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Abstract. Magnetized giant exoplanets in close orbits around their host star are expected to be strong nonthermal radio emitters.
The anticipated radio flux is strong enough to allow its detection on Earth using the next generation of instruments. However, the
measured quantity will not be the planetary radio flux but the sum of planetary and stellar emission. We compare the expected
stellar and planetary radio signal for stellar systems of different ages. Solar-like stellar wind parameters as well as conditions
corresponding to the young solar system (i.e. with increased stellar wind density and velocity) are considered. For young stellar
systems, conditions appear to be more favorable than for older stellar systems. It is shown that configurations exist where the
separation of the planetary signal from the stellar emission seems feasible.
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1. Introduction

When considering “direct detection” of extrasolar planets, one
has always to keep in mind that it is at present not possible to
resolve an extrasolar planetary system. Thus an observer will
always see the combined signal of the central star and of the
planet(s). This is true for observations in all spectral ranges,
but the intensity ratio of stellar to planetary emission varies.
From the calculation of theoretical spectra for wide-separation
(>0.2 AU) extrasolar giant planets, Burrows et al. (2004) de-
duce a flux ratio of >108 in the visible range and >10* for in-
frared emission. For closer separations, they find a flux ratio of
10? for the mid-infrared. The situation is different for the low-
frequency radio range. Planetary radio emission is dominated
by powerful nonthermal emission generated by the cyclotron-
maser-instability (CMI). The solar radio emission — which will
serve as the main example of stellar radio emission through-
out this paper — consists of a quiet background (produced by
thermal bremsstrahlung) plus a rich spectrum of radio bursts
(caused by nonthermal electrons). The difference in generation
mechanism allows for a much more favorable intensity ratio
in the spectral range considered here, thus making it easier to
separate the stellar and the planetary radio emission, as will be
explained in detail below.

For most of the discussion we will assume the star to be
similar to the sun. In Sect. 2.2 a type of stellar radio emission
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which does not exist on the sun is presented. For close-in ex-
trasolar giant planets much higher flux densities are expected
when compared to the radio planets of the solar system (e.g.
Farrell et al. 1999; Zarka et al. 2001). These estimations are
reviewed and revised in this work; in addition, we show that
the temporal evolution of the stellar wind as presented by
GrieBmeier et al. (2004) has to be taken into account. We also
compare our results to those of the recent study of Lazio et al.
(2004).

In Sect. 2 we will treat different kinds of solar (Sect. 2.1)
and stellar (Sect. 2.2) radio emission. Section 3 briefly de-
scribes the flux density spectrum of Jupiter (Sect. 3.1) and dis-
cusses the radio flux expected from different extrasolar planets
under present-day stellar wind conditions (Sect. 3.2). Section 4
expands this discussion by taking into account the stellar wind
evolution with time. It will be shown how this affects planetary
radio emission. In Sect. 5 the stellar and planetary flux densities
are compared. Section 6 closes with a few concluding remarks.

2. Stellar radio flux
2.1. Solar radio emission

The solar radio flux is composed of different components, not
all of which are always present. The components differ in inten-
sity and rate of occurrence and are caused by different emission
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Fig. 1. Solar radio spectrum according to Boischot & Denisse (1964)
(dotted line) and Nelson et al. (1985) (solid lines). The quiescent stel-
lar emission of the dGOe star HD 129333 (=EK Dra) measured at
8.4 GHz (Giidel et al. 1995) as well as that of the dM5.5¢e star UV
Cet (short dashed line, from Giidel & Benz 1996) are normalized to a
distance of 1 AU for comparison (see Sect. 2.2).

mechanisms. Three different emission mechanisms are impor-
tant (Warmuth & Mann 2005):

— thermal bremsstrahlung generated by free electrons accel-
erated by the Coulomb fields of ions;

— gyro emission caused by electrons spiraling around mag-
netic field lines;

— coherent plasma emission close to the local electron plasma
frequency or its harmonic excited by fast electrons.

In the following, the different components contributing to the
solar radio flux are discussed in terms of their emission mech-
anism, commonness, peak intensity and relevance concerning
the radio detection of extrasolar planets. Figure 1 shows the in-
tensity of the quiet sun and the observed maximum intensity of
solar radio bursts as well as that of noise storms.

The quiet sun emission is caused by thermal
bremsstrahlung due to electron-ion collisions in the ion-
ized plasma. Observations at different frequencies typically
yield information about different layers in the star. The higher
the frequency f, the denser (and lower) the generating layer
may have been. Most of the observed quiet sun radio emission
comes from the solar atmosphere (and not from deep inside
the sun).

The slowly varying component (not shown in Fig. 1) is
mainly due to gyrosynchrotron emission from regions of hot
and dense plasma in the corona e.g. over sunspots (Warmuth
& Mann 2005). This leads to a flux density variation by a fac-
tor of ~2 at centimetre and decimetre wavelengths (Sheridan
& McLean 1985). It has a periodicity of 27 days due to so-
lar rotation (Boischot & Denisse 1964) and varies over the
sunspot cycle. While the quiet sun emission is randomly polar-
ized (Sheridan & McLean 1985), the emission in the centimet-
ric range is often circularly polarized, which can only be ex-
plained by the strong magnetic fields of the sunspots (Boischot
& Denisse 1964).

