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Chapter 1

Introduction

Since the first discovery of exoplanets by Wolszczan and Frail [1992], their number has
increased rapidly with the development of technology (Fig. 1.1)1. This leads that it
has become clear that not only they are planetary systems ubiquitous outside our solar
system, but also that they have diverse properties that differ from the previous framework
considered only for the solar system. This fact has brought us to the next stage of research,
which is to characterise each exoplanet. One of the essential ways to characterise is to
measure the strength of the exoplanetary magnetic field. This allows us to infer the prop-
erties and environment of exoplanets, such as the interior [e.g., Sánchez-Lavega, 2004,
Reiners and Christensen, 2010, Lazio et al., 2019], the atmospheric escape [Zarka et al.,
2015], the tilt of the magnetic axis with respect to the spin rotation axis [Hess and Zarka,
2011], and the plasma source flux. To detect the exoplanetary magnetic field, radio
observation is expected to be one of the best methods.

In our solar system, Earth and giant planets have intrinsic magnetic fields generated

Figure 1.1: Cumlative number of detected exoplanets until 2023/11. So far, the colors
show the detection method. 5,000 exoplanets have been detected. (Credit: NASA
Exoplanet Archive)

1https://exoplanetarchive.ipac.caltech.edu/exoplanetplots
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Figure 1.2: Spectra of detectable radio waves from the Earth [Zarka et al., 2015]. All
spectra are considered the case they are observed from a distance of 1 AU. The red circle
shows that the Jorvian radio emission from 10 to 40 MHz is close to the solar bursts.
The shaded area displays an undetectable band because of the reflection by the Earth’s
ionosphere.

by the convective motions of conducting fluid inside the planets. By colliding with
the solar wind, the space dominated by the planetary magnetic field, magnetosphere,
is formed around the planets. The magnetosphere is the place where the interaction
with the planetary magnetic field and the plasma supplied by such as the solar wind
and moon and accelerated keV-MeV. These interactions generate less than a few tens of
MHz radio emission, the auroral radio emission, via a coherent non-thermal mechanism,
and the electron cyclotron maser instability (ECMI) [Wu and Lee, 1979, Zarka, 1998,
Treumann, 2006]. For Jupiter, because it has the strongest magnetic field, ∼10 G (at
the polar region), the maximum frequency of the emission exceeds 10 MHz where is
not reflected by the Earth’s ionosphere, that is, it is detectable ground-based telescopes.
Moreover, in contrast to the star-planet contrast at the optical and the infrared, which
are 109 and 106, respectively, the emission is as intense as the sun at the low-frequency
radio [Zarka et al., 2015] (Fig. 1.2). By analogy, we can infer from the magnetic planets
in our solar system, especially Jovian auroral emission, that there would be magnetised
exoplanets, and some of them have the potential to be intense radio sources. (On the other
hand, remarkable, the existence of magnetized exoplanets and the detection of auroral
emission from them have been envisioned since before the first detection of an exoplanet
[e.g., Yantis et al., 1977, Winglee et al., 1986].)

After the discovery of exoplanets, the detected parameters of exoplanets, such as
mass, radius and orbital parameters, allow us to estimate the flux of the auroral radio
emission driven by various mechanisms by combining to the knowledge of the solar
system planets. For the estimation of the power of auroral radio emission from exoplanets,
it has been employed the scaling law so-called Radiometric Bode’s law which is based on
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the empirical proportional relation between the kinetic energy 𝑃kin and magnetic energy
𝑃imf of incident from the solar wind and the power of planetary radio emission 𝑃rad (Fig.
1.3):

𝑃rad = 𝛼𝑃kin = 𝛼𝑁𝑚𝑝𝑉
3𝜋𝑅2

MP (1.1)

𝑃rad = 𝛽𝑃imf = 𝛽
(
𝐵2
⊥/𝜇0

)
𝑉𝜋𝑅2

MP (1.2)

where 𝑁 is the solar wind density, 𝑚p is the mass of proton, 𝑉 is the relative velocity
of solar wind to the planetary motion, 𝑅MP is the magnetopouse radius, 𝐵⊥ is the
interplanetary magnetic field perpendicular to the solar wind flow. 𝛼 and 𝛽 represent the
energy conversion efficiencies and ∼ 10−5 and 2 × 10−3, respectively. Considering the
size of the magnetosphere and the properties of stellar wind control the flux of the auroral
emission, it is preferred, as intense emitter, that exoplanets have strong magnetic fields
and orbit around more active or nearby host stars. Thereby, in the case of hot Jupiter
which is the massive planet orbiting nearby the host star, it is expected that it would be
promising candidate if it has strong magnetic field. Zarka [2007] estimated the incident
power of stellar wind would reach 103 −105 times larger than the Jupiter’s one (Fig. 1.4),
which indicates that hot Jupiter is still good target even considering the ram pressure and
magnetic pressure of stellar wind compress the planetary magnetosphere. In addition,
the advanced theories developing that idea have been proposed: interaction considering
properties of the stellar wind, taking account of the actual observed data [Stevens,
2005], coronal mass ejection [Grießmeier et al., 2007], the dependence on the stellar age
[Grießmeier et al., 2005, 2007], on the spectral type of the host star [Katarzyński et al.,
2016], and the evolution after the main-sequence stars [Fujii et al., 2016].

The star-planet interaction scaled up Jupiter-Io system is also expected to be the
mechanism driving the intense emission. In the Jupiter-Io system, the current formed
by crossing Jupiter’s magnetic field to Io’s atmosphere composed of its volcanic activity
connects the high latitude of Jupiter and Io, and the dissipated power in this system leads
to the auroral emission [Thomas et al., 2004]. In the same way, the host star connected
with close-in planets would also be the intense radio source. In this case of mechanism,
auroral radio emission is radiated from the host star, not the planets.

Motivated by these theoretical studies, hot Jupiters and other planets that are likely to
receive intense stellar wind are targeted by a number of observations, Ukrainian T-shaped
Radio telescope, second modification (UTR-2) [Zarka et al., 1997, Ryabov et al., 2004,
Zarka, 2011], Clark Lake Radio Observatory [Yantis et al., 1977], Green Bank Telescope
(GBT) [Smith et al., 2009], Giant Metrewave Radio Telescope (GMRT) [Majid et al.,
2006, Winterhalter et al., 2006, George and Stevens, 2007, Lecavelier Des Etangs et al.,
2009, 2011, Lecavelier des Etangs et al., 2013, Hallinan et al., 2013, Narang et al., 2021a,b,
Green and Madhusudhan, 2021], Low-Frequency Array (LOFAR) [Turner et al., 2017,
O’Gorman et al., 2018, de Gasperin et al., 2020], Mizusawa [Shiratori et al., 2006], Muchi-
son Widefield Array (MWA) [Murphy et al., 2015, Lynch et al., 2017, 2018], Very Large
Array (VLA) [Bastian et al., 2000, Farrell et al., 2003, Lazio et al., 2004, Lazio and Farrell,
2007, Lazio et al., 2010a,b, Bower et al., 2016, Bastian et al., 2018], Very Long Base-
line Array (VLBA) Bower et al. [2016], Westerbork Synthesis Radio Telescope (WSRT)
[Stroe et al., 2012]. Although there is a recent claim of a tentative detection of a signal
[Turner et al., 2021], no univocal detection has been made yet. Possible reasons include
the observation frequency band being larger than the cut-off frequency of the auroral
radio emission from the target, insufficient sensitivity and the emission beam did not
direct to the Earth. For the reason of mismatch the frequency, because the maximum
frequency 𝜈ce of the auroral radio emission, is determined by the polar surface magnetic
field strength 𝐵pol,p of exoplanet,

𝜈ce ∼ 2.8 MHz × 𝐵pol,p [G], (1.3)
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Figure 1.3: The scaling law of the intensity of the auroral radio emission (black doted
line) [Zarka, 2007]. N, U, C, E, S, G, I, and J are taken from the initials of Neptune,
Uranus, Callisto, Earth, Saturn, Ganymede, Io, and Jupiter, respectively. The x-axis
shows the kinetic energy (upper side) and magnetic energy (lower side) of the solar wind
to the planetary magnetic field, and the y-axis shows the intensity of emission from the
objects. Note that, in the case of Galilean moons, the power dissipated by the input
energy of plasma from Jupiter’s magnetic field, instead of the solar wind, is displayed.
The thick black solid line predicts the power of emission from hot Jupiter orbiting the
sun-like star. A thick black dotted line also shows the power emission from the host star
via star-planet interaction scaled up the Jupiter-Io system.

