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Interest of Radio observations

* A low frequencies, thermal spectrum in A2 (Rayleigh-Jeans)
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Interest of Radio observations

* A low frequencies, thermal spectrum in A2 (Rayleigh-Jeans)

* A very low frequencies, solar and planetary spectra # thermal
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Interest of Radio observations

* A low frequencies, thermal spectrum in A2 (Rayleigh-Jeans)

* A very low frequencies, solar and planetary spectra # thermal

* « Plasma » processes = Confrast Sun/Jupiter ~1|
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* A low frequencies, thermal spectrum in A2 (Rayleigh-Jeans)

* A very low frequencies, solar and planetary spectra # thermal

Interest of Radio observations

* « Plasma » processes = Confrast Sun/Jupiter ~1|

Flux Density from Earth (Jy)

108

106 <

Sofar Type W

Earth
£FF F Al

Uranus

Saturnm

’«

Jupiter

H\A///

IclnnsEhen'c cutoff

Fp

|
|
|
Meptune | q$§° é313

: ;
| Jupiter
I f
| @%{’
|

| | I | I

01 10 100 1000 10000

Frequency (MHz)

logAN, photons m-2s-1

iy
o

-
[

Sun




Limitations of Radio observations

* Limited angular resolution (A/D)

* Very bright galactic background (T, ~103 K)
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Sensitivity of Radio observations

* Galactic radio background: T ~ 1.15 x 108 / v35 ~ 10! K (10-1000 MHz)

— S = 2kT/A, with statistical fluctuations o= 2kT/A (bt)"?
—- N=s/o with s=CS5;/d°

S;~ 108 Wm=Hz! (108 Jy) al1UA



Sensitivity of Radio observations

* Galactic radio background: T ~ 1.15 x 108 / v35 ~ 10! K (10-1000 MHz)

— S = 2kT/A, with statistical fluctuations o= 2kT/A (bt)"?
—- N=s/o with s=CS5;/d°

S;~ 108 Wm=Hz! (108 Jy) al1UA

* Maximum distance for No detection of a source € x Jupiter :

dmcxx = (CSJA/ZNkT)l/Z(bT)1/4

=d, . (pc) = 5x108 (A, T)V2 54 (br)V4



1
bt =10° b t=2x108 bt = 4x10%°
(I1MHz, 1sec) | (3MHz 1min) | (10 MHz, 1 hour)
f=10 | f=100 |f=10| f=100 | f=10 | f=100
MH z MH z MH z MH z MH z MH z
A.=10*m?® | 0003 | 005 | 0.01]| 0.2 0.04 0.7
(~NDA)
A, = 10° m? 0.01 0.2 0.03| 06 0.1 2.2
(~UTR-2)
A, = 10° m? 0.03 0.5 0.1 2. 0.4 7.
(~LOFAR77)

(distances in parsecs)




* Low-frequency radio observations of exoplanets

* Theoretical predictions
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- energy sources
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Solar Wind - Magnetosphere Interaction ...




Aurorae




Aurorae

. -. .

II by II " 1 -J
e i 3 s e — -




Frequency (MHz)

Magnetospheric (auroral) radio emissions
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Properties of auroral radio emissions
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Generation of auroral radio emissions

* Cyclotron-Maser (coherent) emission : 2 conditions within sources :

- low B magnetized plasma (f,, <« f.,)

- energetic electrons (keV) with non-Maxwellian distribution

~a

— high magnetic latitudes o

— direct emissionat f ~f, ~f_,

b) 015




Generation of auroral radio emissions

* Cyclotron-Maser (coherent) emission : 2 conditions within sources :

- low B magnetized plasma (f,, <« f.,)

- energetic electrons (keV) with non-Maxwellian distribution

~a

— high magnetic latitudes o
— direct emissionat f ~f, = f_, . h

b) 015

 Acceleration of electrons :

