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Abstract: Zonal (latitudinal) winds dominate the bulk flow of planetary at-
mospheres. For gas giant planets such as Jupiter, the motion of clouds can be
compared with radio emissions from the magnetosphere, which is connected
to the planet’s interior, to determine the wind speed. In principle, this tech-
nique can be applied to brown dwarfs and/or directly-imaged exoplanets if
periods can be determined for both the infrared and radio emissions. We
apply this method to measure the wind speeds on the brown dwarf 2MASS
J10475385+2124234. The difference between the radio period of 1.751-1.765
hours and infrared period of 1.741± 0.007 hours implies a strong wind (650±
310 m s−1) proceeding eastward. This could be due to atmospheric jet streams
and/or low frictional drag at the bottom of the atmosphere.
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Main Text
Gas giant exoplanets and brown dwarfs (objects with masses of 13–72 times that of Jupiter)
rotate on timescales of hours to days (1–4). If there are any inhomogeneous features at the top
of their atmospheres, such as clouds, the rotational modulation causes quasi-periodic variability
in their brightness. Photometric searches for periodic brightness modulations can therefore
probe the rotational properties of these objects. Quasi-periodic near- and mid-IR variability is
common in brown dwarfs of spectral types L and T (2, 5).

Within the Solar System, it is possible to observe the effects of rapid rotation on the atmo-
spheric physics of the giant planets. Zonal winds, latitudinal flows resulting from rapid rotation
and convection, dominate the bulk atmospheric flow of Jupiter (6). Models of the atmospheric
dynamics of brown dwarfs and exoplanets incorporate the effects of rotation and zonal winds
(7–9). These studies have shown that wind speeds and flow patterns are determined by the effi-
ciency with which the atmosphere can radiatively cool and the coupling between the atmosphere
and interior of the planet, among other atmospheric conditions.

Wind speeds have been measured for some hot, gas giant exoplanets using Doppler shifts in
transit spectroscopy (10). This technique requires a tidally-locked planet (for which the rotation
period and orbital period are equal) as well as high speed winds (several km s−1) driven by heat
redistribution from the highly-irradiated day side to the night side of the planet (10). These
conditions are not typical for planetary-mass objects, particularly those with wide separations
from their parent star or free-floating objects which are not gravitationally bound to a star.

Photometric variability studies of brown dwarfs and free-floating, planetary-mass objects
have inferred the presence of zonal winds (11, 12). Changes in the rotational modulation of
brightness of a highly variable brown dwarf over several months could be due to wind speeds
of ∼45 m s−1 (11). Quasi-periodic variability data for two brown dwarfs has been modeled as
originating from beating, planetary-scale, atmospheric wave pairs with differential wind veloc-
ities of several hundred m s−1 (12).

We describe an alternative technique for measuring wind speeds (vwind) on exoplanets and
brown dwarfs. Observations of Jupiter are typically interpreted using a coordinate system
known as System III, whose rotation period is 9h 55m 30s, determined from Jupiter’s radio
emission (13). This radio periodicity corresponds to the rotation rate of Jupiter’s magneto-
sphere. Because the Jovian magnetic field originates >7000 km below its visible surface (14),
the radio period is determined by the rotation of interior of the planet, which is expected to rotate
as a rigid body (15). An alternative coordinate system for Jupiter’s surface features is known
as System I, which has a period of 9h 50m 30s, measured from the rotation of its atmospheric
features in optical and infrared light from 10◦ N to 10◦ S. This 5 minute difference between the
radio System III period (Tinterior) and optical/IR System I period (Tatmosphere) corresponds to a
velocity difference at the radius of Jupiter’s visible surface (R = 71, 492 km) of

vwind = 2πR

(
1

Tatmosphere

− 1

Tinterior

)
= +106 m s−1, (1)
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which agrees with the measured wind speed observed in Jupiter’s equatorial region (16).
Radio observations of brown dwarfs have been used to measure the rotational modulation

of their magnetic field (17), in some cases with uncertainties as low as 0.11 minutes. Radio
emission detected from brown dwarfs originates from the same mechanism (electron-cyclotron
maser instability, hereinafter ECMI) as Jupiter’s radio emission, as shown by observations (18)
and models (19). For brown dwarfs of spectral type L and T, the magnetic field is expected to
originate well below the visible surface (20). Therefore, we expect the radio period of brown
dwarfs and exoplanets to represent their interior period of rotation, as it does for Jupiter.