this cause would come from the weakness of the fields. According to Eq. 1.1 and
Eq. 1.2, the magnetic field is an important parameter to determine the size of the
magnetosphere, and hence, the weakness of the fields would leads also the planets
to faint. On the other hand, some expectations of the flux [e.g., Griessmeier, 2017]
indicates that the radio emission from several promising hot Jupiters would reach or
exceed tens of mJy at low-frequency which has already been achieved by the above
observations. Considering the solid angle of beam from Jupiter which is 1.6 sr and
applying it to the beam from exoplanets, despite the ratio of beaming toward the earth
being 1.6/(4𝜋) ∼ 0.13 by considering simple geometry, it may be necessary to consider
other factor to the flux estimation because no such intense hot Jupiters have yet been
detected. So far, the following causes were suggested: expansion of the highly ionized
upper atmospheres of hot Jupiters may hinder the generation of auroral emission due
to the high local plasma frequency [Daley-Yates and Stevens, 2017, 2018, Weber et al.,
2017a,b, 2018]. In addition, the fact that hot Jupiters are likely tidally locked to a
synchronously rotating state might also suppress the emission by weakening the magnetic
field strength [Grießmeier et al., 2004]. Overall, these considerations together with the
no clear detection so far may indicate that the close-in planetary systems may not be as
promising targets as initially thought.
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Figure 1.4: The dissipated stellar wind power (assuming host star as the sun) in magneto-
sphere of Jupiter and Jupiter-like hot Jupiter with semi-major axis shorter than 10 times
solar radius [Zarka, 2007]. The horizontal axis is the deistance from the host star, and
the vertical axis is dissipated power. The solid line and dashed line display the stellar
wind’s kinetic and magnetic power, respectively.

Taking into account the above, most of the previous theoretical and observational
studies have focused on the direct detection of close-in exoplanets and have not yet led
to a clear detection, we present two studies; one is an observation study targeting a
long-orbit exoplanet, 𝛽 Pic b, whose emission is induced by the interaction between the
planetary magnetosphere and ionosphere, described in Chapter 2. Another is the new
method for the detection by applying microlensing, described in Chapter 3.
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Chapter 2

A search for radio emission from 𝛽 Pic b

While the interaction with host stars is promising as a mechanism driving the detectable
radio emission, the auroral emission may also be driven by the coupling between the
magnetosphere and the ionosphere of the planet. A large fraction of Jovian auroral emis-
sion is powered by the current system connecting the magnetosphere and the ionosphere,
which is driven by the interaction among Jovian planetary magnetic field (∼ 10 G), the
fast rotation (∼ 10 h), and the plasma particles supplied by Io’s volcanic activity [Hill,
1979]. By analogy, Nichols [2011, 2012] proposed that distant giant exoplanets with fast
rotation, strong magnetic field and the supply of plasma into the magnetosphere would
be suitable targets for radio observation. They also pointed out that the XUV intensity
of the host star is also a key factor as high XUV irradiation onto the planet increases
the ionospheric conductivity, resulting in a larger current. Exoplanets may also generate
auroral emission by interacting with exomoons [Noyola et al., 2014, 2016]. Narang et al.
[2023a] conducted the first search for signals from three exoplanets speculated to have
Io-like exomoons with Giant Meterwave Radio Telescope (GMRT) and upgrade Giant
Meterwave Radio Telescope (uGMRT). No signals were detected from the system on
any exoplanetary systems, and the work put upper limits 0.18-1.6 mJy at 150, 325 and
400 MHz. In Narang et al. [2023b], another candidate which also may have volcanic
exomoon was targeted by uGMRT observation. Still, the signals were undetected and
put upper limits of 0.9-3.3 mJy at 150 MHz and 218 MHz.

These auroral emission mechanisms do not require the planet to be close to the host
star. Exoplanets in distant orbits can also be a promising target of low-frequency radio
observations.

Interestingly, auroral emission has been successfully detected from brown dwarfs
[Berger et al., 2001, 2005, Berger, 2002, 2006, Berger et al., 2009, Burgasser and Putman,
2005, Burgasser et al., 2013, 2015, Osten et al., 2006, 2009, Hallinan et al., 2007, 2008,
2015, Phan-Bao et al., 2007, McLean et al., 2011, 2012, Antonova et al., 2013, Williams et al.,
2013, Gizis et al., 2016, Lynch et al., 2016, Kao et al., 2016, 2018, Kao and Sebastian Pineda,
2022, Route and Wolszczan, 2016, Guirado et al., 2018, Richey-Yowell et al., 2020, Hughes et al.,
2021, Climent et al., 2022, Vedantham et al., 2023] and recently from low-mass stars
[Vedantham et al., 2020, Pérez-Torres et al., 2021, Callingham et al., 2021, Pineda and Villadsen,
2023]. Although the exact mechanism has not been elucidated, these emissions may be
generated through the current system similar to that in the Jovian magnetosphere. In-
deed, low-mass stars and brown dwarfs lie between Jovian planets and the solar-type stars
in terms of mass and internal structure [Chabrier and Baraffe, 2000] and may develop
similar magnetospheric structures. If they have a small companion, the system of the
star (or brown dwarf) and the companion would be a scaled-up version of the Jupiter-Io
system [e.g., Zarka, 2007, Saur et al., 2013, Turnpenney et al., 2018].

These observations also motivate one to search for the auroral emission from the
young massive Jovian planets, as they have even more similarity to brown dwarfs in that
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they have large heat flux from the interior and that they are more massive than Jupiter.
According to one of the proposed scaling laws, these properties suggest the possibility
of large magnetic field strengths of young Jovian planets (see Section 2.1 below). Large
magnetic field strengths are also supported by the observations of gas accretion onto a
young planet [Hasegawa et al., 2021].

Along this line, Cendes et al. [2022] conducted GHz frequency radio observations
of five directly imaged young Jovian planets (Ross 458, GU Psc, 51 Eri, GJ 504 and HR
8799), with Very Large Array (VLA), and put upper limits at 6-210 𝜇Jy level. Narang
[2022] analyzed observational data at frequencies from 150 MHz to 3 GHz obtained
from GMRT and VLA to search for radio emission from the directly imaged exoplanet
1RXS1609 b and put upper limits 0.21-6 mJy. More survey is necessary to reveal the
nature of the possible emissions from young Jupiter-like planets.

In this chapter, we present a search for the auroral radio emission in the 250-500 MHz
bandpass from one of the best-studied exoplanets 𝛽 Pictoris b. A unique aspect of this
target among all the directly-imaged planets is its nearly edge-on orbit. It is known that
the most vigorous Jupiter’s auroral emission is observed from the equatorial plane due
to the anisotropic nature of the radio emission [Ladreiter and Leblanc, 1989]. A similar
anisotropy implies that the emission is highest if the planet is in an edge-on orbit, on the
assumption that the obliquity of the planet (the angle between the orbital axis and the spin
axis) is slight. 𝛽 Pictoris b also has the measured rotation velocity, which suggests the
rotation period of ∼ 8 hours [Snellen et al., 2014]. These factors would work favourably
to observe the intense radio emission from this target.

The organization of this chapter is as follows: Section 2.1 presents the properties of 𝛽
Pictoris b and the estimation of the maximum frequency and flux density of the emission.
We describe observations and data analysis in Section 2.2 and report the results in Section
2.3. Lastly, we discuss the constraints on the 𝛽 Pictoris b parameters in Section 2.4.

2.1 Target

The target planetary system in our observation is 𝛽 Pictoris system, which is 19.75 pc
away from the Earth. In this system, an A6 V star [Gray et al., 2006] hosts two exoplanets,
𝛽 Pic b and c. Both of them are in long orbits and are massive (𝛽 Pic b: 𝑎 = 10.2+0.4

−0.3 AU,
𝑀p = 12.8+5.3

−3.2 𝑀J, 𝛽 Pic c: 𝑎 = 2.68 ± 0.02 AU, 𝑀p = 8.89 ± 0.75 𝑀J [Nielsen et al.,
2020, Lacour et al., 2021] ). This system is young, 22 Myr old [Mamajek and Bell, 2014],
and the planet b has high effective temperature, 𝑇eff = 1724±15 K [Chilcote et al., 2017]
due to the remnant accretion energy [Chilcote et al., 2017, Nowak et al., 2020].

