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Abstract

From a series of 5 GHz Very Long Baseline Array (VLBA) radio observations taken over a 1 yr span, we present the
detection of compact, highly polarized radio emission from the T6 brown dwarf WISE J112254.72+255022.2,
compatible with electron cyclotron maser emission. Both the total and polarized lightcurves show variability in
correspondence with a rotation period of 1.95± 0.03 hr. Comparison with models indicates that the quasi-steady radio
emission of this brown dwarf is produced in circumpolar auroral rings, with remarkable similarity to the main-oval
auroras in Jupiter. We have detected a large 100% polarized Gare in one of the VLBA epochs (2022.82), which may
imply the existence of active longitudes in the auroral rings with a nonaxisymmetric beaming cone radiation pattern,
similar to the dusk/dawn asymmetries seen in the Jovian radio emissions. We also present a high-precision astrometric
analysis of the sky motion of WISE J112254.72+255022.2, resulting in revised values of proper motion and parallax
with an improvement in precision of 1 order of magnitude. The common kinematics of WISE J112254.72+255022.2
with its wide companion, the M dwarf LHS 302, is con5rmed with submilliarcsecond precision, suggesting that this
brown dwarf may have formed by gravitational fragmentation of the outer part of a protostellar disk around LHS 302.
The astrometric analysis imposes very tight bounds on the presence of low-mass companions around
WISE J112254.72+255022.2, ruling out objects more massive than Saturn. Our results strengthen the analogy
between radio-emitting brown dwarfs and the magnetized planets of our solar system.

Uni�ed Astronomy Thesaurus concepts: Radio astrometry (1337); Aurorae (2192); Very long baseline
interferometry (1769); Radio continuum emission (1340); Brown dwarfs (185)

1. Introduction

Ultracool dwarfs (UCDs) are de5ned as cosmic bodies with
spectral type later than M7V, encompassing very-low-mass stars,
brown dwarfs, and planetary objects (J. D. Kirkpatrick et al.
1997). The M7V spectral type indicates the beginning of
processes related to the decreasing effective temperature
(<2700 K), in particular the appearance of dust clouds, which
signi5cantly inGuence the atmospheric chemistry and its
evolution (e.g., C. Helling et al. 2008). UCDs with the latest
spectral types can be considered as scaled-up exoplanet analogs,
excellent targets to better understand a wide range of phenomena
related to formation mechanisms, low gravity, dusty atmo-
spheres, or planetary magnetism (J. A. Caballero 2018).

UCDs are fully convective objects, with no shearing layer
between convective and radiative regions, able to generate a
magnetic 5eld from the dynamo processes known to occur in
stars with earlier spectral types. The discovery of radio
emission from a M9V dwarf (E. Berger et al. 2001) constituted
a relative surprise, as the radio detection violated the empirical
Güdel–Benz relationship between X-rays and radio luminos-
ities, in turn suggesting that magnetic activity and, correspond-
ingly, radio emission were not precluded in UCDs. Subsequent
radio surveys showed that ∼10% of the observed UCDs are

radio emitters (P. K. G. Williams & E. Berger 2015; M. Route

& A. Wolszczan 2016a; M. M. Kao & E. L. Shkolnik 2024).

This radio emission is consistent with the presence of a

quiescent component, attributed to unpolarized gyrosynchro-

tron emission, and another pulsed, highly polarized emission

produced by the electron cyclotron maser (ECM) instability

(D. B. Melrose & G. A. Dulk 1982; henceforth cited as

MD82). Highlighting the analogy of some UCDs with (exo)

planets, the ECM mechanism is known to operate in the

magnetized planets of the solar system (e.g., L. Lamy et al.

2011; M. S. Marques et al. 2017), and it is postulated to be

present in exoplanets (P. Zarka 2007; J. D. Nichols 2011).
Radio emission of UCDs is frequently associated with short

rotation periods (J. S. Pineda et al. 2017). However, not all

rapid rotator UCDs are detectable radio emitters (M. McLean

et al. 2012), emphasizing the importance of other factors at

play, such as the plasma conditions and the strength and

topology of the magnetic 5eld. In principle, the association

between low multipole order 5elds and radio emission is

supported by both the dipolar magnetic 5elds seen in the

planets of the solar system and the success in modeling the

emission of radio luminous UCDs assuming a dipolar

con5guration (i.e., S. Turnpenney et al. 2017). However,

global nonaxisymmetric magnetic topologies have been

inferred (C. Lynch et al. 2015), suggesting that more complex

magnetic con5gurations might also be present in radio-

emitting UCDs.
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The enhanced sensitivity of interferometers operating pri-
marily at GHz frequencies (J-VLA, ATCA), and the advent of
Square Kilometre Array precursors (LOFAR, ASKAP), opti-
mized at MHz to GHz frequencies, have boosted the detection
of UCDs, showing evidence of radio emission in objects with
increasingly cooler spectral types including, among others, a
T2.5-type candidate to planetary mass object (M. M. Kao et al.
2018), a T5.5+ T7.0 binary (H. K. Vedantham et al. 2023), and
a T8 dwarf (K. Rose et al. 2023).

In addition to the abovementioned radio interferometers, the
high brightness temperature of the radio emission measured in
a number of UCDs (see references below) enables the use of
the very long baseline interferometry (VLBI) technique. The
high spatial resolution that VLBI provides is a suitable tool to
constrain both the magnetic and kinematic properties of the
UCDs; actually, VLBI observations have contributed to
remarkable results, namely, the establishment of direct limits
on the radio emission brightness temperature (TVLM 513
−46546; J. Forbrich & E. Berger 2009), the measurement of
precise dynamical mass in a binary system (2MASS J0746
+2000AB; Q. Zhang et al. 2020), the discovery of the 5rst
planetary companion from radio astrometry (TVLM 513
−46546; S. Curiel et al. 2020), and the discovery of the 5rst
extrasolar radiation belts (LSR J1835+3259; J. B. Climent
et al. 2023; M. M. Kao et al. 2023).

In this context, the application of VLBI astrometry to the
coolest UCDs results in special interest. T dwarfs are excellent
targets for astrometric searches of exoplanets, since their low
mass facilitate the presence of lower-mass planets (Saturn to
Earth mass) orbiting them; additionally, the submilliarcsecond
precision inherent to VLBI astrometry allows us to detect
companions throughout a wide range of planetary masses,
covering objects formed through different mechanisms, i.e.,
from giant planets (mass ratio q∼ 0.1), probably formed as
binary systems via fragmentation of cloud cores (P. Padoan &

Å. Nordlund 2004), to Saturn-mass planets (q∼ 0.01),
probably formed as bona 5de planets via a protoplanetary
disk (P. M. Harvey et al. 2012).

