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Introduction

300F radial velocity: HD 40979
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transit: Kepler 17b Orbital phase

In last decade, exciting discovery of
extrasolar planets

~ every star hosts a planet

» Most are indirect detection via
optical signature from host star

“Do there exist many worlds, or is
there but a single world? This is one
of the most noble and exalted
guestions in the study of Nature.”
St. Albertus Magnus, De Caelo et
Mundo (13t century)



Act |: Magnetic Fields
a.k.a. Why Do We Care?



Planetary Interiors and Magnetic Fields
Solar System Guidance

Aurnou 2004



Planetary Interiors

Mass-Radius Relation = Mass-Radio-Magnetic Field Relation?

Mass from
radial velocity

Radius from
transit

10°

* Exoplanets

* Solar System Planets

Water

103

10%

L. Rogers






Magnetic fields are important for protecting a
planet’s atmosphere.

Yes?
... but atmospheric loss in solar system planets?

[From Science (2015 November 6).
Reprinted with permission from AAAS.]



Act II: Magnetic Fields are
Important

Walit, how might we study them?



Magnetospheric-Induced Transit Variations?
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optical light
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UV (= 2540 A) light
curve

WASP-12b shows
wavelength-dependent,
asymmetric transit light
curve

UV shows earlier ingress
than optical

Fossati et al.




Magnetospheric Bow Shocks i?‘

ST Ol - Incident stellar wind particles
s TS T, travelling supersonically

* Interact with planetary
magnetosphere

 Collisionless shock

« Rapid change in density and
pressure of stellar wind

 Dynamic! Location depends
upon balance between
planetary magnetic field
strength and stellar wind
momentum




Magnetospheric Bow Shocks

a) Optical
transit « Bow shock compresses

stellar wind material

* Increased density /
Increased UV optical
depth

 Changes in transit light
curve
— Asymmetric
— Vary with wavelength

— Vary with time

Stellar wind variability,
eccentric orbit, ....

Vidotto et al.



Integrated Flux in Normalized K Residuals

Star-Planet Interactions

Call Hand K lines (393.3, 396.8 nm)
HD 179949b: 0.84 M, planet in 3.1 d orbit (Shkolnik et al. 2003, 2008)



Auroral UV Emission

« Portion of UV emission due
to energetic electron
Impacts on upper
atmosphere

» EXxcites various H, lines

« Highest intensity occurs
where magnetic field lines
enter atmosphere




HD 209458b Auroral UV Emission?

Observations of HD 209458b do
not show H, emission lines
consistent with electron impact

For Jupiter and Saturn,
electron-impact H, lines emitted
from auroral oval

Lack of electron-impact H, lines
from HD 209458b implies no
auroral oval

» Weak magnetic field?
B ~ 10% of Jupiter
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Auroral Infrared Emissions
H,*




Electron Cyclotron Maser Radio Emission

Stellar wind provides energy source
to magnetosphere

~ 1% of input energy to auroral
region emitted in UV

~ 1% of auroral input energy into
electron cyclotron maser radio
emission

lo flux tube footprint

Earth (D E' Ganymede flux
: Europa flux
tube footprint ;
tube footprint



Planetary Radio Emission

Cassini RPWS 18 September 2000 (day 262)

AT B
ot -

 Burke & Franklin (1955)
discover Jovian radio
emission.

« Late 1960s/70s: Earth’s
polar region recognized as
radio source (107 W)

* Voyagers: Opens up field
» All gas giants and Earth

Frequency (MH2)
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Detecting Extrasolar Planetary Magnetic Fields

Method

Magnetospheric Bow Only for transiting planets

Shocks Doesn’t provide B field magnitude
Star-Planet Interactions Doesn’t provide B field magnitude
Auroral UV Emissions Not clear that B field even required

Auroral IR (H;*) Emissions  Not clear that B field even required

Radio Electron Cyclotron Faint
Masers



Act Ill: Radio Emission



Planetary Radio Emission

Jupiter
Cassini RPWS 18 September 2000 (day 262)
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Planetary Radio Emission
Jupiter