The possible advantages of the systems in terms of the detectability of auroral radio
emission are three-fold. First, according to the scaling law for the strength of the planetary
magnetic field, planets which are massive and have high luminosity including 𝛽 Pic b tend
to have strong magnetic field. The maximum frequency of auroral emission is therefore
expected to be high, potentially overlapping the GMRT bands with high sensitivity. Sec-
ond, the rotation period of 𝛽 Pic b is estimated to be ∼ 8 hr, based on the high-resolution
spectra [Snellen et al., 2014], comparable to Jovian rotation period. The short rotation
period would be necessary to drive strong auroral emission through magnetosphere-
ionosphere (M-I) coupling similar to Jovian auroral emission. The estimated rotation
period would also help us distinguish the auroral radio emission of the planet from other
sources. Third, the planets have nearly edge-on orbit (𝑖 = 88.88±0.09 deg [Nielsen et al.,
2020]). Jupiter’s auroral radio emission is detectable only from near the equatorial plane
due to the beaming effect [Ladreiter and Leblanc, 1989] (approximately ±10 degree from
the equator), and assuming the similar beaming and the small obliquity make planets on
nearly edge-on orbits the only targets whose auroral emissions are detectable from Earth.
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Parameters Values Reference

System

Distance 19.75 pc Gaia DR2RA 05h 47m 17.1s [Gaia Collaboration et al., 2016, 2018]Dec −51◦ 03’ 59”
Age 22 Myr Mamajek and Bell [2014]

Host star Spectral type A6 V Gray et al. [2006]
Mass 1.77(± 0.03) M� Nielsen et al. [2020]

Planet (𝛽 Pic b)

Mass 12.8+5.3
−3.2 MJ Nielsen et al. [2020]

Radius 1.46(±0.01) RJ Chilcote et al. [2017]
Effective temperature 1,724(±15) K Chilcote et al. [2017]
Semi-major axis 10.2+0.4

−0.3 AU Nielsen et al. [2020]
Orbital period 24.3+1.5

−1.0 yrs Nielsen et al. [2020]
Orbital inclination 88.88(±0.09) deg Nielsen et al. [2020]
Spin velocity 25(±3) km/s Snellen et al. [2014]Spin period 8 hr (assuming zero obliquity)

Table 2.1: The parameters for 𝛽 Pic system, host star and 𝛽 Pic b

These properties let us select 𝛽 Pic b as the primary target of the search of the auroral
radio emission from directly-imaged planets.

In the following, we describe how we estimate the frequency and flux density of the
auroral radio emission of 𝛽 Pic b.

2.1.1 Maximum frequency of radio emission

As described in Sec. 1, the maximum frequency 𝜈ce,max of the auroral radio emission
depends on the polar magnetic field 𝐵pol,p, given as Eq. 1.3. To predict the maximum
frequency from that equation, it is necessary to estimate 𝐵pol,p. Several scaling laws for
the strength of planetary magnetic field have been proposed so far. In this study, we
consider the law of Christensen et al. [2009] and of magnetic Bode’s law [e.g., Blackett,
1947, Russell, 1978, Farrell et al., 1999]. The main difference between the two is the
dependence on the planetary rotation.

Christensen’s scaling law states that the strength of the magnetic field on the surface of
core region, 𝐵c,p, is independent of the planetary rotation and estimated by the following,

𝐵2
c,p ∝ 𝑓ohm𝜌c,p

1/3(𝐹𝑞o,p)2/3 (2.1)

where 𝑓ohm(≤ 1) is the ratio of the ohmic dissipation to the total dissipation, 𝜌c,p is the
mean density of the core, 𝐹 is an efficiency factor and of order unity and 𝑞o,p is the heat
flux on the outer surface of the core. To estimate 𝐵c,p, it is necessary to evaluate 𝜌c,p and
𝑞o,p.

To estimate the density profile within exoplanets where clues are virtually absent, it is
helpful to employ the assumption of a polytropic gas sphere, 𝑃 = 𝐾𝜌1+(1/𝑛) , where 𝑃 is
Pressure, 𝐾 is a constant, 𝜌 is density and 𝑛 is the polytropic index [e.g., Sánchez-Lavega,
2004, Grießmeier et al., 2007]. Here, we set the polytropic index 𝑛 = 1.5 and numerically
solved the Lane-Emden equation,

1
𝜉

𝑑

𝑑𝜉

(
𝜉2 𝑑𝜃

𝑑𝜉

)
= −𝜃 (𝜉)𝑛, (2.2)

where 𝜉 and 𝜃 (𝜉) are dimensionless radius and density, respectively, and they are defined
using the radius 𝑟 and density 𝜌 of the sphere as follows:

𝜉 =
𝑟

𝛼
, 𝜃𝑛 =

𝜌

𝜌center
, (2.3)
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Figure 2.1: The estimation of the density profile of 𝛽 Pic b. The vertical axis represents
density, and the horizontal axis represents distance from the center. Each axis is nor-
malized by the mean density and the radius of 𝛽 Pic b, respectively. The red solid line
shows the density profile. The black solid line corresponds to the density that hydrogen
undergoes a phase transition to metallic, ∼ 0.7g/cm3. The right panel is an expanded
version of the left panel.

where 𝛼 is a constant, and 𝜌center is the density at the center of sphere. Eq. 2.2 can be
rewritten as two differential equations through the conversion 𝑦1 = 𝜃 and 𝑦2 = 𝑑𝜃

𝑑𝜉 = 𝜃′,
𝑑𝑦1

𝑑𝜉
= 𝑦2

𝑑𝑦2

𝑑𝜉
= −2

𝜉
𝑦2 − 𝑦𝑛1 ,

(2.4)

and we can then obtain the functions of 𝜃 and 𝜃′ by solving Eq. 2.4 with the initial
conditions 𝜃 (0) = 1 and 𝜃′(0) = 0. From the solutions, a mass 𝑀 and a mean density �̄�
within an arbitrary distance 𝑟 from the center can be determined:

𝑀 =
∫ 𝑟

0
4𝜋𝑟2𝜌(𝑟)𝑑𝑟 = −4𝜋𝛼3𝜌c

(
𝜉2 𝑑𝜃

𝑑𝜉

)
. (2.5)

�̄� =
𝑀

4
3𝜋𝑟

3
= −3𝜌c

𝜉

(
𝑑𝜃

𝑑𝜉

)
. (2.6)

Then, the density normalized by the mean density of the entire sphere can be computed
for each 𝜉 applying the definition 2.3,

𝜌

�̄�
=

𝜌

𝜌center

𝜌center

�̄�
= −𝜉𝜃

𝑛

3

(
𝑑𝜃

𝑑𝜉

)−1
. (2.7)

When each 𝜉 is divided by 𝜉 = 𝑅/𝛼, which is found by searching for the value of 𝜉 such
that 𝜃 = 0, 𝜉 also can be expressed in terms of the radius normalized by the sphere’s radius
𝑟/𝑅. Based on the above, we can estimate the density profile inside an arbitrary volume
inside the radius 𝑟 by substituting an object’s parameters. For the 𝛽𝑃𝑖𝑐𝑏, Fig. 2.1 displays
the estimated density profile. By determining the radius of the outer boundary of the
core to be 𝑟c,p ∼ 0.9 𝑅𝑝 based on the density that hydrogen undergoes a phase transition
to metallic, ∼ 0.7 g/cm3[Grießmeier et al., 2007]. The core mass can computed by 2.5,
therefore, we can estimate the core density, 𝜌c,p ∼ 7.254 g/cm3.

The 𝑞o,p is estimated from the assumption that the luminosity of the planet is equal to
the total energy flux at the surface of the core. Thus, denoting the effective temperature
of the planet by 𝑇eff,p,

𝑞o,p = 𝜎sb𝑇
4
eff,p ×

(
𝑅p

𝑟c,p

)2
(2.8)
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where 𝜎sb ∼ 5.67 × 10−8Wm−2K is the Stefan-Boltzmann constant. We relate 𝐵pol,p
with 𝐵c,p by

𝐵pol,p ∝ 𝐵c,p

(
𝑟c,p

𝑅p

)3
∝ 𝜌c,p

1/6𝑞o,p
1/3

(
𝑟c,p

𝑅p

)3
(2.9)

to find the scaling of the surface magnetic field strength as follows:

𝐵pol,p =

(
𝜌c,p

𝜌c,J

)1/6 (
𝑞o,p

𝑞o,J

)1/3 (
𝑟c,p

𝑟c,J

)3 (
𝑅J

𝑅p

)3
𝐵pol,J (2.10)

The subscript 𝐽 indicates the Jovian values of the parameters: 𝜌c,J ∼ 1.899 g/cm3,
𝑅J ∼ 7.0 × 107 m, 𝑟c,J ∼ 0.85 𝑅J, and 𝑞o,J ∼ 7.485W/m2 [Li et al., 2018]. Putting
all the numbers above into Eq. 2.10 gives 𝐵pol,p ∼ 66 𝐵pol,J. Therefore, the maximum
frequency of auroral radio emission from 𝛽 Pic b would be 66 times larger than that of
Jupiter, about 1.8 GHz in this case.

Next, we estimate the frequency from the magnetic Bode’s law, which suggests the
proportionality between the angular momentum and magnetic moment of a planet:

𝐵eq,p𝑅
3
p ∝ 𝜔p𝑀p𝑅

2
p (2.11)

where 𝐵eq,J is the surface magnetic field strength at the equator, and 𝜔p (∼ 1.25 𝜔J) is
the angular velocity of planetary rotation. Therefore, the surface magnetic field strength
of 𝛽 Pic b is expressed as follows,

𝐵pol,p =

(
𝜔p

𝜔J

) (
𝑀p

𝑀J

) (
𝑅p

𝑅J

)−1
× 𝐵pol,J (2.12)

where we assumed that the planetary magnetic field is a dipole field, that is 𝐵eq,J =
𝐵pol,J/2. The surface field strength at the polar of 𝛽 Pic b is thus expected to reach
∼ 11 𝐵pol,J. In this case, the maximum frequency is expected to be about 300 MHz.