- interactions B/satellites > E,,, heating

0.00
Vs

- maghetic reconnection . e

- MS compressions SHor

0.00
Vs



NB : Strong correlation between Solar Wind (P, V...)
and auroral radio emissions
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* Theoretical predictions
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Solar Wind - Magnetosphere Interaction
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Solar Wind - Magnetosphere Interaction

Magnetopause radius R,

pressure equilibrium :
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Solar Wind - Magnetosphere Interaction

Magnetopause radius R,, from

pressure equilibrium :

“-MAGNETOPAUSE
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» Kinetic energy flux on MS cross-section:  P.~ NmV?V zR,*

N=N,/d* N,=5cm™ m~1.1xm,

[Akasofu, 1981, 1982]



Solar Wind - Magnetosphere Interaction

ck

Magnetopause radius R,, from

pressure equilibrium :

“-MAGNETOPAUSE

—:’.- —_— _-_\-_"‘-\-\. - ———

» Kinetic energy flux on MS cross-section:  P.~ NmV?V zR,*

N=N,/d* N,=5cm™ m~1.1xm,

* Poynting flux of By on MS cross-section: P; = [,,(ExB/u,).dS
E--VxB - ExB = VBL2 > PB - BJ_Z/MO V RRMPZ

[Akasofu, 1981, 1982]



Solar Wind expansion

V ~ CTe a5 Orbite de la Terre
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Solar Wind expansion

V ~ CTe a5 Orbite de la Terre

N~ d? (mass conservation)
B, ~ d? (magnetic flux conservation)

Bp ~d?! (By/Byp=V/Qd)> B~d!
(beyond Jupiter orbit, B ~Bp)

- B¢ varies as NV? thus P, varies as P,

> P./ Py ~ 170 beyond 1 UA
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Unipolar interaction

 Interaction via Alfvén waves & currents
(e.g. Io-Jupiter) b = Ex 2R, = VxB x2R
P,=¢ VB ?/u, nR . °
e = (1+M 2) V2 M,<e <1

> Py =¢ Py
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Dipolar interaction

* Magnhetic reconnection : 1
(e.g. Ganymede-Jupiter) ®Ee

B

P,=¢ KVB, 2/u, nRyp?
15-3Rr,

Efficiency ¢~ 0.1-0.2

- i
K= sin*(6/2) ou cos*(6/2)
9 Pd = & PB

mPp- Torus Plasma Flow

=> Ganymede's Magnetospheric Flow
@® Upstream Reconnection Line

B Downstream Reconnection Line

open-closed boundary

[Ip et al., 2004] [Kivelson et al., 1997]



Dipolar interaction

* Magnhetic reconnection |
(e.g. Ganymede-Jupiter)
P,=¢ KVB, 2/u, nRyp? i
Efficiency ¢ ~0.1-0.2
-

®Eg

K= sin*(6/2) ou cos*(6/2)
9 Pd =€ PB

[Ip et al., 2004]

mPp- Torus Plasma Flow

=> Ganymede's Magnetospheric Flow
@® Upstream Reconnection Line

B Downstream Reconnection Line

open-closed boundary

[Kivelson et al., 1997]
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* Low-frequency radio observations of exoplanets

* Theoretical predictions
- planetary radio emissions
- energy sources
- scaling laws
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Radio power (W)

« Radio-magnetic Bode's law » (auroral emissions)

PRadio ~ Mg X PB with N, ™ 2x10°3
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« Generalized radio-magnetic Bode's law » (all emissions)

Pruis ~ 1 % Py withm ~ 2-10 x10°3
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Planet & Star data

~330 exoplanets (in ~260 systems)

60 with a<0.05 AU=10Rs (18%)
93 with a<0.1 AU (28%)

— >50 « hot Jupiters » with periastron @ ~5-10 Rg


http://www.exoplanet.eu
http://www.exoplanet.eu

Planet & Star data

~330 exoplanets (in ~260 systems)

60 with a<0.05 AU=10Rs (18%)
93 with a<0.1 AU (28%)

