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Fig. 13.— The demographics of exoplanets from direct imaging (dark blue), radial velocity (light blue), transit (orange), and microlensing
(green) surveys. Planets detected with radial velocities are minimum masses. It remains unclear whether imaged planets and brown dwarfs
represent distinct populations or whether they form a continuous distribution down to the fragmentation limit. Directly imaged substellar
companions are compiled from the literature, while planets found with other methods are from exoplanets.eu as of April 2016.

ical color-spectral type relationship based on synthetic
colors of ultracool dwarfs from the SpeX Prism Library
(Burgasser 2014) as well as the spectral type-effective
temperature sequence from Golimowski et al. (2004a)5.
The mean sensitivity maps for all 384 targets and sep-

arate bins containing BA stars (110 targets), FGK stars
(155 targets), and M dwarfs (118 targets) are shown in
Figure 11. In general, surveys of high-mass stars probe
higher planet masses than deep imaging aroundM dwarfs
owing to differences in the host stars’ intrinsic luminosi-
ties. The most sensitive region for all stars is between
∼30–300 AU, with less coverage at extremely wide sep-
arations because of limited fields of view and at small
separations in contrast-limited regimes.
The occurrence rate of giant planets for all targets and

for each stellar mass bin are listed in Table 3, which as-
sumes logarithmically-uniform distributions in mass and
separation (see Section 6.5 of Bowler et al. 2015b for de-
tails). The mode and 68.3% minimum credible inter-
val (also known as the highest posterior density inter-
val) of the planet frequency probability distribution are
reported. Two massive stars in the sample host plan-

5 Synthesized colors of ultracool dwarfs using the Keck/NIRC2
CH4S and HMKO filter profiles yields the following rela-
tion: CH4S–HMKO =

!4
i=0ciSpT

i, where c0=0.03913178,
c1=0.008678245, c2=–0.001542768, c3=0.0001033761, c4=–
2.902588×10−6, and SpT is the numerical near-infrared spectral
type (M0=1.0, L0=10.0, T0=20.0). This relation is valid from
M3–T8 and the rms of the fit is 0.025 mag. Golimowski et al.
(2004a) provide an empirical Teff (SpT) relationship, but the
inverse SpT(Teff ) is necessary for this filter conversion at a given
mass and age. Refitting the same data from Golimowski et al.
yields the following: SpT =

!4
i=0ciTeff

i, where c0=36.56779,
c1=–0.004666549, c2=–9.872890×10−6, c3=4.108142×10−09,
c4=– 4.854263×10−13 . This is valid for 700 K < Teff < 3900 K,
the rms is 1.89 mag, and SpT is the same numerical near-infrared
spectral type as above.

ets that were either discovered or successfully recovered
in these surveys: β Pic, with a planet at 9 AU, and
HR 8799, with planets spanning 15–70 AU. HR 8799
is treated as a single detection. The most precise oc-
currence rate measurement is between 5–13 MJup and
30–300 AU. Over these ranges, the frequency of plan-
ets orbiting BA, FGK, and M stars is 2.8+3.7

−2.3%, <4.1%,
and <3.9%, respectively (Figure 12). Here upper limits
are 95% confidence intervals. Although there are hints
of a higher giant planet occurrence rate around mas-
sive stars analogous to the well-established correlation at
small separations (Johnson et al. 2007; Lovis & Mayor
2007; Johnson et al. 2010; Bowler et al. 2010b), this
trend is not yet statistically significant at wide orbital
distances and requires larger sample sizes in each stel-
lar mass bin to unambiguously test this correlation.
Marginalizing over stellar host mass, the overall giant
planet occurrence rate for the full sample of 384 stars
is 0.6+0.7

−0.5%, which happens to be comparable to the fre-
quency of hot Jupiters around FGK stars in the field
(1.2 ± 0.4%; Wright et al. 2012) and in the Kepler sam-
ple (0.5 ± 0.1%; Howard et al. 2012). However, com-
pared to the high occurrence rate of giant planets (0.3–
10 MJup) with orbital periods out to 2000 days (∼10%;
Cumming et al. 2008), massive gas giants are clearly
quite rare at wide orbital distances.

5. BROWN DWARFS, GIANT PLANETS, AND THE
COMPANION MASS FUNCTION

Direct imaging has shown that planetary-mass com-
panions exist at unexpectedly wide separations but the
provenance of these objects remains elusive. There is
substantial evidence that the tail-end of the star forma-
tion process can produce objects extending from low-
mass stars at the hydrogen burning limit (≈75 MJup)
to brown dwarfs at the opacity limit for fragmenta-

from Bowler (2016)

# of confirmed exoplanets: ~4000

褐色矮星
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Fig. 13.— The demographics of exoplanets from direct imaging (dark blue), radial velocity (light blue), transit (orange), and microlensing
(green) surveys. Planets detected with radial velocities are minimum masses. It remains unclear whether imaged planets and brown dwarfs
represent distinct populations or whether they form a continuous distribution down to the fragmentation limit. Directly imaged substellar
companions are compiled from the literature, while planets found with other methods are from exoplanets.eu as of April 2016.
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(Burgasser 2014) as well as the spectral type-effective
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The mean sensitivity maps for all 384 targets and sep-

arate bins containing BA stars (110 targets), FGK stars
(155 targets), and M dwarfs (118 targets) are shown in
Figure 11. In general, surveys of high-mass stars probe
higher planet masses than deep imaging aroundM dwarfs
owing to differences in the host stars’ intrinsic luminosi-
ties. The most sensitive region for all stars is between
∼30–300 AU, with less coverage at extremely wide sep-
arations because of limited fields of view and at small
separations in contrast-limited regimes.
The occurrence rate of giant planets for all targets and

for each stellar mass bin are listed in Table 3, which as-
sumes logarithmically-uniform distributions in mass and
separation (see Section 6.5 of Bowler et al. 2015b for de-
tails). The mode and 68.3% minimum credible inter-
val (also known as the highest posterior density inter-
val) of the planet frequency probability distribution are
reported. Two massive stars in the sample host plan-
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CH4S and HMKO filter profiles yields the following rela-
tion: CH4S–HMKO =
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i, where c0=0.03913178,
c1=0.008678245, c2=–0.001542768, c3=0.0001033761, c4=–
2.902588×10−6, and SpT is the numerical near-infrared spectral
type (M0=1.0, L0=10.0, T0=20.0). This relation is valid from
M3–T8 and the rms of the fit is 0.025 mag. Golimowski et al.
(2004a) provide an empirical Teff (SpT) relationship, but the
inverse SpT(Teff ) is necessary for this filter conversion at a given
mass and age. Refitting the same data from Golimowski et al.
yields the following: SpT =
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c4=– 4.854263×10−13 . This is valid for 700 K < Teff < 3900 K,
the rms is 1.89 mag, and SpT is the same numerical near-infrared
spectral type as above.

ets that were either discovered or successfully recovered
in these surveys: β Pic, with a planet at 9 AU, and
HR 8799, with planets spanning 15–70 AU. HR 8799
is treated as a single detection. The most precise oc-
currence rate measurement is between 5–13 MJup and
30–300 AU. Over these ranges, the frequency of plan-
ets orbiting BA, FGK, and M stars is 2.8+3.7

−2.3%, <4.1%,
and <3.9%, respectively (Figure 12). Here upper limits
are 95% confidence intervals. Although there are hints
of a higher giant planet occurrence rate around mas-
sive stars analogous to the well-established correlation at
small separations (Johnson et al. 2007; Lovis & Mayor
2007; Johnson et al. 2010; Bowler et al. 2010b), this
trend is not yet statistically significant at wide orbital
distances and requires larger sample sizes in each stel-
lar mass bin to unambiguously test this correlation.
Marginalizing over stellar host mass, the overall giant
planet occurrence rate for the full sample of 384 stars
is 0.6+0.7

−0.5%, which happens to be comparable to the fre-
quency of hot Jupiters around FGK stars in the field
(1.2 ± 0.4%; Wright et al. 2012) and in the Kepler sam-
ple (0.5 ± 0.1%; Howard et al. 2012). However, com-
pared to the high occurrence rate of giant planets (0.3–
10 MJup) with orbital periods out to 2000 days (∼10%;
Cumming et al. 2008), massive gas giants are clearly
quite rare at wide orbital distances.