Solar radio bursts are generated by high-frequency
plasma oscillations excited by suprathermal electrons. These
plasma oscillations have to be converted into electromagnetic
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radiation. Solar radio bursts typically have much higher flux
densities than the quiet sun emission. They are observed in the
whole frequency range, but they are more intense in the low fre-
quency domain (see Fig. 1). The emission takes place close to
the electron plasma frequency or its harmonics (Melrose 1985).

Solar radio bursts are usually partially circularly polarized.
Some types of solar radio bursts are briefly presented in the
following; a more complete review is given by Warmuth &
Mann (2005). Type I bursts only occur in large groups. These
Noise Storms are described below. Type II bursts are gener-
ated by magnetohydrodynamic shock waves caused by a distur-
bance moving with super-Alfvénic velocity. Suprathermal elec-
trons in the shock-front region excite Langmuir waves which
are converted to electromagnetic radiation. Type II bursts dis-
play a detailed fine structure (see e.g. Mel’nik et al. 2004).
Polarization is similar to type III bursts (see below). Type III
bursts, characteristic of the impulsive phase of solar flares, are
the most common flare-associated bursts. They are generated
by relativistic electrons (typically v = 0.3 ¢, see Warmuth &
Mann 2005). Because of the high particle velocity, a large
frequency drift df/dr is a characteristic feature of type III-
Bursts. For this type of emission, radio waves are emitted not
only at the fundamental frequency of plasma waves, but also
at their second harmonic (Bougeret et al. 1984). The polar-
ization degree ranges from weak (<0.15) to moderately high
(~0.5). Non-flare related type III bursts are found in type III
storms (see below). The broadband emission of a type IV burst
is caused by energetic electrons trapped in a closed magnetic
structure. Some of these structures are stationary, others move
slowly upward, leading to a slow frequency drift. Type V bursts
are continuum emissions over a wide frequency range. They
follow type III bursts and typically have the opposite circular
polarization than the preceding type III burst.

Noise storms are frequently the dominant component of
solar radio emission for wavelengths between 1 and 10 m.
Both flare and non-flare related noise storms exist. Two types
of storms are distinguished, which are named type I storms
and type III storms after the type of radio bursts associated
with them. Although the radio flux density associated with a
type I noise storm is far below that of a radio burst, it can be
1000 times that of the quiet sun. Due to their occurrence rate
and their duration, noise storms significantly contribute to the
signal detected: near solar maximum, noise storms occur about
10% of the time (Hjellming 1988). The typical duration of a
noise storm is between a few hours and several days (Boischot
& Denisse 1964; Warmuth & Mann 2005). Type I noise storms
consist of a slowly varying broadband continuum plus short-
lived bursts. The emission of type I storms is highly circu-
larly polarized (Boischot & Denisse 1964; Kai et al. 1985).
Type III storms are not associated with flares; they are con-
nected to type III bursts (see above). Type III storms can also
include continuum emission in addition to bursts, but these con-
tinua only have a low intensity (Kai et al. 1985). There often
is a temporal relationship between type I storms and type III
storms, possibly due to a common exciting agent (Kai et al.
1985). Type III storms always have the same polarization as
type I storms, but the degree of polarization is usually much
lower for type III storms.
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2.2. Stellar radio emission

Some stars are continuously emitting much more energy at
radio frequencies than the sun. These radio luminosities can
be 2-3 orders of magnitudes higher than the quiet sun (Benz
1993). This kind of emission is probably due to nonther-
mal processes (possibly gyrosynchrotron emission of energetic
electrons); to emphasize the different generation mechanism of
this emission with respect to the quiet sun emission, the term
quiescent radio emission was introduced. There is no corre-
sponding radiation on the sun. The typical variation of the qui-
escent emission is about 50% on a time scale of hours, and it
has a low degree of polarization (Benz 1993). Unfortunately,
measurements of stellar radio spectra are limited to a few fre-
quencies. Also, no data are available for frequencies below
1 GHz. Figure 1 shows a spectrum for the quiescent stellar
emission of the dM5.5¢e star UV Ceti (Giidel & Benz 1996,
dataset 4), normalized to a distance of 1 AU. The stellar dis-
tance was taken to be 2.627 pc (calculated from Gliese &
Jahreifl 1991). Giidel & Zucker (2000) fitted four-point VLA
radio spectra to the gyrosynchrotron model of White et al.
(1989). This fit indicates that for UV Cet, the maximum of the
emission probably lies above 1 GHz, so that lower flux den-
sities can be expected for lower frequencies. For frequencies
below this maximum, theory predicts that the intensity is pro-
portional to f>3, while in reality exponents between 0 and 10
can be found (Benz 1993).

Also, stars with even higher quiescent radio flux exist.
The quiescent radio flux decreases with increasing stellar age
(Giidel et al. 1998). For this reason, the emission of a young
star can serve as an upper limit for quiescent emission. Figure 1
shows the quiescent stellar emission of the young (approx.
70 Myr, see Dorren & Guinan 1994) dGOe star HD 129333
(=EK Draconis) as measured at the frequency of 8.4 GHz
(Giidel et al. 1995), scaled to a distance of 1 AU. We will use
the emission of HD 129333 as the upper limit to the contribu-
tion of the quiescent emission.

It is known that stellar flares can be much more energetic
than solar flares; stellar flares with 10* times the radio flux of
the largest solar radio burst have been observed. These flares
are often completely circularly polarized (Gtidel et al. 1989;
Benz 1993). The influence of both stellar flares and quiescent
radio emission on the detectability of planets is discussed in
Sect. 5.

