly deviate from the sequence of known
field late-T dwarfs (Zhang et al. 2021). We investigated whether
our targets could be members of any known young mov-
ing groups (e.g., Zuckerman & Song 2004; Gagné et al. 2018).
To this end, we calculated their UVW motions by combin-
ing trigonometric parallax and proper motions with the radial
velocities reported in Zhang et al. (2021): �47 ± 207 km s�1 for
EQ J1959-3338 and �84+243

�238 km s�1 for 2MASS J09393548-
2448279. Given the large uncertainties, neither target appears
to belong to any young moving group for any plausible
radial velocity within this range. The Hyades (⇡600–800 Myr,
Brandt & Huang 2015) is the oldest group we considered, sug-
gesting that the kinematic age of our targets is likely greater than
600–800 Myr.

3. Observations and data analysis

We observed EQ J1959-3338 and 2MASS J09393548-2448279
using the J-band filter on FLAMINGOS-2 (Eikenberry et al.

2004) at Gemini South, collecting nearly 4 hours of imaging per
target in staring mode, with individual exposure times of 20 s. To
facilitate sky subtraction, a five-point dither pattern was applied
every 20 minutes. The observations took place on May 1 and
May 10, 2019, under clear skies, with seeing between 000.6 and
100.2. This strategy yielded 340 and 352 images per target. Stan-
dard reduction steps–including sky subtraction, flat-fielding, and
alignment–were performed using IRAF (Tody 1986).

Di↵erential photometry was applied to construct the light
curves by selecting bright stars with stable flux as comparison,
and by using an aperture of 1.5⇥ the average Full-Width at Half
Maximum (FWHM) computed for each image. This aperture
minimized the sky noise contribution in our targets. The final
light curves achieve median precisions of 2 mmag for 2MASS
J09393548-2448279 and 4 mmag for EQ J1959-3338, and are
shown in Fig. 1 (left). Both targets exhibit clear photometric mod-
ulations, unlike their stable comparison stars. We investigated
potential systematic e↵ects due to the object’s centroid position,
airmass, or FWHM using the Pearson’s r correlation coe�cient
and find no significant trends. The full observational details and
systematics analysis are provided in Appendices A and B.

4. Search for periodicity

We searched for periodic variability in the light curves of EQ
J1959-3338 and 2MASS J09393548-2448279 using a Lomb-
Scargle (LS) periodogram (Lomb 1976; Scargle 1982, Fig. 1,
middle). Each periodogram sampled 104 frequencies corre-
sponding to periods between 0.5–40 hours, a range typically
expected for ultra-cool dwarfs (Tannock et al. 2021). A 0.1%
false-alarm probability (FAP) threshold was determined from
105 randomizations as in Miles-Páez et al. (2017a). Strong peaks
were found close to ⇡1.40 h for EQ J1959-3338 and ⇡1.70 h for
2MASS J09393548-2448279, both well above the 0.1% FAP and
uncorrelated with window function artifacts. No significant peri-
odicity was found in the comparison stars, confirming that the
observed variability is intrinsic to the targets, likely due to rota-
tion.

To estimate the variability properties, we fitted a sinu-
soidal model to the light curves using a Markov chain Monte
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is similar to that of the comparison star which is fainter and
larger than that of the similarly bright comparison star. The
dispersion is largely driven by two or three data points,
however, and the Y dwarf should be monitored for a longer
period of time to confirm the presence of any variability. The
standard deviation of the light curves for the five reference stars
is on average 1.2× the error, while that for W1738 is 1.9× the
error. The fact that the 3 hr cycle is also seen in the mid-
infrared data, and that models calculate a 1 μm variability
amplitude ∼10× the 4 μm variability amplitude (Section 4.2),
indicates that the near-infrared variability may be real. We
interpret the data as implying that W1738 is variable at 1 μm at
the 2σ confidence level.

Based on the Fourier transform results and our visual
inspection of the light curves, 3 and 6 hr cycles are present in
the W1738 data. We therefore fit the [4.5] light curves
assuming a double-sinusoid model, where the second sinusoid
has a period half as long as the first. The amplitudes and phases
of the two sinusoids can vary freely. A possible physical
explanation of this double sinusoid, where the second period is
half of the first, is presented in Section 4.3. The model is
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where A is semiamplitude in %, P is period in hours, t is time in
hours, f is phase in radians, and C is a constant.
The fitting procedure is described in detail in Cu16. Briefly,

we assume that the uncertainties are Gaussian and account for
the bad data points following Hogg et al. (2010), whereby we
assume that they are generated from a normal distribution with
a mean ybad and a variance of σbad. The joint posterior

Figure 2. Light curves for W1738 and five point sources identified in Figure 1,
relative to the six brighter point sources in the field, on 2013 July 17. Filled
circles represent Y data and open stars J data. The errors bars are the square root
of the sum of the squares of the individual measurement uncertainty and the
standard deviation in the six reference measurements. The six symbols along
the bottom are the light curves for the six brighter sources in the field, where
each has been compared to the other five.

Figure 3. Same as Figure 2, but for UT 2013 August 23.

Figure 4. Relative counts obtained with IRAC on Spitzer using the [3.6] and
[4.5] filters, as a function of time on UT 2013 June 30 and October 30. The
[3.6] signal is fainter and noisier.
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and amplitudes to match very closely (periods to within a few
percent and amplitudes to a factor of ∼2). Such a coincidence
in rotational period and amplitudes is extremely unlikely,
leaving us with the conclusion that a single component (with
P= 5.28 hr rotation period) dominates.

Second, the comparison to the literature measurements
strongly suggests that this component is Luhman 16B.
Although both components are variable (e.g., Biller et al.
2013; Buenzli et al. 2015b), the few spatially resolved studies
all found B to display a 2–3 times higher amplitude in the near-
infrared than A does. For example, spatially resolved HST
WFC3 G102 and G141 spectrophotometry showed that, for
wavelengths longer than 0.8 μm, component B has at least
twice as great an amplitude (4.6%) than component A (2.2%)
(Buenzli et al. 2015a, 2015b). Although continuous, spatially
resolved, complete-rotation lightcurves are not available for
wavelengths shorter than 0.8 μm, spatially resolved multiepoch
HST photometry of the system (Bedin et al. 2017) showed
that, while components A and B have similar amplitude

(∼0.05 mag) in the F606W filter (λc=606 nm), in the redder
F814W filter component B’s amplitude (∼0.12 mag) is more
than twice of that of component A (∼0.05 mag).
In comparison, TESS’s single band covers wavelengths

between approximately 600–1000nm, with its central wave-
length of λc = 786 nm. Therefore, although no complete,
spatially resolved lightcurves are available for components A
and B in the TESS band, the data from multiple studies
consistently and very strongly suggests that component B has
at least a 2 times higher band-integrated amplitude in the TESS
band than component A. In addition, the Luhman 16 system is
a flux-reversal binary: the overall brighter primary Luhman 16
A is actually slightly fainter in the Y and J-bands than
component B, further decreasing its relative contribution to the
TESS band.
Finally, there is also evidence from the periodicity of the

objects. While A’s period remains poorly constrained in the
5–8hr range (e.g., Millar-Blanchaer et al. 2020), B’s amplitude
has been established to be very close to 5.2hr: Gillon et al. (2013)

Figure 10. Upper panel: Segment 1b of the Luhman 16 lightcurve (minus the long-term trend) and the planetary-scale waves model (blue curve). Bottom panel:
residuals (data–model) and the model. The planetary-scale waves model reproduces the evolution of the lightcurve well with fitted period values that are fully
consistent with those found in the Lomb–Scargle analysis.

Figure 11. Upper panel: Segment 1c (100 hr) of the Luhman 16 lightcurve (minus the long-term trend) and the planetary-scale waves model (blue curve). Bottom
panel: residuals (data–model) and the model. Covering about 20 rotational periods, our longest segment modeled is still reproduced well by the planetary-scale waves
model, with fitted period values fully consistent with those found in the Lomb–Scargle analysis.
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Variability studies in young regions: 
• Scholz et al. (2018): K2 + Taurus

• Rebull, et al., (2020): TESS + Taurus

• Kumbhakar, et al., (2023): TESS + Taurus

• Ghosh, et al., (2024): TESS + IC 348

• Lambier et al., (2025): TESS + ABDMG, Argus, Carina
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Figure 2 The entire systematics-corrected K2 dataset with low frequency trends re-

moved. The stellar rotation is apparent in the peaks and troughs of the variability, as are

the flares which in some cases appear as single spikes. The planet transits are marked.

a: Full dynamic range of the curve, including an extreme event at approximately day 113.

b: Zoomed view of the region outlined in gray in a.

17

Fig. 5.— Array x position (upper panel) and y
position (lower panel) as a function of time for
2MA0908. Both positions oscillate with a period
of ∼ 3000sec. Small heaters near the star tracker
cycle their power with a similar period and are
likely producing flexure in the trackers.

Fig. 6.— Final light curves for DENIS0255,
2MA0908 and 2MA2244. The three of them have
been corrected from pixel-phase at Ch. 2 (upper
panels) and DENIS0255 and 2MA0908 have been
corrected from latent images at Ch. 4 (lower pan-
els). The one sigma per point uncertainty is rep-
resented in the lower left corner of each panel.
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limits. The two L dwarfs vary only at [3.6], whereas the T7
dwarf varies only at [4.5]. Such behavior is consistent with
prior observations of infrared variability trends with spectral
type. Metchev et al. (2015) found that five of their 19 variable
L3–T8 dwarfs varied only at [3.6] (two L3s, two L4s, and a
T2), and one (T7) dwarf varied only at [4.5]. Single-band [3.6]
variations in an L dwarf have also been reported by Gizis et al.
(2015), while [4.5]-only variations are seen in Y dwarfs
(Cushing et al. 2016; Leggett et al. 2016).

Wavelength-dependent amplitude differences are explained
by the dominant gas absorption species in the atmosphere. In
wavelength regions of strong molecular gas opacity, clouds
reside below the photosphere and so cloud heterogeneities are
obscured. Cloud structures are detectable only in relatively
transparent spectral regions, away from dominant molecular
bands (e.g., Ackerman & Marley 2001). With CO being a

dominant source of upper-atmosphere gas opacity in L dwarfs,
cloud condensate-induced variability will be suppressed around
the 4.5μm fundamental CO band (i.e., in IRAC channel 2).
Conversely, variability around the 3.3μm CH4 fundamental
band (within IRAC channel 1) will be suppressed in T dwarfs.
Alternative variability mechanisms that do not require clouds

have also been proposed. Such scenarios do not imply that
clouds may not exist at all in the atmospheres of brown dwarfs,
just that they are not responsible, or not entirely responsible, for
the observed variability. For example, some variable brown
dwarfs show radio emission that may be best explained as
auroral in nature (e.g., Antonova et al. 2008; Hallinan et al.
2015; Kao et al. 2018). Richey-Yowell et al. (2020) correlate
such auroral signatures with the presence of Hα emission.
One of our three variables, the L3.5 dwarf 2MASSJ0407
+1546, is a strong Hα emitter (equivalent width of 60Å;

Figure 3. Left: Spitzer [3.6]- (blue) and [4.5]-band (red) light curves. Each target is shown in a separate panel, with the raw data on top. The bottom sequences show
the final light curves after correcting for the pixel phase effect. All light curves are normalized to unity, and the raw data are offset by a constant for clarity. A
combined astrophysical and pixel phase model fit (Section 2.3) to the raw data is shown in black. The astrophysical model fits to the corrected data are shown in blue
for [3.6] and red for [4.5]. The models are shown with a solid line over the channel that exhibits significant variability and with a dashed line over the other channel
that exhibits no significant variability. Right:period-folded light curves in the channels with significant variability after the pixel phase correction. The mean flux level
is represented as a horizontal dashed line at unity flux. The astrophysical model fit is shown as a solid line.
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Figure 5. Normalized Spitzer IRAC [3.6] (filled symbols) and [4.5] (open symbols) light curves of our 21 variable L and T dwarfs, ordered by R.A. The fitted curves,
solid for [3.6] and dashed for [4.5], are the lowest-order Fourier models that produced satisfactory fits. The period, phase, and waveform are constrained to be the same
for [3.6] and [4.5], but the overall amplitudes are permitted to differ.

that we may be seeing spot pattern evolution on the visible
hemisphere. As such, the light curve probably does not reflect
the spin period of the object.