In both cases, the maximum of the emission would be higher than 300 MHz and
expected to be observable with uGMRT in band 3 (250-500 MHz).

2.1.2 Radio flux density

The main source of the auroral radio emission from 𝛽 Pic b is considered to be the
M-I coupling due to the fast rotation and the strong magnetic field estimated earlier.
Assuming that the planetary magnetic field is a dipole field, the total power dissipated by
the current system of M-I coupling, 𝑃0,J, is given by Hill [2001] as follows:

𝑃0,J =
2𝜋ΣJ𝐵

2
eq,J𝜔

2
J𝑅

4
J

𝐿2
J

, (2.13)

where ΣJ is the height-integrated Pedersen conductivity in the polar ionosphere. 𝐿J is
the scale length representing the region in the equatorial plane of the planet where the
magnetospheric plasma is co-rotating with the planet’s rotation, and is given (in 𝑅J) as
follows.

𝐿J =

(
𝜋ΣJ𝐵

2
eq,J𝑅

2
J

¤𝑀J

)1/4

(2.14)

where ¤𝑀J represents the plasma mass outflow rate. In the case of ΣJ ∼ 0.6 mho and
¤𝑀J ∼ 2000 kg/s, 𝐿J is about 30 𝑅J [Hill, 2001]. In this study, we assume that the power
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dissipated by the M-I coupling at 𝛽 Pic b, 𝑃0,P can be estimated by scaling each parameter
of Eq. 2.13 and Eq. 2.14. From Eq. 2.14, the scale length for 𝛽 Pic b, 𝐿p is expressed by

𝐿p =

(
Σp

ΣJ

)1/4 (
𝐵eq,p

𝐵eq,J

)1/2 (
𝑅p

𝑅J

)1/2 ( ¤𝑀p
¤𝑀J

)−1/4

𝐿J (2.15)

Thus, the total power dissipated by the current system of 𝛽 Pic b’s M-I coupling, 𝑃0,P is
expressed as follows.

𝑃0,P =

(
Σp

ΣJ

)1/2 (
𝜔p

𝜔J

)2 (
𝑅p

𝑅J

)3 (
𝐵eq,p

𝐵eq,J

) ( ¤𝑀p
¤𝑀J

)1/2

𝑃0,J (2.16)

Both Σp and ¤𝑀p are uncertain. The conductivity would depend on the EUV flux
that the planet receives. Taking account of the semi-major axis of 𝛽 Pic b and the
EUV flux of 𝛽 Pic b approximately 1 order of magnitude smaller Sanz-Forcada et al.
[2011], the conductivity may be estimated to be Σ𝑝 = (5.2/10.2)2 (1/10) Σ𝐽 ∼ 0.03 Σ𝐽 .
Assuming ¤𝑀p = ¤𝑀J and 𝐵eq,P = 66 𝐵eq,J, the total dissipated power 𝑃0,p would be
∼ 53 𝑃0,J. Assuming further that the ratio of the power of auroral radio emission to the
total dissipated power is the same as Jupiter (∼ 10−3; Zarka [2007]), the power of the
auroral radio emission from 𝛽 Pic b, 𝑃rad,p would be expected to be 3.3× 1013 W, where
we adopted the nominal value of the total power dissipated in the Jovian M-I coupling,
𝑃0,J = 6.0 × 1014 W [Hill, 2001].

The flux density of auroral radio emission 𝑆p is calculated using 𝑃rad,p, solid angle
Ω, bandwidth of the emission Δ𝜈, and distance 𝑑 from the earth to 𝛽 Pic system:

𝑆p =
𝑃rad,p

Ω𝑑2Δ𝜈
. (2.17)

Assuming that the bandwidth of the auroral radio emission is half of the maximum
frequency following e.g., Farrell et al. [1999], that the solid angle of the beam is the
same as Jupiter’s, and 𝑑 = 19.75pc, the estimated the auroral radio emission’s flux
density is 𝑆p ∼ 6.0 𝜇Jy.

Ashtari et al. [2022] also estimated the flux density from 𝛽 Pic b and c, driven by
stellar wind-planet interaction. They predicted it would reach tens to hundreds of uJy,
more than ten times our estimate. The gap comes because the maximum emission
frequency is a difference of two orders of magnitude while the power of auroral radio
emission is almost the same or differs by only several times less than the prediction of
Ashtari et al. [2022]. We attribute the discrepancy in the flux density to the assessment
of the strength of the planetary magnetic field, especially 𝑞o,p. Ashtari et al. [2022]
employed two scaling laws proposed by Stevenson [1983] and Mizutani et al. [1992] for
estimating the planetary magnetic moment; the magnetic moment is scaled by 𝜌1/2

c,p 𝑟
3−3.5
c

in the case of beta Pic b and c because the angular velocity of rotation period and the core
conductivity have been assumed same as Jupiter. Compared to our computations, the
values of 𝜌c,p and 𝑟c are almost the same as the estimation in Sec. 2.1.1, and these terms
make only several times the difference between scaling laws. On the other hand, 𝑞o,p in
Eq. 2.10 becomes larger as the object temperature is higher. In the case of 𝛽 Pic system
as a young system, since the planet’s effective temperature is high, 𝑇eff,p > 103K, 𝑞o,p
contributes about 50 times larger than Jupiter to the magnetic moment. Therefore, the
estimate of magnetic field strength by Christensen et al. [2009] used in Sec. 2.1.1 tends
to be stronger for high-luminosity planets than the estimates based on the scaling laws
of Stevenson [1983] and Mizutani et al. [1992] used in Ashtari et al. [2022], resulting in
the differences in flux density described above. Note that in estimating flux density, the
estimates can easily be changed by assumptions on uncertain parameters such as 𝜌c,p and
𝑞o,p.
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Date On source time Synthesized beam
size rms noise

(hr) (arcsec×arcsec) (𝜇Jy beam−1)
2020 Jun 19 2.3 13.4 × 4.5 121
2020 Jul 11 2.0 16.6 × 4.3 88
2020 Sep 01 1.9 15.0 × 4.8 82
2020 Sep 16 1.5 16.0 × 4.9 94
(Stacking all) 7.7 14.5 × 4.7 60

Table 2.2: Summary of the observations and images.

2.2 Observation and data analysis

We observed the 𝛽 Pic system with the uGMRT on 19 June, 11 July, 1 September and
16 September 2020. About 2 hours of observation were carried out at band 3 (centered
at 400 MHz with a bandwidh of 200 MHz) each day. On every observation day, we
conducted the following routine: First, we observed 3C147 for 10 min as a flux and
bandpass calibrator. After that, J0538-440, the phase calibrator, and 𝛽 Pic were observed
for 5 min and about 30 min, respectively and alternately. In the last 10 min, 3C147 was
observed again.

For the reduction of data, we used the pipeline that is CAsa Pipeline-cum-Toolkit for
Upgraded Giant Metrewave Radio Telescope data REduction(CAPTURE)
[Kale and Ishwara-Chandra, 2021]. It executes tasks, flagging, calibration, imaging and
self-calibration utilizing Common Astronomy Software Applications (CASA).

In the first step, raw visibility data was flagged using CASA tasks flagdata. The
frequency channel 0 and first and last 10 s of each scan were flagged. After that, calibration
for delay, bandpass and gain were carried out. Flagging and calibration performed again.
After this procedure, we use CASA’s tclean task for imaging. The size of pixel in these
images are 1.0′′ × 1.0′′. After imaging, 4 rounds of phase only self-calibration and 4
rounds of phase and amplitude self-calibration were executed. For final images made
through the pipeline, we carried out primary beam correction with tasks wbpbgmrt1.

2.3 Results

We detect no radio emission from 𝛽 Pic b and set 3𝜎rms upper limit for each of four
observations.

Fig. 2.2 shows the radio flux contours with the overlaid gray-scale image made by
2MASS All-Sky Data Release at J-band which can be obtained from Interactive 2MASS
Image Service 2, and the location of the 𝛽 Pic is marked with a red dot in each image. We
computed the root-mean-square (rms) noise of each image on the area where 150′′×150′′
centerd the target, surrounded by red solid line on the image. The results are listed on
Table 2.2, and the contours on Fig.2.2 indicate 5,10,15,20 times rms noise.

The rms noise is substantially larger than the nominal value of band 3 (∼ 11.5 𝜇Jy).
This is likely due to the low-elevation of the observations. When observing an object at
low-elevation with interferometre, projected baselines are shortened, and the beam was
stretched in Declination direction about two time than the ideal size [Gupta et al., 2017].
This beam expansion would lead to increase the noise level.