Given the considerations above, and to increase the statistics
of UCDs with compact radio emission, we initiated a VLBI
program to observe nearby, fast-rotating ultracool dwarfs,
covering spectral types from M7 to T6. In this paper, we focus
on WISE J112254.72+255022.2 (J. D. Kirkpatrick et al. 2011;
hereafter WISE J1122), a T6-type brown dwarf located at
15.9 pc (W. M. J. Best et al. 2020). The radio emission of
WISE J1122 was discovered at GHz frequencies with the
Arecibo telescope (M. Route & A. Wolszczan 2016b;
henceforth cited as RW16), with follow-up detection with

the Very Large Array (VLA; P. K. G. Williams et al. 2017;
henceforth cited as WGB17). Periodic radio bursts from
WISE J1122 have been observed with both instruments,
although reporting different rotation periods: 17.3 minutes,
from pulsar timing techniques using Arecibo, and 116 minutes,
from the lightcurve measured with the VLA. In any case, the
extreme rotation rate of WISE J1122 along with its late
spectral type convert this object into a prime target to
investigate magnetic phenomena in the realm of brown dwarfs.
We report on the detection of milliarcsecond-scale

highly polarized radio emission from WISE J1122 with varia-
bility in correspondence with its rotation period. This radio
emission is compatible with ECM emission produced in
circumpolar auroral rings, with remarkable similarity to the
main oval auroras in Jupiter. We also present a high-precision
astrometric analysis of the sky motion of WISE J1122, resulting
in revised values of proper motion and parallax. Bounds on the
presence of lower-mass companions are discussed.

2. Observations and Data Reduction

We carried out a series of Very Long Baseline Array (VLBA)

observations at the C band (5 GHz) during 2022 and 2023
(project code BG278; see Table 1 for details). We used a
standard continuum setup for the 6 cm band, with eight subbands
of width 128 MHz recorded in dual circular polarization at 2 bits
per sample for a total data rate of 4 Gbps per antenna. We used
the phase-reference technique, interleaving scans of WISE J1122
and the extragalactic source J112553.7+261019 (angular
separation of 0°.75), the latter with coordinates included in the
third realization of the International Celestial Reference Frame
(P. Charlot et al. 2020). The duty cycle lasted 6 minutes, with
4minutes on the target, and approximately 1 minute on the phase
calibrator, providing a total integration time on WISE J1122 of
∼220minutes per epoch.
The data were calibrated using the NRAO Astronomical

Image Processing System (G. van Moorsel et al. 1996)

following routines included in the VLBARUN pipeline: (i) we
performed amplitude calibration using system temperatures
and antenna gains provided by each station; (ii) we corrected
the ionospheric dispersion using GPS-based Global Iono-
spheric Maps; (iii) we updated the Earth orientation parameters
at the time of the observations; (iv) we corrected for the
parallactic angle; (v) we performed a fringe search on the
calibrator integrated over each scan to remove residual
contributions to the phases; and (vi) we interpolated these
solutions from the calibrator onto the target data.
The calibrated visibilities were subsequently imaged and

deconvolved with the Common Astronomy Software

Table 1
Journal of Observations

Antennas Project/Segment Observing Date UT Range Synthesized Beam

(mas,�)

VLBA BG278 A 08 Apr. 2022 (2022.27) 03:30–07:30 4.1 × 1.8, –0.9

VLBAa BG278 B 06 Jul. 2022 (2022.51) 21:30–01:30 3.8 × 1.6, –2.6

VLBAa BG278 C 25 Oct. 2022 (2022.82) 14:30–18:30 3.8 × 1.5, –3.3

VLBAa BG278 D 09 Jan. 2023 (2023.02) 09:30–13:30 3.6 × 1.5, –3.0

VLBAb BG278 E 15 Apr. 2023 (2023.29) 03:00–07:00 4.2 × 2.2, –7.9

Notes.
a
VLBA-KP did not participate.

b
VLBA-MK did not participate.
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Applications (CASA) package (J. P. McMullin et al. 2007).

We employed naturally weighted, wide-5eld images to search

for compact radio emission of the brown dwarf WISE J1122

by examining the area around its anticipated coordinates. The

latter were obtained from the (radio) position given in

WGB17, propagated to each observing epoch using the proper

motion and parallax values provided by J. D. Kirkpatrick et al.

(2011). In all 5ve VLBA epochs, a single unresolved point

source is detected well within the uncertainties of the expected

positions of WISE J1122 (initially ∼0.3 precise, but substan-

tially improved after subsequent VLBA detections); consider-

ing the large proper motion of this source (exceeding 1” yr−1),

the association of our VLBA detections with radio emission

from WISE J1122 is corroborated. Finally, we used the

tclean algorithm to obtain phase-referenced, channel-

averaged, total Gux images of WISE J1122 (see Figure 1).

We again performed the procedure above to obtain images at
both right and left circular polarization (RCP and LCP,
respectively; see Figure 2). Image parameters are shown in
Table 2. We emphasize that, during this phase-reference
mapping process, the positional information of WISE J1122
with respect to the external quasar is conserved, thus relating
the position of WISE J1122 to the ICRF (see Section 4.4).

3. Results

Figure 1 reveals detections in Stokes I of an unresolved
source in all observing epochs. The Gux density averaged
∼80 μJy, except for segment C, which shows a signi5cant
increase in Gux reaching 137± 18 μJy. These are the 5rst
VLBI images of WISE J1122, which con5rm the presence of
compact and persistent radio emission in such a cool T6 object.
Circularly polarized maps (Figure 2) show that RCP emission

Figure 1. Reconstructed total Gux (Stokes I) images centered on WISE J1122 coordinates corresponding to each of the VLBA observing epochs. The contours
represent detection levels at 3σ, 4σ, 5σ, 6σ, etc. The gray ellipses in the lower-left corners represent the FWHM beam sizes (image properties are summarized in
Table 2).