In principle, it may be possible to explain most of the long-
period light curves in our sample through cloud evolution
and near pole-on viewing geometry. Nonetheless, we note that
none of the long-period variables show evidence of rotational
variations on shorter timescales, as might be detectable if their
rotation were more rapid. That is, we suspect that at least some
of these objects are genuine slow rotators. Where evidence
for faster variations is present, we classify the variables in the
remaining category of “irregular/long-period variables.”

Irregular/long-period variables are three variables–marked
“irreg/long” in Table 2—that show significant periodicities on
multiple scales, with a marked improvement in the quality of

the fit for periods longer than 10 hr. For these we have adopted
the shortest period at which there is a highly significant peak in
the periodogram. Thus, both 2MASSI J0825196+211552 (L7.5)
and SDSS J151643.01+305344.4 (T0.5) show substantial power
in periods that are approximately half of the best-fit period with
three Fourier terms. These periods, 7.6 hr and 6.7 hr are the
ones that we have adopted for these objects. However, we have
not quoted period uncertainties since the actual period may be
significantly longer.

The remaining irregular/long-period variable, SDSSp
J010752.33+004156.1 (L8), is well fit by a five-Fourier term
solution with a 13.0 hr period, which effectively matches the
beginnings of the channel 1 and 2 light curves. Because of
the erratic appearance of this light curve, we believe that we
may be witnessing rapid evolution of the spot pattern that may
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used in Section 6 to estimate the variability occurrence rates of
young and field brown dwarfs.

5. Youth and Variability Properties of Individual Objects

In this section, we discuss the youth and variability
properties of each object in the sample individually.

2MASS J0001+1535 was first identified as a candidate
member of the AB Doradus moving group by Gagné et al.
(2015c). They classify 2MASS J0001+1535 as an L4β spectral
type, with an INT-G gravity score (Allers & Liu 2013). Faherty
et al. (2016) classified 2MASS J0001+1535 as an ambiguous
member because it lacked a parallax and radial velocity. With
updated proper motion and parallax measurements from Gaia
DR2 (Gaia Collaboration et al. 2018), we find that
2MASS J0001+1535 is a high-likelihood member of the AB
Doradus moving group (Table 2). We note that the proper
motions and a parallax presented in Best et al. (2020), which
are within 2–3σ of the Gaia DR2 values, favor field over AB
Doradus membership. Vos et al. (2019) monitored
2MASS J0001+1535 in their J-band survey, but did not detect
variability above ∼2% during their 3.75 hr observation. In this
work, we detect significant 3.6 μm variability with an
amplitude of 0.69%± 0.04% and a period of 15.75± 0.37 hr.
Its long period likely prohibits detection in shorter observations
—the sensitivity map for the light curve reported by Vos et al.

(2019) shows that sinusoidal signals with amplitudes of >8%–

10% would have been detected with a period ∼15 hr. Its long
period is also consistent with other known variables from the
AB Doradus moving group such as WISE J0047+68
(16.4± 0.2 hr; Vos et al. 2018).
2MASS J0030−1450 was given an optical classification of

L7 by Kirkpatrick et al. (2000), an infrared spectral type of L4–
L6β by Gagné et al. (2015c), and was assigned an FLD-G
gravity class by Liu et al. (2016). Its kinematic measurements
in Table 2 give it a high probability of membership in Argus
according to BANYANΣ. We classify it as a high-likelihood
member of Argus. 2MASS J0030−1450 has been searched
extensively for optical and infrared variability from ground-
based telescopes in the literature (Enoch et al. 2003; Clarke
et al. 2008; Radigan et al. 2014). Only Enoch et al. (2003) find
a marginal detection of variability in the i band with a period of
1.5 hr. Clarke et al. (2008) and Radigan et al. (2014) report
light curves with 1%–4% precision, and both works report no
evidence for variability. We detect variability in its light curve,
with an amplitude of 1.46%± 0.06% and a rotation period of
4.29± 0.02 hr. The light curve appears stable over five
rotations, but the non-detections reported in the literature to
date suggest the possibility of an evolving light curve. 2MASS
J0030−1450 is one of two variables whose light curves favor a
two-term Fourier fit over a sinusoidal model.

Figure 7. Positive variability detections from our survey. The blue points show 2.5 minutes cadence. ΔBIC values show that a variable model is favored in each case.
A sinusoidal model is preferred for the majority of our variables, and a two-term Fourier series is favored for 2MASS J0030−1450 and 2MASS J0642+4101.
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From Spots to Phase Shift

As noted by previous studies (Buenzli et al. 2012; Apai et al.
2013; Buenzli et al. 2015b), WFC3 photometry displays a
“ramp effect”, where the flux appears to increase with an
exponential ramp at the beginning of each orbit. This is
especially notable in the first orbit of a visit. Buenzli et al.
(2012) find this effect to be independent of count rate and
wavelength. Previous authors who have used a 256×
256 pixel subarray instead of the 1048×1048 full frame
have corrected this effect by using an analytic function derived
from a non-variable source in the field (Apai et al. 2013).
Because we have six background stars in the field, we choose
to build a correction based solely on these background stars,
without fitting an analytic function or a detector-based model as
described in Zhou et al. (2017). Of the six background stars,
one is considerably fainter than other objects on the detector,
and another appears to be somewhat variable itself. For the
remaining four well-behaved stars (all 2–3 times as bright as
the target object), we combine their normalized white-light
light curves to produce a calibration curve (using median
combination, then taking the average of the two central values,
as we use an even number of reference stars). We then
divide both target and background star light curves and spectra
by the calibration curve to correct for the ramp effect as
well as other systematics that affect all objects on the detector
(this is similar to the approach taken in ground-based studies of,
e.g., Radigan et al. 2014; Biller et al. 2015).

5. Results

The Spitzer and HST light curves (after correction for the
ramp effect) for PSO J318.5−22 are presented in Figure 1. To
increase the signal-to-noise ratio (S/N), the light curves have

been binned by a factor of 5 for Spitzer, resulting in a
2.5-minute cadence, and by a factor of 3 for HST, resulting in
a 14-minute cadence. The small colored points are the six
background stars after being detrended by the calibration curve;
PSO J318.5−22 is clearly variable compared to the reference
stars.
The mean and median spectra across the full five-orbit HST

observation, as well as the median spectrum per orbit, are
presented in the top panel of Figure 2. Similar spectra for one
of the well-behaved reference stars are shown in the bottom
panel of Figure 2.

5.1. Period and Amplitude from the Spitzer Light Curve

The unbinned Spitzer light curve (30 s cadence) along with
the best-fit sinusoid using a Levenberg–Marquardt least-
squares minimization algorithm is presented in Figure 3. The
sinusoidal model has four parameters: period (in hr), phase (in
degrees), mean light curve value (since we have divided the
raw light curve by the median flux over the whole observation,
this should tend toward unity), and amplitude (in percent
variation, peak to mean light-curve value). The best-fit model
with Gaussian noise added is also shown and provides a good
match to the observed light curve. We also plot the period-
ogram in Figure 3 of PSO J318.5−22 as well as a number of
reference stars in the field to identify periodic variability. The

Figure 1. Spitzer (crosses) and HST light curves (filled circles) for PSO J318.5
−22 after correction for the ramp effect. The light curves have been binned to
increase the S/N, resulting in a 2.5-minute cadence for Spitzer and a 14-minute
cadence for the HST. The least-squares best fit to the Spitzer light curve is
shown as a solid purple line. HST light curves are shown binned over five
spectral bandwidths: the full usable 1.07–1.67 μm spectral bandwidth of the
HST grism spectroscopy (white light, black circles), the 2MASS J band (green
circles), the 2MASS H band up to the spectral cutoff at 1.67 μm (red circles), a
band centered on the 1.4 μm water absorption feature (blue circles), and a band
covering as much of the 1.6 μm methane absorption features as falls in the HST
G141 grism spectral bandwidth (purple circles). The small colored points are
the six background stars in the HST field after being detrended by the
calibration curve; PSO J318.5−22 is clearly variable compared to the reference
stars. The large 200°–210° phase offsets between the near-IR and mid-IR light
curves likely indicates varying longitudinal atmospheric structure at different
depths in this atmosphere. The data used to create this figure are available.

Figure 2. Top: mean and median spectra across the full five-orbit HST
observation. Significant spectral variability is apparent. Bottom: similar spectra
for one of the well-behaved, non-variable reference stars in the HST field. The
legend is the same for both panels. The data used to create this figure are
available.
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[3.6]
[4.5]

due to an unseen companion. However, for any plausible
combination of orbital separation and mass ratio, the
astrometric perturbations would be too small to detect during
a 12 hr period given thetypical astrometric errors of 7mas for
WISE0855-0714 in individual [4.5] frames and additional
systematic errors among those frames.

3. ANALYSIS

3.1. Variability Characteristics

As shown in Figure 1, WISE0855-0714 exhibits noticeable
variability in both bands and epochs. For instance, the peak-to-
peak amplitudes are 4%–5% at both [3.6] and [4.5] in the first
epoch. While the light curve of the first epoch appears
semiperiodic in both bands, the shape does not follow a single-
period sinusoid, which suggests that the mechanism producing
the variability evolves on the timescale of hours or is spatially
complex (i.e., several spots). The second epoch also shows
variability in both filters but is less sinusoidal and has a lower
amplitude (3%–4%). The differences between the two epochs
indicate that the light curve evolves on a timescale of months.
These IRAC data have provided the third detection of
variability in a (likely) Y dwarf (Cushing et al. 2016; Leggett
et al. 2016). The light curves for WISE0855-0714 are roughly
similar to those of the previously studied Y dwarfs in terms of
amplitudes, but they are less periodic. In addition to our two
epochs of time-series photometry, WISE0855-0714 has been
briefly imaged with Spitzer on several other occasions across a
period of two years (Luhman 2014; Melso et al. 2015; Luhman
& Esplin 2016). Among all of the available photometry, the
[3.6] and [4.5] data have spanned ranges of ∼0.16 and
0.13mag, respectively.