Gem A Yl
Jupiter 4 .
*®

30-43 MHz 2014-07-07 20:55:59 UTC 48-78 MHz 2014-07-07 20:55:59 UTC




“Nothing New Under the Sun”

035-5 A Search for Extra-Solar Jovian Planets by
Radio Techniques. W.F. TANTIS, U. Wash. and Goldendale
Observatory, W.T. SULLIVAN, III, U. Wash. & W.C. ERICE-
BON, U, Maryland. - We propose to search for the pres-

gnce of planets assoclated with nearby atars through
detection of Jevian like decametric radio burats.
FPlanetary bursts would be distinguished from possible
stellar bursts by th:: preamu of a hig,h-fraquenmr cut—

tion of the planet. A search fnr #ucﬁ plnnttury radin
burste at 26.3 MHz is presently beding conducted at The
Clark Lake Radio Observatory. The ssmple includes 22

stars within 5 parseca. The sensitivity limic is
lﬂ'“‘ watts m 2 Ez'l about 1,000 l:ihtl th-l! glgnal

anp-ctad that thn itrlﬂgth n! any hurnta uill depend
strongly on the planetary magnetic field and also
posgibly on the presence of a stellar wind., Initial
obeervations exhibit several noo—instrumental features
which are under current study. Further tesults will
be reported and monitoring observations are comtinu-
ing.

“A Search for Extra-Solar
Jovian Planets by Radio
Techniques” (Yantis, Sullivan,
& Erickson 1977)

« Soon after recognition that

Saturn also intense radio
source

« Earth, Jupiter, Saturn

“A Search for Cyclotron Maser
Radiation from Substellar and
Planet-like Companions of
Nearby Stars (Winglee, Dulk, &
Bastian 1986)



Radio Luminosity (erg/s)

1014— 1015 1016 1017 1018

Radiometric Bode’s Law

1 Correlation between planetary
1 radiated power (P,,4) and input
] solar wind power (Pg,)

Prag ~ € Pgy/”

: X~1

E [ ~ 10 to 1073

é « Desch & Kaiser (1984)

E

0.1

Solar Wind Kinetic Power (W)

1 10 100

predicted Uranus’ radio
power before 1986 Voyager
encounter

« Zarka et al. (1997) refined by
adding Uranus, Neptune,
and non-lo DAM.



Predicting Extrasolar Planetary Radio Emission

UTR-2 $

F Y

CLRO e

100 MHz=z 1 GHz
Frequency

Greissmeier et al. 2007



ity (m/s)

Blind Search of the Solar Neighborhood 7+, .+

« Radial velocity
method Is easier

with stable stellar
lines

 Stellar activity
N declines with age

| | » Known extrasolar

| | nlanets may be poor
ol 14| gample for
magnetospheric
emissions!




Blind Search of the Solar Neighborhood

Catalog

Median

Magneto Distance

Subset Age

(pc)

Stacked o
(mJy)

NStars

SPOCS-
age

SPOCS-
eage

GCS-age
GCS-eage

(Gyr)

664+1676 252+249 1.3
1074 110 1.9
1074 176 1.4

16682 355 1.6
16682 656 0.7

From catalogs of nearby stars, select
*F G, Kstars

* Age <3 Gyr

» Distance <~ 40 pc

24.4

19.1

14.3

21.4
23.0

S./

11

9.3

6.0
4.8



Blind Search of the Solar Neighborhood

NStars
SPOCS
-age
SPOCS
-eage
GCS-
age

GCS-
eage

Flux

Density

(30,
mJdy)

17
33

28

18

14

Luminosity

(erg/s)

9 x 1023

1.1 x 1024

5.1 x 10%3

7.3 x 1023

5.8 x 1023

A

What’s
required to
be
detectable

Stellar Wind Amplification

1.6

2.2

6.7

30

Factors

2.0

3.6

25

319

9.5
4.8

8.3

6.5

28

K.E. *
Jupiter

M.E. *
Jupiter

4.8 x 1020 § 9.5 x 1019
1.5x10%° § 4.8 x 101°
3.8 x 1020 § 8.3 x 1019
2.5 x10%° § 6.5 x 107
3.2x 1021 § 2.8 x 10?0
Jupiter’s
scaled
luminosity




HD 80606b

% . ToEarth
HD 80606 b &

e GGbh star

« 4 M, planet, 111-day
orbit

« €=0.93 (1)
« 2007 November 20
periastron passage

+ 330 MHz (A90 cm),
1400 MHz (A20 cm)

Orbit of Mercury 15
(for scale) LS

Planet shown at
intervals of 24 hr.