5. BROWN DWARFS, GIANT PLANETS, AND THE
COMPANION MASS FUNCTION

Direct imaging has shown that planetary-mass com-
panions exist at unexpectedly wide separations but the
provenance of these objects remains elusive. There is
substantial evidence that the tail-end of the star forma-
tion process can produce objects extending from low-
mass stars at the hydrogen burning limit (≈75 MJup)
to brown dwarfs at the opacity limit for fragmenta-
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from Bowler (2016)

# of confirmed exoplanets: ~4000

The Astrophysical Journal, 774:95 (17pp), 2013 September 10 Deming et al.

Figure 14. Transmission spectrum of HD 209458b derived from HST spec-
troscopy. Our WFC3 results are the solid points. The open squares are our
re-analysis of the STIS bands defined by Knutson et al. (2007b), and the dia-
mond is the narrow sodium band absorption from Charbonneau et al. (2002).
The red line is the transmittance spectrum from an isothermal Burrows model,
having an extra opacity of gray character and magnitude 0.012 cm2 g−1. The
red diamond integrates the red model over the sodium bandpass. The blue line
is a Dobbs-Dixon model for HD 209458b, with no gray opacity, but with λ−4

(Rayleigh) opacity, normalized to magnitude 0.001 cm2 g−1 at 0.8 µm. Be-
cause the blue model has no gray opacity, we scale-down the modulation in this
spectrum by a factor of three for this comparison (see text).
(A color version of this figure is available in the online journal.)

the sodium case; Charbonneau et al. (2002, p. 383) remarked
that if the sodium weakness is attributed solely to clouds, then
it “would require . . . cloud tops above 0.4 mbar.” Fortney et al.
(2003) concluded that silicate and iron clouds could reside at
pressures of several millibars in the atmosphere of HD 209458b.
As concerns alternate explanations, note that Figure 13 implies
a semi-forbidden region, where no contours pass into the lower
right of the plot. The cloud-top pressure levels depicted on
the right of Figure 13 imply a clear atmosphere, and even our
lowest modeled mixing ratio (−5.2 in the log) is not sufficient
to weaken the band to account for our observations if the
atmosphere is clear. The total column density along the line
of sight at high pressures in the tangent geometry is so large
that even unrealistically small mixing ratios are insufficient to
weaken the band to the observed degree, in the absence of other
water-destruction mechanisms such as photolysis (unlikely in
the deep atmosphere). We conclude that we are not observing a
clear atmosphere.

Figure 14 shows our full HD 209458b transit depth spectrum
(R2

p/R2
s ), combining both our WFC3 and re-analyzed STIS re-

sults. The combination of these data span wavelengths from
0.2 to 1.6 µm with a consistent observed lower envelope and
overall level in R2

p/R2
s . We first add the caveat that systematic

differences might still remain between the overall level of the
STIS and WFC3 transit depths, in spite of the seeming con-
sistency. Nevertheless, Figure 14 represents the best composite
optical/near-IR transmission spectrum of HD 209458b to date,
so we proceed to ask what it reveals about the exoplanetary
atmosphere.

Now, we compare this combined spectrum to two models.
First, we used a grid of spectra by Adam Burrows, based on a

1200 K isothermal temperature structure, as used above. The
grid utilizes the methodologies described by Burrows et al.
(2001) and Burrows et al. (2010) and Howe & Burrows (2012),
but it incorporates different amounts of extra gray opacity.
We interpolate in this grid to find that an extra opacity of
0.012 cm2 g−1 matches the 1.4 µm water absorption at the
bandhead, and provides suitably low absorption at 1.15 µm.
The lowering of the 1.15 µm absorption occurs because that
intrinsically weaker band requires a longer path length to
produce significant absorption, and long path lengths are masked
by the extra opacity. A Burrows isothermal model having no
extra opacity (not illustrated) shows a much more prominent
peak at 1.15 µm.

The profile of the 1.4 µm band is not matched optimally
by the isothermal models, not as well as on Figure 10 for
example. The real absorption line of sight passes through
different temperatures on day and night hemispheres of the
planet. Figure 10 accounts (crudely) for different temperatures
along the line of sight, not included in the isothermal model
for Figure 14. Including that line-of-sight temperature variation
may be essential to matching the band profile.

The Burrows model on Figure 14 is sufficiently high-
resolution in wavelength to permit meaningful comparison with
the sodium absorption measured by Charbonneau et al. (2002)
and Snellen et al. (2009). We plot the “narrow” band absorption
from Charbonneau et al. (2002) on Figure 14 (triangle point
with error bar). The Snellen et al. (2009) results (not plotted)
are consistent with Charbonneau et al. (2002), considering the
different bandpasses. Integrating the Burrows model having
0.012 cm2 g−1 extra opacity over the band used by Charbonneau
et al. (2002; red diamond point) produces agreement within the
error bar.

One aspect of the observations that are not reproduced by
the simple isothermal Burrows model with gray opacity is the
tendency toward increasing radius in the blue and UV, at
the left edge of Figure 14. An increase of transit radius at
short wavelength may be related to the absorber that causes
a temperature inversion in this planet (Burrows et al. 2007). It
may also be produced by Rayleigh scattering from a population
of small particles, which we do not include in the Burrows
calculations for Figure 14 (but Rayleigh scattering by molecules
is included). In this regard, we overplot a model from Ian Dobbs-
Dixon (blue line on Figure 14), based on the methods described
in Dobbs-Dixon et al. (2012). This model uses a full radiative
hydrodynamic treatment of the temperature structure, which
may explain why it produces a better (but not perfect) account
of the 1.4 µm band profile. It has no extra gray opacity, but it
incorporates extra opacity of 0.004 cm2 g−1 at 0.8 µm, with a
λ−4 dependence. Because that Rayleigh opacity is concentrated
at short wavelengths, we must scale the modulation in the
modeled spectrum downward by a factor of three to match the
observed 1.4 µm band. That scaling is unphysical, but it allows
us to judge the relative importance of gray versus Rayleigh
opacity that will be needed to match the observations. After
scaling, the blue line produces relatively good agreement with
the 1.4 µm data, but overestimates the 1.15 µm feature as well
as slightly overestimating the increase in absorption in the blue
and UV.

Finally, we point out one notable discrepancy in the model
comparisons. The STIS point near 0.95 µm cannot be repro-
duced by models while still being consistent with our 1.4 µm
band measurement. Barman (2007) argued for water vapor in
HD 209458b based in part on the STIS data near 0.95 µm, but
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Figure 10. Similar to Figure 8, but here we show a Richardson et al. (2003) model based on the gray P–T profile computed in Section 4.4 (solid black line) compared
to the observed results—large red points with error bars (spectroscopy) and black circles (photometry). The band integrated contrasts predicted for a gray atmosphere
are represented by blue stars (spectroscopy) and green stars (photometry). As in Figure 8, the effective temperature of the planet, Teff , is shown in the upper left, with
uncertainties based on the χ2 distribution, taking into account only the spectroscopic data. A gray atmosphere P–T profile is ruled out because it fails to account for the
6.3 µm bump and for the Charbonneau et al. (2008) 3.6 µm eclipse depth. The minimum reduced χ2 value for this fit, assuming that only Teff is free, is χ2

red = 0.77.
Again, we only used the spectroscopic points for the fit and the χ2

red calculation. As in the blackbody case, here there is only one degree of freedom, Teff .
(A color version of this figure is available in the online journal.)