Our attempts to identify a single rotational period for
WISE0855-0714 have produced inconclusive results. The
peaks in power in Lomb–Scargle periodograms (Lomb 1976;
Scargle 1982) appear at 6.8/9.3 and 9.0/5.3 hr for [3.6]/[4.5]
at the first and second epochs, respectively. We also fit the data
in each band and epoch to a double sine model where the
second sine has a period twice that of the first (Cushing
et al. 2016). While this model produces random residuals,
indicating a good fit, the predicted periods are only consistent
between epochs at the two-sigma level. Specifically, they have
values of -

+9.7 0.8
0.9/ -

+10.8 0.7
0.7 and -

+14 2
2/ -

+13.3 0.4
0.5 hr for [3.6]/[4.5]

in the first and second epochs, respectively. Mancini et al.
(2015) successfully estimated a rotation period for a brown
dwarf with a rapidly changing light curve with a more
complicated model, but that model fails to converge on a
solution for WISE0855-0714. Additional time-series data
would be needed to reliably measure the rotation period and
the relative phase between the light curves of the two bands.
Because the spectra of cold brown dwarfs are non-Planckian,

different wavelengths can sample different pressure levels in
the atmosphere. In the case of WISE0855-0714, the similarity
between the [3.6] and [4.5] light curves at both epochs
indicates that they may be sampling similar levels. However,
without a measurement of a relative phase between the light
curves of the two bands, it is difficult to make strong
predictions about the structure of the atmosphere of
WISE0855-0714. For example, an absence of a phase offset
between bands would indicate that dynamical circulation is
efficiently carrying thermal energy through these pressure
levels.
Photometric variability in brown dwarfs could potentially

arise from a number of spot-producing mechanisms, including
magnetic activity, atmospheric chemical abundance variations,
nonuniform cloud coverage, and variable temperature profiles
causing hot orcold spots. In the following two sections, we
discuss whether the variability of WISE0855-0714 can be
explained by the latter two mechanisms. We have not
considered the first two mechanisms because light curves have
not been modeled for an atmosphere with heterogenous
chemical abundances and because magnetically induced star
spots probably do not form in the neutral atmospheres of the
coldest brown dwarfs, even in the presence of magnetic fields
(e.g., Mohanty et al. 2002).

3.2. Patchy Water Clouds

If water clouds are present in the atmospheres of brown
dwarfs as cold as WISE0855-0714, those clouds are likely to
be patchy rather than uniform (Morley et al. 2014a). To
construct a self-consistent and stable model with nonuniform
cloud coverage, Morley et al. (2014a) computed emergent
spectra for cloudy and clear atmospheric columns with a single
temperature–pressure profile and then combined the fluxes (Fν)
from the two columns in the following manner:

( ) ( )= + -n n nF hF h F1 , 1,total ,clear ,cloudy

where h is the fraction of the atmosphere without clouds
(Marley et al. 2010). Any deviation of h between hemispheres
from the global average of a model for WISE0855-0714
would produce photometric variability. In addition, these
patchy cloud models predict substantially different emergent
flux between the clear and cloudy columns at the two IRAC
bands. For example, in Figure 2 we show the spectra of both
columns for a model brown dwarf with Teff=250 K, log
g=4.0 cm s−2, fsed

6=3, and a cloud coverage of 50%
(h=0.5) (Morley et al. 2014a).7 The cloudy column exhibits

Figure 1. Time-series IRAC photometry of WISE0855-0714 during two 23 hr
periods. To illustrate the variability in these data, we include a nonparametric
fit to the light curve for each band and epoch (black lines), and we have binned
the [3.6] data into 12 equal time intervals (solid squares). Measurements that
differed from the fits by >3×MAD have been omitted.

6 This parameter describes the efficiency of cloud particle growthor
sedimentation (Ackerman & Marley 2001), where higher values correspond
to larger particle sizes and consequently geometrically thinner clouds.
7 The combined spectra from the cloudy and clear columns in the models
from Morley et al. (2014a) are available at www.ucolick.org/~cmorley/
cmorley/Models.html. We have made use of the separate spectra from those
columns, which were provided by C. Morley.
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What We Learned from Surveys

• Surface heterogeneities are common in late-M, L and T 
dwarfs. 

• Prot ~ 1-20 h for field dwarfs.  
• Largest variability occurs at the L/T transition, where 

cloud settling is patchy. 
• Young objects show higher amplitudes, likely from lower 

gravity and thicker clouds. 
• Brown dwarfs spin up with age, losing far less angular 

momentum than Sun-like stars.

(Vos et al. 2020)
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Fig. 2. Spectral type as a function of J � Ks color for known L, T,
and Y dwarfs from the compilation presented in Best et al. (2024, gray
symbols). Objects with a detection of J-band photometric variabil-
ity are plotted in green for those thought to be young and magenta
for those considered to have field ages. Their symbol size is propor-
tional to the measured peak-to-peak amplitude. EQ J1959-3338 and
2MASS J09393548-2448279 are plotted with blue symbols. The open
orange circle denotes the upper limit detection of the Y0 dwarf WISEP
J173835.52+273258.9 (Leggett et al. 2016b). The di↵erent detections
of J-band variability are taken from Clarke et al. (2008), Artigau et al.
(2009), Radigan et al. (2014), Radigan (2014), Buenzli et al. (2015),
Lew et al. (2016, 2020), Croll et al. (2016), Biller et al. (2018),
Manjavacas et al. (2019), Vos et al. (2019), Miles-Páez et al. (2019),
Eriksson et al. (2019), Bowler et al. (2020), Liu et al. (2024).

Fig. 3. Rotation period as a function of spectral type for all periodically
variable M7-Y0 dwarfs known as of this writing. EQ J1959-3338 and
2MASS J09393548-2448279 are indicated by a red star. The position
of the other two periodically variable T8 dwarfs (WISE J062309.94-
045624.6 and Ross 458C) is also indicated. Literature values are taken
from Tannock et al. (2021), Vos et al. (2022), Miles-Páez et al. (2023),
Rose et al. (2023).

Carlo (MCMC) approach with emcee (Goodman & Weare 2010;
Foreman-Mackey et al. 2013). The best-fit solutions yielded
rotation periods and variability amplitudes of 1.364 ± 0.012 h
and 16.6±0.9 mmag for EQ J1959-3338, and 1.733±0.040 h and
4.6 ± 0.4 mmag for 2MASS J09393548-2448279. These models
are shown as a blue solid curve in Fig. 1 (left). The phase-folded
light curves corresponding to these rotation periods are shown in
the right panels of Fig. 1.

While EQ J1959-3338 displays a well-defined periodic sig-
nal, the light curve of 2MASS J09393548-2448279 shows non-
identical minima in consecutive cycles, suggesting either an
evolving atmospheric pattern, as seen in some L and early-T
dwarfs (e.g., Artigau et al. 2009; Miles-Páez et al. 2017a), or a

longer true period. To explore deviations from a simple sine
wave, we fitted a second-order truncated Fourier series, which
better captures changes in amplitude by including an additional
harmonic component (dashed red line in the left panels of Fig. 1).
However, this model provided rotation periods consistent with
the sinusoidal fit, and the Bayesian information criterion (BIC)
slightly favored the simpler sine model (�BIC = 3�5).

We further tested Gaussian processes (GP) by fitting
our data to a sine function combined with a Matérn-3/2
kernel (e.g., Miles-Páez 2021) and to the Rotation kernel
(Foreman-Mackey et al. 2017) – which is commonly used for
highly variable stars and brown dwarfs – to account for corre-
lated noise (e.g., Littlefair et al. 2017; Vos et al. 2022). These
advanced models also returned rotation periods consistent with
our sinusoidal fits. Therefore, we adopted the sinusoidal model
as our primary period estimate for EQ J1959-3338 and provi-
sionally for 2MASS J09393548-2448279, which may require
additional data to fully constrain its period. We note that period
and amplitude uncertainties are purely statistical and do not
include systematic errors arising from the sinusoidal assump-
tion, which appear to be small based on tests with more complex
models.

5. Discussion and conclusion

The observed J-band variability in Fig. 1 shows that the atmo-
spheric heterogeneities seen in warmer spectral types persist
even in very cold T dwarfs. In earlier-type brown dwarfs, rota-
tional modulation is often attributed to patchy clouds or tem-
perature variations (Littlefair et al. 2008; Radigan et al. 2012;
Miles-Páez et al. 2017b). As these atmospheric inhomogeneities
rotate in and out of view, they modulate the observed flux,
leading to periodic variability. To put our findings in context,
we show in Fig. 2 the sample of young (green) and mature
(pink) L, T, and Y dwarfs reported to exhibit J-band variability.
The amplitudes of variability of EQ J1959-3338 and 2MASS
J09393548-2448279 are similar to those seen in earlier field L
and T dwarfs, with the exception of those at the L/T transi-
tion, which typically exhibit larger amplitudes–likely due to the
disruption processes of silicate clouds taking place. Given the
low Te↵ of EQ J1959-3338 and 2MASS J09393548-2448279,
their variability at 1.2 µm is likely linked to high-altitude con-
densate clouds composed of Na2S or KCl as well as the likely
presence of haze layers, which are predicted to appear in the
cool atmospheres of late-T and Y dwarfs (Morley et al. 2012;
Line et al. 2017) and even giant exoplanets (Hamill et al. 2024).
Hot spots (Morley et al. 2014) resulting, for example, from
auroral activity (Helling & Rimmer 2019; Pineda et al. 2024;
Faherty et al. 2024) could also explain some of the observed
variability in our targets. McCarthy et al. (2025) recently pre-
sented JWST spectroscopic time series for the T2 dwarf SIMP
J013656.5+093347.3 and showed that the relative contribu-
tion of di↵erent emission mechanisms to the observed variabil-
ity depends on the observation wavelength. Thus, identifying
photometrically-variable dwarfs at later spectral types, such as
EQ J1959-3338 and 2MASS J09393548-2448279, is crucial to
study the relative contribution of di↵erent physical processes to
the atmospheric dynamics and observed flux of objects at the
colder T-to-Y transition.

Figure 3 shows the rotation periods currently known for
all dwarfs with spectral types later than M7. Our targets
occupy a sparsely populated region of parameter space, owing
to the intrinsic faintness of these spectral types in the opti-
cal and infrared bands typically used to search for photometric
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Fig. 2. Spectral type as a function of J � Ks color for known L, T,
and Y dwarfs from the compilation presented in Best et al. (2024, gray
symbols). Objects with a detection of J-band photometric variabil-
ity are plotted in green for those thought to be young and magenta
for those considered to have field ages. Their symbol size is propor-
tional to the measured peak-to-peak amplitude. EQ J1959-3338 and
2MASS J09393548-2448279 are plotted with blue symbols. The open
orange circle denotes the upper limit detection of the Y0 dwarf WISEP
J173835.52+273258.9 (Leggett et al. 2016b). The di↵erent detections
of J-band variability are taken from Clarke et al. (2008), Artigau et al.
(2009), Radigan et al. (2014), Radigan (2014), Buenzli et al. (2015),
Lew et al. (2016, 2020), Croll et al. (2016), Biller et al. (2018),
Manjavacas et al. (2019), Vos et al. (2019), Miles-Páez et al. (2019),
Eriksson et al. (2019), Bowler et al. (2020), Liu et al. (2024).