Figure 2. Reconstructed RCP (upper row) and LCP (bottom row, showing nondetections) images centered on the coordinates of WISE J1122 corresponding to each
of the VLBA observing epochs. The contours represent detection levels at 3σ, 4σ, 5σ, 6σ, etc. The gray ellipses in the lower-left corners represent the FWHM beam
sizes (image properties are summarized in Table 2).
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dominates in all BG278 segments, with Gux densities ranging
from 100 to 220 μJy, again with segment C showing the
maximum values. In contrast, LCP emission is only marginally
detected in segments A, C, and D with Gux densities slightly
above the detection threshold (3σ∼ 50 μJy beam−1

). This
points toward highly polarized radio emission.

Indeed, previous observations already reported circularly
polarized pulsed radio emission from WISE J1122. WGB17
detected 4–8 GHz time-variable radio emission from
WISE J1122, showing primarily RCP bursts (∼500 μJy)

alongside a weaker LCP emission (∼100 μJy). These authors
report a periodicity of ∼116 minutes. On the other hand, in the
course of a 5 GHz search from Garing emission in L and T
dwarfs conducted with the Arecibo telescope, M. Route &
A. Wolszczan (2016b) detected several 15%–100% LCP
bursts from WISE J1122 with Gux densities ∼1.5–3 mJy, and
an estimated period of ∼17.3 minutes, a value near the
rotational breakup limit, assuming WISE J1122 to be a
highly oblate object older than 1 GHz (RW16). In turn, we
examined the presence of radio bursts and time variability in
our VLBA Gux density data.

3.1. Time Variability

We used the CASA routine uvmodelfit to obtain time
series of spectrally averaged Stokes I and RCP Gux values of
WISE J1122 at all epochs. We selected the time resolution
given by each scan length (∼180 s), as a balance between the
signal-to-noise ratio (SNR) and sensible monitoring. Given the
low SNR of the LCP data, uvmodelfit did not produce
usable Stokes V and LCP time series. Instead, for the sake of a
better representation of the polarization properties of
WISE J1122, we recovered both time series using the well-
known relationships in the quasi-monochromatic approach

( )= +I RCP LCP

1

2

and ( )=V RCP LCP

1

2

.

Given the previous lightcurves reported in RW16 and
WGB17, the radio emission of WISE J1122 is expected to be
rotationally modulated; therefore, we searched for periodicities
in our Gux density data to appropriately combine the 5ve
observing epochs folded to the most favorable rotation rate.
We used a Lomb–Scargle approach (N. R. Lomb 1976;
J. D. Scargle 1982) to 5nd the period(s) inherent to the time
evolution of the radio Gux density. We present in Figure 3 the
resulting periodogram for the RCP data set, that with the
highest SNR, where we found two dominant peaks with a
false-alarm probability (FAP) ∼1%: the 5rst one corresponds
to 1.95± 0.03 hr and the second one at 0.98± 0.04 hr (i.e.,

117 and 59 minutes, respectively); the uncertainties were
derived from the FWHM of the peaks and the average SNR of
the data points (J. T. VanderPlas 2018). Our longer period of
1.95 hr is in excellent agreement with the WGB17 estimate
from VLA observations, and we interpret it as the putative
rotation period of WISE J1122, while the shorter period of
0.98 hr is associated with intraperiod Gux variations, as
discussed in Section 3.2. Our data do not favor the extremely
short period of 17.3 minutes reported by RW16; these authors
also proposed an alternative rotation rate of 0.863 hr, which is
close, but not coincident (3σ difference), to the second peak of
our periodogram (0.98± 0.04 hr).

3.2. Total and Polarized Lightcurves

We present our VLBA lightcurves in Figure 4, where the
data of all observing epochs are phase wrapped to a rotation
period of 1.95 hr. Binned median values are also shown in
Figure 4; we understand that this averaging may smooth out
rapid Gares and/or underestimate the Gux values at certain

Table 2
WISE J1122 Image Parameters

Stokes I RCP LCP

Project Speak
a σb Speak

a σb Speak
a σb

(μJy beam−1
) (μJy beam−1

) (μJy beam−1
) (μJy beam−1

) (μJy beam−1
) (μJy beam−1

)

BG278A 79 ± 15 12 114 ± 18 12 66 15

BG278B 99 ± 12 14 157 ± 18 14 <57c 19

BG278C 152 ± 18 14 241 ± 25 14 62 16

BG278D 98 ± 14 14 134 ± 17 14 60 16

BG278E 93 ± 20 14 148 ± 20 14 <57c 19

Notes.
a
Peak of brightness.

b
rms noise.

c
3σ upper bound.

Figure 3. Generalized Lomb–Scargle periodogram of the spectrally averaged
time series of RCP data sampled with a time resolution of ∼180 s. Time series
of the 5ve observing epochs have been combined in the periodogram. FAP of
1% and 5% are plotted for reference. We interpret the largest peak (1.95 hr) as
the most probable rotation period of WISE J1122 (in coincidence with
WGB17’s estimate) while the second peak (0.98 hr) would show the presence
of intraperiod variability. The periodogram of the window function is also
shown.
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rotation phases, but it highlights longer-term trends, providing
a valuable view of the quasi-steady emission of WISE J1122
averaged over one year, the time span of our observations.

The averaged RCP lightcurve shows a sinusoidal trend that
peaks in rotation phases ∼0.3 and 0.7. Since this is the
predominant polarization handedness in the radio emission of
WISE J1122, both peaks are also visible in Stokes I and V;
actually, Stokes V is positive (i.e., preference for RCP) during
90% of the rotation period. The shorter period of 0.98 hr in our
periodogram would reGect the time separation of these two
maxima within the same rotation. In contrast, the reconstructed
lightcurve in LCP shows almost negligible Gux values for most
of the period, showing a weak increase in coincidence with the
depths of RCP around rotation phases 0.1 and 0.9. The
presence of these sinusoidal patterns in the averaged Gux
densities suggests that whatever the acting radiation

mechanism, it must be capable of producing polarized radio
emission in most of the rotation phases, with stable intensity
on average, on timescales of one year. This statement is
supported by the similarity of the RCP/LCP VLBA light-
curves with those obtained with the VLA in 2016 (Figure 1 in
WGB17) which also present a RCP double-peaked pro5le;
being the similarity of both lightcurves a remarkable
coincidence, we notice that both the uncertainties associated
with the rotation period and the long time baseline between our
data and WGB17’s do not allow us to phase-align both
pro5les.
Having said the above, we note that the VLBI lightcurves

present excursions from the average values as a consequence
of the variable nature of the radio emission; the most
remarkable feature is the 100% RCP burst with Gux density
>1 mJy seen in phase 0.3 in segment C (see Figure 5, where,

Figure 4. Periodicity of the Gux density of WISE J1122. Stokes I/V and RCP/LCP lightcurves of all epochs phase wrapped to a rotation period of 1.95 hr. Stokes V
and LCP lightcurves are obtained from the combination of Stokes I and RCP observed data. For each panel, the upper plots show the lightcurve of each of the 5ve
observing epochs according to the color scale; the lower plots show the averaged binned values (black) along with the individual curves (gray). An intraperiod
sinusoidal trend is present in the data (reGected in the secondary peak of the periodogram in Figure 3); this sinusoid is most evident in the RCP lightcurve, peaking in
rotation phases ∼0.3 and ∼0.7 with 6σ and 3σ over the rms noise, respectively.
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for clarity, the lightcurve for this particular epoch is plotted
separately). We discuss this particular feature in Section 4.3.