The model relies on fully non-gray radiative opacities with
layer-by-layer radiative equilibrium and chemical equilibrium
using an extensive set of molecular and atomic abundances.
The model also includes a parameterized generic stratospheric
flux absorber that can cause a temperature inversion and a
parameterized dayside-to-nightside heat transfer efficiency. We
compare the Burrows model adopted by Grillmair et al. (2008)
to our measurements. We also use the Burrows-derived P–T
profile as input to the Richardson et al. (2003) radiative
transfer code and compare the result with our observations.
The Burrows model presented here is similar to the one shown
in Grillmair et al. (2008) and has a heat redistribution parameter
Pn = 0.1 implying that only 10% of the heat absorbed
on the planet’s dayside is transferred to the nightside (the
maximum is Pn = 0.5, or 50%). The absorption coefficient
of the hypothetical unknown high-altitude absorber is set to
κabs = 0.020 cm2 g−1, meaning that the planet is assumed
to have no or negligible stratosphere and relatively inefficient
heat transfer to its nightside. Later studies have also found no
evidence for inversion (Madhusudhan & Seager 2009; Swain
et al. 2009b), and the planet is typically considered to have a non-
inverted atmosphere (e.g., Knutson et al. 2010). The Burrows
model cannot be ruled out based on our analysis. We present the
P–T pressure for this model in Figure 11 and a comparison
between the emission from the Burrows atmosphere to our
observed eclipse depths in Figure 12.

4.6. Discussion of Results and Implications for the Atmosphere

Grillmair et al. (2008) describe a “bump” in their spectrum
near 6.2 µm that they attribute to the opacity minimum between
the P and R branches of the ν2 band at 6.27 µm (the fundamental
vibrational bending mode of water). These authors also notice a
very tenuous rise in emission at 5.9 µm that they are unable to
identify. These features are preserved after the inclusion of the
previously never analyzed observations in this study (Figure 13).
Even though the flux near 5.9 µm still appears higher than that

10-6 10-4 10-2 100 102

Pressure (bar)

1000

1500

2000

T
em

pe
ra

tu
re

 (
K

)

10-6 10-4 10-2 100 102 104

Optical depth τ

1000

1500

2000

T
em

pe
ra

tu
re

 (
K

)

Teff = 1700K

Figure 11. Temperature as a function of optical depth based on the Rosseland
opacity (upper panel) and pressure (lower panel) used to calculate the Burrows
model similar to the one adopted by Grillmair et al. (2008). As in Figure 9,
the dashed line indicates the effective temperature of the planet, Teff . Here the
high-altitude absorber is assumed to be relatively unimportant for the emission
spectrum, with κabs = 0.02 cm2 g−1, but it still causes a small temperature
inversion near pressure of 0.01 bar.
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Figure 6. Spectra recovered with KLIP FM for HR 8799 c, d, and e showing flux at 10pc. Overplotted are the original
GPI K-band spectra of c and d for the same dataset in dark blue (Ingraham et al. 2014), YJH spectra from Palomar/P1640
(Oppenheimer et al. 2013) (KLIP reduction) in cyan points, YJH spectra and JHK photometry using the VLT/SPHERE
instrument(Zurlo et al. 2016) in black points and squares. The P1640 points are scaled from normalized flux units to match our
data for this comparison. The bottom panel shows a comparison of our three recovered spectra.
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Figure 6. Spectra recovered with KLIP FM for HR 8799 c, d, and e showing flux at 10pc. Overplotted are the original
GPI K-band spectra of c and d for the same dataset in dark blue (Ingraham et al. 2014), YJH spectra from Palomar/P1640
(Oppenheimer et al. 2013) (KLIP reduction) in cyan points, YJH spectra and JHK photometry using the VLT/SPHERE
instrument(Zurlo et al. 2016) in black points and squares. The P1640 points are scaled from normalized flux units to match our
data for this comparison. The bottom panel shows a comparison of our three recovered spectra.
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惑星電波を検出する意義"Planetary Radio Emissions IV" (Graz, 9/1996),  H.O. Rucker et al. Eds., Austrian Acad. Sci. press, Vienna, p. 101-127, 1997
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Figure 1 : Comparative spectra of solar system radio emissions in the decameter-to-kilometer
range, normalized to a distance of 1 A.U. (except for the sky background - Kraus, 1986). Average
spectra of the auroral radio emissions of the five “Radio-planets” are displayed (adapted from
Zarka, 1992). That of Jupiter (boldface) is often as intense as solar type III radio bursts. Peak levels
are about one order of magnitude above these averages. Jovian S-bursts fluxes can reach 10-16
Wm-2Hz-1. The grey-shaded regions labeled “SED” and “UED” (standing for Saturn/Uranus
Electrostatic Discharges) show the range of intensities of these planetary lightning-associated radio
emissions.
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Figure 1 : Comparative spectra of solar system radio emissions in the decameter-to-kilometer
range, normalized to a distance of 1 A.U. (except for the sky background - Kraus, 1986). Average
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Figure 1 : Comparative spectra of solar system radio emissions in the decameter-to-kilometer
range, normalized to a distance of 1 A.U. (except for the sky background - Kraus, 1986). Average
spectra of the auroral radio emissions of the five “Radio-planets” are displayed (adapted from
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are about one order of magnitude above these averages. Jovian S-bursts fluxes can reach 10-16
Wm-2Hz-1. The grey-shaded regions labeled “SED” and “UED” (standing for Saturn/Uranus
Electrostatic Discharges) show the range of intensities of these planetary lightning-associated radio
emissions.
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10 pc から電波で見た太陽系
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2. 太陽系内惑星の電波放射と 
系外惑星への外挿



The 70-km altitude of the emission peak is com-
pelling evidence for very-high-energy particle pre-
cipitation. Both dayglow and SPICAM auroral
emissions peak ~60 km higher, where the pres-
sure is lower by a factor of ~104. The IUVS aurora
must therefore be excited by particles penetrat-
ing much deeper than the EUV photons responsi-
ble for the airglowor the <1-keV electrons typically
responsible for the SPICAM aurora.
Modeling of the auroral emission profile con-

firms that the energetic particle population detected
by SEP and SWEA can produce the observed low-
altitude emission peak. As a representative spec-
trum, we used SEP and SWEA measurements at
an altitude of 400 km from the outbound portion
of orbit 437. We use SWEA data over its entire
energy range from 3 to 5 keV. We then use a
power law interpolation between 5 keV and the
higher-energy electron spectra measured by SEP
from 30 to 200 keV. The overall distribution ap-
proximately follows a power law of index 2.2 from
~10 to 200 keV.
Weused the Boltzmann three-constituent (B3C)

model (24) to solve the Boltzmann transport
equation for energetic electrons. The B3C model
has been used to study the FUV airglow from
Earth (22, 25, 26), Titan (27), and Triton (28). For
the purposes of our study, we adapted thismodel
to the martian atmosphere. The B3C model de-
grades the energy of the electrons through disso-
ciation, ionization, excitation, and other energy-loss
processes and allows us to calculate an omni-
directional vertical electron flux (in units of
centimeters−2 second−1 electron volt−1). The elec-
tron flux is then used as input to the Atmospheric
Ultraviolet Radiance Integrated Code (AURIC),
whichwas originally developed for terrestrial use
(29) and recently adapted for use at Mars (30), to