Some very large flares (up to 107 times more energetic
than the largest solar flare) on solar-like stars could possibly
be caused by the interaction of a normal G dwarf and a magne-
tized close-in extrasolar planet (Rubenstein & Schaefer 2000).
However, so far only nine of these transient extreme events
have been detected (Schaefer et al. 2000). For this reason, they
do not present a systematic problem for the discrimination of
stellar and planetary radio emission.

3. Planetary radio flux

3.1. Jupiter’s radio emission
The first measurement of Jupiter’s radio emission (the
strongest planetary radio emission we know) was made by
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Fig.2. Jupiter radio spectrum based on Cassini RPWS data (Zarka
et al. 2004), normalized to a distance of 1 AU. Solid line: rotation
averaged emission. Dashed line: rotation averaged emission at times
of intense activity. Dotted line: peak intensities during active periods.
The high-frequency data are taken from Zarka et al. (1995) and corre-
spond to times of intense emission (see Zarka et al. 2004).

Burke & Franklin (1955) at a frequency of 22 MHz. Due to
the Earth’s ionosphere, frequencies below ~5—10 MHz (Zarka
et al. 1997) are not accessible to ground-based observations.
This explains why radio emissions from other planets of the so-
lar system (including the radio emission from the Earth’s mag-
netosphere) were unknown at that time. The full radio spec-
trum of Jupiter could only be determined years later by the
PRA experiment on both Voyager spacecraft (Zarka 1992).
About two days of Voyager data (obtained from a distance
of 100-500 planetary radii) were used to compute the
spectrum, which was first published in 1992. Recently, the
spectrum was recalculated with much more accuracy using
Cassini-RPWS data (Zarka et al. 2004). Figure 2 is based
on that spectrum. Unfortunately, Cassini-RWPS data are only
available for f < 16 MHz. For higher frequencies, spectral data
from Zarka et al. (1995) are shown, corresponding to periods of
intense activity (Zarka et al. 2004). It can be seen that the peak
flux densities can be up to 100 times the average values. The
observed spectrum is highly time-dependent, e.g. through solar
wind variability (Gurnett et al. 2002) and also depends on the
observer’s position (due to beaming effects). To facilitate the
comparison with the solar radio emission of Sect. 2, the flux
density scale is normalized to 1 AU distance.

The high frequency cutoff in the spectrum shown in Fig. 2
can be explained as follows. Typically, the source region is lo-
cated between 2 and 4 planetary radii. It has been found that the
radio emission is produced close to the local electron gyrofre-
quency along auroral fieldlines. Thus, the highest frequency
emission will be generated at the location with the strongest
magnetic field, i.e. closest to the planet’s surface. This yields
the “high-frequency cutoff” around 40 MHz in Fig. 2. A more
complete discussion of the different components of Jupiter’s
radiation can be found in Zarka (1998), updated in Zarka et al.
(2004). Note that planetary radio emission is strongly circularly
polarized (Zarka 1992, 1998).
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3.2. Exoplanetary radio emission

Already before the discovery of the first extrasolar planet
around a star in 1995 (Mayor & Queloz 1995), attempts were
made to discover the radio emission of extrasolar planets. So
far, however, these efforts have been unsuccessful (Yantis et al.
1977; Winglee et al. 1986; Zarka et al. 1997; Bastian et al.
2000; Farrell et al. 2003; Lazio et al. 2004). One of the many
possible reasons for the current non-detection given by Bastian
et al. (2000) is the lack of sensitivity in the appropriate fre-
quency range. This will be verified in this subsection and in
Sect. 4.

It is clear that the radio emission of a planet in an extra-
solar planetary system can differ considerably from Jupiter’s
radio emission. A planet in a close-in orbit (d < 0.1 AU)
around its central star (a so-called “Hot Jupiter”) is subject
to strong tidal dissipation, leading to gravitational locking on
a very short timescale (Seager & Hui 2002). For a hypothet-
ical Jupiter-like planet orbiting a solar twin at 0.05 AU, the
synchronisation timescale is approximately 2 x 10° years. For
gravitationally locked planets the rotation period is equal to the
orbital period, and fast rotation is not possible. Commonly em-
ployed scaling-laws for the planetary magnetic moment (e.g.
Cain et al. 1995; GrieBmeier et al. 2004) always yield a mag-
netic moment rapidly decreasing with decreasing rotation rate.
This influence of tidal locking on the planetary magnetic mo-
ment is examined in detail by GrieBmeier et al. (2004).

In Table 1 the planetary parameters required for the mag-
netic moment estimation as well as the resulting magnetic
moments (upper and lower limits) are compared for those plan-
ets where the radius is either known (from transit observa-
tions) or reasonably well constrained by theoretical models
(t Boo, see Burrows et al. 2000). This choice was made be-
cause information on the planetary radius allows an improved
estimation of the planetrary magnetic moment (GrieSmeier
et al. 2004). The quantities are given in units normalized to
Jupiter (denoted by subscript J), with Ry = 71490 km, My =
1.9x 1077 kg, wy = 1.76 x 107* 57!, My = 1.5 x 10?7 Am>.
The planetary radius R and mass M was taken from Cody &
Sasselov (2002) for HD 209458b, from Torres et al. (2004) for
OGLE-TR-56b, from Bouchy et al. (2004) for OGLE-TR-113b
and from Moutou et al. (2004) for OGLE-TR-132b. For the
mass of 7 Boo only the lower limit is known (M sini = 4.38 Mj,
Leigh et al. 2003), and the radius is presently not accessible
to measurement. Theoretical models by Burrows et al. (2000)
yield an upper limit for the radius of 1.58 Ry for a planetary
mass of 7 My and of 1.48 Ry for a mass of 10 M;. The most
probable radius seems to be 1.2 Ry (Leigh et al. 2003). Because
of this uncertainty, we calculate the magnetic moment for three
different cases: a relatively “light” planet (M = 4.4 M; and
R = 1.2 Ry), a “medium” planet (M = 7.0 My and R = 1.58 Ry),
and a “heavy” planet (M = 10.0 My and R = 1.48 Ry). For each
of these three model cases, the upper and lower limit for the
magnetic moment M was calculated. The highest upper limit
(i.e. for the “heavy” case) and the lowest lower limit (i.e. for
the “light” case) are given in Table 1. The value of w was calcu-
lated from the orbital period assuming tidal locking. The core
density p. is proportional to the mean density p of the planet
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(oc < p = 3M/4nR3). See GrieBmeier et al. (2004) for addi-
tional details.