Small dots are
spaced by 2.4 hr.

Rotation period of
planetis 36.83 hr.
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DECLINATION (J2000)
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Radio Searches — State of the Field

Flux Density (mdy)
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Planetary Radio Emission
Jupiter — and What We Want To See for an Extrasolar Planet!

30-43 MHz 2014-07-07 20:55:59 UTC 48-78 MHz 2014-07-07 20:55:59 UTC




Radio Searches — State of the Field

Planetary Magnetic Field Strength (G)
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Future Radio Searches

Long Wavelength Array-Owens
Valley Radio Observatory (LWA-
OVRO)

Low Frequency Array
(LOFAR)



Magnetic Emissions from Solar System Planets

107% = 107"

Flux densityzat 1 AU. (Wm-2Hz—-1)
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LWA-OVRO Today

Tau A
Gem A »
.

Jupiter. Py Jupiter

30-43 MHz 2014-07-07 20:55:59 UTC 48-78 MHz 2014-07-07 20:55:59 UTC




Tomorrow: Radio Arrays in Space

See “Planetary Magnetic Fields: Planetary
Interiors and Habitability,” W. M. Keck Institute
of Space Studies report




Extrasolar Planetary Magnetic Fields

 Magnetic fields provide probe of planetary interiors
Both solar system and extrasolar!

« Variety of possible approaches, with varying (dis-

)Jadvantages
Bow shocks, star-planet interactions, auroral UV, IR, radio
emission, ...

 Radio emissions show promise

Improving upper limits, new telescopes, path to future space
telescopes

“ Thanks: W. Farrell, P. Zarka, G. Hallinan, E;‘,S\ﬁkolnik, participans
~ of KISS workshop, students at Thomas Jefferson High School
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Stellar-Planetary System

Stellar wind provides energy
source to magnetosphere

Rer > Coupled system, have to
I understand star and planet
aebaall together?




Magnetic Fields in Extrasolar

Planets
&rilgﬁggi%;&@heﬁge-scale

- Stellar wind provides energy
source to magnetosphere

- Provides means for detection
and characterization of
extrasolar planets

— Transit light curve variations
— Auroral H, emission lines
— Auroral electron cyclotron masers

lo flux tube footprint

Europa flux




HD 80606b

3.94 + 0.11 M, planet
0.98 £+ 0.03 R,
111-day orbit

e =0.93

T = 39 hr (rotation
period)
v ~ 55 - 90 MHz

Frequency Luminosity

330 MHz 2.3 x 10%
erg/s

* EVLA-lo @ 70 MHz
* LOFAR @ 60 MHz



Magnetosphere Emissions

Lo o e ™. Loooe - 01 _ __

Very Large Array

Ty

ISR U S .

= g

lunar radio array

Image credits: JPL; NRAO; NCRA; IRA; UNM/ONR/NRL; ASTRON; SKA; NASA/GSFC



Planetary Magnetic Fields

 Produced by rotation of
conducting fluid
— Earth: liquid Fe core
— Jupiter & Saturn: metallic H,
— Uranus & Neptune: salty oceans

e So what?

— Magnetic field omposition

— Rotation period
« Difficult to determine by other means

 Defined by magnetic field for solar
system giant planets

— Existence of satellites
— Atmospheric retention
— Habitability

Planetary-scale magnetic
fields

Earth, Jupiter, Saturn, Uranus, &
Nantiina (NMarciiryy)



Planetary Radio Emission
From Magnetosphere to Pole

- Solar wind loading of magnetosphere
produces radio emission

1% of auroral input energy into
electron cyclotron radio emission
(Gurnett 1974)

Earth (DE- : ;
2) - Auroral radio sources typically map

directly to auroral optical sources
(Huff et al. 1988)




Magnetospheres and Habitability

Solar wind particles (with supra-
RS  thermal velocities) deflected at
. - _'De':ﬂgc.t:ed-Solar V\'{in"d‘ Pa‘rti:cles .4 mag netosphere
e Ty * Protects the atmosphere —
thermal vs. nonthermal escape

— Thermal: Does molecular thermal
velocity exceed planetary escape
velocity?

freshman physics problem

— Nonthermal: collisional physics
sputtering, mass loading, ...