calculate volume emission rates and columnemis-
sion rates. Inputs to theB3Cmodel include amean
martian neutral atmosphere (consisting of CO2,N2,
and O) based on the Mars Climate Database (31).
The shape of the emission profile predicted

from the full SEP and SWEA electron distribu-
tions (black line in Fig. 4) is a good match to the
observations. (Themeasured energy flux has been
scaled to match the model-predicted peak UVD
brightness to the peak brightness measured by
IUVS; future modeling work will be required to
confirm the absolute brightness.) The dashed
lines in Fig. 4 show the cumulative contributions
found by truncating the energy distributions at
increasing energies. These energy-dependent pro-
files demonstrate that electrons with energies less
than ~100 eV interact strongly with atmospheric
gases through ionization and excitation and are
stopped at relatively high altitudes. The ~140-km
inflection at this energy is close to the altitude for
the lower-energy aurora observed by SPICAM. At
high energies, the cross section for interaction
decreases, and the particles penetrate deeper.
Ultimately, the highest-energy incident electrons
create amultitude of secondary electrons at lower
energies and altitudes, which efficiently interact
with the local gases to cause further ionization
and excitation. Only a sufficiently “hard” electron
energy distribution, with substantial fluxes of elec-
trons with energies up to at least ~200 keV, can
create a single dominant peak at 70 km.

Discussion and conclusions

The discovery of diffuse low-altitude auroras on
Mars allows a more complete comparison of
auroral phenomena between Mars and Earth
(Fig. 5), dictated by their very different magnetic
field configurations. The critical distinction lies be-

tween field lines that are “closed,”meaning con-
nected to the planet on both ends, versus “open”
or “draped,” with at least one end not connected
to the planet. Discrete auroras occur at Earth in
the auroral ovals along the edges of closed field
lines, where the interaction between Earth’s mag-
netic field and the solar wind accelerates magne-
tospheric particles to sufficient energies to cause
auroras. A similar interaction probably occurs at
Mars to causediscrete auroras.Where crustal fields
are present, their complex rotating interaction
with the variable solar wind allows opportunities
for particle acceleration. Over discrete auroras,
Mars Express observed particle populations that
had been accelerated to energies up to 100 eV,
though the local accelerationmechanism remains
unclear. Thus, Earth’s auroral ovals andMars’ dis-
crete auroral patches probably originate fromanalo-
gous processes, despite their different appearances.
Diffuse auroras occur differently on the two

planets as well. Terrestrial polar rain aurora and
the Mars diffuse aurora are both powered by
electrons accelerated at the Sun and not locally
at the planet. (We note again that Earth’s diffuse
auroras, which occur deep within the magneto-
sphere, have no direct counterpart on Mars, so
we do not discuss them here.) Electrons can di-
rectly collide with Earth’s atmosphere along open
field lines poleward of the auroral ovals and can
strikeMars’ atmosphere away from strong closed
crustal magnetic fields. Mars’ field lines, which
are open or draped, allow solar energetic par-
ticles to penetrate the atmosphere during solar
storms. These particles, which are 100 to 1000
timesmore energetic than those causing discrete
auroras, reach much lower altitudes in the atmo-
sphere. Open and draped field lines often cover
much of the planet, though the locations change
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Fig. 5. Comparison of field geometry for diffuse and discrete auroras on Earth and Mars. Mars lacks an internally generated global magnetic field,
due to the cooling of its core. Fields surrounding Mars are a combination of small structures locked in the crust billions of years ago (lower right) and
solar wind field lines draped around the planet.

MAVEN GOES TO MARS 

惑星のオーロラ電波放射
(i) 地球型 (恒星風駆動型)

      νmax ∼ νcyc =
eB
me

Credits: SOHO, NASA, ESA

From Schneider et al. (2015)

Interaction with solar wind 
(Dayside/Nightside reconnection) 
=> Acceleration of electrons into 
atmosphere 
=> Cyclotron Maser Instability
=> radio emission

Credits: NASA



Cyclotron Maser Instability
①オーロラ加速→電子速度分布関数に不安定構造 

②サイクロトロン共鳴を介して、電子が自由空間波モードの電
磁波と相互作用 

③自由空間波＝電波が励起 

特徴：ほぼ100%円偏光 

条件：プラズマ周波数 << サイクロトロン周波数

(Wu and Lee 1979) 

共鳴条件：

Roux et al., (1993)

ω − k∥v∥ =
nΩe

γ

 : local electron frequencyΩe
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経験的な比例関係 (“Bode’s Law”)
from Zarka et al. (2001)

Pradio ∝ Pinput ∝ nv3R2
magneto

e.g., Farrell et al. (1999); Zarka et al. (2001); Lazio et al. (2004); Grießmeier et al., (2005, 2007)…

恒星風密度 恒星風の 
相対速度 磁気圏の半径

Pradio ∝ Pinput ∝ vB2
⊥R2

magneto
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経験的な比例関係 (“Bode’s Law”)
from Zarka et al. (2001)

Pradio ∝ Pinput ∝ nv3R2
magneto

e.g., Farrell et al. (1999); Zarka et al. (2001); Lazio et al. (2004); Grießmeier et al., (2005, 2007)…

恒星風密度 恒星風の 
相対速度 磁気圏の半径

Pradio ∝ Pinput ∝ vB2
⊥R2

magneto

惑星磁気圏に受ける恒星風が強い方が良いターゲット？
=> Hot Jupiter や 若い恒星周りの惑星



惑星磁場の

スケーリング例

•            : ダイナモ領域の平均密度
•            : ダイナモ領域の半径
•            : 熱フラックス
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face, B. We do so simply by scaling the Jovian
magnetosphere at the surface BJ ⇠ 10 G accord-
ing to the planetary mass and age, based on the
predicted scaling relation described below.

So far, several scaling relations for the planetary
magnetic field strength have been proposed (e.g.
Russell 1978; Busse 1976; Stevenson 1979; Mizu-
tani et al. 1992; Sano 1993; Starchenko & Jones
2002; Christensen & Aubert 2006; Christensen et al.
2009) which are summarized and compared with nu-
merical simulations in Christensen (2010). We em-
ploy the scaling law proposed in Christensen et al.
(2009), which has already been used in Reiners &
Christensen (2010) to explore the evolution of plan-
etary magnetic fields. This scaling law is based on
the assumption that the ohmic dissipation energy is
a fraction of the available convected energy and was
found to be in good agreement with the numerical
experiments over a wide parameter space and with
known objects from the Earth to stars:

B2
dynamo / fohm ⇢1/3dynamo (Fqo)

2/3 (11)

where Bdynamo is the mean magnetic field in the dy-
namo region, fohm is the ratio of ohmic dissipation
to the total dissipation, ⇢dynamo is the mean den-
sity in the dynamo region, F is an e�ciency factor
of order unity, and qo is the convected flux at the
outer boundary of the dynamo region (see Chris-
tensen et al. 2009, for the comprehensive descrip-
tion). Here, fohm and F are assumed to be constant
for the bodies considered in this paper. Dipole mag-
netic field strength at the planetary surface, denoted
by B, is then scaled by

B / Bdynamo

✓
rdynamo

Rp

◆3

. (12)

where rdynamo is the radius of the outer boundary
of the dynamo region.

Note that the scaling law, Equation (11), would
be reasonable only for rapidly rotating objects. In-
deed, unlike canonical hot Jupiters, RGHJs are not
tidal locked to their host stars, so we do not have
to assume slow spin rotation rates (Spiegel & Mad-
husudhan 2012). Therefore, we implicitly assume
that the RGHJs considered in this paper are rapidly
rotating so that they generate planetary magnetic
fields through the same mechanism as Jupiter.