If global maps of Jupiter were degraded to unresolved photometric measurements (akin
to those available for brown dwarfs), they would have variability amplitudes as large as 20%
(21), which is similar to those seen in the most highly variable brown dwarfs (3). Optical/IR
photometric monitoring of brown dwarfs can determine rotational periods with precisions <1
minute from the ground (22) or from space (2). Wind speed measurements of brown dwarfs and
planetary-mass objects should therefore be possible by measuring radio and IR periods using
current facilities.

We applied this method to observations of two brown dwarfs: 2MASS J10475385+2124234
(hereafter 2MASS J1047+21) and WISE J112254.73+255021.5 (hereafter WISE J1122+25).
No infrared period was detected for WISE J1122+25 (23), so we focus our discussion on
2MASS J1047+21.

2MASS J1047+21 is a brown dwarf of spectral type T6.5 that lies 10.6 pc away (24). Based
on its luminosity and evolutionary models for ages of 0.5–10 Gyr, 2MASS J1047+21 has an
estimated mass of 16–68 times that of Jupiter and an estimated temperature of 880±76 K (24).
Circularly polarized bursts of radio emission have been detected from 2MASS J1047+21, con-
sistent with ECMI and indicating a rotation period of 1.77 ± 0.04 hours (25) and a magnetic
field strength of 5.6 kG (26).

We used the Infrared Array Camera on the Spitzer Space Telescope to search for photometric
variability of 2MASS J1047+21 at 4.5 µm (23). Observations were conducted on 2017 April
07 for 7 hours and on 2018 April 15 for 14 hours. We detect sinusoidal variability (Figure 1) in
both epochs with an amplitude of 0.5%, indicating that a single, long-lived atmospheric feature
is likely responsible for the observed variability. We used two approaches to determine the IR
period: a sinusoidal model fitted using Markov Chain Monte Carlo (MCMC), and an analysis
of the Lomb-Scargle periodogram (Figure 2A) using bootstrap and Monte Carlo techniques for
uncertainty determination (Figure 2B–C). The resulting periods and uncertainties agree with
each other (23). We adopt an IR period of 1.741± 0.007 hours.

We also observed 2MASS J1047+21 at 4–8 GHz with the Karl G. Jansky Very Large Array
(VLA) on the nights of 2018 October 12-14 (23). Our radio observations (Figure 3) show
periodic, highly-circularly polarized bursts of ECMI emission, consistent with the previous
observations (25). We determined the radio period using a time-of-arrival (TOA) analysis and
an analysis of the Lomb-Scargle periodogram, which give consistent radio periods of 1.758
hours. The uncertainties calculated by bootstrap and Monte Carlo approaches are both very
low, 0.0012 hours, which we interpret as an underestimate of the true uncertainty, because the
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pulse profiles are highly variable. Taking a more conservative approach, we computed a range of
plausible periods from the TOA of the first and last pulses and their pulse widths. This approach
yields a period range of 1.751–1.765 hours. Folding the radio data by different periods (Figure
4) shows that pulses align in phase for periods in the range 1.751–1.765 hours, but are not well
aligned for periods outside that range.