The magnetic dipole moment values were obtained exactly
as in GrieBmeier et al. (2004). For the magnetic moment scal-
ing, the size of the dynamo-region r. is required. Two differ-
ent scaling laws were suggested for this quantity: one based
only on the mass of the planet (Curtis & Ness 1986) and one
based on both planetary mass and radius (GrieBmeier et al.
2004). Both approaches lead to unphysical results for the case
of T Bootes: one finds r. > R. In these cases, we set r. = R for
all subsequent calculations. This approach may seem arbitrary,
but it is reasonable to assume a monotonous increase in r./R
with planetary mass M. Thus, the real value for 7 Boo will lie
in the range 0.9 < r./R < 1.0, and the error made by assuming
r. = R is tolerable.

Not only is the size of the magnetic moment and thus of
the magnetosphere very different for a “Hot Jupiter”. Also, the
stellar wind is much denser because of the close proximity of
the star. Both these effects will have an influence on the radio
power emitted from an extrasolar planet, as will be seen in the
following.

A simple way to estimate the total emitted radio power of
planets within the solar system was originally suggested by
Desch & Kaiser (1984). This idea was later applied to the ex-
pected radio emission from extrasolar planets by Farrell et al.
(1999). The total power emitted in the radio range, Py, i prob-
ably roughly proportional to the total power incident on the
magnetosphere, Pinpu; (Zarka et al. 2001):

Prag o< Pinput~ (1

The energy source is believed to be either the kinetic energy
of the solar wind (Desch & Kaiser 1984; Farrell et al. 1999)
or the magnetic energy flux (Zarka et al. 2001; Farrell et al.
2004). In this work, we discuss only the kinetic energy model,
applications to the magnetic energy model will be the subject
of further studies.

The energy input into the magnetosphere is proportional to
the cross-section of the magnetosphere as seen from the star,
determined by the magnetospheric radius Ry;:

Pinput = E%Rﬁdmﬁ, )
where m is the mass of the stellar wind protons, v is their bulk
velocity and ng/d? is their number density at a distance d from
the central star, where d is measured in AU. As most of the
protons are deflected around the magnetosphere and only a cer-
tain portion of the total solar wind kinetic energy is transferred
to the magnetosphere an additional proportionality constant €
is introduced. If magnetic connection is considered to be the
dominant energy input mechanism, € ~ 1/5 for the Earth (Hill
1979). In the following estimation, € will be considered to be
the same for all planets, so that its precise value is not required.

The magnetospheric radius is determined from the pressure

balance at the substellar point, i.e.

BZ
mnv® o« —=. 3)
210
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Table 1. Parameters for some “Hot Jupiters”. The values used for the calculation of the magnetic moments are given in units normalized to
Jupiter. The lower part shows the scaling results for a stellar system of 4.6 Gyr age: planetary dipole moment, total emitted radio power, radio
flux at 1 AU from the planet, radio flux at Earth (distance s) and maximum frequency. Values calculated for Jupiter are given for comparison.
Sources of parameters: > Burrows et al. (2003), > Konacki et al. (2003), > Melo et al. (2004), > Moutou et al. (2004), ¢ Leigh et al. (2003),
) Cody & Sasselov (2002), @ Torres et al. (2004), ® Bouchy et al. (2004). See text for details.

Jupiter HD?209458b OGLE-TR-56b OGLE-TR-113b OGLE-TR-132b 7 Boo
s (distance from Earth) [parsec] - 47.34 1500 370¢ 25004 15.6¢
d (semimajor axis) [AU] 52 0.045 0.0225¢ 0.0228" 0.0306 0.0489¢
R (radius) [R)] 1 1.421 1.23¢9 1.08" 1.134 1.2...1.58
M (mass) [M;] 1 0.69/ 1.459 1.35" 1.194 44...10.0
w (rotation rate) [wy] 1 0.12 0.34 0.29 0.24 0.12
pc (core density) [p.;] 1 0.24 0.78 1.07 0.82 1.77...3.1
M (magnetic moment) [ M;] 1 0.005 ...0.10 04...0.8 0.5...0.9 0.2...0.6 05...2.7
Py, (emitted radio power) [104 W] 2.1 x 107 0.037...0.26 1.6...2.7 1.8...2.7 0.74...13 0.69...2.1
@,y (flux density at 1 AU) [10'° Jy] 5.1x 1073 17...50 14...18 93...11 84...11 40...9.7
@, (flux density at distance s) [mJy] - 1.8...53 0(1073) 0(107%) 0(1073) 39...94
S (maximum frequency) [MHz] 23 0.04...0.84 49...104 8.7...16 36...89 6.7...19