In addition, our observation was affected by the side-lobe of intense radio sources
which locate near the target. Fig. 2.3 shows the zoom-out of Fig. 2.2, where the contours

1https://github.com/ruta-k/uGMRTprimarybeam
2https://irsa.ipac.caltech.edu/applications/2MASS/IM/interactive.html
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Figure 2.2: The uGMRT image for each of the four observation day expressed in contours.
All are overlaid on 2MASS infrared image. Contours are set to 5,10,15,20 ×𝜎rms,
where 𝜎rms are computed in the area surrounded red solid line, 150′′ × 150′′, and
𝜎rms = 121 𝜇Jy (6/19), 88 𝜇Jy (7/11), 82 𝜇Jy (9/1), 94 𝜇Jy (9/16). The red cross
displays the position of the 𝛽 Pic. The blue ellipse shown at left corner express the beam
size.

are now 5, 10, 15 and 20 times the 60 𝜇Jy. Clearly visible two sources that extend to
the position of the target are most likely J054806.4-505206(RA = 05h48m7s,Dec =
−50◦52′7′′) and J054637.6-504830(RA = 05h46m38s,Dec−50◦48′28′′) with flux den-
sities of about 0.1 Jy and 0.2 Jy, respectively. While the mrs noise of the background is
∼60 𝜇Jy, that in the side-lobe including the position of our target is more than 80 𝜇Jy.

We made a deeper image combining all four observations, shown in Fig. 2.4, and
calculated the rms noise in the same way as Fig. 2.2 to find 60 𝜇Jy. This value was
10 times lager than the predicted value of flux density, and no signal was also detected.
Then, we set the upper limit of 3𝜎rms = 180 𝜇Jy.
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Figure 2.3: The uGMRT image for each of the four observation day expressed in contours.
Contours are plotted 5,10,15,20 × 60 𝜇Jy which value is the quietest rms noise level in
the field of view. The red square located near the center of the image is same area as
shown in Fig. 2.2. The red cross displays the position of the 𝛽 Pic.

2.4 Discussion

In this study, we have reported the results of the observation of the auroral radio emission
from 𝛽 Pic b using uGMRT with band 3. We estimated that it could generate a strong
magnetic field and intense auroral radio emission through a mechanism similar to Juptier.
However, we could not find any signals from the 𝛽 Pic system and put the 3𝜎 upper limit
of ∼ 180 𝜇Jy.

While this upper limit is larger than our nominal estimate of the radio emission, we
could translate this limit to the constraints on the combination of the planetary parameters,
assuming that the planetary radio emission arrives at Earth but was not detected due only
to the insufficient sensitivity. Let us first consider the case where the planetary magnetic
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Figure 2.4: The deep image made by combining the visibility data obtained from all four
observations, which is overlaid on 2MASS infrared image. Contours are set to 3,5,10,15
×𝜎rms, where 𝜎rms are also computed in the area surrounded red solid line, 150′′ × 150′′,
and 𝜎rms = 60 𝜇Jy. The red cross displays the position of the 𝛽 Pic. The blue ellipse
shown at left corner express the beam size.

field is stronger than 10 𝐵pol,J, i.e., the maximum frequency of the emission is within or
larger than the bandpass of band 3 of uGMRT. Based on the scaling laws introduced in
Sec. 2, the emission flux density is given by

𝑆p =

(
𝜔p
𝜔J

)2 (
𝑅p
𝑅J

)3
𝛼J𝑃0,J

Ω𝑑2(2.8 × 106 × 𝐵pol,J [G])
×
𝛼p

𝛼J

(
Σp ¤𝑀p

ΣJ ¤𝑀J

)1/2

(2.18)

where 𝛼 is the efficiency of the dissipation power to the emission power (𝛼J ∼ 10−3).
To apply the upper limit, which was derived from the rms noise of the deepest image, to
the parameter constraints, we should consider the total duration of the beam illuminating
the Earth Δ𝑡′ and the emission bandwidth occupied within the bandpass Δ𝜈′. The upper
limit modified for parameter constraints is thus given by

𝑆p,lim = 180[𝜇Jy] ×
(
Δ𝑡′

7.7hr

)−1/2 (
Δ𝜈′

200MHz

)−1/2
. (2.19)

In this paper, we determined Δ𝑡′ by combining the parameters, rotation period 𝑇rot, the
beam solid angle Ω and initial phase of beam 𝜙. The strength of planetary surface
magnetic field controls and Δ𝜈′. Substituting 𝑆p in Eq. 2.18 by 𝑆p,lim, we obtained the
upper limit of the product of 𝛼, Σp and ¤𝑀p.

If the maximum frequency of the emission is within the bandpass of band 3 (between
250 MHz and 500 MHz), the radio flux detectable in band 3 is reduced and the constraints
on the combination of these parameters are weakened accordingly. On the other hand,
if the maximum frequency is below the observation bandpass, the only constraint may
be put on the magnetic field strength. The constraints based on these considerations are
summarized in Fig. 2.5 where the region filled with the diagonal lines are allowed.

We note that there remains the possibility that the emission is not directed toward the
Earth. This possibility includes not only the case where the beam is always away from
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Figure 2.5: The most strict upper limit of the product of 𝛼p, Σp, and ¤𝑀p for each magnetic
field is derived with the longest observable time Δ𝑡′ = 2.7h. The range of the product is
restricted red shaded area. Two dotted lines illustrate the magnetic field strength which
correspond to boundaries of bandwidth, 300 MHz and 500 MHz.

the Earth but also the case where the beam happened to be away from the Earth in all
of the observation periods. If the former is the case, it implies that the obliquity of the
planet is larger than Jupiter, or the tilt of the magnetic field is substantial, both of which
provide constraints on the formation of Jupiter-like planets.

In either case, this system would be one of the important targets in the observations
with Square Kilometre Array (SKA), which will cover the frequency range similar to our
observations with higher sensitivity. Because it is located in the Southern hemisphere,
it can continuously monitor the target for a longer time and would be less affected by
the side-lobes we found, and it will provide a tighter constraint on the combination of
planetary parameters to the level of our nominal estimate.
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Chapter 3

Microlensed Radio Emission from Exoplanets

As mentioned in Sec. 1, no clear detection of the auroral radio emission from exoplanets
has been reported. However, detecting it may be only matter of time. the upgrade to
the existing observatories [e.g., GMRT ] or the new capabilities [e.g., NenuFAR ] are
facilitating the more sensitive search toward the first univocal detection. Furthermore, the
planned Square Kilometer Array (SKA) will conduct a sensitive survey at this frequency
domain, and will provide the number of candidates. Motivated by these developments
toward searching for exoplanetary auroral emission, we study the exoplanetary auroral
emission observed through gravitational microlensing. We consider the scenario in
which the planetary system with a hot Jupiter is the source of the lensing event1and the
planetary auroral emission dominates the light from the source system at the considered
wavelength/frequency (for microlensing event of radio emission from extra-terrestrial
intelligence, see Rahvar [2016]). In general, gravitational microlensing amplifies the
light from the source and allows us to detect the signal at a larger distance, typically
closer to the Galactic Center where the occurrence rate of gravitational microlensing is
high. Therefore, using microlensing, we can in principle study the magnetic properties
of exoplanets at locations different from many known exoplanets.

The condition that the emission predominantly comes from the planet, the lighter
body in the system, causes a notable difference from the microlensing magnification
of the planetary system in the optical or infrared domains [Graff and Gaudi, 2000,
Sajadian and Rahvar, 2010, Bagheri et al., 2019]. Because the source orbits the star
with the period of 𝑂 (1) days, much shorter than the typical timescale of magnification,
the magnification curve has a characteristic wavy feature depending on the orbital param-
eters. This would allow us to identify the planetary nature of the emission, and constrain
some of the orbital parameters as well as the properties of the radio emission. We dis-
cuss these characteristic patterns in the magnification curve and evaluate the occurrence
probability of such events.

The organization of this paper is as follows. In section 3.1, we introduce the frame-
work of gravitational microlensing of an exoplanet as a source. Next, we show mag-
nification curves and consider the relation between their feature and parameters of the
system in section 3.2. In section 3.3, we discuss the observability of distant hot Jupiters
through microlensing. Section 3.4 is devoted to discussion.
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Figure 3.1: Schematic view of the configuration considered in this paper (top) and the
coordinates on the lens plane (bottom). In the left panel, 𝑀𝐿 and 𝑀★ are the masses of
the lens star and host star, respectively, and 𝐷𝐿 and 𝐷𝑆 are the distance from the observer
to the lens star and source star, respectively. In the right panel, the lens star is located at
the origin on the lens plane. The position of the host star and planet are designated as
(𝑥★, 𝑦★) and (𝑥𝑃, 𝑦𝑃), respectively. 𝜃𝑉 is the relative transverse speed of lens and host
star on the lens plane, 𝑎, 𝜔 and 𝜙 are the semi-major axis, angular velocity and initial
orbital phase of the planet, respectively.