For an IR period of Tatmosphere = 1.741± 0.007 hours, a uniformly-distributed radio period
of Tinterior = 1.751− 1.765 hours, and a radius of 67,200 km (24), we determine a wind speed
for 2MASS J1047+21 of 650 ± 310 m s−1. Equation 1 assumes that the infrared variability
originates in the equatorial region, but can be adapted to other latitudes by scaling by the co-
sine of the latitude. The inclination of 2MASS J1047+21’s rotation is unknown, but all other
radio-bursting brown dwarfs with known inclinations are viewed nearly equator-on (18). Pho-
tometric variability most commonly originates at equatorial to mid-latitudes of less than 35◦

(21, 27). Thus, latitudinal or viewing-angle effects would likely change the result by less than
the uncertainty. The measured wind speed is that of the (unknown) atmospheric inhomogeneity
that dominates the photometric variability. If this atmospheric feature occurs between bands of
zonal winds having alternating wind direction or is transported by a process other than wind
(28), our measured wind speed could be an underestimate of the true zonal wind speed.

We detect a positive (eastward) wind speed at >98% confidence (2.1σ). As with Jupiter, the
IR period of 2MASS J1047+21 is shorter than its radio period, indicating an atmosphere that
is rotating faster than the interior. The wind speed on 2MASS J1047+21 is higher than on the
gas giant planets in the Solar System (16, 29). Analytic theory predicts that larger atmospheric
heat fluxes lead to higher wind speeds (7). 3D numerical simulations show that zonal winds
of hundreds of m s−1 can occur when strong convective forcing and/or weak damping (either
radiative or frictional) promote the formation of atmospheric jet streams (9).

Recent work indicates hot Jupiters may have magnetic fields strengths of ∼100 G (30),
weaker than the kG fields of brown dwarfs (26).
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Fig. 1. Spitzer photometry of 2MASS J1047+21 on 2018 April 15 and our MCMC analy-
sis. (A) Photometry in 5.5-minute bins at 4.5 µm (points) and the fitted sinusoidal model (black
curve). (B) The residuals between the model and observations. The residuals are consistent
with Gaussian-distributed noise. (C) Posterior probability distributions for the model param-
eters. ”Amp” refers to the semi-amplitude of the sinusoidal model. The mean refers to the
average relative flux of our target. Vertical dashed lines show the median and 1σ uncertainties
on the best-fit parameters, which are defined by the 16% and 84% quantiles of the distributions.
Contours show the 0.5, 1.0, 1.5, and 2.0-σ uncertainties for posteriors of each two-dimensional
parameter space.
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Fig. 2. Lomb-Scargle periodogram analysis of Spitzer photometry on 2018 April 15.
(A) Periodogram showing an estimate of the Fourier power as a function of rotation perion. The
highest-power period is 1.740 hours. (B) Distribution of retrieved highest-power periods from
boot-strapping and (C) Monte Carlo methods. The solid vertical lines show the median of the
distribution and the dotted vertical lines show the 1σ uncertainties. Both methods indicate an
uncertainty of 0.007 hours.
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Fig. 3. Radio light curve of 2MASS J1047+21 from VLA observations. (A-C) Left
circularly-polarized radio flux in microjanskys (points) on three consecutive nights of obser-
vations, each lasting about 10 hours. 1σ uncertainties are plotted as vertical lines for each data
point. Radio pulses of varying intensity are evident. Thin vertical dashed lines indicate pulse
TOAs (23). Thick vertical solid lines indicate TOAs from the best-fitting period derived from
these data, labelled with the number of rotations since the start of the observation. The data
cover about 18 rotations out of 34 that occurred in this period.
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Fig. 4. Alignment of pulses for possible periods of the radio data. (A-E) The data (points)
are folded by periods that differ by 0.007 hours for comparison of the phase of radio pulses.
Each color indicates the data from a separate rotation. (C) Shows the radio pulses folded at
the period preferred by our analysis (23). At this period, the pulses from all of our observed
rotations are aligned at a phase of around 0.5. We consider periods in the range 1.751–1.765
hours to be plausible.
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Materials and Methods
Spitzer Infrared Photometry

Observations and Data Reduction
We used IRAC, the Infrared Array Camera (32), to search for IR variability at 4.5 µm in

two known radio variable targets, 2MASS J1047+21 (right ascension α = 10h47m53.85s, dec-
lination δ = +21◦24′23.5′′, equinox J2000) and WISE J1122+25 (α = 11h22m55.50s, δ =
+25◦50′25.1′′ J2000). The observations were carried out following the recommendations for
obtaining high precision photometry from the Spitzer Science Center (33), using 30 sec expo-
sures. The science targets were placed on a well-characterized part of the detector (Figure S1)
to minimize correlated noise. The dates and times of our IRAC observations are available in
Table S1.