B, (7) is the planetary magnetic field and pjg is the vacuum per-
meability. Assuming a zonal dipole, the magnetic field strength
B, on the magnetosphere (i.e. at planetocentric distance Ry) de-
pends on the planetary magnetic dipole moment M as

M

s

Inserting Eq. (4) into Eq. (3) this leads to
-1/6
Reoe M (mgi?) € a1, )

where the stellar wind density n was replaced by n = nod=>.
Here ny is the stellar wind density at a given stellar distance
(e.g. at 1 AU). The more detailed calculation in GrieBmeier
et al. (2004, Sect. 4) includes the effect of magnetospheric cur-
rents, but leads to the same result. The only difference is an-
other constant of proportionality.

According to observations and models, Ryy = 2Ry for
Jupiter (Joy et al. 2002). As a first-order approximation, self-
similarity is satisfied (Vogt & Glassmeier 2001), so that a fixed
ratio can be assumed for all planets: Ry o« Rg. Note that in
one case (for HD 209458b with M = 0.005 M;), we obtained
Ry < R. In that case we set Ryy = R for all further calcu-
lations, because the magnetosphere cannot be compressed to
sizes smaller than the planetary radius.

The fact that Ry; o« Ry together with Egs. (5) and (2) can
then be inserted into Eq. (1), resulting in

Prag o« MP 3203 =403, (6)

A similar result was obtained by Zarka et al. (1997). From
Eq. (6) it is clear that the total emitted radio power increases
for decreasing orbital distance. This is because the higher ki-
netic energy flux dominates over the magnetospheric compres-
sion (i.e. the smaller cross-section of the magnetosphere). As

described above, the size of the magnetic moment depends on
the rotation state of the planet. Depending on the type of planet,
a higher radio flux can possibly be obtained from fast rotating
planets just outside the tidal locking zones of their star.

The total emitted power is now normalized to the radio
power emitted by the planet Jupiter, so that Eq. (6) becomes

MV (o 3 (o2 [ a\
Prag =|—- - — - Pragy. 7
‘ (MJ) (no,J) (UJ) (dJ) ¢ @

Here, M; = 1.5 x 10>’ Am?, ngy = 10" m~3, v; = 400 kms™!,
dy = 5.2 AU are Jupiter’s magnetic moment, the solar wind
number density and velocity at 1 AU and Jupiter’s distance
from the Sun, respectively. The total radio flux emitted by
Jupiter Pp,q; is calculated from Zarka et al. (2004). As sug-
gested by Zarka et al. (2004), the measured contribution for
the DAM contribution was doubled to account for the fact
that only part of the DAM-band was measured. Three differ-
ent values can be defined. The average total power is given by
Praay = 3.1 x 10'° W. During periods of high activity, the aver-
age total emitted radio power is Pryqy = 2.1 x 10! W. The peak
power is given by Py = 1.1 x 10'2 W. In the following, we
will use the average radio power during periods of high activity.
The radio power calculated for different close-in extrasolar gi-
ant planets is given in Table 1. Two values are given; the lower
radio power corresponds to the small magnetic moment limit,
and the higher value is determined by the upper limit for the
magnetic moment from Table 1.

From the total emitted radio power, the radio flux at a given
distance can be calculated. Similarly to Farrell et al. (1999) we
calculate the radio flux as

D= Prad .
Q2Af

®)
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Q is the solid angle of the beam. According to Zarka et al.
(2004), one can use Q = 1.6 for the dominating contributions
of Jupiter’s radio emission. This value will be adopted in the
following. It corresponds to a hollow cone of half-angle aper-
ture ~75° with a cone mantle thickness of 15°. The distance of
the given stellar system from Earth is denoted by s, and Af is
the emission bandwidth. We assume

max

Af =05mx = P2 9)

4rtme’

where the maximum cyclotron frequency fi™** is determined
by the maximum magnetic field strength B;** close to the polar
cloud tops (Farrell et al. 1999). The electron’s charge is e, and
me is its mass. A planet with a strong magnetic field is a much
more powerful radio emitter than a planet with a weak field, but
it emits in a much broader frequency band. Similarly to Eq. (4),
the polar magnetic field strength can be expressed by

max ﬂO 2M
_ Ko 10
P 4n R} (1
Inserting Eq. (10) into Eq. (8) then yields
872meR3 Prag
A (11)
etpQsi M

Obviously, a planet with a small magnetic moment, large radius
(at fixed magnetic moment) close to a star with a dense and fast
stellar wind will show the strongest nonthermal radio emission.
With Eq. (7) for Py,q it can be seen that
® o RS M3 il o783 a3, (12)
Apparently, planets for which a strong magnetic moment is ex-
pected are not automatically the best candidates for the search
for radio emission. On the other hand, for a weakly magnetized
planet, f;"** will be small, making ground-based detection im-
possible (ionospheric cutoff). Table 1 gives @, the radio flux
expected at Earth, as well as @4y, the radio flux normalized to
1 AU. The latter value is a measure of the strength of plane-
tary radio emission (which has to be compared to the expected
stellar emission), while the former determines whether a given
planet can be detected by radio telescopes. Because it is im-
portant to have frequencies above the ionospheric cutoft limit
(5—10 MHz) for ground-based detection, Table 1 also gives the
maximum emission frequencies. Note that the upper limit for
the flux and maximum frequency are given by the lower limit
for the magnetic moment and vice versa. For 7 Bootes, the lim-
its given in Table 1 are found by comparing the limits obtained
for the three different models.