4. Discussion

4.1. The Radio Emission of WISE J1122

The average Gux densities stated in the previous section
imply a mean radio luminosity of ∼1013.7 erg s−1Hz−1 at
15.9 pc. Taking the Gux density measured in the large burst in
segment C, the radio luminosity rises to ∼1014.5 erg s−1Hz−1,
a value that is similar to those reported in RW16 and WGB17,
and comparable to other radio-emitting T dwarfs (K. Rose
et al. 2023; H. K. Vedantham et al. 2023).

If the emitting region is unresolved, the resolution of an
interferometer and the measured Gux density provide a lower
limit of the brightness temperature of the radio emission
(A. Lobanov 2015). For the case of WISE J1122, based solely
on these interferometric arguments, our data impose that
TB> 2.5× 108K. Further assuming that the size of the
emitting region corresponds to the typical size of a T8 object
(∼1 RJ; I. Baraffe et al. 2002), the lower bound of the
brightness temperature becomes TB> 8× 1010K, comparable
to the more stringent bound of TB> 4× 1011K determined by
RW16 based on the intense Gares detected with Arecibo.

The smoothly varying behavior of the lightcurves in Figure 4
may lead to considering gyrosynchrotron emission as a
possible radiation mechanism. However, gyrosynchrotron
emission, canonically associated with a quiescent, unpolarized
component of the UCD radio emission, is unlikely to account
for both the high TB above and the persistent circular
polarization of WISE J1122. Rather, the explanation of these
properties requires a coherent mechanism that powers the radio
emission. The two processes typically considered are plasma
emission and ECM (MD82).

Plasma radiation originates from plasma waves excited by
high-energy electron density (Langmuir) waves (S. A. Kaplan &
V. N. Tsytovich 1969); plasma emission is radiated at the
harmonics of the plasma frequency νp, de5ned as νp=
9000 n1/2Hz, with n the plasma density in cm−3. The brightness
temperature is above 1013K for a wide range of plasma
conditions; emission at the 5rst harmonic could be 100%

circularly polarized (e.g., A. V. Stepanov et al. 2001). ECM
emission is produced from a population of high-energy electrons
with a loss-cone anisotropy (i.e., de5ciency of electrons with
small pitch angle); the maser emission is activated at the
5rst harmonics of the gyrofrequency νg= 2.8× 106 BMHz
(with B the magnetic 5eld in Gauss) provided that νg≫ νp
(MD82). The maser growth rate strongly depends on the angle

of the wavevector k̂ with the magnetic 5eld, therefore producing
highly beamed radiation that is emitted following a hollow cone
pattern attached to the local magnetic 5eld line. ECM radiation
is strongly circularly polarized, reaching extremely large
brightness temperatures of TB∼ 1018K (MD82). The handed-
ness of the polarization depends on the magneto-ionic mode
ampli5ed by the ECM mechanism (either ordinary, o-mode, or
extraordinary, x-mode, in turn depending on the direction of the
local magnetic 5eld). Our data do not allow us to distinguish
which magneto-ionic mode is favored (different plasma
conditions suppress one mode or the other). However, regardless
of the mode being excited, radiation originating in opposite
magnetic hemispheres will have opposite handedness.
Therefore, both coherent mechanisms justify our high TB

limits and high circular polarization properties. However, the
rotational modulation seen in our averaged lightcurves
(Figure 4) is naturally explained by the beamed ECM emission
instead, whose direction is determined by the magnetic 5eld
lines. Effectively, the modulation is produced by the changing
relative geometry between the line of sight and the magnetic
5eld line(s) as the brown dwarf rotates. Such a directionality is
dif5cult to justify with the nonbeamed plasma emission. Thus,
although the presence of plasma radiation cannot be ruled out,
our data favor the ECM mechanism as the main source of
compact radio emission in WISE J1122. Assuming that ECM
is radiated at the 5rst harmonic of νg, and taking our largest
observing frequency band (5.1 GHz), we obtain a lower bound
for the magnetic 5eld of B> 1.8 kG (similar to the values
reported in RW16 and WGB17). Likewise, using the condition
for ECM νg≫ νp, we 5nd that the electron density in the
region where the maser is generated should accomplish that
n≪ 3× 1011 cm−3; this condition is likely to be met in
WISE J1122, considering the plasma densities estimated for
late-type M dwarfs (∼105−7 cm−3; J. B. Climent et al. 2022) or
even those of massive hot magnetic stars (∼109 cm−3; P. Leto
et al. 2020).

4.2. The Auroral Ring Model

Several authors (J. D. Nichols et al. 2012; S. Turnpenney
et al. 2017) hypothesize that the quasi-steady ECM emission in
UCDs, like that we detect in WISE J1122, follows a
mechanism similar to that responsible for Jupiter decameter
(DAM) non-Io emission (S. W. H. Cowley & E. J. Bunce
2001). Details of this model can be found in the references
above; we outline them brieGy here: the model assumes the
existence of an equatorial plasma disk that corotates with the
magnetosphere around the central object. The origin of the
plasma is attributed to a companion object, with a role similar
to that of Io in the Jovian system. The plasma expands radially
outward by centrifugal forces as its angular velocity decreases
to conserve angular momentum. The shear in rotational Gow
resulting from the departure of the plasma from rigid
corotation induces radially directed currents in the plasma
sheet (associated with E=−v× B, with v the relative velocity
between the plasma and the magnetosphere, and B the local

Figure 5. Detail of the RCP lightcurve corresponding to segment C (epoch
2022.82). Different colors correspond to different, but consecutive periods
(chronologically, purple–red–dark gray). The averaged lightcurve is shown in
light gray.