We obtained photometry from the Basic Calibrated Data (BCD) images produced by the
Spitzer Science Center pipeline version S19.2 (34). Photometric centroids of our target and
reference sources were found using the BOX CENTROIDER.PRO routine. Aperture photometry
was performed on the target and stars using circular apertures with radii of 2.0 − 4.0 pixels,
in steps of 0.1. Because the apertures are small the intersection of the circular aperture with a
square pixel was computed exactly, rather than using the default polygon approximation (35).
Outliers were identified and rejected from the raw light curves using a 6σ clip. For each data
set, we chose the aperture that produced the lowest rms light curve (Table S1) for the following
analysis.

IRAC photometry is known to exhibit a systematic effect due to intra-pixel gain variations
(33). Figure S2 A-B shows that the raw photometry is highly correlated with the x and y sub-
pixel coordinates. We quantified the strength of correlation using Kendall’s τ (36). We modeled
the pixel phase effect as a function of the source position, as in previous studies (37, 38), using
the cubic function:

f(x, y) = P0 + P1x+ P2y + P3xy + P4x
2 + P5y

2 + P6x
3 + P7y

3 + P8x
2y + P9xy

2 (S1)

where f(x, y) represents the measured flux, Pi are the fitted coefficients, and x and y are the
sub-pixel coordinates. We found that this correction decreases the correlation between the x
and y sub-pixel coordinates and the flux, as seen in Figure S2 C-D and measured by Kendall’s
τ coefficient.

We also extracted photometry using Point Response Function (PRF) fitting using PRFs cre-
ated for Spitzer (39). The PRF combines information on the optical properties of the telescope,
the detector sampling, and intra-pixel gain variations. The obtained light curves were consis-
tent with those obtained from aperture photometry, but had slightly higher photometric noise.
For this reason we used the light curves obtained from aperture photometry for the remaining
analysis.

We estimated the uncertainty of the photometric points by measuring the “point-to-point”
noise (5). The standard deviation provides a measurement of noise for a flat light curve, and
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thus includes both the noise and intrinsic variations of a periodic light curve. We therefore mea-
sured the point-to-point noise, defined as the standard deviation of the light curve subtracted
from a shifted version of itself, divided by

√
2. This measurement of the noise is not sensitive

to low frequency trends and can estimate the noise for both variable and non-variable targets.
We additionally determined the photometric uncertainty from the uncertainty images provided
by the Spitzer Science Center. We performed aperture photometry on the square of the uncer-
tainty images, then calculated the square root to produce an estimate of the photometric noise.
The result is consistent with the point-to-point noise, described above.

Identification of Variables
We identified variability using a periodogram analysis (40). We calculated the Lomb-

Scargle periodograms (41, 42) of our targets and reference sources (Figure S1) to determine the
significance of trends in their light curves. We calculated the 1% false-alarm probability from
1000 simulated light curves created by randomly rearranging the times of photometric points
from each reference star’s light curve. Figure S3 A&C show the light curve and periodogram
of WISE J1122+25. The periodogram shows no power above the 95% and 99% confidence
thresholds, thus WISE J1122+25 does not show significant photometric variability above the
noise. From our epoch 1 data of 2MASS J1047+21 (Figure S3 B&D), the periodogram shows
power above the 99% confidence threshold, indicating detection of significant periodic vari-
ability for 2MASS J1047+21. Following this initial variability search, we obtained additional
Spitzer observations of 2MASS J1047+21 (described above) to better determine its IR period.