In order to evaluate ⇢dynamo and qo, we need
models of the internal planetary structure. We con-
sider Jupiter-like gaseous planets and assume that
the planetary radius is constant at Rp = Rp,J ,
as numerical calculations show that the radii of
gaseous planets over the range of 0.1Mp,J < Mp <
10Mp,J (with core mass less than 10%) converge
to 0.8Rp,J < Rp < 1.2Rp,J within 1 Gyr (Fortney
et al. 2007). For the density profile, we assume a

polytrope gas sphere with index n = 1, which re-
sults in:

⇢[r] =

✓
⇡Mp

4R3
p

◆ sin
h
⇡ r

Rp

i

⇣
⇡ r

Rp

⌘ . (13)

We determine the radius of outer boundary of the
dynamo region, rdynamo, by assuming that the hy-
drogen becomes metallic when ⇢(r) exceeds the crit-
ical density ⇢crit = 0.7 g/cm3 (Queloz et al. 2006;
Grießmeier et al. 2007b). The density of the metallic
core, ⇢dynamo is obtained by averaging the density in
the core. In the case of Jupiter, rdynamo,J = 0.85RJ

and ⇢dynamo,J = 1.899 g/cm3.

The scaling of convected heat flux at the outer
boundary, qo, is obtained by dividing the age-
dependent net planetary luminosity, Lp, by the sur-
face area of the core region, i.e., 4⇡r2dynamo. The
time-dependent luminosity is taken from equation
(1) of Burrows et al. (2001) (see also Marley et al.
2007). Ignoring the relatively weak dependence on
average atmospheric Rosseland mean opacity leads
to:

Lp ⇠ 6.3⇥ 1023
✓

t

4.5 Gyr

◆�1.3 ✓Mp

MJ

◆2.64

(14)

Therefore, we have

qo ⇠ qo,J

✓
t

4.5 Gyr

◆�1.3 ✓Mp

MJ

◆2.64 ✓ rdynamo

rdynamo, J

◆�2

.

(15)

Substituting equation (15) into equation (12)
and given that rdynamo does not change significantly,
the magnetic field is approximately:

B ⇠ 10 G

✓
Mp

Mp,J

◆1.04 ✓ t

4.5 Gyr

◆�0.43

(16)

under this model.

2.4. Assumptions for stellar wind

Another ingredient for radio emission is the
property of the stellar wind. The number density
of particles in the stellar wind, n, can be expressed
as

n =
Ṁ?

4⇡a2mpvsw
(17)

where Ṁ? is the stellar mass loss rate, a is the
orbital distance from the star and mp is proton
mass, and vsw is the velocity of the stellar wind.
For the solar wind, Ṁ� ⇠ 2 ⇥ 10�14M�/yr and
vsw ⇠ 400 km/s (e.g., Hundhausen 1997).

The mass-loss rate of red giants is typically
Ṁ? ⇠ 10�8 � 10�7M�/yr (Reimers 1975), and
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tidal locked to their host stars, so we do not have
to assume slow spin rotation rates (Spiegel & Mad-
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that the RGHJs considered in this paper are rapidly
rotating so that they generate planetary magnetic
fields through the same mechanism as Jupiter.
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core, ⇢dynamo is obtained by averaging the density in
the core. In the case of Jupiter, rdynamo,J = 0.85RJ

and ⇢dynamo,J = 1.899 g/cm3.

The scaling of convected heat flux at the outer
boundary, qo, is obtained by dividing the age-
dependent net planetary luminosity, Lp, by the sur-
face area of the core region, i.e., 4⇡r2dynamo. The
time-dependent luminosity is taken from equation
(1) of Burrows et al. (2001) (see also Marley et al.
2007). Ignoring the relatively weak dependence on
average atmospheric Rosseland mean opacity leads
to:
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the magnetic field is approximately:
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◆�0.43
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under this model.

2.4. Assumptions for stellar wind

Another ingredient for radio emission is the
property of the stellar wind. The number density
of particles in the stellar wind, n, can be expressed
as

n =
Ṁ?

4⇡a2mpvsw
(17)

where Ṁ? is the stellar mass loss rate, a is the
orbital distance from the star and mp is proton
mass, and vsw is the velocity of the stellar wind.
For the solar wind, Ṁ� ⇠ 2 ⇥ 10�14M�/yr and
vsw ⇠ 400 km/s (e.g., Hundhausen 1997).

The mass-loss rate of red giants is typically
Ṁ? ⇠ 10�8 � 10�7M�/yr (Reimers 1975), and

some tenths of a tesla. Even for a typical 1-Gyr-old brown dwarf of
0.05 solar masses23 with an effective temperature of 1,500 K and
Æræ 5 90,000 kg m23, a surface magnetic field of the order of 0.1 T
is expected (brown ellipse in Fig. 2). Magnetic fields have not been
detected at brown dwarfs so far, but our estimate suggests that a
search might well be productive. For young (1–3 Gyr) giant extra-
solar planets of 5–10 Jupiter masses, which should have 20–200 times
Jupiter’s intrinsic luminosity at a similar radius23, the expected field
strength is 5–12 times larger than that at Jupiter’s surface (consider-
ing also the shallower depth of the dynamo). Another estimate24

based on the Elsasser number rule arrived at similar maximum
values, but only for rotation periods ,5 h, which we do not require.
The presence of such strong fields improves the prospects for detect-
ing radio emissions from these planets25. From the high-frequency
cut-off in the radio spectrum, the surface field strength can then be
determined25.
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Figure 2 | Scaling law versus magnetic fields of planets and stars.
Magnetic energy density in the dynamo versus a function of density and
bolometric flux (both in units of J m23). The scale on the right shows r.m.s.
field strength at the dynamo surface. The heat flow from Earth’s core is
uncertain12,26 but is in the range 30–100 mW m22. The effective convected
flux including compositional convection is about twice as large
(Supplementary Information); we use qo 5 100 mW m22, Æræ 5 104 kg m23

and F 5 0.35. For Jupiter27, qo 5 5.4 W m22 and Æræ 5 1,330 kg m23. For
stars we assume F 5 1. For T Tauri stars15 (in blue) and old M dwarfs (in red
where data for total field is known16, and in pink where the large-scale field
was observed2), qo is obtained from the effective surface temperatures15,16,28.
Stars of 0.6–1.1 solar masses19 are shown in green for rotation periods
P . 10 d, yellow for 4 d , P , 10 d and orange for P , 4 d. Where relevant
stellar data are not quoted, we use model-based relationships between
spectral subclass, mass and luminosity29,30. We assume fohm < 1 as a nominal
value. The bar lengths show estimated uncertainty rather than formal error
(Supplementary Information). Black lines show the rescaled fit from Fig. 1
with 3s uncertainties (solid and dashed lines, respectively). The stellar field
is enlarged in the inset. Brown and grey ellipses indicate predicted locations
of a brown dwarf with 1,500 K surface temperature and an extrasolar planet
with seven Jupiter masses, respectively.
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3. ESTIMATES

3.1. Planetary Magnetic Field and Frequency
of Radio Emission

Figure 2 shows the computed radius (rc) and average density
(ρc) of the dynamo region as a function of planetary mass, as
well as the heat flux at the outer boundary of the core (qo), the
estimated strength of the planetary magnetic field (B), and the
corresponding cyclotron frequency (νcyc) as functions of
planetary mass and age. Substituting Equation (15) into
Equation (12), and given that rdynamo does not change
significantly, the magnetic field is approximately
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under this model, where BJ is the magnetic field strength of
Jupiter; in this paper, we roughly consider BJ∼10G.
Reasonably, the resultant values agree with Reiners &
Christensen (2010), who adopted the same scaling law for
the planetary magnetic field; we show this figure just for
completeness. Note that the cyclotron frequency of Jovian
planets typically falls between 10MHz and 1 GHz. In this
regime, there are a number of current and near-future radio
observatories including the Giant Metrewave Radio Telescope
(GMRT), Low-Frequency Array (LOFAR), Hydrogen Epoch
of Reionization Array (HERA), Square Kilometer Array
(SKA), and potential upgrades to the Very Large Array
(VLA) (see Section 4.3).