6

The Astrophysical Journal, 987:7 (14pp), 2025 July 1 Guirado et al.



magnetic 5eld). The presence of a gradient of the plasma
angular velocity produces an azimuthal component of the
magnetic 5eld near the magnetic equator, which effectively
manifests in a bending of the magnetic 5eld lines. The currents
associated with this azimuthal magnetic 5eld consist of
upward-directed currents from the equator following the
magnetic 5eld lines toward higher magnetospheric latitudes,
returning from the magnetosphere to the plasma sheet to close
the circuit. The high-energy electrons in these upward 5eld-
aligned currents feed auroral phenomena. A similar circuit is
induced in the southern magnetic hemisphere. This approach
justi5es Jupiter's non-Io DAM auroras and is thought to be at
work in UCDs.

Based on the physics described above, we followed the
geometric model proposed in S. Bloot et al. (2024) to reproduce
the total and polarized lightcurves of WISE J1122. According to
the references above, the auroral emission originates in
circumpolar rings (which may remind the main oval in Jupiter)
around the magnetic poles, where the electrons supplied by the
5eld-aligned currents bounce back to the equatorial plasma disk.
The rings are loci of constant magnetic intensity that intersect
the magnetic 5eld lines at a certain magnetic colatitude. Every
point belonging to the rings is assumed to be an emitter of ECM
radiation along a conical shell whose axis is tangent to the local
magnetic 5eld line; all ECM emitters are considered equivalent
in intensity and radiation pattern (i.e., same hollow cone). In a
dipolar magnetic 5eld, the radiation coming from the northern
or southern auroral ovals will have different circular polariza-
tion, as B would point in opposite directions with respect to the

wavevector k̂ of the emission (B pointing outward/inward for
the northern/southern magnetic hemisphere), hence producing a
different handedness. The model assumes that x-mode emission
dominates, meaning that, according to the International
Astronomical Union (IAU) convention, the radiation from the
northern/southern hemisphere is positive/negative Stokes V,
i.e., RCP/LCP. The choice of the o-mode would have produced
equivalent results, just with opposite handedness.

The parameters involved in this geometrically oriented
model are the inclination of the rotation axis (i), the obliquity
of the magnetic 5eld axis (β), the colatitude of the auroral oval
(θB), the half-opening angle of the ECM emission cone (α),
and the thickness of the conical shell (Δα). For each point on
the auroral rings, ECM radio emission is observed when the
angle between the line of sight and the hollow cone axis is in
the range α±Δα (that is, the radio emission of the hollow
cone reaches the observer). Observed radio emission from the
northern/southern ring is counted as RCP/LCP, respectively.

Taking both the Stokes I and RCP averaged lightcurves as
input, we used the magnetic-geometry-retrieval
code8 (R. D. Kavanagh et al. 2024) to estimate the most
probable values of the geometric parameters de5ned above
(details are provided in the Appendix). The results of our
analysis are shown in Table 3 and illustrated in Figure 6. The
spin axis is slightly inclined toward the observer (i= 86°.8),
with a magnetic axis obliquity of β= 2°.6, so that radiation
from the northern magnetic hemisphere has a better chance to
reach the observer, as expected by the predominance of RCP.
Likewise, the weaker LCP Gux densities seen in Figure 4 are a
consequence of the less favorable orientation of the LCP
radiation patterns originating at the southern auroral ring. Both

RCP and LCP alternate during the rotation period, due to the
changing orientation of the magnetic axis as the brown dwarf
rotates.
With respect to the beaming parameters, we 5nd a half-

opening angle of α= 86°.0 and a cone thickness ofΔα= 8°.4. In
comparison, the pattern of the Jupiter ECM radio emission is
observed to have a similar half-opening angle (α∼ 70°–90°)
with a thinner conical sheet (Δα∼ 1°; B. Cecconi et al. 2012).
On the other hand, R. D. Kavanagh et al. (2024) report α∼ 70°
and Δα∼ 4° for the emission pattern of a T8 dwarf. Although
our estimates are in reasonable agreement with the values
above, the validity of these comparisons might be limited by the
complex scenario in the maser region, with different electron
velocities and/or different directions of the magnetic 5eld.
We used the values reported in Table 3 to model the

observed lightcurves (see Figure 7), whose main features at
different polarizations are well reproduced. The peaks of the
double lobe seen in RCP (and consequently seen in Stokes I
and V ) effectively correspond to the rotation phases (∼0.3 and
∼0.7) which maximize the range of brown dwarf magnetic
longitudes whose ECM emission reaches the observer. The
different slopes of the RCP and Stokes V lightcurves at the
extremes of the rotation phase are due to the contribution of
LCP Gux density. For the same reason, the Stokes I curve is
Gatter than the RCP curve. The overall agreement of the
proposed auroral ring model and our data is remarkable.

4.3. A Closer Look at the Flare of 2022.82

The RCP lightcurve corresponding to segment C (epoch
2022.83) of our VLBA series shows a 100% polarized burst
with Gux density > 1 mJy that peaks in rotation phase 0.3. The
duty cycle of the Gare is ∼30% (larger than that of most
UCDs; M. M. Kao et al. 2016), and it was observed during two
consecutive rotations at the same phase with decreasing
intensity (from ∼1100 to 700 μJy after one turn; see Figure 5).
The Gare seen in WISE J1122 resembles similar phenomena

seen in the Jupiter non-Io DAM emission, which also vary in
timescales of hours. Indeed, non-Io auroras in Jupiter show a
modulation in intensity that is attributed to the expansion or
compression of the magnetosphere induced by the solar wind
(S. W. H. Cowley & E. J. Bunce 2003). In addition, periodic
bursts have been observed at determined rotation phases
(M. Panchenko & H. O. Rucker 2011), suggesting the
existence of active Jovian magnetic longitudes, likely
corresponding to areas of the plasma sheet in subcorotation
with the magnetosphere, with a more ef5cient generation of
ECM emission. The Gare seen in WISE J1122 seems to 5t this
latter periodic type of event, considering that the Gare occurs at

Table 3
Inferred Geometric Parameters of the Auroral Ring Model for WISE J1122

Parameter Prior Posterior

Spin axis inclination (i) ( )U 0, 90 86°.8 ± 0°.6

Magnetic axis obliquity (β) ( )U 0, 60 2°.6 ± 0°.5

Magnetic colatitude of the auroral ring (θB) ( )U 0, 40 2°.7 ± 0°.6

Hollow cone half-opening angle (α) ( )U 30, 90 86°.0 ± 0°.7

Hollow cone thickness (Δα) ( )U 0, 10 8°.4 ± 1°.4

Note. For each parameter, the table shows both the prior and posterior

distributions resulting from the Bayesian inference. U denotes uniform

distribution. See the Appendix.