Infrared Period Determination: Sinusoidal Model
We adopted two methods to measure the rotation period of 2MASS J1047+21 from the

Spitzer light curve – a sinusoidal model using MCMC, and a periodogram analysis.
The light curve of 2MASS J1047+21 is stable over many rotations in both epochs, which is

well-approximated by a sine function. We used MCMC to fit a sine curve to the data because
this method produces robust uncertainties on the parameters. We performed the MCMC fitting
on the first epoch, second epoch, and both epochs together. We used the EMCEE package (43)
with 1000 walkers with 8000 steps, and then discarded a burn-in sample of 500 steps to obtain
the posterior probability distribution for each parameter of the sinusoidal model.

Figure S4C and Figure 1C show the posterior probability distributions of the parameters for
the sinusoidal model fit to each epoch of 2MASS J1047+21 data. The MCMC model fitting
to the 7 hr, first epoch observation (2017 April 7) gives a period of 1.77 ± 0.03 hr (Figure
S4). For the 14 hr, second epoch observation (2018 April 15), the best-fitting period is 1.742±
0.008 hr (Figure 1). The second epoch measurement has a lower uncertainty than the first epoch
measurement due to a longer observing duration, but both period measurements and light curve
amplitudes are consistent.

We also used MCMC to model sinusoidal variability for both epochs simultaneously. In
this case we included an additional parameter, a phase offset for the first epoch of data. This
phase offset is necessary for the fitting to converge, but is not physically meaningful, as our
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period uncertainty is equivalent to more than a 2π phase offset between the two epochs. The
posterior probability distributions of the parameters shown in Figure S5 are single-peaked and
normally-distributed, with a best fitting period of 1.743+0.007

−0.008 hours. Fitting both epochs simul-
taneously provides little improvement in the period measurement, likely due to the time gap
between epochs being too large to allow for robust phasing of the data. Table S2 provides a
summary of the parameters of the sinusoidal model fit for our Spitzer datasets.

Infrared Period Determination: Periodogram
In addition to our MCMC period determination, we calculated the Lomb-Scargle peri-

odogram for the second epoch Spitzer observation of 2MASS J1047+21. The Lomb-Scargle
periodogram robustly shows a period of 1.7396 hours for the Spitzer light curve of 2MASS
J1047+21 (see Figure 2). However, uncertainties are not easily estimated from the Lomb-
Scargle periodogram itself (44).

We utilized two methods to estimate the uncertainty of this period: i) bootstrapping with
replacement and ii) Monte-Carlo exploration of the uncertainties on our light curve. For the
bootstrapping method, we produced 105 resampled iterations of the dataset, where each ele-
ment of each resampled dataset is a randomly chosen element of the original dataset. The high-
est likelihood period for each resampled dataset was then determined from its Lomb-Scargle
periodogram, with the adopted period and uncertainty on the period taken from the median and
standard deviation of the resulting distribution of peak periodogram periods. We find a period
of 1.740±0.007 hours via this method.

For the Monte-Carlo exploration, 105 iterations of the dataset were produced by generating
an array of random numbers from a normal distribution with the same number of data elements
as the original dataset, multiplying that array by the uncertainties on the original dataset, then
generating a simulated dataset by adding the original dataset to the randomly-sampled error
array. The highest likelihood period for each simulated dataset was then determined from its
Lomb-Scargle periodogram, and the adopted period and uncertainty were taken from the median
and standard deviation of the resulting distribution of peak periodogram periods. We find a
period of 1.740±0.007 hours via this method. Both of these methods produce results consistent
with each other and the MCMC sinusoidal model fitting.

Table S1 provides a summary of our period determinations from multiple analysis tech-
niques, which are consistent. We adopt the mean period and mean uncertainty from these
methods, 1.741±0.007 hr, as the infrared photometric period of 2MASS J1047+21.

Very Large Array Radio Data

VLA Observations and Data Reduction
We observed 2MASS J1047+21 with the VLA on the nights of 2018 October 12-14 UT.