— >50 « hot Jupiters » with periastron @ ~5-10 Rg

Magnetic field at Solar surface :
— large-scale ~1 6 (10 T)

— magnetic loops ~10° G,

over a few % of the surface

Magnetic stars : > 103 6



http://www.exoplanet.eu
http://www.exoplanet.eu

Modelling of a hot Jupiter (magnetized) orbiting a Solar type star

* Electron density in Solar corona
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[Zarka, 2007]



* Solar wind speed in the planet's frame
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* Interplanetary magnetic field
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* Dissipated power per unit area of the obstacle

Dissipated Power (W/m?)
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* Magnetospheric compression
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* Total dissipated power on obstacle
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* Total dissipated power on obstacle

Dissipated Power relative to Jupiter
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* Total dissipated power on obstacle

Dissipated Power relative to Jupiter
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Incident Kinetic power (W)
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Incident Kinetic power (W)
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« Extrapolation / Radio-magnetic Bode's law -



Incident Kinetic power (W)
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« Extrapolation / Radio-kinetic Bode'slaw > Po .= Pradgio.s
« Extrapolation / Radio-magnetic Bode's law > Pradio = Pradio.7 x 10°

except if there is a « saturation » mechanism

[Zarka et al., 2001; Zarka, 2007]
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Planetary magnetic field decay ?

* Radio detection > f > 10 MHz 2> B, ., curface 24 6
o Jupiter : 7= 4.2 G.R;%, B,y dipole™ 8.4 G, Byoy-surface = 14 G, fax = 40 MHz

* Spin-orbit synchronisation (tidal forces) > |
But 7 xw* with3<ac<l>7| (Bdecay) ?

* Internal structure + convection models
- self-sustained dynamo - 7% could remain > a few

UprPER LiMIT OF MAGNETIC FIELDS IN HOT JUPITERS

M P_. R M, B,

Planet (M;) (days) (R,) (G m’) (G)

HD 179949b* ....... 0.84 3.093 1.3 1.1 x 10~ 1.4

HD 209458b ........ 0.69 3.52 143 08 x 10 0.8
7Boob*............. 3.87 3.31 1.3 1.6 x 10~ 2

OGLE-TR-56b ...... 0.9 1.2 1.3 22 x 102 28




Alfvén Mach number

100.00

10.00

1.00

0.10

0.01

Unipolar inductor in sub-Alfvénic regime
(as for Lo-Jupiter)

10 100 1000
Distance (R¢)

[Zarka, 2007]



» But radio emission possible only if f,./f . «1
- intense stellar B required (x = 10-100 x Bg,,)

- emission >30-250 MHz from 1-2 Rg

'IDE T T T T 11 T T T T T 11 IE T T T T 11

(f,o/KEe)" in the SW

1{]-4 I R N B B B I

10 100
Distance (Rq)



* Extrapolation / Radio-magnetic Bode's law

> PRadio = PJ x 10° x (Rexo—ionosphere/Rmagne’rosphere)zx(Bs‘rar'/BSun)2

- PRadio—J X 106

Incident kinetic power (W)
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Magnetic reconnection and electron acceleration at the magnetopause

[Jardine & Collier-Cameron, 2008]
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Magnetic reconnection and electron acceleration at the magnetopause

[Jardine & Collier-Cameron, 2008]
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Magnetic reconnection and electron acceleration at the magnetopause

[Jardine & Collier-Cameron, 2008]
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Magnetic reconnection and electron acceleration at the magnetopause
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Log(Power out) [W]

Magnetic reconnection and electron acceleration at the magnetopause

[Jardine & Collier-Cameron, 2008]
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= £ =10°

bt =10° bt=2x108 bt = 4x10%
(1 MHz, 1sec) | (3MHz 1min) | (10 MHz, 1 hour)
f=10 | f=100 [f=10| f=100 | f=10 | f=100
MH z MH z MH z MH z MH z MH z
A, = 10* m? 1 16 3 59 13 220
(~NDA)
A, = 10° m? 3 50 11 190 40 710
(~UTR-2)
A, = 10° m? 9 160 33 600 130 | 2200
(~LOFAR77)