3.1 Microlensing of exoplanets

3.1.1 Gravitational lensing by a single star

Here we present a basic formalism to study microlensing of an exoplanet orbiting around
the host star. The configuration we are considering is depicted in Fig. 3.1. First, the
Einstein radius, 𝜃𝐸 , is defined as,

𝜃𝐸 ≡

√
4𝐺𝑀𝐿

𝑐2
𝐷𝑆 − 𝐷𝐿

𝐷𝑆𝐷𝐿

∼ 0.001 [arcsec]
(
𝑀𝐿

𝑀�

) 1
2
(
7[kpc]
𝐷𝑆

) 1
2
(
𝐷𝑆 − 𝐷𝐿

𝐷𝐿

) 1
2

, (3.1)

where 𝑀𝐿 is the lens mass, 𝐷𝐿 and 𝐷𝑆 are the distance from the observer to the lens
and source, respectively. When the host star passes through the Einstein ring, the rate at

1This is in contrast to the conventional microlensing method to discover exoplanets in which exoplanets
are with the lens stars.
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which the angular distance between the lens and the host star changes is given by

¤𝜃 =
𝑉

𝐷𝐿

= 0.012 [arcsec/yr]
(

𝑉

200 [km/s]

) (
3.5[kpc]
𝐷𝐿

)
(3.2)

where 𝑉 is the relative transverse speed of the lens and host star on the lens plane. The
crossing time 𝑡𝐸 , a characteristic timescale for the host star to cross the Einstein ring, is
given as

𝑡𝐸 =
𝜃𝐸
¤𝜃

∼ 0.26 [yr]
(
𝑀𝐿

𝑀�

) 1
2
(

𝐷𝐿

3.5 [kpc]

) 1
2
(
𝐷𝑆 − 𝐷𝐿

𝐷𝑆

) 1
2

×
(
100 [km/s]

𝑉

)
. (3.3)

The magnification 𝐴 due to microlensing, is given by,

𝐴 =
2 + 𝑢2

𝑢
√
𝑢2 + 4

(3.4)

where 𝑢 = 𝜃𝑆/𝜃𝐸 and 𝜃𝑆 is the angular distance between the lens and source (planet).
We denote the minimum angular distance between the lens and host star (rather than the
planet) divided by the Einstein radius as 𝑢min.

As shown in the right panel of Fig. 3.1, we assume that the host star moves in the 𝑥
direction on the lens plane and the motion is expressed as (𝑥★, 𝑦★) = (𝜃𝑉 𝑡, 𝑦★). Then, the
motion of the planet (source) around the host star projected on the lens plane is expressed
as, (

𝑥
𝑦

)
=

(
𝑥★
𝑦★

)
+ 𝑎

𝐷𝑆

(
cosΩ − sinΩ cos 𝑖
sinΩ cosΩ cos 𝑖

) (
cos (𝜔𝑡 + 𝜙)
sin (𝜔𝑡 + 𝜙)

)
,

(3.5)

where 𝑎 is the semi-major axis, 𝜔 is the angular velocity of orbital motion, 𝜙 is the
initial orbital phase of the planet, 𝑖 is the orbital inclination and Ω is longitude of the
ascending node. Here we assume a circular orbit for simplicity. Thus, the current system
is characterized by 10 parameters: 𝑀★, 𝑀𝐿 , 𝐷𝑆 , 𝐷𝐿 , 𝑎, 𝑢min, 𝑉 , 𝜙, 𝑖 and Ω. By
substituting Eqs. (3.5) into Eq. (3.4), we can calculate the evolution of magnification of
the planet. Finally, it is instructive to see the angular scale of the semi-major axis divided
by the Einstein radius,

𝑢a ≡ 𝑎/𝐷𝑆

𝜃𝐸

= 1.5 × 10−2
( 𝑎

0.1 AU

) (
𝑀𝐿

𝑀�

)− 1
2
(
𝐷𝑆

7 kpc

)− 1
2
(

𝐷𝐿

𝐷𝑆 − 𝐷𝐿

) 1
2

.

(3.6)

3.2 Magnification curve

In this section, we show the magnification curves of microlensed exoplanets calculated
from the formulation given in the previous section. Here, it should be noted that we are
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Parameters Values
𝑀★ 𝑀★ = 1.0𝑀�
𝑀𝐿 𝑀𝐿 = 0.1𝑀�, 1.0𝑀�
𝐷𝑆

𝐷𝐿

𝑎 𝑅� ≤ 𝑎 ≤ 0.1AU
𝑢min 0 ≤ 𝑢min ≤ 1
𝑉
𝜙 0◦ ≤ 𝜙 ≤ 360◦
𝑖 0◦ ≤ 𝑖 ≤ 180◦
Ω 0◦ ≤ Ω ≤ 180◦

Table 3.1: Parameters and their values.

considering a case where the planet is intrinsically much brighter than the host star so that
only the planet can be observed even in the presence of microlensing if the magnifications
are comparable.

Fig. 3.2 shows an example trajectory and magnification curve of a microlensing event
of a planet with a small semi-major axis, 𝑎 = 0.1 AU. Here, other parameters are set as
𝑀★ = 3.0 𝑀�, 𝑀𝐿 = 0.2 𝑀�, 𝐷𝑆 = 8.5 kpc, 𝐷𝐿 = 7.0 kpc, 𝑢min = 0.5, 𝑉 = 100 km/s,
𝜙 = 0◦, 𝑖 = 0◦ and Ω = 0◦. For comparison, the trajectory and magnification curve of
the host star are also shown. The amplitude of the oscillation of the planet’s trajectory
in 𝑦 direction is determined by Eq. (3.6). As we see in the right plot, the magnification
of the planet waves around that of the host star due to the periodic orbital motion. The
maximum magnification of the planet exceeds that of the host star because, as seen in the
left panel, the planet approaches the lens more than the host star. In fact, the shape of
magnification curve and the maximum magnification depends on the initial orbital phase.
Below, we investigate the dependence of the magnification curve on the parameters.

In Fig. 3.3, the variation of the magnification is shown by varying the relative
transverse velocity, 𝑉 , and fixing other parameters. The crossing time shortens for a
smaller value of 𝑉 as in Eq. (3.3) and the magnification curve shrinks in time direction.n
Furthermore, the wavy feature in the magnification curve of the tail (magnification ≲ 1.5)
is reduced when the transverse velocity becomes comparable or larger than the planet’s
orbital velocity. In this plot the maximum magnifications are almost the same for the
three cases but this depends on the initial phases of the orbital motion again.

Fig. 3.4 compares the trajectory and magnification curve for different values of 𝑢min.
It is seen that a smaller value of 𝑢min results in not only overall enhancement of the
magnification but also a larger amplitude of the oscillation of the magnification around
that of the host star (not shown). This is because the fractional variation of 𝑢 of the planet
becomes larger for a smaller value of 𝑢min.

The effect of changing the host star mass is shown in Fig. 3.5. A smaller mass leads to
a longer orbital period and the number of the oscillation of the magnification is reduced
for a fixed crossing time (relative transverse velocity). Similar effect can be seen in
Fig. 3.6, where the semi-major axis is varied, because the orbital period depends on the
semi-major axis as well. In this case, the 𝑦 range of the planet trajectory is expanded for
a larger value of 𝑎, and the maximum magnification is larger.

Finally, Fig. 3.7 compares the cases of face-on (𝑖 = 0◦) and edge-on (𝑖 = 90◦). In
the edge-on case, the trajectory is a straight line, but the 𝑥-coordinate does not increase
monotonically and the planet can move backwards in the lens plane. This is why the
magnification oscillates even for the edge-on case, although the wavy feature is smeared
substantially. The vertical lines represent the transit of the planet by the host star and the
radio emission is diminished there.
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Figure 3.2: Left: trajectories of the planet (solid) and host star (dashed) with parameters,
𝑀★ = 3.0 𝑀�, 𝑀𝐿 = 0.2 𝑀�, 𝐷𝑆 = 8.5 kpc, 𝐷𝐿 = 7.0 kpc, 𝑎 = 0.1 AU, 𝑢min = 0.5,
𝑉 = 100 km/s, 𝜙 = 0◦, 𝑖 = 0◦ and Ω = 0◦. The lens is located at the origin and the circle
represents the Einstein radius. Right: corresponding magnification curves.

Figure 3.3: Same as Fig. 3.2 but varying the relative transverse velocity,𝑉 . The red solid
line, blue dashed line and green dotted line cofrespond to 𝑉 = 100 km/s, 𝑉 = 150 km/s
and 𝑉 = 200 km/s, respectively.