Each night’s observations lasted for 11 hr, so the total time elapsed between the beginning of
the first observation and the end of the last observation was 59 hr. The array was in its most
compact “D” configuration. The standard “C band” wideband continuum mode was used, with
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the observing frequencies covering the range 4–8 GHz with two basebands of 2.048 GHz width
having 1024 spectral channels. Each night, the flux density and bandpass calibrator was the
radio galaxy, 3C 286, and the phase calibrator was the quasar, 4C 21.28.

We analyzed the data using standard techniques inside the CASA software system (45).
We flagged radio-frequency interference (RFI) automatically using the AOFLAGGER package
(46, 47). Our initial analysis revealed that the sidelobes of bright, off-axis sources in the tar-
get field led to spurious signals in the light curve of 2MASS J1047+21 because the standard
direction-independent calibration procedure did not fully capture the time-varying instrumental
response to these sources. Before imaging the data we therefore applied a “peeling” operation
(48, 49) in which we determined direction-dependent calibration terms towards these sources
and subtracted them from the fringe visibilities (50).

Once the data were calibrated, we imaged and deconvolved them using multi-frequency
synthesis (MFS) with two Taylor terms (51) and w-projection (52) with 128 planes. The final
images used a cell size of 2′′ square and were 1801 pixels on a side. The full width at half
maximum of the synthesized beam was 11′′ × 10′′ at a position angle of -19◦, East from North.
After the peeling of the bright off-axis sources as described above, the root-mean-squared resid-
ual at the center of the combined (three-night) image was 1.9 µJy. In this image, there is a
point source at a position of α = 10h47m51.1s, δ = +21◦24′08′′ (J2000) that we identify as
2MASS J1047+21. The positional uncertainty is∼4′′. The source’s flux density in the image is
74± 9 µJy, which averages over both the source’s temporal variability and its spectral structure
over the wide (4–8 GHz) bandwidth of the MFS image.

We produced a visibility-domain model of all emission in the field besides 2MASS J1047+21
by using the CASA ft task on copies of the MFS Taylor-term images with 12×12 boxes of pix-
els around 2MASS J1047+21 set to zero. Subtracting this model from the visibility data leaves
a residual containing only the contributions of 2MASS J1047+21 and any imperfections due to
the data analysis procedure. We then generated complex dynamic spectra of 2MASS J1047+21
in the LL andRR (left and right circular, respectively) polarization products (53). We examined
the total-intensity dynamic spectrum (I2 = LL2 + RR2) visually and flagged a small number
of time and frequency slots that were affected by residual RFI. The remaining unflagged data
showed evidence for flaring time variability in the LL polarization product, consistent with
previous studies (25). While there were hints of spectral structure in the data in the brightest
flares, the S/N was insufficient to analyze the frequency dependence of the source’s emission,
so we averaged the dynamic spectrum in frequency to yield a time series. The real component
of the LL time series is shown in Figure 3. The RR time series shows no compelling evidence
of variability, indicating that the flares consist of strongly left-circular-polarized emission. The
imaginary parts are consistent with noise, suggesting there are no major calibration artifacts.

Radio Period estimation
Visual inspection of Figure 3 suggests a characteristic timescale in the radio emission of

2MASS J1047+21, however the highly variable pulse profiles complicate the numerical anal-
ysis. Not enough is known about the radio pulses of brown dwarfs and the origin of their
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variability to provide a statistical characterization of their behavior or to construct a predictive
model. We cannot discern any patterns in pulse width, height, asymmetry, or spectral structure.
This is similar to the radio emissions from pulsars, where radio pulses that are individually
highly variable follow persistent underlying patterns — but individual pulsar observations typ-
ically cover thousands if not millions of pulses (54), compared to the ∼18 presented here.

Radio Periodogram Analysis
Similar to our analysis of the IR data, we used a Lomb-Scargle periodogram to determine

the peak power period from our VLA timeseries. This yields a period of 1.7580 hours, but
as before, uncertainties cannot be derived directly from the Lomb-Scargle periodogram itself.
We repeated the boot-strapping and Monte Carlo analysis described above for the full 3-night
VLA time-series. Results are presented in Figure S5. This yielded periods and uncertainties of
1.7580±0.0013 hr from bootstrapping and 1.7580±0.0012 hr from the MC method respectively.