8
https://github.com/robkavanagh/magnetic-geometry-retrieval/

7

The Astrophysical Journal, 987:7 (14pp), 2025 July 1 Guirado et al.

https://github.com/robkavanagh/magnetic-geometry-retrieval/


Figure 6. Representation of the auroral ring model for WISE J1122. The auroral rings are shown in both hemispheres; different colors indicate different handedness
of the circular polarization (bluish/orange for RCP/LCP at the northern/southern magnetic hemisphere). Each point in the ring is an ECM emitter, although, for
clarity, only a few hollow cone patterns are plotted. The values of magnetic axis obliquity, magnetic colatitude, and the geometry of the hollow cone correspond to
the best-5t model of Table 3. Notice that the spin axis is inclined toward the observer. The 5gure is intended for illustration purposes only, and it is not to scale.
Image credit: Metazoa Studio/Hugo Salais (brown dwarf surface). Used with permission.

Figure 7. Normalized quasi-steady emission of WISE J1122. The data points corresponding to the Gare in segment C have been removed. For each panel, the
lightcurve corresponding to the best 5t resulting from our analysis is plotted in blue (see Table 3). The shaded area shows 1σ variance of the model.
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a particular rotation phase, which points toward a preferred
range of longitudes producing enhanced ECM emission. A
potential drawback of this interpretation is that we would
expect to observe the Gare twice per rotation (corresponding to
the dawn and dusk of the ECM hollow cone emission pattern
attached to the active longitudes), while only one event is
observed in our lightcurve. Again, taking the non-Io emission
as a guide, we 5nd that some periodic non-Io bursts in Jupiter
behave similarly, with only one peak appearing per rotation
(M. Panchenko et al. 2013), being the second one absent or
strongly weakened. This dawn/dusk side asymmetry of the
burst suggests the presence of anisotropies in the hollow cone
pattern of the enhanced ECM emission. Such anisotropies
could be expected given the nonlinear dependence of the
maser growth on a large number of parameters (plasma
density, frequency, velocity distribution, etc); therefore, small
changes of some of the parameters above may produce a
substantial variation in the maser intensity and/or directivity.

Following this line of reasoning, we used the geometric
model shown in the previous section to simulate the effect of
an anisotropic pattern able to explain the pulse(s) pro5le in
Figure 5 (i.e., absence of a second pulse in the same rotation).
For simplicity, we simulated an increase in the intensity of the
ECM emission in a range of magnetic longitudes; these active
longitudes emit enhanced emission only in a particular
direction (chosen to be visible by the observer), in practice
generating an anisotropic hollow cone pattern (see Figure 8 for
details). The dusk/dawn asymmetry introduced by this basic
anisotropy suf5ces to suppress (or weaken) one of the two
pulses, reproducing the RCP lightcurve seen in 2022.82 (see
Figure 9). Other, more elaborate anisotropies, whose applica-
tion to WISE J1122 is beyond the scope of this paper, have
been considered in the case of Io-related ECM emission.
P. H. M. Galopeau & M. Y. Boudjada (2011) proposed that Io-
related ECM bursty emission could be radiated in a Gattened
hollow cone, i.e., a hollow cone with elliptical section whose
minor axis is aligned with the local magnetic 5eld. Similarly, a
tangent plane beaming model has been proposed for the
terrestrial Auroral Kilometric Radiation (R. L. Mutel et al.
2008) and the magnetic chemically peculiar star CU Vir
(C. Trigilio et al. 2011). These patterns restrict the burst
emission to a particular active rotation phase, resulting in a
single peak per rotation in the lightcurve.

We notice that the burst seen in WISE J1122 reaches Gux
density values (∼mJy) similar to those reported by RW16,
although some differences appear when comparing both
events. First, the handedness of the Gares reported in RW16
is LCP, opposite to that in segment C; second, the duration of
the RW16 Gares is 30–120 s, very impulsive Gares in
comparison with the gradual behavior of the VLBA Gare,
with a duration ∼700 s; and third, the detection rate in our
VLBA campaign is substantially lower, while RW16 reported
5 Gares in 29 observing hours, we only detected two pulses
(considering two consecutive rotations in segment C) in 20
observing hours (although we may have missed other events,
given our 6 minutes long observing duty cycle). WGB17 did
not report any mJy bursts, indicating that the occurrence of
these bursts is very occasional. The differences stated above
suggest that the VLBA RCP event reported in this paper and
the Arecibo LCP Gares in RW16 may respond to the action of
different mechanisms releasing magnetic energy into the

Figure 8. Polar projection of the northern aurora in WISE J1122. The grid
represents the brown dwarf longitude and latitude (spin axis at latitude 90°).
The track of the magnetic axis (blue dot) around the spin axis is plotted in a
dark-blue dashed line; the light-blue ring corresponds to the oblique projection
of the northern auroral ring. The active magnetic longitudes are marked in red
color on the auroral ring; the enhanced ECM emission originating at these
active longitudes (reddish color on the hollow cone) is visible by the observer,
generating the large Gare seen in segment C of our VLBA series (epoch
2022.82). The con5guration corresponds to a rotation phase of ∼0.3; as the
brown dwarf rotates, the enhanced emission is not pointing to the observer
anymore, which in turn suppresses a second Gare within the same rotation.
Inset: section of the hollow cone showing the hot spot postulated to reproduce
the lightcurve seen in epoch 2022.82.

Figure 9. Following the construction shown in Figure 8, we qualitatively
reproduce the lightcurve of segment C (blue continuous line). The model
consists of a quasi-steady, nonGaring, auroral component (according to our
best-5t parameters shown in Table 3) plus a Garing radiation originating in a
certain range of active longitudes (10° in size) of the northern auroral ring.
The largest Gare at ∼16:00 UT is replicated assuming these active longitudes
radiate following an anisotropic hollow cone pattern. The anisotropy consists
of an enhancement (× 50 with respect to the average emission) of a portion of
the conical sheet (10° in size; see Figure 8). The decrease of the Gare intensity
in the third period (∼18:00 UT) is reproduced by reducing the range of active
longitudes to 5°. Multiple solutions are possible using a different range of
active longitudes, burst intensities, or burst sizes. This plot shows that a simple
anisotropy may generate only one Gare per rotation.
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atmosphere of WISE J1122. However, a larger number of
Gares in this source would be needed to clarify their nature.