As we have seen, a source planet with a relatively small semi-major axis, and then a
short orbital period, can have a unique wavy feature in the magnification curve, depending
on the parameters. The feature is useful for not only the identification of microlensing
event of exoplanets but estimation of the fundamental parameters of the planetary system.
However, these wavy features cannot be seen when the orbital period is comparable to
or longer than the crossing time. In this case, the magnification curve would be very
similar to normal microlensing events. Nevertheless, microlensing will be very useful to
observe faint radio signals from distant exoplanets.

3.3 Event rate

In this section, we investigate the observability of the radio emission from exoplanets
amplified by gravitational microlensing and estimate the event rate. We consider the
microlensing events toward the Galactic Center because the event rate is expected to be
relatively high in the direction. In fact, the SKA is planning surveys of the Galactic Center
and Galactic plane with a survey time of order 𝑂 (1000) hours. They are commensal
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Figure 3.4: Same as Fig. 3.2 but varying 𝑢min. The red solid line, blue dashed line and
green dotted line correspond to 𝑢min = 0.3, 𝑢min = 0.5 and 𝑢min = 0.7, respectively.

Figure 3.5: Same as Fig. 3.2 but varying the host star mass 𝑀★. The red solid line,
blue dashed line and green dotted line correspond to 𝑀★ = 0.3 𝑀�, 𝑀★ = 1.0 𝑀� and
𝑀★ = 3.0 𝑀�, respectively. In the right panel, the blue dashed line and green dotted line
are shifted upward by 0.2 and 0.4, respectively.

Figure 3.6: Same as Fig. 3.2 but varying the semi-major axis 𝑎. The red solid line,
blue dashed line and green dotted line correspond to 𝑎 = 0.05 AU, 𝑎 = 0.10 AU and
𝑎 = 0.15 AU, respectively. In the right panel, the blue dashed line and green dotted line
are shifted upward by 0.2 and 0.4, respectively.
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Figure 3.7: Same as Fig. 3.2 but varying the inclination 𝑖. The red solid line and blue
dashed line correspond to 𝑖 = 0◦ (face-on) and 𝑖 = 90◦ (edge-on), respectively. In the
right panel, the vertical lines represent the transit of the planet by the host star.

surveys so that the data can be used for various scientific purposes. We assume to use the
data of such large commensal surveys to search for microlensing events. However, the
microlensed sources in the direction of Galactic Center are mostly located at the bulge
region with a typical distance of 7 kpc. Thus, the radio emission is very faint and, as we
will see, a magnification of an order of O(100) is required to be detected even with the
SKA.

We can estimate the event rate of microlensing of hot Jupiters by multiplying the
following factors.

1. 𝑆 [deg2]: area of survey field

2. 𝑅lens [/year/deg2]: event rate of microlensing of stars

3. 𝑃HJ: probability that a star has a hot Jupiter

4. 𝑃obs: conditional probability that the peak luminosity of a hot Jupiter reaches the
detection threshold given that the host star enters the Einstein ring of a lens star

In this study, we assume a survey area of 𝑆 = 100 [deg2]. We estimate 𝑅lens ∼
100/year/deg2 in the direction of Galactic Center, based on Mróz et al. [2019]. The
occurrence of a hot Jupiter around FGK stars has been estimated to be 𝑃HJ ∼ 1%
[Mayor et al., 2011, Wright et al., 2012, Fressin et al., 2013]. The remaining number to
estimate is 𝑃obs.

Below, we evaluate 𝑃obs through a Monte-Carlo method considering the variation of
the 9 parameters given in the previous section and the emissivity of exoplanets. To do
this, we need to determine the radio power of an exoplanet given a set of parameters. It
is suggested that the radio power is proportional to the incident power of stellar wind
into the planet’s magnetosphere [e.g., Zarka, 1992, Zarka et al., 1997]. Thus, the radio
power may naively be assumed to be proportional to a geometric factor of 𝑎−2. However,
as 𝑎 decreases, the kinetic and magnetic pressure of the stellar wind increases, and
the planet’s magnetosphere would shrink and the incident power may not increase so
rapidly. Considering this effect, the radio power would be proportional to 𝑎−4/3 [e.g.,
Grießmeier et al., 2005]. Although there are other scaling laws suggested in the literature
[Farrell et al., 1999, Zarka et al., 2001, Lazio et al., 2004], we consider the above two
cases (𝑎−2, 𝑎−4/3) as typical scaling laws. Concerning the overall normalization of radio
power, we take Jupiter’s one (𝑃rad = 1011 W at 𝑎 = 5 AU). Thus, because most of
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observable exoplanets have a very small semi-major axis (≲ 0.1 AU) as we will see later,
our targets are mostly hot Jupiters.

In this study, we consider using the SKA1-LOW that will have a high sensitivity of
70 𝜇Jy at 50 MHz with 4 MHz × 1 hour integration [Zarka et al., 2015]. A deeper and
wider-band observation (40 MHz × 10 hours integration, designated as ”SKA1-LOW
Deep”) is also considered. As a comparison, we evaluate the potential of observations
by the LOFAR with sensitivity which is about 1/30 of the SKA1-LOW at 50 MHz. Thus,
for example, an exoplanet with 𝑎 = 0.05 AU at 1 (7) kpc needs a magnification of a
factor of ∼ 60 (2800) to be detectable by SKA1-LOW Deep.

In fact, the highest frequency of Jupiter’s auroral radio emission is ∼ 30 MHz
and outside the frequency range of the SKA1-LOW. However, the highest frequency is
proportional to the magnitude of the surface magnetic field (12 Gauss for Jupiter) and
even stronger magnetic fields are expected for hot Jupiters [e.g., Cauley et al., 2019].
Thus, we assume exoplanet’s radio emission extends beyond 50 MHz, which is possible
if the surface field is stronger than 20 Gauss.

Based on the above assumptions, we can study the detectability of radio emission
from exoplanets. First, we discuss the dependence on the detectability in the 𝑎-𝑢min
plane (Fig. 3.8). For this, we make 19997 parameter sets by randomly choosing 𝑎, 𝑢min
(random in the logarithmic scale), 𝜙, 𝑖 and Ω (random in the linear scale) while fixing
other parameters such that 𝑀★ = 1.0 𝑀�, 𝑀𝐿 = 1.0 𝑀�, 𝐷𝑆 = 7.0 kpc, 𝐷𝐿 = 3.5 kpc
and 𝑉 = 200 km/s. Then, for each parameter set, we ask if (i) the amplified radio
emission is above the sensitivity of SKA1-LOW Deep, and (ii) if the magnification
curve has multiple peaks and the characteristic wavy features, which would be needed
to identify the planetary nature of the emission. For the scaling of radio emissivity, we
adopt the 𝑎−2 law. The upper panel of Fig. 3.8 represents the scatter plot where the
blue crosses correspond to the parameter sets that satisfy both criteria with SKA1-LOW
Deep, i.e., they are detectable by SKA1-LOW Deep with wavy features. On the other
hand, red points represents the parameter sets that satisfy the first criterion only, i.e., the
radio power is detectable but the wavy patterns are not seen. The typical value of 𝑢min is
10−2, which corresponds to a magnification factor of ∼ 1/𝑢min ∼ 100.

Generally, in order for an exoplanet to be detectable, values of 𝑎 and/or 𝑢min must are
smaller than figures described in section 2 because they give a large intrinsic luminosity
and large magnification, respectively. If the orbital motion of a planet is ignored, the
peak luminosity scales as 𝑎−2𝑢min. Therefore, planets under a line 𝑎−2𝑢min = const.,
which goes from up-left to bottom-right in the upper panel of Fig. 3.8, are detectable for
most of other random parameter sets (𝜙, 𝑖 and Ω) (see the lower panel). In this case, as
we can see, the magnification curve often has multiple peaks.

On the other hand, we see that many planets just above the line are still detectable
with the probability of 𝑂 (10)%. Interestingly, at 𝑢min ≈ 10−2, there are a few detectable
planets with 𝑎 > 0.05 AU, while no planets with 0.05 AU > 𝑎 > 0.01 AU are found.
This is apparently strange because the intrinsic luminosity is larger for planets with
0.05 AU > 𝑎 > 0.01 AU. In fact, for 𝑎 > 0.05 AU, the angular scale of the semi-major
axis is as large as 𝑢min (see Eq. (3.6)) so that the planet can be very close to the lens star
depending on the initial orbital phase. Thus, planets with 𝑎 > 0.05 AU can have very
large magnification of𝑂 (1000) and become detectable even if the intrinsic luminosity is
relatively low.