Radio TOA-based analysis
We also performed a periodicity analysis based on pulse times-of-arrival. In this approach,

we assumed the radio emission of 2MASS J1047+21 consists of discrete radio bursts that are
perfectly periodic. For each pulse, a TOA can be measured, but the varying pulse profiles and
amplitudes induce a random jitter on each TOA measurement that may exceed the scatter that
would be achieved if each pulse had a uniform, high-S/N profile.

We begin with a manually-chosen pulse ephemeris with a period of 1.76 hr, derived from
visual inspection of the data. Using this ephemeris, we calculate refined TOAs using the fol-
lowing method. For each pulse, we isolate a window centered on the pulse whose width is 60%
of the period. We divide each window into two subsets: the “inner” part, centered on the pulse
and having half the total width of the window, and the non-contiguous “outer” part, comprised
of the remaining wings. The weighted average flux density in the outer part defines a baseline
value that is subtracted from the data. The refined TOA is then defined as the time centroid of
the baseline-subtracted flux measurements. The second-moment time centroid defines a repre-
sentative pulse width:

Wn =

√∑
i(ti − TOAn)2Siwi∑

i Siwi

, (S2)

where Si is the i’th baseline-subtracted flux density measurement in the n’th window, wi = σ−2i

is its weight, and ti is its timestamp. These TOAs are shown in Figure 3.
To determine a period, we fitted a weighted linear model to the TOAs, after discarding

events with negligible flux, namely pulse numbers 19, 28, and 32. The remaining pulses were
weighted according to their total flux above the local baseline. This method yields a period
of 1.758 hr, identical to the period determined from a Lomb-Scargle periodgram of our radio
data. This best-fitting ephemeris is shown in Figure 3. The nominal uncertainty on the period
computed from the weighted linear fit is 0.0012 hr, which is consistent with the uncertainties
determined from periodogram analysis of our radio data.

6



We investigated several methods for quantifying the uncertainty on this measurement. Gen-
erally speaking, “formal” methods based on simple models of the data substantially under-
estimate the uncertainty. For instance, different phasings varying by 0.0012 hr are equally
acceptable to the human eye.

For continuous observations of a periodic signal, the uncertainty on the period measurement
is inversely proportional to the time baseline of the observation (44). Therefore we choose to
quantify the uncertainty by computing bracketing periods from the first and last TOAs and their
characteristic pulse widths:

P± =
(TOA33 ±W33)− (TOA1 ∓W1)

33− 1
, (S3)

This procedure yields a period range of 1.751−1.765 hr. Visually, this range seems appropriate
in that phasings of the data within this period range appear plausible (Figure 4) while those
outside of this range are inferior.

In summary, our TOA approach yields a period measurement that can be characterized as
having a value of 1.751− 1.765 hr. This is consistent with the previously reported radio period
of 1.73−1.81 hr (25). We repeated our analysis with variations in choices such as the TOA win-
dow width, weighting scheme, and number of iterations in the TOA determination process; the
results are all consistent with the range reported here. Our reported uncertainty is not Gaussian,
nor is it derived in any formally rigorous manner.

Supplementary Text
Long-term Spitzer Light Curve Stability

The Spitzer light curve of 2MASS J1047+21 appears stable over the two observed epochs,
over a year apart. In both epochs, the observed light curves are well fitted by a single si-
nusoidal model with consistent amplitudes of 0.5%. The sinusoidal nature of the variability
suggests either a planetary-scale modulated band (12) or perhaps two features separated by
∼180 degrees of longitude, one of which causes peaks and the other troughs (55). Though
many brown dwarfs exhibit rapid light curve evolution (12), the stability seen in the light curve
of 2MASS J1047+21 is similar to that observed in 2MASS J22282889−431026, another T6.5
brown dwarf with observations spanning multiple years (2, 56, 57). Likewise, the late T dwarfs
2MASS J00501194−3322402 (spectral type T7) and Ross 458C (spectral type T8) exhibit vari-
ability that is well fitted by single sinusoidal models (2, 58). Thus, sinusoidal variability driven
by long-lived atmospheric inhomogeneities may well be typical among late-T dwarfs.
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Table S1. Summary of observations
Target Date Time Aperture Radius