Fig. 3. Rotation period as a function of spectral type for all periodically
variable M7-Y0 dwarfs known as of this writing. EQ J1959-3338 and
2MASS J09393548-2448279 are indicated by a red star. The position
of the other two periodically variable T8 dwarfs (WISE J062309.94-
045624.6 and Ross 458C) is also indicated. Literature values are taken
from Tannock et al. (2021), Vos et al. (2022), Miles-Páez et al. (2023),
Rose et al. (2023).

Carlo (MCMC) approach with emcee (Goodman & Weare 2010;
Foreman-Mackey et al. 2013). The best-fit solutions yielded
rotation periods and variability amplitudes of 1.364 ± 0.012 h
and 16.6±0.9 mmag for EQ J1959-3338, and 1.733±0.040 h and
4.6 ± 0.4 mmag for 2MASS J09393548-2448279. These models
are shown as a blue solid curve in Fig. 1 (left). The phase-folded
light curves corresponding to these rotation periods are shown in
the right panels of Fig. 1.

While EQ J1959-3338 displays a well-defined periodic sig-
nal, the light curve of 2MASS J09393548-2448279 shows non-
identical minima in consecutive cycles, suggesting either an
evolving atmospheric pattern, as seen in some L and early-T
dwarfs (e.g., Artigau et al. 2009; Miles-Páez et al. 2017a), or a

longer true period. To explore deviations from a simple sine
wave, we fitted a second-order truncated Fourier series, which
better captures changes in amplitude by including an additional
harmonic component (dashed red line in the left panels of Fig. 1).
However, this model provided rotation periods consistent with
the sinusoidal fit, and the Bayesian information criterion (BIC)
slightly favored the simpler sine model (�BIC = 3�5).

We further tested Gaussian processes (GP) by fitting
our data to a sine function combined with a Matérn-3/2
kernel (e.g., Miles-Páez 2021) and to the Rotation kernel
(Foreman-Mackey et al. 2017) – which is commonly used for
highly variable stars and brown dwarfs – to account for corre-
lated noise (e.g., Littlefair et al. 2017; Vos et al. 2022). These
advanced models also returned rotation periods consistent with
our sinusoidal fits. Therefore, we adopted the sinusoidal model
as our primary period estimate for EQ J1959-3338 and provi-
sionally for 2MASS J09393548-2448279, which may require
additional data to fully constrain its period. We note that period
and amplitude uncertainties are purely statistical and do not
include systematic errors arising from the sinusoidal assump-
tion, which appear to be small based on tests with more complex
models.

5. Discussion and conclusion

The observed J-band variability in Fig. 1 shows that the atmo-
spheric heterogeneities seen in warmer spectral types persist
even in very cold T dwarfs. In earlier-type brown dwarfs, rota-
tional modulation is often attributed to patchy clouds or tem-
perature variations (Littlefair et al. 2008; Radigan et al. 2012;
Miles-Páez et al. 2017b). As these atmospheric inhomogeneities
rotate in and out of view, they modulate the observed flux,
leading to periodic variability. To put our findings in context,
we show in Fig. 2 the sample of young (green) and mature
(pink) L, T, and Y dwarfs reported to exhibit J-band variability.
The amplitudes of variability of EQ J1959-3338 and 2MASS
J09393548-2448279 are similar to those seen in earlier field L
and T dwarfs, with the exception of those at the L/T transi-
tion, which typically exhibit larger amplitudes–likely due to the
disruption processes of silicate clouds taking place. Given the
low Te↵ of EQ J1959-3338 and 2MASS J09393548-2448279,
their variability at 1.2 µm is likely linked to high-altitude con-
densate clouds composed of Na2S or KCl as well as the likely
presence of haze layers, which are predicted to appear in the
cool atmospheres of late-T and Y dwarfs (Morley et al. 2012;
Line et al. 2017) and even giant exoplanets (Hamill et al. 2024).
Hot spots (Morley et al. 2014) resulting, for example, from
auroral activity (Helling & Rimmer 2019; Pineda et al. 2024;
Faherty et al. 2024) could also explain some of the observed
variability in our targets. McCarthy et al. (2025) recently pre-
sented JWST spectroscopic time series for the T2 dwarf SIMP
J013656.5+093347.3 and showed that the relative contribu-
tion of di↵erent emission mechanisms to the observed variabil-
ity depends on the observation wavelength. Thus, identifying
photometrically-variable dwarfs at later spectral types, such as
EQ J1959-3338 and 2MASS J09393548-2448279, is crucial to
study the relative contribution of di↵erent physical processes to
the atmospheric dynamics and observed flux of objects at the
colder T-to-Y transition.

Figure 3 shows the rotation periods currently known for
all dwarfs with spectral types later than M7. Our targets
occupy a sparsely populated region of parameter space, owing
to the intrinsic faintness of these spectral types in the opti-
cal and infrared bands typically used to search for photometric
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period for this object. However, based on our earlier
ground-based monitoring and measured ( )v isin , we can
estimate a rotation period of 2.4–5.6 hr for 2MASS
J1425−36.

4. We combine these new Spitzer detections with the
growing sample of young and field brown dwarfs with
detected mid-IR variability to investigate their variability
amplitudes, inclination angles, and rotation periods,
particularly focusing on potential differences between
the young and field brown dwarf populations.

5. Previous variability searches found correlations between
low gravity and high-amplitude variability for L dwarfs,
both in the mid-IR (Metchev et al. 2015) and near-IR
(Vos et al. 2019). We find no evidence for an increase in
3.6 μm amplitude in the young dwarfs compared to the
field population. At 4.5 μm, we do not find an amplitude
enhancement for young, early-L dwarfs. However, there
is an apparent enhancement of 4.5 μm amplitude for
young, late-L dwarfs.

6. We calculate the inclination angles of each target, finding
inclinations of 22°±1° for 2MASS J0045+16, -

+ 60 9
20

for 2MASS J0501−00, and -
+ 54 16

36 for 2MASS J1425
−36. These new inclination angles are consistent with the
tentative relations between inclination, amplitude, and

color reported by Vos et al. (2017). The largest variability
amplitudes are observed for brown dwarfs that are
observed equator on, and the maximum amplitude
decreases for lower inclinations.

7. We find a correlation between inclination angle and
( )-J K 2MASS for the sample of brown dwarfs with
measured inclinations. This suggests that brown dwarfs
viewed equator on appear redder than the median, and
brown dwarfs viewed pole on appear bluer than the
median.

8. Finally, we compile the rotation periods of a large sample
of brown dwarfs with ages from 1Myr to field ages, and
compare the rotation rates predicted by evolutionary
models assuming angular momentum conservation. We
find that the rotation rates of the current sample of brown
dwarfs generally fall within the limits set by evolutionary
models and breakup limits. In future work, we will
examine the mass dependence of the spin-up process.

The authors would like to thank the anonymous referee and
scientific editor for extensive feedback that significantly
improved the clarity of the paper. The authors would like to
thank Adam Schneider, Mark Marley, and Alex Scholz for
helpful discussions regarding the angular momentum evolution
of brown dwarfs; and Jack Gallimore for his contributions to

Figure 13. Rotation rates of brown dwarfs as a function of age. The ages of the field dwarf sample are not known, and we plot them at 1 Gyr. The ages of younger
objects are taken from their parent moving group or cluster. Black lines show the expected rotation period evolution of a 10 MJup (dashed) and 84 MJup (solid) object
assuming conservation of angular momentum, with initial rotation periods as the maximum and minimum periods measured for the 1 Myr sample, and using
evolutionary models (Baraffe et al. 2015). The breakup period for masses of 10MJup (dashed) and 84 MJup (solid) is plotted in red. The population of brown dwarfs
with measured rotation periods agrees with the calculated periods using evolutionary models and assuming angular momentum conservation.
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Figure 1. HST (blue) and Spitzer (red) observations of 2M2228 integrated over different bandpasses. Top: HST time series integrated over 1.1–1.7 µm and Spitzer
photometry at 4.5 µm as a function of barycentric time. Bottom: period-folded light curves in six wavelength regions folded with the rotation period P = 1.405 hr.
A representative error bar at each wavelength is a combination of random and systematic errors. The black curve is the best sine fit. The phase is given with respect to
the phase of the narrow J light curve.
(A color version of this figure is available in the online journal.)

the J- and H-band windows. Other features include CH4 and K i
and Na i. We study the variability as a function of wavelength
by integrating the spectra for a number of characteristic regions.
The bandpasses are selected such that the flux is emerging from
a well-defined pressure region in the atmosphere. Integrated and
period-folded light curves at these wavelengths, together with
the Spitzer photometry at 4.5 µm, are shown in the lower panels
of Figure 1.

The light curve shapes in all wavelength regions are well fit
by sinusoidal functions of the form F (t) = 1+A0 cos t +B0 sin t .
We determine amplitudes, phases, and errors from sine fits by
bootstrapping (Figures 1 and 3). We do not find significant
variability for the wavelength range 1.12–1.17. Because of
high noise due to low grism sensitivity and poor correction of
systematics, there may be undetected variability on the 1%–2%
level. We do not include this wavelength range in our further
analysis. The peak-to-valley amplitude levels range between
≈1.5% in the IRAC band more than 5% in the deep water band
around 1.4 µm.

Most interestingly, we find significant shifts in the phase of
the light curve as a function of wavelength. This is evident in the

lower panels of Figure 1. All light curves are period folded with
reference to the same time t0, taking the narrow J-band light
curve as zero reference for the phase. The narrow H-band curve
shows a small delay in phase of 14.◦6±2◦, or 3.4±0.5 minutes.
The 4.5 µm phase curve is delayed much more: 118◦ ± 7◦ or
27.7±1.6 minutes. The deep absorption bands show the largest
phase difference to J: 165◦ ±7◦ for 1.62–1.69 µm and 189◦ ±6◦

for 1.35–1.43 µm, more than half a rotation period.

5. MODELING

Although current state-of-the-art atmospheric models of
brown dwarfs are limited to a 1D treatment of radiative trans-
fer and convection, and do not include local heterogeneities,
they can provide globally averaged atmospheric quantities. We
fit 1D models to the mean spectrum, and to the SPEX spec-
trum from Burgasser et al. (2004) for broader coverage into
the Y and K bands, to derive basic atmospheric parameters
and determine the pressure levels that are probed by different
wavelengths. We use two independent sets of T-dwarf mod-
els to test the robustness of our conclusions. The first are
models by Morley et al. (2012), based on the Ackerman &
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Spectroscopic variability

2MASS J22282889−431026  
(T6.5; Buenzli et al. 2012)

• Infrared variability, ~1.4 hr period.


• Amplitudes 1.5–5.3% of mean flux.


• Similar shapes across wavelengths, 
but phase offsets.


• Lag increases with altitude.


• First probe of horizontal & vertical 
heterogeneity.
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Figure 7. Five narrowband light curves extracted from the spectral series for the two targets show that the light curve changes are all occurring at the same phase.
The spectral bands have been selected to probe specific atmospheric depth and match those adopted by Buenzli et al. (2012). In contrast to the no phase shift seen in
our two T2 dwarfs, the T6.5 dwarf analyzed by Buenzli et al. (2012) showed a very prominent pressure-dependent phase shift in the same narrowband light curves,
revealing a large-scale horizontal–vertical structure.
(A color version of this figure is available in the online journal.)

structures, the two early-T dwarfs studied here show similar
cloud structures at different layers without phase differences.