Finally, Fig. 3.9 shows the conditional probability, 𝑃obs, that an exoplanet can be
detected as a function of the source distance, given that the host star enters the Einstein
radius of a lens star. Red, blue and green curves represent SKA1-LOW Deep, SKA1-
LOW and LOFAR, respectively. In upper and lower panels, the scaling law of 𝑃rad ∝ 𝑎−2

and 𝑎−4/3 are assumed, respectively. In upper and lower panels, the lens mass is set
to 0.1 𝑀� and 1.0 𝑀�, respectively. For simplicity, the lens distance is set to the
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Figure 3.8: Upper panel: scatter plot of exoplanets detectable with SKA1-LOW Deep
(40MHz × 10 hours integration) assuming a scaling law of 𝑎−2. Four of the parameters,
𝑎, 𝑢min, 𝜙, 𝑖 and Ω are randomly chosen, while other parameters are set as 𝑀★ = 1.0 𝑀�,
𝑀𝐿 = 1.0 𝑀�, 𝐷𝑆 = 7.0 kpc, 𝐷𝐿 = 3.5 kpc and 𝑉 = 200 km/s. Blue and red points
represent planets whose magnification curves have multiple peaks and a single peak,
respectively. Lower panel: probability of the detection for each region in 𝑎-𝑢min plane.

half of the source distance. The semi-major axis is chosen randomly according to
a probability distribution function derived from the observed hot-Jupiter population
(0.00263 AU− 0.1 AU) 2, which is close to Gaussian distribution with mean of 0.05 AU
and standard deviation of 0.02 AU. The values of 𝑢min, 𝜙, 𝑖 and Ω are randomly chosen
from uniform probability distributions. Other parameters are set as 𝑀★ = 1.0 𝑀� and
𝑉 = 200 km/s.

It is seen that the probability does not depend largely on the lens mass. This is because
the magnification is determined by 𝑢, which is the relative angle between the source and
lens normalized by the Einstein radius. Therefore, although the probability that a source
is microlensed increases as the lens mass increases, the conditional probability of the
current interest is not affected. On the other hand, the observability strongly depends on
the scaling law. In fact, the difference in the radio emissivity at 0.05 AU is a factor of 20
between the two scaling laws, noting that it is normalized by Jupiter at 5 AU.

To estimate the event rate of microlensing of hot Jupiters, we focus on exoplanets
located at the bulge region, which will dominate microlensing events toward the Galactic
Center. Then, we take 𝑃obs = 3×10−3 and 3×10−5 as typical probabilities for exoplanets
with scaling law of 𝑎−2 and 𝑎−4/3, respectively, considering the SKA1-LOW Deep

2http://exoplanet.eu
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Figure 3.9: Conditional probability that an exoplanet can be detected as a function of the
distance, 𝐷𝑆 , given that the host star enters the Einstein radius of a lens star. In upper
and lower panels, the scaling law of 𝑃rad ∝ 𝑎−2 and 𝑎−4/3 are assumed, respectively. In
left and right panels, the lens mass is set to 0.1 𝑀� and 1.0 𝑀�, respectively. Here,
the lens distance is set to the half of the source distance. The semi-major axis is chosen
randomly according to a probability distribution function derived from the observed
population. The values of 𝑢min, 𝜙, 𝑖 and Ω are randomly chosen from uniform probability
distributions. Other parameters are set as 𝑀★ = 1.0 𝑀� and 𝑉 = 200 km/s. Red, blue
and green curves represent SKA1-LOW Deep, SKA1-LOW and LOFAR, respectively.

observation. In this case, we have an event rate of 𝑅lens × 𝑃HJ × 𝑃obs × 𝑆 ≈ 0.3 year−1

and 0.003 year−1 for 𝑎−2 and 𝑎−4/3 scalings, respectively. In case of SKA1-LOW and
LOFAR, the expected event rates are lower than the above by about a factor of 10 and
300, respectively.

3.4 Discussion

In this paper, we studied microlensing of a exoplanetary system as a source, not as a
lensing object. This enhances the detectability of the radio emission which allows us
to probe the activity of the planet’s magnetosphere [Hess and Zarka, 2011, Zarka et al.,
2015]. Due to the orbital motion of the exoplanet around the host star, if the semi-major
axis is relatively small (≲ 0.1 AU), the magnification curve has a wavy feature which
reflects the orbital parameters and masses of the host and lens stars. This is a unique
feature which can be used to identify microlensing event of an exoplanet.

Auroral radio emission from exoplanets, especially hot Jupiters, can be much brighter
than the host star in low-frequency radio band and can extend to ≳ 50 MHz for an
exoplanet with relatively strong surface magnetic fields (≳ 20 Gauss). Thus, auroral
radio emission of exoplanets is an intriguing target of the next-generation radio telescopes
such as the SKA-LOW, and microlensing can enhance the observability.

We estimated the event rate of microlensing of exoplanets toward Galactic Center
region expected with monitoring observations by the SKA1-LOW and LOFAR. It was
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found that the expected event rate is as large as 0.03 year−1 and 0.3 year−1 by SKA1-LOW
observation with 4 MHz×1 hours and 40 MHz×10 hours integrations, respectively. Al-
though the event rate is not high even for the SKA1-LOW, magnification by microlensing
gives us a chance to observe distant exoplanets.

Our discussion on observability relied largely on the scaling law of radio emissivity,
which is highly uncertain at this time. In addition, while we estimated the auroral radio
power by simply scaling the Jupiter’s value, it would also be affected by the properties of
the stellar wind, and different types of the host stars may have a different normalization.
A different scaling law and/or normalization can lead to substantially different results
and, conversely, statistics of radio emissivity of exoplanets can be probed from future
observations.

It is well known that auroral radio emission of Jupiter and Saturn are highly anisotropic
[Lamy et al., 2008]. Therefore, if the radio emission of hot Jupiters are also anisotropic,
the event rate will be reduced by a factor of the solid angle of the emission divided by
4𝜋.

In this paper, we considered radio emission from the magnetosphere of exoplanets.
Another possible radio emission involving exoplanets is that from the star-planet inter-
action. Most M dwarfs have short-period planets and M dwarf-planet systems can be
promising radio sources [Vedantham et al., 2020]. While microlensing can amplify these
systems and enhance the observability, the characteristic wavy feature is not likely to be
seen when the dominant radio emission comes from the surface of the host star.

It should be noted that the shape of the light curve of a microlensed hot Jupiter does
not necessarily coincide with that of the magnification curve, because the radio emission
is expected to have an intrinsic variability. In fact, Jupiter’s auroral radio emission varies
with its spin period. Nevertheless, if the timescale of intrinsic variability is shorter than
the orbital period and crossing time, the wavy feature could still be observed in the light
curve. Observation of the magnification curve is very important because the wavy feature
contains much information on the system such as the masses of the host and lens stars
and the orbital parameters.

In this chapter, we considered only exoplanets as radio sources toward the Galactic
Center. Actually, the observation of radio emission from exoplanets could be confusion-
limited due to a finite angular resolution of the radio telescopes. To identify exoplanets,
the circular polarization is a good measure because most of other sources are expected
to be unpolarized. Also, as was shown in our manuscript, micro-lensed exoplanets can
be distinguished by the unique feature of the magnification curve if a significant fraction
of the light curve, not just the peak, could be observed. Furthermore, if optical data is
available, the cross-matching between radio (circular polarization) and optical sources is
an effective way to reduce the confusion [Callingham et al., 2019].

The synergy between the radio and optical/infrared observations is a promising way to
not only identify micro-lensed exoplanets but constrain their orbital parameters. In fact,
as we saw in Fig. 3.2, the magnification curve is different between the host star and the
planet, and they will provide us complimentary information. A quantitative discussion on
parameter estimation, considering OGLE, MOA and WFIRST as the optical counterparts
of the SKA, will be given elsewhere.

Data Availability

The observational data used in this paper can be accessed in the GMRT online archive
(https://naps.ncra.tifr.res.in/goa/data/search) under proposal number 38 008.
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Bertaux, F. Bouchy, X. Dumusque, G. Lo Curto, C. Mordasini, D. Queloz, and N. C.
Santos. The HARPS search for southern extra-solar planets XXXIV. Occurrence, mass
distribution and orbital properties of super-Earths and Neptune-mass planets. arXiv
e-prints, art. arXiv:1109.2497, Sep 2011.

M. McLean, E. Berger, J. Irwin, J. Forbrich, and A. Reiners. Periodic Radio Emission
from the M7 Dwarf 2MASS J13142039+1320011: Implications for the Magnetic
Field Topology. Astrophysical Journal, 741(1):27, November 2011. doi: 10.1088/

37



0004-637X/741/1/27.
M. McLean, E. Berger, and A. Reiners. The Radio Activity-Rotation Relation of Ultracool

Dwarfs. Astrophysical Journal, 746(1):23, February 2012. doi: 10.1088/0004-637X/
746/1/23.

Hitoshi Mizutani, Tetsuo Yamamoto, and Akio Fujimura. A new scaling law of the
planetary magnetic fields. Advances in Space Research, 12(8):265–279, August 1992.
doi: 10.1016/0273-1177(92)90397-G.
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