(UT) (UT) (pixels)
WISE J1122+25 2017 April 6 01:22:11 to 09:08:13 2.6
2MASS J1047+21 2017 April 7 18:29:56 to 01:24:08 2.4
2MASS J1047+21 2018 April 15 03:38:09 to 17:27:01 2.7

Table S2. Best fit parameters of our MCMC model fitting for 2MASS J1047+21
Date 2017 April 7 2018 April 15 Both epochs
Amplitude (%) 0.512± 0.047 0.522± 0.037 0.496+0.027

−0.028
Period (hr) 1.767+0.027

−0.025 1.742± 0.008 1.743+0.007
−0.008

Phase (radians) 0.28± 0.12 4.56± 0.14 −1.66± 0.13
Mean Flux 1.001 1.000 1.000
Offset (radians) · · · · · · 1.77+0.13

−0.14

Table S3. Summary of period determinations
Spitzer 4.5 µm photometry Period (hr)
MCMC of Epoch 2 1.742± 0.008
MCMC of Epochs 1 & 2 1.743+0.007

−0.008
Periodogram of Epoch 2 with bootstrap uncertainty 1.740± 0.007
Periodogram of Epoch 2 with MC uncertainty 1.740± 0.007
Adopted Infrared Period 1.741± 0.007

VLA 4-8 GHz LL polarization flux Period (hr)
Periodogram with bootstrap uncertainty 1.7580± 0.0013
Periodogram with MC uncertainty 1.7580± 0.0012
Weighted Linear Fit to TOAs 1.7580± 0.0012
Bracketing TOAs 1.751− 1.765
Adopted Radio Period 1.751− 1.765
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Fig. S1. IRAC images of WISE J1122+25 (A) and 2MASS J1047+21 (B). Targets are
circled in blue. The reference stars used for periodogram analysis are circled in red.
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Fig. S2. Spitzer intrapixel sensitivity variations and correction. Raw Spitzer/IRAC pho-
tometry obtained from aperture photometry is correlated with x and y sub-pixel positions. We
correct for this by fitting a cubic function of the source position. A-B show the correlation
between the raw flux and pixel position. C-D show the corrected flux plotted against pixel posi-
tion. Kendall’s τ coefficient is a measure of the significance of correlation between two values
– in all cases Kendall’s τ coefficient decreases after pixel phase correction.
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Fig. S3. Identification of Spitzer variability. Binned Spitzer 4.5 µm light curves of WISE
J1122+25 (A) and epoch 1 data of 2MASS J1047+21 (B). C-D Periodograms of WISE J1122+25
and 2MASS J1047+21 are shown in black and reference stars in the field of view are shown in
grey. The 95% and 99% significance thresholds are shown by the dashed green and blue lines,
respectively. WISE J1122+25 does not show photometric variability above the noise. 2MASS
J1047+21 shows significant variability and was thus chosen for additional follow up.
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Fig. S4. MCMC analysis of our 2017 April 7 Spitzer 4.5 µm photometry. Same as Figure
1, but for the first epoch Spitzer observations of 2MASS J1047+21.
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Fig. S5. Posterior distribution of the parameters of the sinusoidal model fit to both epochs
of data for 2MASS J1047+21 simultaneously. Same as Figure 1C but for a joint analysis
of both epochs together. We add an additional parameter to account for the possible evolution
of the atmospheric feature and/or differential rotation in the year between epochs. This model
favours a rotation period of 1.743+0.007

−0.008 hr.
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Fig. S6. Lomb-Scargle periodogram and uncertainties for all three nights of VLA data.
Same as Figure 2, but for the VLA radio data. The highest power period is 1.758 hours. The
two narrow side peaks (A) are aliases resulting from the timing of our observations over three
separate nights.
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