4.4. Apparent Underluminosity due to Thick Clouds

The remarkable cloud scale height variations in our targets
demonstrate how this parameter affects the brightness of ultra-
cool atmospheres. Thick clouds persisting at temperatures lower
than typical for brown dwarfs have been proposed as one of the
processes that may explain the apparent underluminosity of di-
rectly imaged giant exoplanets compared to brown dwarfs with
similar spectral morphology (magenta crosses in Figure 5; see
also Skemer et al. 2012; Barman et al. 2011a, 2011b; Currie et al.
2011; Madhusudhan et al. 2011; Marley et al. 2012). Several au-
thors propose that such unusually thick clouds would be present
in directly imaged exoplanets due to the low surface gravities of
these sources, which provides an attractive and self-consistent
explanation for the appearance and low occurrence rate of these
sources. However, the effects of thick clouds remained difficult
to verify, as multiple parameters (metallicity, surface gravity,
age, mass, chemistry, and cloud structure) vary simultaneously

between any two ultracool atmosphere. The novelty of our ob-
servations is that they are comparing different cloud structures
within the same atmospheres, i.e., keeping metallicity, surface
gravity, age, mass, and bulk composition constant. This allows
the effects of cloud structure to be isolated. We note that a
minor caveat here is that the pressure–temperature profile of
atmospheres with large spots may differ from those with only
thick or thin clouds; thus, the thick clouds’ impact must be
evaluated keeping this possible difference in mind.

We can explore the effect the thick clouds would have by
extending their surface covering fraction in our model beyond
that observed in our targets, i.e., by increasing the surface cov-
ering fractions of the thick cloud patches to values approaching
100%. The resulting green dashed line in Figure 5 shows that
increasing thick cloud coverage will produce color–magnitude
tracks crossing the positions of the directly imaged planets (ma-
genta crosses). Thus, if the thick cloud patches we observed in
the atmospheres of our T2 targets would cover their complete
or near-complete atmospheres, their near-infrared brightness
and colors would provide a good match to the directly imaged
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measurement systematics, such as the position of the stellar
centroid in each image, or the background brightness at the
object position. The normalized flux of HD203030B during
each orbit versus each of these parameters is shown in Figure 4.
No clear correlation is seen. To test this we computed
Pearson’s r, Spearman’s r, and Kendall’s τ coefficients of
correlation, that we also show in Figure 4. Their values are
small, indicating no significant statistical correlation of the
normalized flux of HD 203030B with the object’s position on
the detector or with the sky level. This is expected because if
there were some systematics affecting the differential photo-
metry, they should also induce a similar shape in the light curve
of the comparison star, which is however flat (Figure 2).

The main result from Figures 2 and 4 is that HD 203030B
exhibits temporal variability at both 1.27 μm and 1.39 μm that
(i) is not seen in other comparison stars in the same field of
view, and (ii) is not attributable to instrumental systematics.
Hence, we searched for periodicity in both light curves.
Figure 5 shows the Lomb–Scargle periodogram (Lomb 1976;
Scargle 1982) corresponding to the light curves of HD
203030B (red), comparison star R2 (blue), and the window
function (gray), related to the sampling of our data. The
periodograms of HD 203030B in both filters display a
significant peak in the 6–8 hr range that is not seen in the
periodogram of the comparison star. We also find a significant
peak in both filters close to ∼3.5 hr that we interpret as a
harmonic of the primary peak seen at 6–8 hr. Finally, at 1.5–2
hr there are other significant peaks present in the periodograms
of HD203030B and the comparison star that we attribute to the
HST orbital period (1.6 hr), as they are also seen in the
periodogram of the window function.

Independently from the output of the periodogram, we used
a Markov Chain Monte Carlo routine (MCMC; Gregory 2005)
to fit sine functions simultaneously to both HD203030B light
curves. We opted for a sine, i.e., p f= + +F A t P Ksin 2( ) ,

since it is the simplest periodic function, and because the light
curves do not exhibit a more complicated shape. A sine curve is
an adequate representation of a rotational modulation caused by
a planetary-scale wave, as may be common in brown dwarfs
(Apai et al. 2017). We assumed that the photometric period (P)
is the same in both filters and takes values in the range of 1–40
hr (the typical range seen in most ultra-cool dwarfs), while the
amplitude (A), phase (f), and mean level (K ) can vary
independently in each filter in the ranges 0%–10%, 0–2π, and
0.9–1.1, respectively. We used flat priors to sample the
parameter space and performed 5×105 iterations in our chain

Figure 2. Normalized light curves of HD 203030B (black symbols) at 1.27 μm
(top) and 1.39 μm (bottom). The normalized light curves of comparison star R2
(see Figure 1) are also shown (gray symbols) and offset vertically for clarity.
R2 is comparable in brightness to HD203030B and is the brightest comparison
star in our field of view. HD203030B exhibits variability at both wavelengths
that is not seen in the comparison star. The dashed curves show the best-fit sine
curve from the MCMC analysis described in Section 3. The Modified Julian
Date at time zero is 58056.276856.

Figure 3. Top: raw 2D WFC3 spectrum of HD203030A and B. The locations of
the spectra of the primary and the secondary are enclosed in white dotted rectangles.
The larger solid rectangle regions “A” and “B” are positioned symmetrically
around the trace of the primary, and were used for background subtraction. Region
B was mirrored around the trace of the primary and subtracted from region A, using
different scaling factors and offsets (see Section 2.2). Middle: zoomed-in image
of the location of the HD203030B spectrum after the subtraction of the bright
halo of the primary. Bottom: average spectrum of HD 203030B (black) in the
1.10–1.65 μm range after combining the 22 individual background-subtracted
spectra. The gray area is the standard deviation spanned by the individual spectra.
A ground-based IRTF/SpeX spectrum of HD 203030B with similar resolution
(dotted; Miles-Páez et al. 2017) is shown for comparison. Both spectra are
normalized to their average value in the 1.32–1.33 μm range.
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with the L dwarf sequence, similarly to what was seen for
several T2 dwarfs (e.g., Apai et al. 2013).

3.4. Wavelength-dependent Amplitude

In the middle left panel of Figure 4, we plot the relative
amplitude of the rotational modulations as a function of
wavelength, as derived from the ratio of the spectra at the
brightest and faintest states (upper left panel), following Apai
et al. (2013). The relative amplitude is the highest (11%) at the
shortest wavelength (∼1.1 μm) and lowest (∼6.5%) at the
longest wavelength (close to 1.7 μm). In between these two
extremes there is a nearly monotonic trend. A linear regression
results in a slope of ∼0.07%/μm. After subtracting the relative
amplitude with the straight-line fit we find that the relative
amplitudes are slightly modulated (decrease by 1% than the
linear fit) in the 1.4μm water band.

3.5. Inclination

We re-evaluated the v isin measurement based on Keck/
NIRSPEC data of G15 with Burgasser et al.’s (2016) method,

leading to a value consistent with G15 but the more accurate
vsini= -

+6.7 1.4
0.7 km s−1. Using radius (R=1.17 RJup) pre-

dicted by evolutionary model as discussed in G15, we constrain
the inclination of W0047 to ~ -

+i 33 8
5 .

4. DISCUSSION

Our observations find a near-infrared relative amplitude of
11% for W0047 at the shortest wavelength of our observations
(1.1 μm), making it the third-largest amplitude varying brown
dwarf (after 2M2139 and before SIMP0136 and Luhman 16b;
e.g., Radigan et al. 2012; Apai et al. 2013; Buenzli et al. 2015).
This discovery demonstrates that high-amplitude near-infrared
variability is not only present in L/T transition brown dwarfs
(cf. Radigan et al. 2012), although it may be most common in
those transition objects.
Our analysis of the relative amplitude as a function of

wavelength (see Figure 4) shows that the relative amplitude of
the rotational modulations has a relatively strong color
gradient, with the relative amplitude varying by nearly a factor
of two (11% and 7%) between 1.1 and 1.7μm. The factor of

Figure 2. Phase-folded white light curve in comparison with five different narrowband light curves, following Buenzli et al.’s (2012) method to probe different
atmospheric pressure levels. All variation is in phase, and the light curves of shorter wavelengths have a slightly larger amplitude. The integrated flux of W0047 of six
DLO orbits are plotted as blue solid dots, while the comparison star are plotted in gray. The red line shows the best sine fit of all orbits with period=13.20 hr. Orbit
numbers are labeled in the white light curve panel (upper left). All light curves are normalized to the mean flux of orbit-4. The spectrum of the comparison star is partly
out of view, so the white light curve of the comparison star consists of flux from 1.1 to 1.5 μm only and flux in narrow H and CH4 and H2O narrow band are out
of view.
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HD 203030B (L8; Miles-Páez et al. 2019)

 T2 dwarfs (Apai et al. 2013)

 WISEP J004701.06+680352.1 (L6; Lew et al. 2016)
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Luhman 16A and B: No Two Wavelengths Alike
The JWST weather report from WISE1049AB 2215 

MNRAS 532, 2207–2233 (2024) 

Figure 7. NIRSpec light curves for WISE 1049A (left) and WISE 1049B (right), with 0.2 µm bins in wavelength and a cadence of 45 s. Light curves have 
been normalized to their median values, to highlight fractional variations. A constant has been added to each light curve to visually separate them on the plot. 
The uncertainty for each light curve is shown as an error bar on the left side of the plot. 
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2218 B. A. Biller et al. 

MNRAS 532, 2207–2233 (2024) 

Figure 11. MIRI light curves for WISE 1049A (left) and WISE 1049B (right), with 0.5 µm bins in wavelength and a cadence of 129 s. Light curves have been 
normalized to their median values, to highlight fractional variations. A constant has been added to each light curve to visually separate them on the plot. The 
uncertainty for each light curve is shown as an error bar on the left side of the plot. Light curves at some wavelengths show the downward ramp effect artifact 
(Bell et al. 2023 ) in the first 20 min of the observation. 
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Luhman 16A

The JWST weather report from WISE1049AB 2215 
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Figure 7. NIRSpec light curves for WISE 1049A (left) and WISE 1049B (right), with 0.2 µm bins in wavelength and a cadence of 45 s. Light curves have 
been normalized to their median values, to highlight fractional variations. A constant has been added to each light curve to visually separate them on the plot. 
The uncertainty for each light curve is shown as an error bar on the left side of the plot. 
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Figure 11. MIRI light curves for WISE 1049A (left) and WISE 1049B (right), with 0.5 µm bins in wavelength and a cadence of 129 s. Light curves have been 
normalized to their median values, to highlight fractional variations. A constant has been added to each light curve to visually separate them on the plot. The 
uncertainty for each light curve is shown as an error bar on the left side of the plot. Light curves at some wavelengths show the downward ramp effect artifact 
(Bell et al. 2023 ) in the first 20 min of the observation. 
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(Biller et al. 2024)
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Luhman 16A and B: No Two Epochs Alike

(Chen et al. 2025)

3766 X. Chen et al. 

MNRAS 539, 3758–3777 (2025) 

Figure 8. NIRSpec light curves for WISE 1049A (left) and WISE 1049B (right), with 0.2 µm wavelength bins and a cadence of 90 s. Light curves have 
been normalized to their median values to highlight fractional variations. The light curves are offset with constants to visually separate them on the plot. The 
uncertainty for each light curve is shown as an error bar on the left side of the plot. 
4.3 MIRI + NIRSpec multiperiod light cur v es and 
periodogram analysis 
Since both the MIRI and the NIRSpec observations co v er the 
wavelength range of 5–5.2 µm, we can obtain light curves in this 
window o v er 15 h for the binary, which co v ers ∼2 rotations of A and 
∼3 rotations of B. These multiperiod light curves are plotted in the 
left panel of Fig. 9 . We found that the shapes of the light curves for 
both components differ significantly from period to period and this 
suggests rapid short-term evolution of these brown dwarfs. 