(distances in parsecs)
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Other studies ...

e Possibilities for radio scintillations = burts P x 102

radio

[Farrell et al.,

 Estimates of exoplanetary 7 (scaling laws - large planets better) 2> f_, & radio flux

« F, as wind strength estimator

[Farrell et al., 1999 ; Griessmeier et al.,

[Cuntz et al., 2000 ; Saar et al., 2004, Stevens,

* Stellar wind modelling (spectral type spectral, activity, stellar rotation)

[Preusse et al.,

* Time evolution of stellar wind and planetary radius (young systems better)

* Role of (frequent) Coronal Mass Ejections

* Application of unipolar inductor model o white dwarfs systems

[Griessmeier et al., 2004 ; Stevens,

[Khodachenko et al.,

[Willes and Wu, 2004,

1999]

2004]

2005]

2005]

2005]

2006]

2005]
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[Willes & Wu, 2004, 2005]
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* Predictions for the whole exoplanet census

= radio-kinetic extrapolation

orbital distance
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* Predictions for the whole exoplanet census

= radio-kinetic extrapolation

= radio-magnetic + CME extrapolations
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* Predictions for the whole exoplanet census

= radio-kinetic extrapolation

= radio-magnetic + CME extrapolations
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* Low-frequency radio observations of exoplanets

* Theoretical predictions
- planetary radio emissions
- energy sources
- scaling laws

- extrapolation to exoplanets

* Ongoing observations

* Future observations
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Low-frequency radio observations

1UAalpc=1"= No imagery
— Direct detection of a Jovian like emission / burst
— Planet-Star distinction via polarization (circular/elliptical) & periodicity (orbital ?)

— Planetary rotation period = tidal locking ?
— Measurement of B = contraints on scaling laws & internal structure models

— Comparative magnetospheric physics (star-planet interactions)

— Discovery tool (search for more planets) ?



DECLINATION (B1950)

* VLA

e f~74 MHz

e target Tau Bootes

e epochs 1999 - 2003
* imaging
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[Bastian et al., 2000 ; Farrell et al., 2003, 2004; Lazio & Farrell, 2007]



* VLA

e f~300 MHz
 target RX J0O806+15 = binary white dwarf
(+ unipolar induction ?)
e epochs 2005 & 2006
e transient ~0.1 mJy
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UPSAND 153 MHz

I l E— T
e GMRT
10Y
4200 [ e 5 —
cal-2
§ Object
3
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3 »UPSAND
L
[a]
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4030 [— -
l ] ] ] | |

e f~153 MHz
 several targets (Tau Boo, Ups And...)
e epochs 2005 - 2007

* imaging + tied array mode

* sensitivity ~ a few mdy

[Winterhalter et al., 2005 ; George and Stevens, 2007 ; ...]



* UTR-2
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Fig. 5. Five-beam pattern of the north-south array.

- f ~10-32 MHz
- a few 10's targets (hot Jupiters)

» epochs (1997-2000) & 2006-2008+
» Simultaneous ON/OFF (2 tied array beams)

- sensitivity ~1 Jy within (1 s x 5 MHz)
- t,f resolution (~ 10 msec x 5 kHz)

[Zarka et al., 1997 ; Ryabov et al., 2004]



* UTR-2

Fig. 5. Five-beam pattern of the north-south array.

f ~10-32 MHz

a few 10's targets (hot Jupiters)

epochs (1997-2000) & 2006-2008+
Simultaneous ON/OFF (2 tied array beams)
sensitivity ~1 Jy within (1 s x 5 MHz)

t,f resolution (~ 10 msec x 5 kHz)
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[Zarka et al., 1997 ; Ryabov et al., 2004]



» RFT mitigation
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» RFT mitigation

NANCAY /DaM /WFR = Resclylion speatrale 12,2 kHz
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» RFT mitigation