Since cyc,max plasman n> Å , the radio emission will not be
hindered by Earthʼs ionosphere cut-off. On the other hand, it
may experience opacity due to the plasma of the stellar wind
particles around the planet. The maximum plasma frequency
along the line of sight, plasma

losn , corresponds to that in the
vicinity of the planet, if the planet is on the near side of its star
to the Earth. Therefore, substituting Equation (18) to ne in
Equation (4),
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We can see emission only from where cyc,max plasma
losn n> . The

detectable parameter space will be presented in more detail in
the next section.

3.2. Flux of RGHJ Radio Emission in Comparison with
Canonical HJs

The magnetic stand-off radius (Equation (10)) may be
written as follows using the stellar mass-loss rate:
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The typical value for RGHJs is found by substituting relevant
values for stellar wind parameters described in Section 2.4:
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where we employ r R84mag,J J= (Joy et al. 2002).
Substituting Equation (39) to Equation (7), the scaling of the

radio emission is expanded as follows:
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We may compare the radio emission power of RGHJs at 5 au
with that of canonical hot Jupiters set at 0.05 au. In order to
perform this comparison, Equation (42) can be re-normalized
as follows:
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Here, we have normalized the magnetic field strength of
canonical hot Jupiters with BJ, considering the uncertainty of
the magnetic fields of tidally locked planets. Note that some
models of planetary magnetic field strength predict that tidally
locked planets have weaker magnetic fields due to their slow
rotation (e.g., Grießmeier et al. 2004). Although the orbital
velocity of canonical hot Jupiters has been ignored in
Equation (45), the Keplerian velocity at 0.05au around a
solar-mass star is ∼130 km s−1, which results in only a <10%
increase of the relative velocity.
Using the expressions above, we find that the radio spectral

flux density observed at the Earth is
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•他にもいくつかの異なるス
ケーリングが提案されている

Burrows+ (2001) のモデルと合わせると



惑星の（オーロラ）電波放射機構

(ii) 木星型（自転駆動型）

2126 J. D. Nichols

moon Io, caused by its motion through the rapidly rotating plane-
tary magnetic field and plasma (Goertz 1980; Neubauer 1980; Crary
& Bagenal 1997). Consideration of such processes has led to the
extrapolation of a ‘Radiometric Bode’s Law’ relating incident mag-
netic power to output radio power for the case of hot Jupiter-like
exoplanets orbiting extremely close (at typically ∼10 stellar radii)
of their parent stars. It has been concluded that such interaction
may generate emissions at or above the LOFAR detection threshold
(Farrell et al. 2004; Grießmeier et al. 2007).

However, despite the importance placed by previous authors on
stellar wind planet and Io-Jupiter type interactions, significant com-
ponents of Jupiter’s radio emissions, i.e. the b-KOM, HOM and
non-Io-DAM emissions (Zarka 1998), are thought to be generated
by the large-scale magnetosphere–ionosphere (M–I) coupling cur-
rent system associated with the breakdown of corotation of iogenic
plasma in Jupiter’s middle magnetosphere, illustrated by Fig. 1
(Hill 1979, 2001; Pontius 1997; Cowley & Bunce 2001; Nichols &
Cowley 2003, 2004, 2005). This process generates intense field-
aligned electron beams which drive the brightest and most signif-
icant of Jupiter’s ultraviolet (UV) auroral emission, i.e. the main
auroral oval (Grodent et al. 2003; Clarke et al. 2004; Nichols et al.
2009b), and, coupled with particle mirroring and the absorption of
particles in the loss cone, excite the cyclotron maser instability in
the high-latitude low-β plasma, which gives rise to the above radio
emissions. Observationally, the UV aurora and radio emissions of
Jupiter and Saturn have been shown by a number of studies to be
closely associated with one another (e.g. Gurnett et al. 2002; Kurth
et al. 2005; Pryor et al. 2005; Clarke et al. 2009; Lamy et al. 2009;
Nichols et al. 2010a; Nichols, Cowley & Lamy 2010b). Io orbits
deep within Jupiter’s magnetosphere at ∼5.9RJ (where RJ repre-
sents the equatorial radius of Jupiter equal to 71 373 km), and its
volcanoes liberate sulphur and oxygen atoms into a torus surround-
ing the moon’s orbit at the rate of ∼1000 kg s−1 (e.g. Hill, Dessler &
Goertz 1983; Vasyliūnas 1983; Khurana & Kivelson 1993; Bagenal
1997; Dols, Delamere & Bagenal 2008). These atoms are ionized
by electron impact ionization and thus become sensitive to the ro-
tating planetary magnetic field, such that the newly created plasma
is picked up to corotation velocity. The picked-up plasma is cen-
trifugally unstable and diffuses radially away from the planet, prob-
ably via flux-tube interchange motions (Siscoe & Summers 1981;
Pontius & Hill 1982; Kivelson et al. 1997; Thorne et al. 1997;
Bespalov et al. 2006), before being lost down the dusk flank of
the magnetotail via the pinching off of plasmoids (e.g. Vasyliūnas
1983; Woch, Krupp & Lagg 2002; Vogt et al. 2010).

Figure 1. Sketch of a meridian cross-section through a Jupiter-like exo-
planet’s inner and middle magnetosphere, showing the principal physical
features involved. The arrowed solid lines indicate magnetic field lines, the
arrowed dashed lines the magnetosphere–ionosphere coupling current sys-
tem, and the dotted region the rotating disc of outflowing plasma. After
Cowley & Bunce (2001).

As the plasma diffuses radially outward, its angular velocity drops
(inversely with the square of the distance if no torques act) due to
conservation of angular momentum, such that a radial gradient of
angular velocity is set up in the equatorial plasma. This angular
velocity gradient, when mapped along the magnetic field to the
ionosphere, causes an equatorward-directed (for Jupiter’s magnetic
field polarity) ionospheric Pedersen current to flow, the J × B force
of which opposes the drag of the neutral atmosphere on the subro-
tating plasma. Angular momentum is transferred between the iono-
sphere and the equatorial plasma by the sweep-back of magnetic
field lines into a lagging configuration, such that the ionospheric
Pedersen current is balanced in the equatorial plane by an outward-
directed (again, for Jupiter’s magnetic field polarity) radial current,
the J × B force of which tends to return the equatorial plasma back
to corotation with the planet. Current continuity between these two
field-perpendicular currents is maintained via field-aligned (Birke-
land) currents, the inner upward component of which is thought
to generate Jupiter’s main auroral oval emission (Cowley & Bunce
2001; Hill 2001; Southwood & Kivelson 2001). The current system
was studied in detail theoretically by Nichols & Cowley (2003),
who considered the effect of two poorly constrained but important
system parameters, the effective ionospheric Pedersen conductance
"∗

P, and the plasma mass outflow rate Ṁ , and they derived analytic
approximations appropriate for small and large radial distances, the
former of which will be instrumental in the present work. Nichols
& Cowley (2004) went on to examine the effect on the current sys-
tem of modulation of the ionospheric Pedersen conductance due
to auroral electron precipitation, and Nichols & Cowley (2005)
and Ray et al. (2010) have studied the effect of field-aligned volt-
ages. Cowley, Nichols & Andrews (2007) considered the effect on
the current system of solar wind-induced expansions and contrac-
tions of Jupiter’s magnetosphere, and recently the modulation of
the current system by diurnal variation of the ionospheric Pedersen
conductance caused by solar illumination has been considered by
Tao, Fujiwara & Kasaba (2010).