: — Water retention?
wenamn - Affects the planet's albedo

« May protect genetic material of
organisms

(Shizgal & Arkos 1996, Rev. Geophys., 34,



DECLINATION (J2000)

UPSAND

153 MHz

I

4200 —

RIGHT ASCENSION (J2000)

Fraq [MHz]
o

CAL1 data2

-150 ®

Other
Observations

GMRT observations

— Stars with confirmed extra-solar
planets: t Boo, 70 Vir, 55 Cnc, HD
162020, HD 174949 @ 150
MHz(Winterhalter, Majid, Lazio, et
al.)

— 1 Boo @ 150 MHz (Hallinan et al.)
— HD189733b @ 244 and 614 MHz

(Lecavelier des Etangs et al.)
UTR-2

Stars with confirmed extra-solar
planets @ 25 MHz (Zarka et al.)

GBT
HD 189733 b @ 320 MHz (Smith et

Al \



Lighthouse-like Brown Dwarfs

Low-mass stars, brown
dwarfs can be strong
radio emitters

Break the Benz-Gldel
relation

— Radio luminosity far higher
than expected given X-ray
luminosity

— c¢m wavelengths vs. dam
wavelengths for Jupiter

Extrasolar planets?

VLA has 25 yr of
observations ...

TVLM 513-46546 (Hallinan et al. 2007)



Searching for Anomalous
Exoplanet Emission

HD 3651 o 5 CrB



Anomalous Exoplanet
Emission?

HD 219828

* No candidate (SNR
=2.9)

« Possibly affected by

strong, nearby
source




Extrasolar Planetary Radio
Emission Searches
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The Next Step

Detecting =
characterizing:

- What are their properties?

- Implications for habitability
of planets still to be
discovered?

Planetary magnetic fields
offer potential means for
both detecting and

naracte N hlane
) S—




Planetary Interiors and Magnetic Fields
Terrestrial Planets

Near side Moon Far side Mars Crustal Magnetism - MAG/ER
Topography - MOLA

Mercury

N

N

o
1

Magnetopause

Bow shock Bow shock

) | B Magnetopause

—
=
c
L
=
o S
c
QO
|
i
»

(=
o
™
)
=
@
c
&
s»n 4

T T
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Planetary Magnetic Fields and
Magnetospheres

+ Planetary magnetic field
Immersed in solar wind

« Solar wind is high-speed
plasma with embedded

ae——. . | magnetic field

~+ Pressure from solar wind

. ~ Impacts and deforms
R e planetary magnetic field.

Q Magnetosphere

Large objects, e.g., Jovian
magnetosphere is 5x
diameter of full Moon

Polar Cusp

Plasmasphere







tBoob

11999-06-08

2001-01-19

2003-09-12

Radiometric laws indicate t
Boo b is a good candidate
(~ 0.1 Jy near 50 MHz?)

VLA could observe at 74
MHz with sub-Jansky
sensitivity.

1Jy =102° W/m?/Hz

3 epochs between 1999 and
2003



Radiated Beam Solid Angle

tBoob

6

2

(sr) *

0

Luminosity (W)

3 epochs, with upper
limits ~ 135-300 mJy

1 Boo b could be quite
luminous, but only if
beamed into quite
narrow solid angle

P4y <10%W

- S~120mJy @ 74 MHz
- I:)Jupiter ~ 1012 W
Future instruments
require S <25 mJy

L3 Prags €2, vo) =11 [1 - p(x>x/|S)]



VLA Low-frequency Sky Survey
VLSS

74 MHz (A4 meters)
o > =30°

c ~ 100 mJy

80" resolution