4.4. Astrometric Analysis

As we explained in Section 2, the phase-reference mapping
process conserved the positional information of WISE J1122
with respect to the external quasar J112553.7+261019.
Therefore, the brightness peak of the phase-referenced maps
of WISE J1122 provides precise absolute coordinates referred
to the ICRF. To optimize the astrometric precision, we used
the RCP phase-referenced maps, the data set with the highest
SNR (the use of the Stokes I maps provides compatible, but
less precise positions). We performed an error analysis to
determine the uncertainties of the radio coordinates due to
errors inherent in the propagation media, the reference source
structure, and the geometry of the interferometric array. We
also considered the uncertainty associated with the location of
the ECM emission originating in the auroral rings, in turn
located at a determined height above the object surface. This
height is determined by the gyrofrequency of the electrons; for
M dwarfs (S. Bloot et al. 2024), heights for the fundamental
frequency or its second harmonic may reach 1.2 stellar radii
above the object surface. Assuming a similar scaling for
WISE J1122 (height of 1.2 RJ), this translates to an uncertainty
of 0.07 mas at the distance of the brown dwarf. All combined,
these systematic contributions were 5 times larger than the
limiting thermal noise uncertainty associated with the peak of
brightness of the VLBI maps (see, e.g., R. Azulay et al. 2015).
We determine a 5nal astrometric error budget of ∼0.15 mas in
each coordinate. The resulting positions of WISE J1122 and
their corresponding standard deviations are shown in Table 4.

The VLBA coordinates of WISE J1122 were used to derive
the proper motion, parallax via a weighted least-squares 5t.
We augmented our data set, including the VLA position given
in WGB17, despite its relatively large uncertainty, to better

constrain the large proper motion of this object. The derived
astrometric parameters are shown in Table 5, and the residual
post5t positions after removing the proper motion and parallax
effects are shown in Figure 10. Our estimates agree within
uncertainties with those provided by W. M. J. Best et al.
(2020), providing an improvement in precision of 1 order of
magnitude.

4.4.1. The Wide Companion LHS 302

WISE J1122 and the M5 dwarf LHS 302 exhibit similar
proper motion and parallax values; they constitute a wide pair
with a projected separation of ∼4500 au (265″; J. D. Kirkpatrick

Table 4
WISE J1122 J2000.0 Coordinates

Instrument Program (epoch) R.A. (h m s) Decl. (° ”)

VLAa 16A-463 (2016.36) 11 22 54.260 ± 0.015 25 50 20.0 ± 0.2

VLBA BG278 A (2022.27) 11 22 53.819532 ± 0.000007 25 50 18.09600 ± 0.00013

VLBA BG278 B (2022.51) 11 22 53.799128 ± 0.000007 25 50 17.99740 ± 0.00013

VLBA BG278 C (2022.82) 11 22 53.783155 ± 0.000007 25 50 17.85634 ± 0.00013

VLBA BG278 D (2023.02) 11 22 53.768489 ± 0.000007 25 50 17.81338 ± 0.00015

VLBA BG278 E (2023.29) 11 22 53.742875 ± 0.000007 25 50 17.76898 ± 0.00015

Note.
a
P. K. G. Williams et al. (2017).

Table 5
Astrometric Parameters of WISE J1122 and Its Wide Companion LHS 302

WISE J1122a LHS 302b

μα (mas yr−1) −1015.62 ± 0.14 −1010.9189 ± 0.0734

μδ (mas yr−1) −322.08 ± 0.20 −323.1270 ± 0.0684

Parallax (mas) 61.68 ± 0.10 61.6520 ± 0.0644

Notes.
a
This paper.

b
Gaia DR3 archive.

Figure 10. Astrometric residuals WISE J1122 in R.A. and decl. after
subtracting proper motion and parallax effects, shown as sky motion (upper
panel) and time dependence (lower panel).
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et al. 2011). The proper motion and parallax of both objects
have been subsequently improved (W. M. J. Best et al. 2020),
validating their similar kinematics. Our astrometric analysis of
WISE J1122, along with the Gaia Data Release (DR3)

astrometric parameters available for LHS 302, enables a further,
submilliarcsecond-precise comparison of the kinematics of both
objects. The values shown in Table 5 con5rm a common
distance (within uncertainties) and a very similar proper motion,
with differences smaller than 0.5%. This coincidence supports
the hypothesis that WISE J1122 and LHS 302 belong to the
same moving group (loose associations of coeval, comoving
stars; B. Zuckerman & I. Song 2004). In addition, the similar
kinematics of this comoving pair of M dwarf and brown dwarf
may provide clues to the formation mechanism. S. P. Goodwin
& A. Whitworth (2007) propose that brown dwarfs may form as
distant companions to M dwarfs by disk fragmentation;
however, at large separations (>100 au), both objects are not
strongly bounded and the brown dwarf may be easily disrupted
by close encounters with passing stars, 5nally producing a
comoving wide, low-mass binary system, just as LHS 302 and
WISE J1122. The remarkable kinematical coincidence of both
objects seems to support this hypothesis. We notice that, in this
gentle disruption scenario (following S. P. Goodwin &
A. Whitworth 2007), WISE J1122 may retain a circumstellar
disk; therefore, the presence of companions to the brown dwarf
is not excluded. We discuss this in turn.

4.4.2. Bounds to the Presence of Companions to WISE J1122

Proper motion and parallax suf5ce to a great extent to
account for the trajectory of WISE J1122 on the sky.
However, the rms of the post5t residuals in Figure 10 is
0.3 mas, comparable but larger than the uncertainties of
the coordinates (∼2σ), thus indicating possible sub-
milliarcsecond departures from the linear motion, which
might be the consequence of a gravitational reGex motion.
While an orbital 5tting requires a larger data set, the
dispersion of our astrometric residuals imposes immediate
bounds to the presence of low-mass companions around
WISE J1122 through Kepler’s Third Law expressed as =

*
a

( ( ))/ /
+
*

m P m mc c
2 2 3, with a* the amplitude of the reGex

motion of WISE J1122, π the parallax, P the period of the
orbit (yr), and m* and mc the masses of WISE J1122 and the
companion (M⊙), respectively.