In this paper we consider the application of the model describ-
ing Jupiter’s magnetosphere–ionosphere coupling current system
to Jupiter-like exoplanets with internal plasma sources such as ac-
tive moons. The stability of satellites about exoplanets has been
considered (see e.g. Domingos, Winter & Yokoyama 2006 and ref-
erences therein), since this is an important issue for the habitability
of moons orbiting close-in ‘hot Jupiters’. However, this is much less
of a problem for satellites about more distant-orbiting exoplanets,
which will be shown to be important for the present study. For ex-
ample, Barnes & O’Brien (2002) could not place any mass limits
on satellites orbiting planets beyond ∼0.6 au. The vulcanism of Io
is driven by tidal dissipation, which also acts to dampen the eccen-
tricity of the moon’s orbit, such that the small eccentricities of the
orbits of the Galilean satellites of ∼0.001–0.01 are only raised due
to Laplace resonance (Weiss 2004). The outer limit for stable orbits
of a prograde moon was given by Domingos et al. (2006) to be

Rmax = a

!
Mp

3M⋆

"1/3

× 0.4895(1 − 1.0305ep − 0.2738em), (1)

where a is the semimajor axis of the planet’s orbit, Mp is the mass
of the planet, M⋆ is the mass of the parent star, ep is the eccentricity
of the planet’s orbit and em is the eccentricity of the moon’s orbit.
For values appropriate to Io (i.e. a= 5.2 au, Mp = 1.899 × 1027 kg,
M⋆ = M⊙ = 1.988 × 1030 kg, ep = 0.048 and em = 0.004), Rmax ≃
346 RJ, such that volcanic satellites orbiting jovian-like planets are
expected to be stable (as is of course observed in the Solar system,
e.g. Io orbits at 5.9RJ, well inside Rmax). Indeed, for jovian mass

C⃝ 2011 The Author, MNRAS 414, 2125–2138
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/414/3/2125/1036950 by Tokyo Institute of Technology user on 03 July 2019

Cowley & Dunce (2001)

磁気圏が大きく（主星から~a  few AU）、自転が速く
（周期1-3 days）、主星のXUVが強い系では、
電波放射は木星の104-105くらい強くなる？
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(iii) 木星-イオ型
ionosphere-ionosphere coupling 
(“unipolar inductor” interaction) 

Thomas+04

Saur+04 



惑星の（オーロラ）電波放射機構

(iv) 木星-イオのスケールアップVer.

Willes & Wu (2005)

※周波数を決めるの
は主星の磁場になる
ので、相手が地球型
惑星でも良い



これまでの

系外惑星の観測
Table from Grießmeier (2017)

No conclusive (univocal) 

evidence

published so far. 



Examples of encouraging (?) results

150MHz@GMRT, 61Vir + 3 other systems
Sirothia+ 2014

150MHz@GMRT, HAT-P-11
Lecavelier+ 2013

A. Lecavelier des Etangs et al.: 150MHz radio emissions from the Neptune-mass planet HAT-P-11b

Fig. 2. Time series of the 150MHz flux density measured on July
16, 2009, in the direction of the radio source near HAT-P-11. The
measurements have been rebinned to 36 minutes. Triangles and
squares correspond to the RR and LL polarizations, respectively.
The two vertical long-dashed lines indicate the beginning and
the end of the planet’s eclipse behind the host star. The dashed
horizontal lines show the box-shaped eclipse light curve fitted to
the data points.

Fig. 3. Same as in Fig. 2, in the direction of HAT-P-11 on
November 17, 2010. The mean of the flux density measurements
is found to be 0.00±1.19mJy. Thus, no emission is detected to-
wards or near HAT-P-11 in these observations.

measurement of the radio position can be consistent with the
HAT-P-11 coordinates.

To assess the reliability of this detection, we also estimated
the false-positive detection probability, i.e., the probability of ob-
serving a light curve of this shape for a constant radio emission
with no real eclipse, but only an eclipse mimicked by the ran-
dom noise along the radio light curve. This is calculated by es-
timating the probability that the mean flux during the eclipse is
lower than zero, as observed. For this calculation we used the
present estimate of the source flux, and the error bars for the

Fig. 4. Time series of the 150MHz flux density measured in
the direction of one comparison source at α=19h50m32.2s,
δ=+48◦04′22′′ (J2000), at 183′′from HAT-P-11. The dashed
horizontal lines show the mean values of flux density at the two
observation epochs.

Fig. 5. Same as Fig. 4, but for the observed peak at
α=19h50m45.8s, δ=+48◦04′10′′ (J2000), at 61′′from HAT-P-
11.

times outside and during the eclipse. For the case of no real flux
variation, our analysis shows that the probability of the mean
flux during the eclipse being below zero is only 4.8%. We con-
clude a 5% false positive probability of eclipse detection in the
observed 150MHz light curve at the position coincident (within
the errors) with the planet HAT-P-11b.

We also computed the χ2 of two different models fitting the
light curve data with a 339-second sampling time providing a
total of 190 measurements. In the first single-parameter model,
we assume a constant flux level for the entire light curve, corre-
sponding to the hypothesis that the radio source is not the planet
and therefore the flux density is constant in time. We find a χ2
of 186.6 for 189 degrees of freedom. In the second model, we
assume that the source is a planetary emission and the flux den-
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flux during the eclipse being below zero is only 4.8%. We con-
clude a 5% false positive probability of eclipse detection in the
observed 150MHz light curve at the position coincident (within
the errors) with the planet HAT-P-11b.

We also computed the χ2 of two different models fitting the
light curve data with a 339-second sampling time providing a
total of 190 measurements. In the first single-parameter model,
we assume a constant flux level for the entire light curve, corre-
sponding to the hypothesis that the radio source is not the planet
and therefore the flux density is constant in time. We find a χ2
of 186.6 for 189 degrees of freedom. In the second model, we
assume that the source is a planetary emission and the flux den-
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magnetosphere-ionosphere coupling 
and rotation-induced radio emission ?



検出しづらい
原因
• 強い異方性
放射源の異方性
+ 伝搬 (Kimura+ 2008)

• 時間分解能

• 見積もりのエラー
- 磁場のスケーリング？
- Bode’s Law？

さらなる観測が必要 ����������������

��! ���"����
	��	�	��

放射の異方性
加速過程に依存。土星と木星でも異なる。

(図: 木村さんより)