If we compare our results for T Bootes with the result of
Farrell et al. (1999, Table 1), we can see that in the present work
the total radio power is smaller by a factor of ~4, while the flux
is higher by a factor of ~4. The values for the radio power dif-
fer because of the different magnetic moments, while the flux
densities are different because we use a different magnetic mo-
ment, a smaller value of Q and a smaller value for Af. Thus,
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for average conditions, the results are approximately compara-
ble. While in Farrell et al. (1999) variations of Q and of stellar
wind velocity are suggested to potentially increase the total ra-
dio flux by up to three orders of magnitude, we believe that
the peak power will not be more than one order of magnitude
above the value given in Table 1 (e.g. if Prgy = 1.1 X 1012w
is used rather than Ppgy = 2.1 X 10'" W). For this reason, the
peak radio power (and the peak radio flux) differ considerably.
Note that so far, stellar wind conditions corresponding to a stel-
lar system age of 4.6 Gyr were compared. The correct age will
be taken into account in Sect. 4.

In comparison to the recent study of Lazio et al. (2004) we
note that Table I of that work gives the peak power, while we
use the average power during periods of high intensity. Lazio
et al. (2004) take the peak power to be two order of magni-
tude above average, leading to a peak emission power much
larger than that of the current study. As far as the maximum
emission frequency is concerned, we note that the frequency
given by Lazio et al. (2004) is higher by a factor of 3. This
is due to the fact that they use the magnetic moment scaling
of Blackett (1947), which was later experimentally disproved
(Blackett 1952). Due to the larger exponent in r, Blackett’s
laws leads to an overestimation of the planetary magnetic mo-
ment for large planets. In addition, Lazio et al. (2004) make
use of the mass-radius relation R o« M'/3. Especially for planets
with large masses like 7 Boo, this produces unrealistically large
planetary radii, magnetic moments, radio fluxes and emission
frequencies. Note that a good estimation of the emission fre-
quency is particularly important because a difference of a small
factor can make the difference between radiosignals above and
below the ionospheric cutoff.

The radio flux @, from Table 1 has to be compared to the
detection limit of various radio-telescopes: the UTR-2 detector
in Kharkov presently has a sensitivity of 25 Jy (e.g. Rucker
2002). This detector will be improved in the near future using
modern digital techniques, where a new backend facility called
Robin 2 (Rucker 2002) will improve the sensitivity down to
100 mJy. The extremely ambitious project of a LOw Frequency
ARray (LOFAR) will provide a sensitivity of 1 mJy (Kassim
et al. 2004).

It can be seen that the radio flux from the planet
HD 209458b could in principle be detectable by LOFAR, but
that the frequency is below the ionospheric cutoff. The reason
for this is the weak magnetic field due to synchronous rotation
(tidal locking). The planets OGLE-TR-56b, OGLE-TR-113b
and OGLE-TR-132b are very far away. Even if the planets are
relatively powerful radio emitters and ionospheric cutoff is not
a problem, the radio flux at Earth is much too low to allow de-
tection. Although these planets are not good candidates for ra-
dio observations, they can serve as representatives of a certain
class of planets. Note that non-transiting but otherwise similar
planets could exist much closer to the solar system. For such
a planet, radio detection would be possible. Finally, it can be
seen that the radio emission expected for 7 Boo lies both above
the ionospheric cutoff frequency and above the detection limit
for LOFAR, so that radio emission from that planet may be
detectable in the near future.
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Table 2. Scaling output for a planet like 7 Bootes at different stellar system ages (4.6 Gyr, 1.0 Gyr and 0.7 Gyr). See text for details.

7 Bootes 4.6 Gyr 1.0 Gyr 0.7 Gyr

u(?) (stellar wind velocity) [kms™'] 400 731 840

no(#) (stellar wind density at 1 AU) [m™3] 1.0 x 107 9.5 x 107 15.9 x 107

M (magnetic moment) [M;] 0.5...2.7 0.5...2.7 05...2.7

Py, (emitted radio power) [W] 0.69x 10" ...21x 10" 13x10%...3.8x10° 25x10%...7.3x 10"

Oy (flux density at 1 AU) [Jy] 40x10"°...97x10"° 74x10"...1.8x10”% 1.4x102...3.5x10"

@, (flux density at distance s) [Jy] 0.0039...0.0094 0.071...0.17 0.14...0.33

S (maximum frequency) [MHz] 6.7...19 6.7...19 6.7...19
4. Radio emission and stellar system age 0P F— ' T Booes b (07 Gyr) ]

S OREIIIIDIDIIIIII I I I .