Assuming face-on, circular orbits, companions with mass mc

and orbital period P producing a reGex motion with amplitude
a* larger than the scatter of our astrometric residuals (0.3 mas)
would be excluded; this population corresponds to the shaded
area of Figure 11. Our data seem to discard companions with
large values of the mass ratio q (q> 0.1; unless periods of a
few days are considered). As an example, giant planets similar
to those of the solar system are excluded, but the presence of
hot Jupiters and Earth-like planets is largely allowed according
to Figure 11 (in particular, a rocky planet that might constitute
a potential source of plasma in the scenario discussed in
Section 4.2). Saturn-like planets, similar to those discovered
around TVLM 513−46546 (S. Curiel et al. 2020), would
straddle the border of the exclusion area. As WISE J1122
shows as an excellent astrometric target, future observing
campaigns will surely re5ne the constraints provided in this
paper.

5. Conclusions

A series of 5 GHz VLBA phase-referenced observations of
the T6 brown dwarf WISE J1122 shows that this very cool
object is a persistent radio emitter, detected at all observing
epochs, with radio emission originating in a very compact
region, bright enough to be detected with VLBI. Our main
5ndings can be summarized as follows:

1. The milliarcsecond-scale maps of WISE J1122 consist of
a single unresolved component with circularly polarized
radio emission. This radio emission is predominantly
RCP, although traces of compact LCP emission are
detected in some epochs.

2. We examined the time series of the RCP data set
for variability and found a preferred periodicity of
1.95± 0.03 hr, which we assume corresponds to the rotation
period of WISE J1122. The main feature of the combined,
averaged lightcurves, phase wrapped to the rotation period,
is a double-peak feature in RCP; the handedness of the
polarization seems to alternate throughout the rotation
period, with a weak increase of the LCP Gux density in
coincidence with the depths in the RCP lightcurve. We
interpret these lightcurves as the quasi-steady auroral radio
emission of WISE J1122.

3. The combined total and polarized lightcurves of
WISE J1122 can be reproduced with a geometric model
that assumes that the ECM emission is produced in
circumpolar auroral rings, similar to the main oval
auroras in Jupiter. The model 5ts the lightcurves
remarkably well, providing estimates of the spin axis
inclination, the tilt of the magnetic axis, and the

Figure 11. Companions excluded by our astrometric analysis. The shaded area
shows the space of companion masses and periods producing a reGex motion
larger than the rms of the astrometric residuals (∼0.3 mas). Red dots indicate a
selection of known binary brown dwarfs; blue dots indicate a selection of
brown dwarfs with known exoplanets; solar system planets are shown for
reference. Our astrometric 5t discards WISE J1122 to be a binary brown
dwarf, but it is largely compatible with the presence of an exoplanet with
Earth-to-Saturn mass.
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geometry of the ECM radiation pattern. If present, other
radiation mechanisms apart from ECM have a resi-
dual role.

4. A large 100% RCP Gare is detected in our VLBA epoch
2022.82. The Gare is seen only once per rotation, which,
according to the geometric parameters derived by us,
may imply the existence of anisotropies in the ECM
radiation pattern.

5. Our VLBA phase-referencing analysis provides submil-
liarcsecond-precise revised values of proper motion and
parallax of WISE J1122. We have con5rmed the
common kinematics of WISE J1122 and the M dwarf
LHS 302. According to theories of brown dwarf forma-
tion, this comoving pair of objects may have formed
together, being the brown dwarf gently disrupted by
gravitational interaction with passing stars.

6. The astrometric residuals in R.A. and decl. impose a limit
of 0.3 mas for the reGex motion of WISE J1122 due to a
possible, unseen low-mass companion. Unless very short
periods are considered, this limit effectively excludes
companions larger than Saturn around WISE J1122.

The results obtained for WISE J1122 emphasize the similar-
ity between the magnetic phenomena occurring in substellar
objects and those occurring in the planets of our solar system,
Jupiter in particular. Indeed, very recently, radiation belts have
been detected around the ultracool dwarf LSR J1835+3259
(J. B. Climent et al. 2023; M. M. Kao et al. 2023), a scaled-up
version of the Jovian belts. In this paper, we demonstrate the
presence of persistent main oval auroras in WISE J1122, which
may respond to a very similar mechanism to those known in
Jupiter. Both results support the analogy between radio-emitting
brown dwarfs and the Jupiter system. Such an analogy would be
complete with a con5rmed detection of magnetic star-planet
interaction similar to the Jovian Io auroras.
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Appendix
Estimate of the Geometric Parameters of the Auroral Ring

Model

In Section 4.2, we used the magnetic-geometry-
retrieval code9 (R. D. Kavanagh et al. 2024) to derive
the most probable parameters corresponding to the orientation
of WISE J1122 and the geometry of the ECM hollow cone
pattern. This code uses Ultranest,10 a Monte Carlo–based
algorithm which ef5ciently samples a wide range of the
parameter space and provides posterior distributions for each
model parameter via Bayesian inference. The code assumes a
dipolar magnetic 5eld corotating with the brown dwarf, where
the radio emission originates in a number of active 5eld lines.
This feature was not used in the case of WISE J1122, as we
consider the auroral rings to be uniform radio emitters, in the
line described in S. Bloot et al. (2024). We also simpli5ed
the code to work with a single frequency band. The averaged
Stokes I and RCP data were jointly used as input. We uni-
formly sampled the following range of the parametric space:
0°� i� 90°; 0°� β� 60°; 30°�α� 90°; 0�Δα� 10°; and
0� θB� 40°. The prior in Δα was imposed to 5nd solutions
with relatively small cone thickness (given the values reported
for Jupiter and other T dwarfs; see Section 4.2). With the
constraints above, we found convergence in 75 steps. The
best-5t parameter estimates are shown in Table 3, which
provides a reduced χ2 of 1.31. The corresponding posterior
distributions are shown in Figure 12. As a result of the prior
imposed for Δα, we notice that the posterior distribution of
some of the 5tted parameters is asymmetric. This may reGect
the limited sensitivity of our averaged data to small cone
thicknesses. Despite this limitation, the comparison between
observed and modeled lightcurves is satisfactory (see Figure 7).

9
https://github.com/robkavanagh/magnetic-geometry-retrieval/

10
https://johannesbuchner.github.io/UltraNest/
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