褐色矮星

Hは核融合しないが、Dが核融合できる天体 
質量は木星の13-75倍程度、半径はほぼ木星半径 
Cool  Jupiter のプロキシとして使われることもある

artist Impression



褐色矮星

COHERENT RADIO EMISSION FROM ULTRACOOL DWARFS 3

for extended monitoring observations, with a view to in-
vestigating the presence of periodic highly circularly po-
larized radio emission and/or bright pulses, indicative
of ECM emission from a large-scale magnetic field. We
have selected two ultracool dwarfs, the M8.5 dwarf LSR
J1835+3259 (hereafter LSR J1835) and the L3.5 dwarf
2MASS J0036, for deep pointings with the Very Large
Array (VLA) 1.
LSR J1835 was chosen for a single 11 hour observa-

tion at 8.44 GHz, because it is of similar spectral type
to the archetypal pulsing ultracool dwarf, TVLM 513,
and also due to its close proximity (< 6 pc) (Reid et al.
2003), the intensity of its radio emission in a previ-
ous short duration survey observation of ∼ 2 hours
(0.525±0.015 mJy) (Berger 2006) and its favorable dec-
lination for a lengthy single observation with the VLA.
Furthermore, like TVLM 513, this dwarf has previously
showed evidence for variability in I band photometric
data (Reid et al. 2003). In the case of TVLM 513 this
variability was later shown to be periodic with rotation of
the dwarf, and associated with the presence of magnetic
spots, consistent with the high strength magnetic fields
required for the detection of ECM emission (Lane et al.
2007). LSR J1835 was therefore deemed a possible ana-
log of TVLM 513 and a suitable target for a radio mon-
itoring observation.
2MASS J0036, on the other hand, has previously been

observed by Berger et al. (2005) in multi-epoch obser-
vations that showed this target to be a source of peri-
odic highly circularly polarized emission. The authors
attributed this periodic emission to gyrosynchrotron ra-
diation from an extended source region larger than the
stellar disk with magnetic field strengths in the source re-
gion ∼ 175G. However, Hallinan et al. (2006, 2007) sug-
gested that this periodic emission may also be produced
in the same fashion as that detected from TVLM 513,
i.e., ECM emission from compact regions at the poles
of a large-scale magnetic field with kG field strengths in
the source region. We have conducted a 12 hour obser-
vation of 2MASS J0036 with the VLA at a frequency of
4.88 GHz in attempt to distinguish between these two
mechanisms as the source of the radio emission from this
ultracool dwarf.

2. RADIO OBSERVATIONS

LSR J1835 was observed on 2006 September 18/19 at a
frequency of 8.44 GHz for a total of ∼ 11 hours, including
overheads and time spent on the sources 1850+284 and
1331+305 for phase and flux density calibration respec-
tively. 22 dishes of the VLA in B configuration were used
in standard continuum mode with 2 × 50 MHz contigu-
ous bands. Observations of the source were suspended
for a 0.9 hour period during which it was above the ele-
vation limit of the VLA. 2MASS J0036 was observed on
2006 September 24 at frequency of 4.88 GHz for a total
of ∼ 12 hours, including overheads and time spent on
the sources 0042+233 and 0137+331 for phase and flux
density calibration respectively. 25 dishes of the VLA in
B configuration were used in standard continuum mode
with 2 x 50 MHz contiguous bands. Data reduction was

1 The VLA is operated by the National Radio Astronomy Ob-
servatory, a facility of the National Science Foundation operated
under cooperative agreement by Associated Universities, Inc.

carried out with the Astronomical Image Processing Sys-
tem (AIPS) software package. The visibility data was
inspected for quality both before and after the standard
calibration procedures, and noisy points were removed.
For imaging the data we used the task IMAGR. We also
CLEANed the region around each source and used the
UVSUB routine to subtract the resulting source models
for the background sources from the visibility data. The
source was shifted to the phase center and light curves
were generated by plotting the real part of the complex
visibilities as a function of time.
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Fig. 1.— The light curves of the total intensity (Stokes I) and
the circularly polarized (Stokes V) radio emission detected at 8.44
GHz from LSR J1835+3259 on 2006 Sept 18/19. For the Stokes
V light curve, right circular polarization is represented by positive
values and left circular polarization is represented by negative val-
ues. The data has a time resolution of 10 seconds and is smoothed
with a moving window of 150 seconds. A ∼ 0.9 hour gap is present
in the observation during which LSR J1835 was above the elevation
limit of the VLA. The source is detected with a mean flux density
of 0.722 ± 0.015 mJy. As well as a largely non-varying quiescent
component of radio emission, three periodic pulses of 100% left cir-
cularly polarized emission are detected with p = 2.84± 0.01 hours.
The arrows highlight the time of a pulse which occurred while the
source was above the elevation limit of the VLA. Although the
peak of this pulse was missed, the latter part was detected when
the observation resumed.

LSR J1835 was detected as a persistent source over the
duration of the 11 hour observation with a flux density
of 0.722±0.015 mJy (Figure 1). This emission can be re-
solved into two components, a quiescent, largely unpolar-
ized component and periodic, 100% circularly polarized,
coherent pulses that reach a flux density of ∼ 2.5 mJy.
The pulses are periodically present throughout the obser-
vation, indicating that their apparent transient nature is
not due to intrinsic variability in the source region, but
rather due to the rotational modulation of highly beamed
coherent emission that is stable over timescales ≥ 11
hours. The periodicity was established using three inde-
pendent methods, (1) conducting a Lomb-Scargle perio-
diogram analysis of both the Stokes I and V light curves
(2) phase folding the data over a wide range of periods
and then analyzing the χ2

r values of the resulting light
curves in an attempt to detect a peak in variance, and (3)
determining the time difference between the peaks of the

(Hallinan+ 2008)
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Figure 1 | Simultaneous optical and radio periodic variability of LSR J1835. a. 

Balmer line emission extracted from spectra detected with the Hale telescope. b. 

Dynamic spectra of the right circularly polarized radio emission detected from LSR 

J1835 with the VLA, with the y axis truncated to remove the large gap between 

observing bands (see Methods for details). The offset in phase of the radio features 

relative to the optical peak can be accounted for by the complex beaming of the radio 

emission.  
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太陽系外で初めて確認された
オーロラ発光現象



3. 今後の展望とSKAへの期待



今後の見通し
• （現在、検討の舞台は主に欧米）

• 観測面
- 惑星放射が期待される10-1000MHzでは、LOFAR・

nenuFAR・GMRTなどによる観測が続く

- ~GHz帯で、褐色矮星の観測や、惑星に駆動された主星から
の放射の同定も合わせて進むだろう

• 理論面
- 観測方法の工夫
- 電波の放射機構、より検出しやすいシステムの再検討　etc.



観測の工夫
• 重力レンズを通してみる惑星系の電波放射

• トランジット系の観測

- トランジット時、惑星大気を通過してくる主星からの電
波を調べることで惑星大気の情報を得る？

- 惑星近傍のプラズマ中の惑星電波の伝搬（増光？）

• ターゲットの再検討

- 直接撮像のターゲットのなるような若い恒星系？

e.g.,Withers, Vogt (2017)

（次の講演）



Extremeな環境下にある系外惑星の観測手段
としての電波

- massiveな恒星風 
- 質量降着 
- 木星の100-10000倍の電波放射？ 
- 主系列星より数が少ないが、SKA-2なら

100-200pc程度まで観測可能

Credit: ESO/L. Calçada

赤色巨星・AGB型星周りの惑星

Fujii+ (2016)



SKAへの期待
• >100MHzで最高感度の観測 ⇨ 磁場>3BJ~30[G]の惑星
の電波放射の検出に最有力
- 磁場のスケーリングを仮定すると4.5Gyrで>3MJに対応

• 木星のオーロラ電波強度なら~3pc程度まで。木星の
1000倍程度まで明るくなる天体なら100pc程度まで。
- 100pc以内ですでに見つかっている惑星(>MJ)の数：~150個
- 非等方性の効果を入れても、期待の持てる数値か



まとめ
• 惑星のオーロラ電波の観測から、磁場強度や衛星の存
在など他の手法と相補的な情報が得られる可能性があ
る。

• 太陽系内惑星を外挿すれば、木星より何桁も大きい電
波放射を持つ系外惑星系があるかもしれない。

• SKAの~100MHz帯での圧倒的な高感度を活かして、太
陽系近傍~100pcの木星型系外惑星をサーベイできる

• 観測面は今後さらに発展していく見込み。理論面でも
いろいろ検討の余地がある。