Recently, stellar mass loss rates of main sequence G and K I"E ok 7 Bootes b (1.0 Gyr)
stars were estimated by using recent indirect stellar wind ob- T 1010: """"""""""""""""""""""""" 7 Bootes b (4.6 Gyr) _
servations (Wood et al. 2002). This allowed the calculation of § C 1
the stellar wind evolution (GrieBmeier et al. 2004, Sect. 3.2); & 10 F E
this calculation was later limited to stellar systems with an é 108F N Jupiter e
age > 0.7 Gyr (Lammer et al. 2004). It could be shown that :‘L 107k \\\ e A
the stellar wind velocity of a young star (1 Gyr after reach- = s \‘\\ o]
ing the main sequence) is about twice as high as the velocity & N 4 :

P . . . . 10°F X X X X X X X X X X X X 1 X =
of today’s solar wind (at 4.6 Gyr). Likewise, the density of 10 T T T TS i T 00 Mz

the stellar wind of a young G or K star is about one order of
magnitude higher. This has two effects: first, it compresses the
magnetosphere, as can be seen from Eq. (5). Secondly, the in-
creased stellar wind parameters also increase the energy input
into the magnetosphere, see Eq. (2). It can be seen from Eq. (7)
that a denser and faster stellar wind will lead to stronger plan-
etary radio emission. This effect is important because the age
of extrasolar planet host stars vary. For the star HD 209458,
an age of between 4 and 7 Gyr is assumed, with 5.2 Gyr as a
likely value (Mazeh et al. 2000; Cody & Sasselov 2002). For
OGLE-TR-56 the age is given as 3 + 1 Gyr (Sasselov 2003).
7 Bootes has an age of approximately 1 + 0.6 Gyr (Fuhrmann
et al. 1998). Using Egs. (16) and (17) from GrieBmeier et al.
(2004) for v(¢) and n(?), respectively, and Eqgs. (7) and (11) from
above, the total emitted radio power and the radio flux density
are calculated and compared in Table 2 for stellar system ages
of 4.6 Gyr, 1.0 Gyr and 0.7 Gyr. To facilitate the comparison,
we also give v and n for the different cases. The planetary ra-
dius, magnetic moment and semimajor axis are assumed to be
constant, so that the time evolution is caused by the variation
of v and n.

The lower limit for the radio flux expected from a planet
like T Bootes b at different stellar system ages as well as the
radio flux of Jupiter are compared in Fig. 3. Note that if an age
of 4.6 Gyr is assumed for T Bootes, the expected radio flux is
underestimated by over one order of magnitude. Concerning
the current non-detection of radio emission from 7 Bootes, we
suggest that the main problem is the relatively low maximum
frequency of 19 MHz of the emission as compared to the mea-
surements at f > 74 MHz (Winglee et al. 1986; Bastian et al.
2000; Farrell et al. 2003; Lazio et al. 2004). The observations
of Zarka et al. (1997) are in a more promising frequency range

Fig. 3. Comparison of the radio flux measured from Jupiter (cf. Fig. 2)
according to Zarka et al. (1995, 2004) at periods of intense activity
(dashed lines) and the lower limit for the radio flux emission from a
planet like T Bootes b at different ages (dash-dotted lines). All values
are normalized to a distance of 1 AU.

(between 7 and 35 MHz), but the sensitivity of the UTR-2 de-
tector was not sufficient. Similarly, the measurements by Yantis
et al. (1977) were not sensitive enough.

5. Radio comparison

In this section we compare the flux density of different radio
sources. Again, to facilitate the comparison, all flux densities
in Fig. 4 are normalized to a distance of 1 AU. Note that this
is done because for an extrasolar planetary system the star and
the planet will have the same distance to a detector at Earth.

We first consider the contribution of the galactic back-
ground. It is known that the galactic background depends on
the viewing direction. It can be measured by a second mea-
surement of the sky close to the extrasolar system and then be
subtracted from the signal received from the system. For ex-
ample, the UTR-2 radio telescope in Kharkov can be used in
a two-beam mode with one of the beams directly on the radio
source and the second beam pointing 1° away from the first
beam (Zarka et al. 1997). Another option would be to remove
the sky background by interferometry, see e.g. Nelson et al.
(1985).

If Jupiter’s radio emissions is compared to the sun’s emis-
sion, one clearly notes that the planetary emission is far more
powerful than the quiet sun emission. Thus the question is not
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Fig. 4. Solar radio data according to Boischot & Denisse (1964) (dot-
ted line) and Nelson et al. (1985) (solid lines). Jupiter radio flux during
periods of intense activity (cf. Fig. 2) according to Zarka et al. (2004)
(dashed line). Also shown: quiescent stellar emission from UV Ceti
(short-dashed line) and HD 129333 (see Sect. 2.2) and lower limit for
the radio flux expected from 7 Bootes (dash-dotted lines, see Sects. 3.2
and 4). All values are normalized to a distance of 1 AU.

whether an extrasolar planet would be detectable against a sun-
like star (during quiet conditions), but rather whether such a
quiet star would be detectable against the radiation of such a
planet. The slowly varying component (not shown in Fig. 4)
does not contribute much to the solar flux in the spectral range
where planetary emission is expected.

The quiescent emission some stars exhibit could in princi-
ple be problematic. Although no measurements are available
for low frequencies (~1 GHz), it seems likely that the flux lev-
els are much lower at frequencies relevant for planetary detec-
tion (<25 MHz). Also, quiescent radio emission seems to be
connected to stellar X-ray emission (Giidel et al. 1995). Thus,
the comparison of the radio emission and the X-ray emission
might serve as an indicator of whether the source of the radio
emission is likely to be the star or not. Also, the low degree
of polarization of the quiescent emission (see Sect. 2.2) as op-
posed to the planetary radio emission will prove to be an im-
portant diagnostic tool.

Due to their relatively low occurrence-rate (about 10% of
the time near solar maximum, see Sect. 2.1), noise storms are
not very important for the case where a Jupiter-like planet is
to be detected around a Sun-like star. They could have an in-
fluence in systems where either the planetary radio emission is
weaker than Jupiter’s, or in cases of a star showing more activ-
ity than the sun. In these cases statistical considerations would
be required, and the quiet star level would have to be evalu-
ated carefully. On the other hand, for close-in extrasolar plan-
ets, emission much stronger than Jupiter’s is expected. Thus the
contribution of noise storms probably is negligible.