We used the Lomb–Scargle periodogram (Van der Plas 2018 ) as 
implemented in ASTROPY to determine the periodicities in our light 
curves. Periodogram results are shown in the right panel of Fig. 9 . We 
considered periods from 1.2 to 16 h and calculated the 99 per cent 

false alarm probability power using the built-in bootstrap method. 
We found a peak power in the periodogram around 6.7 h for WISE 
1049A and close to 5 h for WISE 1049B, which are consistent with 
previous period measurements of ∼7 h for A and ∼5 h for B (e.g. 
Apai et al. 2021 ; Fuda et al. 2024 ). 
4.4 Comparison with previous epoch 
We constructed absolute-flux, broad-band ‘white-light’ light curves 
across the full NIRSpec and MIRI wavelengths and compared them 
with the previous epoch in 2023 July as reported in Biller et al. ( 2024 ). 
For NIRSpec, we summed the flux from 0.8–5.2 µm. For MIRI, we 
summed the flux from 5.2–11 µm. We converted the flux into units of 
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The JWST weather report from WISE1049AB 2215 

MNRAS 532, 2207–2233 (2024) 

Figure 7. NIRSpec light curves for WISE 1049A (left) and WISE 1049B (right), with 0.2 µm bins in wavelength and a cadence of 45 s. Light curves have 
been normalized to their median values, to highlight fractional variations. A constant has been added to each light curve to visually separate them on the plot. 
The uncertainty for each light curve is shown as an error bar on the left side of the plot. 
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Modeling suggests that, 
at the same wavelength 

chunk, light-curve shapes 
evolve across epochs but 

arise from the same 
mechanism.



From Light Curves to Weather Maps

3764 X. Chen et al. 

MNRAS 539, 3758–3777 (2025) 

Figure 5. Variability maps (spectroscopic light curves) of WISE 1049 A and B from MIRI, generated by producing median-normalized light curves for each 
wavelength bin in the MIRI spectra, then plotting as a function of time and wavelength. The plot range from fractional flux values of 0.98 to 1.02 to highlight 
wavelength-dependent changes in amplitude. The wavelengths of various molecular absorption bands are marked on the left of the maps. 

Figure 6. Variability map (spectroscopic light curves) of WISE 1049 A and B from NIRSpec. Same as 5 but from NIRSpec. 
around the 3.3 µm CH 4 feature and several water and CO bands. 
Both maps show distinct regions of different light-curve behaviour 
as a function of wavelength, with clear breaks occurring around 2.5 
and 4.3 µm for both binary components, similar to the findings from 
Biller et al. ( 2024 ). 
4.2.1 MIRI light curves 
From the spectral TSO arrays from MIRI and NIRSpec observations, 
we construct binned light curves for WISE 1049A and B in Figs 7 
and 8 . The MIRI observations have been binned by a factor of 100 
in time, for a resulting exposure time of 129 s for each data point 
shown. Each light curve was constructed by integrating the flux 

o v er a wavelength bin of 0.5 µm, taking into account the changing 
spectral resolution across the MIRI bandpass. The light curves for 
each wavelength bin were then normalized by their median values 
to highlight fractional variations at each wavelength. Uncertainties 
for each light curve were estimated using the same σpt method as 
in Biller et al. ( 2024 ), i.e. the standard deviation of the light curve 
subtracted from a version of itself shifted by one step in time, divided 
by √ 

2 . The first 30 min of MIRI light curves were remo v ed due to 
the steep downward ramp effect seen in the variability maps in Fig. 5 . 

Light curves of both WISE 1049A and B in Fig. 7 show variability 
at all wavelengths from 5 to ∼14 µm, with WISE 1049A displaying 
higher variability than B in these longer wavelengths in this specific 
epoch. The light-curve shapes vary as a function of wavelength, 
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Figure 5. Variability maps (spectroscopic light curves) of WISE 1049 A and B from MIRI, generated by producing median-normalized light curves for each 
wavelength bin in the MIRI spectra, then plotting as a function of time and wavelength. The plot range from fractional flux values of 0.98 to 1.02 to highlight 
wavelength-dependent changes in amplitude. The wavelengths of various molecular absorption bands are marked on the left of the maps. 

Figure 6. Variability map (spectroscopic light curves) of WISE 1049 A and B from NIRSpec. Same as 5 but from NIRSpec. 
around the 3.3 µm CH 4 feature and several water and CO bands. 
Both maps show distinct regions of different light-curve behaviour 
as a function of wavelength, with clear breaks occurring around 2.5 
and 4.3 µm for both binary components, similar to the findings from 
Biller et al. ( 2024 ). 
4.2.1 MIRI light curves 
From the spectral TSO arrays from MIRI and NIRSpec observations, 
we construct binned light curves for WISE 1049A and B in Figs 7 
and 8 . The MIRI observations have been binned by a factor of 100 
in time, for a resulting exposure time of 129 s for each data point 
shown. Each light curve was constructed by integrating the flux 

o v er a wavelength bin of 0.5 µm, taking into account the changing 
spectral resolution across the MIRI bandpass. The light curves for 
each wavelength bin were then normalized by their median values 
to highlight fractional variations at each wavelength. Uncertainties 
for each light curve were estimated using the same σpt method as 
in Biller et al. ( 2024 ), i.e. the standard deviation of the light curve 
subtracted from a version of itself shifted by one step in time, divided 
by √ 

2 . The first 30 min of MIRI light curves were remo v ed due to 
the steep downward ramp effect seen in the variability maps in Fig. 5 . 

Light curves of both WISE 1049A and B in Fig. 7 show variability 
at all wavelengths from 5 to ∼14 µm, with WISE 1049A displaying 
higher variability than B in these longer wavelengths in this specific 
epoch. The light-curve shapes vary as a function of wavelength, 
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3770 X. Chen et al. 

MNRAS 539, 3758–3777 (2025) 

Figure 13. Contribution function from 1–14 µm calculated from a Sonora Diamondback model with T eff = 1300 K, log g = 5, f sed = 8, and solar metallicity. 
The assigned clusters of WISE 1049B from NIRSpec and MIRI are o v erlaid on the contribution function at the typical pressure levels within each cluster. The 
white dotted line shows the pressure where the maximum flux is emitted at each wavelength. Transitions in light-curve behaviour are found to align with changes 
in the pressure levels. 
(Lothringer, Barman & Koskinen 2018 ): 1 
CF ( p, λ) = B λ ∗ e −τp,λ

d τp,λ

d p , (1) 
where B λ( T ) is the blackbody radiation at a given pressure- 
temperature level, and τp,λ is the optical depth at pressure p and 
wavelength λ. Using the pressure-temperature profiles from the 
Sonora Diamondback models (Morley et al. 2024 ) and the PICASO 
package (Batalha et al. 2019 ), we computed an contribution function 
for WISE1049B, shown in Fig. 13 . We used a cloudy model in 
chemical equilibrium with T eff = 1300 K, log g = 5 (cgs), f sed = 8 
and solar metallicity. This model reasonably matches the ef fecti ve 
temperature and log g derived from evolutionary model fits to the 
bolometric luminosity of both components, as calculated in Section 
4.4 . Therefore, this contribution function serves as a indicative guide 
for interpreting how top-of-atmosphere structures at different pres- 
sure levels influence the observed light curves across wavelengths. 

By o v erlaying the WISE 1049B cluster assignments onto the 
contribution function, we found that transitions in light-curve be- 
haviour often align with changes in the pressure levels. We identified 
roughly three distinct pressure levels corresponding to the light-curve 
clusters: (1) A deep pressure level around 2–10 bar that probes the 
hottest part of the atmosphere and exhibiting the largest variability 
amplitudes. This is reflected in the light curves of NIRSpec clusters 1 
and 2 where deep troughs are seen. (2) A high-altitude level < ∼1 bar, 
probed by NIRSpec Cluster 4 + MIRI Cluster 1 between 4.3–8.5 µm, 
and by NIRSpec Cluster 3 between 2.5–3.6 µm. These wavelengths 
align with various H 2 O and CH 4 absorption bands, as well as the 
CO fundamental band between 4.3–5.0 µm. (3) An intermediate 
pressure level at ∼1–3 bar probed by MIRI Cluster 2 and 3 at 
wavelengths > 8.5 µm. This level begins at wavelengths coinciding 
with the small-grain silicate absorption features between 8.5 and 
11 µm. (Cushing et al. 2006 ; Su ́arez & Metchev 2022 ). The pressure 
levels found in this epoch of data broadly agree with the findings 
from the previous epoch in Biller et al. ( 2024 ). In that study, high 
1 Note that the original equation in the paper is missing a minus sign. 

pressure levels deep in the atmosphere were found to drive double- 
peaked variability at wavelengths < 2.3 µm and > 8.5 µm, whereas 
lo wer pressure, high-altitude le v els produced light-curv e behaviours 
between 4.2 and 8.5 µm. 
5.3 Deviation spectra as an indicator of variability mechanism 
The time-resolved deviation-from-mean spectra provide insights into 
the mechanisms driving variability at different time points in the 
rotation (e.g. McCarthy et al. 2024 ). We compute the deviation 
spectrum of WISE 1049B at each time point (with 90 s cadence 
for NIRSpec and 129 s cadence for MIRI) by taking the ratio of 
the spectrum at that time point to the mean spectrum o v er the 
entire 7–8 h of NIRSpec or MIRI observations. By this definition, 
a deviation spectrum represents the percentage difference of an 
observed spectrum at a given time point compared to the time- 
averaged spectrum. 

We then compare the time-resolved deviation spectra with pre- 
dictions from models featuring two different variability-driving 
mechanisms, i.e. hotspots and clouds, from Morley et al. ( 2014 ). 
In these models, we have a baseline model of a brown dwarf at 
T eff = 1000 K and log g = 5 with clear atmosphere in chemical 
equilibrium. The hotspot model is produced by injecting energy 
at 0.1 bar to the baseline model and could represent any heating 
mechanism. The deviation spectrum predicted by the hotspot model 
is then calculated by taking a fraction of the hotspot spectrum to 
represent a portion of the atmosphere co v ered by hotspots, then 
dividing by the baseline spectrum. The cloudy model is produced 
by including cloud species with f sed = 5 and the predicted deviation 
spectrum is calculated by taking a fraction of the completely cloudy 
spectrum to represent partial cloud co v erage, and then dividing by the 
baseline model. These models represent the percentage difference 
between a spectrum with variability features and the spectrum 
of a uniform, non-variable atmosphere (the baseline model). By 
comparing the observed deviation spectra to the models, we assume 
that the time-averaged spectrum is representative of a featureless, 
uniform atmosphere, and that any deviations from the time-average 
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SIMP J0136+0933: Different Layers, Different Stories

curves are binned by 0.5 μm in wavelength and by 1 minute in
time. Prior to creating the binned light curves, we removed
wavelengths whose light curves had an SNR < 25 or displayed
anomalous behavior.

Figures 2 and 3 highlight the complex nature of the observed
light curves as a function of wavelength, pointing to a dynamic
atmosphere. The NIRSpec light curves shown in Figure 2 are
variable at all wavelengths and exhibit several distinct features.
At bluer wavelengths, there is a distinct double trough feature,
where the relative depths of the two troughs vary as a function
of wavelength. Moving toward the redder wavelengths, the
light-curve shape exhibits a single trough. From ~3.5 to 4.3 μm
the light-curve shape changes again, before returning to one
deep trough at the reddest of wavelengths.

For the MIRI data, there are also patterns in the data.
Overall, MIRI displays a maximum deviation of variability, the
difference between the maximum and minimum normalized
flux values, which is less than the variability observed in
NIRSpec. From ~4.2 to ~8.5 μm, there is a double-peaked
feature, with the first peak at ~4.0 hr and the secondary peak at
~5.0 hr (also shown in Figure 4). At  8.5 μm, the behavior
changes to a smoother light-curve behavior with smaller
maximum deviation.

NIRSpec and MIRI share a region of wavelength space that
allows us to create a light curve that covers the full observation
duration. We plot light curves spanning this 4.5–5.1 μm region
in Figure 4. We identify a minimum and maximum within the
NIRSpec and MIRI portion of the light curve by eye, which is
shown by the solid green and dashed purple vertical lines in

Figure 4. We find that, at these wavelengths, the light curve
does not change significantly from one rotation to the next
(compare to B. A. Biller et al. 2024, who found evolution in
light-curve structure from rotation to rotation). Spectroscopic
observations spanning longer than two rotations will be
necessary to probe in detail the long-term evolution of the
atmosphere of SIMP 0136+0933.

4. Analysis and Discussion

4.1. Light-curve Modeling

We used celerite2 (D. Foreman-Mackey et al. 2017;
D. Foreman-Mackey 2018) to fit a model to each of our
NIRSpec and MIRI light curves, following the approach of
A. M. McCarthy et al. (2024). The celerite2 software employs
Gaussian processes to model data as correlated noise, with the
degree of correlation set by a chosen kernel function
(C. E. Rasmussen & C. K. I. Williams 2006). We used a
combination of two SHOTerm kernels, which represent
stochastically driven, damped simple harmonic oscillators with
a fixed period matched to the measured rotational period of
SIMP 0136+0933 (2.4 hr É. Artigau et al 2009; H. Yang et al.
2016). Together, the kernels have six free parameters, and we
included one additional parameter to capture additional
measurement uncertainty following a recommended approach
in the celerite2 documentation. We then used the emcee
Markov Chain Monte Carlo software package to explore the
values of the free parameters that best describe the data
(D. Foreman-Mackey et al. 2013a). The set of free parameters

Figure 2. Left: variability map showing the reduced NIRSpec/BOTS spectroscopic relative light curves. The variability map is a 2D representation of the relative flux
as a function of time and wavelength. Right: binned light curves for NIRSpec. The data are binned by 0.2 μm in wavelength and 1 minute in time. The gray vertical
lines at 1 hr mark the approximate minimum of the light curves and denote the “start” of one full rotation (2.4 hr) of the object. The data used to create the variability
map and light curves are available on the SIMPLE archive.
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same number of light curves. After binning the spectra by
0.5 μm and making the same SNR cuts as NIRSpec, the MIRI
data result in 14 light curves. In each case, we allow the K-
means clustering algorithm to determine the optimal number of
clusters using the KneeLocator from kneed (V. Satopaa
et al. 2011). KneeLocator applies the elbow method, which
uses the sum of square errors to identify the point at which an
additional cluster provides diminishing return. For NIRSpec,
we allow the clustering algorithm to select between 1 and 80
clusters and for MIRI between 1 and 10 (compare to
B. A. Biller et al. 2024, who allowed ncluster to vary between
1 and 11 for both NIRSpec and MIRI). This difference in
number of allowable clusters between NIRSpec and MIRI is
due to the binning of the MIRI data, which resulted in only 14
light curves. The K-means clustering algorithm determines that
the optimal number of clusters is 9 for NIRSpec and 2 for
MIRI. This is an intriguing difference from B. A. Biller et al.
(2024), who found 3 clusters for NIRSpec and 2 for MIRI for
both components of the binary, despite both components
having a similar effective temperature to SIMP 0136+0933.

At a first glance, we recognize that NIRSpec clusters 1–5, 6
and 7, and 8 and 9 appear similar (Figure 5). In addition to the

clustering algorithm identifying these clusters as distinct, we
validated their uniqueness by conducting cosine similarity and
Pearson correlation coefficient tests. We discuss the more
nuanced differences between clusters, and what may cause
them in, Sections 4.3 and 4.4.

4.3. Pressure Probed by Light-curve Clusters Can Inform the
Primary Mechanism of Variability

The clustering algorithm reveals which wavelengths have
similarly shaped light curves. Since physical mechanisms like
clouds, aurora, hot spots, or chemical instabilities may all cause
light-curve variability, we infer that similar shapes indicate
shared physical mechanism(s). Panel (a) of Figures 5 and 6
show the clustered light curves, with gray vertical lines
marking the object's 2.4 hr rotation period. The line in
Figure 5 panel (a) is at 1 hr and in Figure 6 panel (a) at 3.4
and 5.8 hr.
We pair the multiwavelength clustering information with

atmospheric models to provide insights into the atmosphere's
vertical structure. Using the Sonora Diamondback models
(C. V. Morley et al. 2024), we match each wavelength to
its pressure/temperature layer. Figures 5 and 6 panel (b)

Figure 5. Panel (a) shows the nine clusters obtained from the NIRSpec light curves. The celerite fit for each light curve that comprises each cluster is shown in gray,
and the average for each cluster is shown in the colored marker. The gray vertical lines in panel (a) of both Figures 5 and 6 mark the 2.4 hr rotation period of this
object. Panel (b) shows the Sonora Diamondback contribution function for a clear atmosphere with Teff = 1100 K and log(g) = 4.5. The colors are the same for the
same clusters across both subplots. The clusters are overlaid onto the contribution function by calculating the average pressure of maximum flux for the wavelengths
that comprise each cluster. The error bars on the clusters in panel (b) are the variance for the pressure of each cluster. The green shaded region represents the pressures
where forsterite clouds exist, and the pink shaded region represents the pressures where iron clouds might exist from J. M. Vos et al. (2023).
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Also,  time-resolved atmospheric 
retrievals in Nasedkin et al. (2025)
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More on JWST results in the talks by 
Jared Bull and Natalia Oliveros Gómez!



Doppler imaging: When Variability Becomes a MapP. A. Miles-Páez OPUS 21 ASSET

Weather in other worlds: Atmospheric clouds are a 
primary challenge holding back progress in exploring 
the chemical composition of exoplanetary atmospheres. 
Conversely, brown dwarfs have offered a wealth of 
information on the prevalence and properties of clouds 
in cool substellar atmospheres (Fig. 2). Clouds in brown 
dwarfs are most readily detectable through photometric 
monitoring. Brightness variations arise as atmospheric 
inhomogeneities rotate in and out of view. Space-based 
monitoring of L3–T8 dwarfs has shown that 0.1%-1% 
variability is commonly observable (35%–80% 
occurrence), which implies that atmospheric structures 
are ubiquitous on brown dwarfs (Buenzli et al. 2014; 
Metchev et al. 2015). Ground-based observations have 
been mostly sensitive to larger-amplitude (>1%) 
variations, that are expressed mainly in objects 
undergoing active cloud disruption. These have been 
mainly 1100–1400 K brown dwarfs around the L-to-T 
spectral type transition, in which silicate clouds are 
sinking through the visible photosphere (Artigau et al. 
2009, Radigan et al. 2014). 

However, the cloud condensate paradigm is not the only construct to successfully explain 
observational aspects of brown dwarf atmospheres. The consistent detection of variability in the 
warmest brown dwarfs (M7–L3; Miles-Páez et al. 2017a) also points to another possibility: 
magnetically induced chromospheric activity and hot or cold star spots, similarly to F-M stars 
(Hooten & Hall 1990; Strassmeier et al. 1997), which is likely associated with radio-detections of 
auroral emission from some brown dwarfs (e.g., Pineda et al. 2017). For cooler spectral types, it is 
possible that the sulfide/salt clouds that are expected to form at <1000 K (e.g., Fig. 1) may not have 
sufficient optical depth to produce detectable variations. Instead, rather than clouds that manifest 
themselves as cold spots on a brown dwarf atmosphere, inhomogeneities in mid-L, T, and Y dwarfs 
could also result from hot spots. For example, convective motion could create both cold and hot 
spots alike. Such is the picture proposed by Tremblin et al. (2016), who ascribe inhomogeneities on 
brown dwarfs to fingering convection in otherwise cloudless atmospheres. 

Are clouds the root cause for variability in brown dwarfs? While all the previous mechanisms 
(i.e., clouds, magnetic spots, hot spots, and/or fingering convection) lead to broadband variability, 
they predict different spectral features and modify different properties of the brown dwarf’s light. 
The determination of the relative contribution of those physical processes is crucial to refine the 
predictions from atmospheric models (e.g., Cushing et al. 2008; Yamamura et al. 2010; Leggett et 
al. 2017). For example, Zhang et al. (2021) recently modelled the near-infrared spectra of 55 T7-T9 
brown dwarfs by using the new Sonora-Bobcat atmospheric models (Marley et al. 2017), which 
assume cloudless and chemical-equilibrium atmospheres. Their results can reproduce the observed 
spectra with small differences of 1-3% in certain molecular features. However, the inferred physical 
parameters for the sample are unrealistic, with masses mostly in the range 1-8 MJup, relatively 
young ages, and effective temperatures hotter than those inferred via other methods for some of 
their targets. These suggest that the assumptions on cloud-free atmospheres and chemical-
equilibrium are not fully adequate to describe these cool atmospheres. 
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Figure 2. From Crossfield et al. 2014: 
Surface map of brown dwarf Luhman 16B, 
which clearly depicts a bright near-polar 
region (seen in the upper-right panels) and a 
darker mid-latitude area (lower-left panels) 
c o n s i s t e n t w i t h l a rg e - s c a l e c l o u d 
inhomogeneities. The lightest and darkest 
regions shown correspond to brightness 
variations of roughly ±10%.  The time index 
of each projection is indicated near the center 
of the figure.