Stellar radio bursts are another matter. In the solar sys-
tem, they are far more powerful than any planetary radio emis-
sion. The question arises as to whether the latter could be sep-
arated from such a bursty background. Fortunately, these radio
bursts do not occur all the time. Although type IV emission
can last for several days, it only occurs with a rate of approx-
imately 3 per month during sunspot maximum. Type III emis-
sion happens much more frequently (up to 1400 per month at
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sunspot maximum), but its duration is limited to a few seconds
(Boischot & Denisse 1964). Thus it can be hoped that using
statistical arguments the stellar bursts can be separated from
planetary emission. If one admits the possibility that the beam-
ing direction of extrasolar planetary radio emission could be
very different from what we see in the solar system, it could be
worth while to look at secondary eclipses of transiting planets
as suggested by Richardson et al. (2003). In this case different
spectra may be obtained during secondary eclipse (“star only”-
spectra when the planet passes behind the star) and off-eclipse
(“star plus planet”-spectra). The noisy background of the stel-
lar radio bursts could then be reduced by statistics, i.e. by ob-
serving not one but many eclipses of an appropriate planet. Of
course, a star with little activity in the radio spectrum (like the
Sun near solar minimum) is always preferable.

The planetary radio emission of some extrasolar planets
may be much stronger than Jupiter’s emission. For example,
for a system similar to 7 Bootes, the radio emission will be
several orders of magnitude stronger than Jupiter’s emission
(see Fig. 3). It can be seen that detection is more likely for
young stellar systems, where the stellar wind is denser and
faster than for today’s Sun. The radio emission from 7 Bootes
at its present age (1.0 Gyr) is much stronger than the contribu-
tions of the galactic background, the quiet sun emission, solar
noise storms, and also the assumed maximum quiescent radio
emission. Some stellar radio bursts will still be more intense
than the planetary emission; depending on the occurrence rate
of radio bursts on the star, this might be more or less problem-
atic. This will be especially true if the planets host star exhibits
very strong stellar flares.

Even in cases where the combined stellar/planetary radio
signal contains major contributions from the planet, one also
requires some means to separate the two contributions. There
are several ways that this can be achieved. Firstly, it is known
that planetary radio emission is highly polarized (Zarka 1998).
This is not the case for the quiet sun radio emission or the qui-
escent radio emission (see Sect. 2). Secondly, the bursty com-
ponent could possibly be discriminated by occultation during
secondary eclipses. Thirdly, for planets not subjected to tidal
locking (i.e. far enough from their star) rotation rates could
help to distinguish the two components. For the solar system
it is known that the radio emissions are modulated with the
planetary rotation, which is of the order of hours, whereas the
stellar rotation is measured in days. This method will fail in
the few cases where the stellar and the planetary rotation are
synchronized. As discussed by Pitzold & Rauer (2002), some
measurements of the stellar rotation period of T Bootes seem
to indicate that this is the case (this is also suggested by Leigh
et al. 2003), while other values suggest that the star is rotat-
ing more slowly. But even if the method is not applicable to
7 Bootes, the modulation with the rotation period may be very
useful for other stellar systems.

6. Conclusion

We have compared the radio flux expected from close-in gi-
ant extrasolar planets with the different radiation components
of their host stars. For this purpose, a planetary radio scaling
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calibrated by the radio spectrum of Jupiter obtained from re-
cent Cassini data (Zarka et al. 2004) was presented. Care must
be taken not to produce unphysical results: The condition r, <
R < Ry always should be checked. Several extrasolar planets
were discussed; it was shown that due to tidal locking, many
of the close-in planets (d < 0.1 AU) are only weakly magne-
tized, leading to a maximum frequency below the ionospheric
cutoff limit. Other planets have a stronger magnetic moment
(either because of their even smaller orbital radius, like OGLE-
TR-113 b, or due to their larger mass, like T Bootes). For these
planets, detection is possible in principle, provided the planet
is not located too far away from the Earth (which is the case
for OGLE-TR-113 b). On the other hand, similar planets may
well exist closer to Earth. It was also shown that because of
the stellar wind evolution, the radio flux from young systems is
much more important. Thus, the best candidates for planetary
radio detection seem to be young, massive “Hot Jupiters” not
too far away from the Earth. It was shown that at least for one
system (7 Bootes), intense radio emission is expected, which
should in principle be detectable on Earth with the next genera-
tion of radio telescopes (LOFAR), and maybe even before that.
Past observations like those of Zarka et al. (1997) and Bastian
et al. (2000) were either not sensitive enough or were limited to
higher frequencies. Note that a space-based radio observatory
would avoid the restriction of the frequency range caused by
the ionospheric cutoff.

Different methods were presented which might prove use-
ful for the discrimination of the different contributions of star
and planet to the total radio signal. It was shown that for the
7 Bootes system, the contribution of the planetary radio sig-
nal will dominate over the stellar radio flux, except for strong
radio bursts. If the star’s radio bursts are comparable to solar
radio bursts, it should be possible to extract the planetary radio
characteristics from the combined stellar and planetary signal.

This comparison shows that radio observations of an extra-
solar planetary systems will yield information not only on the
stellar emission, but also on the planetary radio emission in the
near future.
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