Crossfield et al. (2014)



Doppler imaging: When Variability Becomes a Map
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IGRINS Doppler imaging of WISE 1049AB 3123 

MNRAS 533, 3114–3143 (2024) 

Figure 6. The observed LPs (left panel), deviation from the time-averaged profile (middle panel), and resulting Doppler map (right panel) of WISE 1049B 
on the night of 2020 February 9. The first three rows show the maps from the IGRINS H band, K band, and H + K combined, respectively. The black-dashed 
lines in the middle column mark the edges of the visible brown dwarf disc at the equator where the projected velocity is maximum. All maps are shown on 
the same colour scale. Unmappable areas below 80 ◦ south are marked in grey. The main feature of the Doppler maps is a dark spot-like pattern spanning from 
mid-to-high-latitude regions in the northern hemisphere around 90 ◦ longitude, indicated by a black arrow. The reproduction of the Doppler map using the 
CRIRES K- band data from Crossfield et al. ( 2014 ) is shown on the bottom row, with the resulting map rotated in phase such that the main dark feature aligns 
with the feature disco v ered on the IGRINS maps. 
minimized iteratively using the scipy.optimize.minimize 
function until an optimal Doppler imaging solution is found. A 
representati ve plot sho wing the best-fitting Doppler imaging solution 
M to the data vector D is shown in the upper panel of Fig. 5 , along 
with the metric, entropy of the map, and χ2 value of the fit. To 
better visualize the subtle changes in the LP shapes o v er time, we 
plot only the deviation of each LP from the time-averaged LP using 
a colourmap, as shown in the lower panel of 5 . We present this 
deviation plot for the observed LPs, the modelled LPs from the best- 
fitting solution, and the residual between the two. The black-dashed 
lines mark the edge of the brown dwarf disc where the projected 
velocity is maximum. The dark trace seen in the deviation plot is the 
signal of a dark patch rotating across the visible disc. It can be seen 

from the observed and modelled deviations in Fig. 5 that the Doppler 
imaging solv er pro vides a good fit in this case, capturing the main 
deviation signals. We further discuss the features of the deviation 
plots for each observation in Section 5 along with the Doppler map 
solutions. 
5  DOPPLER  MAPS  O F  WISE  1 0 4 9 A B  
5.1 WISE 1049B maps 
The retrieved Doppler maps for WISE 1049B in both H and K bands 
using the maximum entropy method are shown in the third column of 
Figs 6 and 7 for February 9 and 11, with the corresponding deviation 
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on the night of 2020 February 9. The first three rows show the maps from the IGRINS H band, K band, and H + K combined, respectively. The black-dashed 
lines in the middle column mark the edges of the visible brown dwarf disc at the equator where the projected velocity is maximum. All maps are shown on 
the same colour scale. Unmappable areas below 80 ◦ south are marked in grey. The main feature of the Doppler maps is a dark spot-like pattern spanning from 
mid-to-high-latitude regions in the northern hemisphere around 90 ◦ longitude, indicated by a black arrow. The reproduction of the Doppler map using the 
CRIRES K- band data from Crossfield et al. ( 2014 ) is shown on the bottom row, with the resulting map rotated in phase such that the main dark feature aligns 
with the feature disco v ered on the IGRINS maps. 
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representati ve plot sho wing the best-fitting Doppler imaging solution 
M to the data vector D is shown in the upper panel of Fig. 5 , along 
with the metric, entropy of the map, and χ2 value of the fit. To 
better visualize the subtle changes in the LP shapes o v er time, we 
plot only the deviation of each LP from the time-averaged LP using 
a colourmap, as shown in the lower panel of 5 . We present this 
deviation plot for the observed LPs, the modelled LPs from the best- 
fitting solution, and the residual between the two. The black-dashed 
lines mark the edge of the brown dwarf disc where the projected 
velocity is maximum. The dark trace seen in the deviation plot is the 
signal of a dark patch rotating across the visible disc. It can be seen 
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imaging solv er pro vides a good fit in this case, capturing the main 
deviation signals. We further discuss the features of the deviation 
plots for each observation in Section 5 along with the Doppler map 
solutions. 
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5.1 WISE 1049B maps 
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Figure 7. The observed LPs, deviations, and Doppler maps of WISE 1049B as in Fig. 6 , but on the night of 2020 February 11. All maps are shown on the same 
colour scale as in Fig. 6 . The main dark feature and possible secondary feature are marked with black and grey arro ws, respecti vely. The reproduction of the 
CRIRES 2014 map is rotated in phase such that the dark feature aligns with the feature disco v ered on the IGRINS maps. 
plots shown in the second column. The χ2 , entropy, and metric along 
with the modelled and residual deviation profiles as in Fig. 5 for the 
rest Doppler maps are included in the Appendix (Fig. C1 –C8 ). We 
defined the longitude directly facing the observer at the beginning 
of observation as 0 ◦. Due to the 80 ◦ inclination of WISE 1049B, 
the regions below 80 ◦ south are not visible to Doppler mapping, 
thus the fluxes shown in those regions are flat initial guesses. All 
maps are shown on the same colour scale which represents the 
brightness temperature of the TOA in percentage compared to a 
uniform background. 
5.1.1 First night map 
On the February 9 Doppler map in Fig. 6 , a prominent dark spot-like 
feature is observed, spanning from mid-to-high-latitude regions in 
the northern hemisphere around 90 ◦ longitude, marked with a black 

arrow in the H- band map. The presence of a dark trace in the deviation 
plot in the second column of Fig. 6 from 3 to ∼4.5 h (also marked 
with an arrow) suggests that the dark spot is a true signal from the 
data, rather than artefacts introduced by the image reconstruction 
routine. This feature is detected in both IGRINS H and K bands at 
similar longitudes. We also observe a fainter mirror image of this 
feature in the southern hemisphere, nearly connecting with that in 
the northern hemisphere and creating the appearance of an elongated 
pattern. This is a known limitation of the Doppler imaging technique 
when applied to objects with nearly equator-on inclinations (Vogt 
et al. 1987 , see also simulations in Section 6.1 ). While some other 
potential secondary features are discernible in the H and K maps, such 
as fainter spots in equatorial regions, their correspondence to features 
in the deviation plot cannot be confirmed, as all other signals in the 
modelled deviation plot (see Figs C1 and C2 ) are many times fainter 
and blended together, making them indistinguishable from noise. 
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Take-home messages

also compiled a list of all 128 M7–Y0 stars with known
rotation periods at the time (see Table 3). We include this
compilation in our plots simply as Miles-Paez 2023+.

Of the 128 M7–Y0 dwarfs, nine were in this work. The rest
were too faint, in crowded Jelds, or considered as potential
binaries in this study. All TESS periods matched, though there
were four from other non-TESS surveys that were either absent
(three) or different (one) from our compilation. The discrepant
target, Gaia DR3 3808159454810609280 (LSPM J1048+0111,
L1), has a literature period of 4.71 hr (0.196 days), similar to the
0.2368+0.0014

0.0005 day period found in this work. This original period
is from C. Koen (2003), and was determined from three nights of
data with approximately 4.1 hr of observation each. Therefore, the
new period from TESS is a revision of the previous one.
For the three periods absent from this work (Gaia DR3
1287312100751643776, Gaia DR3 2781513733917711616, and
Gaia DR3 4752399493622045696; see Table 4), there is no
evidence of periodicity in TESS despite all having multiple sectors
of data. In the case of Gaia DR3 4752399493622045696 (DENIS
J025503.3−470049, L9), the lack of periodicity in TESS is
likely due to the faintness of the object; it is the faintest in our
sample (T= 17.03 mag). The other two targets are not as faint,
but their reported periods come from I-band (Gaia DR3
1287312100751643776, LHS 2924, M9; E. L. Martín et al.
1996) and Spitzer (Gaia DR3 2781513733917711616, L2β;
J. M. Vos et al. 2020) photometry, so there may be a wavelength
dependence to their variability. As such, we cannot conJrm the
periods.

4.4.6. Shan et. al. (2024, and References Therein)

Y. Shan et al. (2024, hereafter S24) is a compilation of all
rotation periods used for the CARMENES input sample,
including new results from TESS (PDCSAP, SAP, and FFI)
and ground-based observations (LCOGT, SuperWASP, Astro-
LAB IRIS, Observatorio de Sierra Nevada, and Montsec

Observatory). The entire list of references can be found in
Table C.2 of S24. The CARMENES sample is designed to
search for exoplanets (using the radial velocity method) around
M dwarfs, and therefore contains M0–M9 stars. Only three of
the 348 periodic variables in S24 are in our sample. The lack
of overlap derives from the fact that the CARMENES sample
is primarily dominated by early M dwarfs. Of these, one (Gaia
DR3 3757613049856225792, LP 731-58, M6.5; see Figure 24)
is a half-harmonic of the period in our study (1.5 days
from S24 versus 2.81+0.07

0.20 days from this work), of which we
trust the period we determined to be the true rotation period.
Another is longer than the TESS baseline (Teegarden’s Star;
97.56 days), and therefore could not be probed by this study.
The Jnal period reported is 3.3 days, which we do not see any
evidence of in our data. However, this target, Gaia DR3
2635476908753563008, has only been observed in TESS
Sector 70, and therefore would require more observations to
conJrm or reject the period.

Figure 24. Comparison of periods determined in this study to previously
published ones, where they exist in the literature (listed in Table 4). Where
multiple published periods exist for a star, we have adopted the most
signiJcant one. The gray dashed lines indicate the 1:1, 1:2, and 2:1 lines. Open
circles indicate possible periods in this work, whereas closed circles are those
which we consider real. Uncertainties in this work and in the literature (when
available) are typically smaller than the data point. References in the legend
with “+” indicate periods from multiple sources which were compiled by the
named paper.

Figure 25. Top: a comparison of Gaia G − GRP color (and correlated spectral
type from M. J. Pecaut & E. E. Mamajek 2013) to the rotation period of M
dwarfs and brown dwarfs. Bottom: period vs. spectral type for periodic targets
in this work and in the literature. Where spectral types were unavailable, they
were calculated from G − GRP color down to G − GRP = 1.6 mag and J − H
for fainter objects (M. J. Pecaut & E. E. Mamajek 2013). While the lower
boundary on period appears to be astrophysical, the upper boundary for >M6
dwarfs stems from the difJculty of observing longer periods of faint
objects. L22 is represented by a two-dimensional histogram due to the large
number of stars. References in the legend with “+” indicate periods from
multiple sources which were compiled by the named paper.
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• Variability is ubiquitous in brown dwarfs. 
• Rotation reveals how brown dwarfs spin up with age, 

losing angular momentum only moderately compared to 
stars. 

• Multi-wavelength variability probes clouds, temperature 
gradients, chemistry, and magnetism in 3D. 

• Brown dwarfs as exoplanet analogs — with JWST and 
ELTs turning light curves into weather maps.

What’s Missing? 

• More Y dwarf rotation periods! Is there a Y-dwarf analogue to the L/T 
transition peak in variability? 

• How slowly/fast can field brown dwarfs rotate? Pulsations? 

• Variability studies in subdwarfs. 

• Potential correlations between radio and optical/IR variability. 

• Sun-like magnetic cycle analogues?

Studying brown dwarf variability has been a mix of careful technique and serendipitous discovery. 
Sometimes we know what we are looking for, sometimes the objects surprise us.