NANCAY /DaM /WFR = Resclylion speatrale 12,2 kHz
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NANCAY /DaM /wFR
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» RFT mitigation

NANCAY /DaM /wFR
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» RFT mitigation
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* UTR-2 : detection of Saturn's lightning
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* De-dispersion & femporal broadening

0.6

370 375 380 385
seconds

- Dispersion : At(sec) = 4150 [DM]/ f2  (f in MHz)
— typically 1 - 100 sec

+ Pulse temporal broadening : T « f4*  (Kolmogorov)
— typically 1 - 100 msec



* UTR-2 : parametric dedispersion of pulsar signals

Example of pulse detection: strong signal

PSR0950+08 DM=2.95

PSROP50+08 Detection diagram

B TR | D . () 1r|-||mh'||| |i|u}u||-|.-IH|'l'1|{|il-||I¢HH|'| I

Example of pulse detection: weak signal

PSRI919+21 DM=124




Optical observations



Optical observations

¢ Super‘flar'es ? [Rubenstein & Schaefer, 2000 ; Schaefer et al., 2000]



* Super-flares ?

* Chromospheric hot spot (optical) on HD179949 + v And

Chromospheric
Heating

Magnetic
Reconnection

Exoplanet

= unipolar or dipolar interaction ?

Optical observations

[Rubenstein & Schaefer, 2000 ; Schaefer et al., 2000]

Integrated Flux in Normalized K Residuals

[Shkolnik et al. 2003, 2004, 2005]
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Optical observations

¢ Super‘flares ? [Rubenstein & Schaefer, 2000 ; Schaefer et al., 2000]

* Chr'omospher'ic hot spot (OpTiCG|) on HD179949 + v And [Shkolnik et al. 2003, 2004, 2005]
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= unipolar or dipolar interaction ?

= hot spot 60° ahead of sub-planetary point (P=3.1d)

— Ok wrt "backwards” Alfén waves propagation in the stellar wind revsse et al. 2006



Optical observations

¢ Supel"-ﬂar'es ? [Rubenstein & Schaefer, 2000 ; Schaefer et al., 2000]
* Chr'omospher'ic hot spot (OpTiCG|) on HD179949 + v And [Shkolnik et al. 2003, 2004, 2005]
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Reconnection

Exoplanet

Integrated Flux in Normalized K Residuals
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ar or dipolar interaction ?

= hot spot 60° ahead of sub-planetary point (P=3.1d)

— Ok wrt "backwards” Alfén waves propagation in the stellar wind revsse et al. 2006

= Poor > 10" W but Py =0.15x10"xnR;* W — energy crisis ?

— |larger obstacle or wind strength + stellar B ? (Fx ~10x solar)

[Shkolnik et al., 2005 ; Zarka, 2007]



ESPaDONS spectropolarimeter @ CFHT

* Magnetic field of Tau Bootes

[Catala et al., 2007]



* Low-frequency radio observations of exoplanets

* Theoretical predictions
- planetary radio emissions
- energy sources
- scaling laws

- extrapolation to exoplanets

* Ongoing observations

* Future observations



* LOFAR

AlGif - INREGISTERED)

www.lofar.org

* 30-250 MHz

* Epoch 2009+ (solar max.!)
* Sensitivity < mJy

* Imaging + tied array modes

* Built-in RFT mitigation & ionospheric calibration

=» Exoplanet search part of "Transients" KP

=>» Candidate exoplanets + all close-by stars


http://www.lofar.org
http://www.lofar.org

* LOFAR
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http://www.lofar.org
http://www.lofar.org

Long Wavelength Array

[Lazio et al., 2008]



* SKA

* High frequencies (0.2-20 GHZz)
* >2015-20
* Sensitivity down to uJy ?

=» Unipolar inductor systems

(e.g. hot Earths around White dwarfs)

=» Detection of artificial emissions ?

=>» Astrometry (planets around M dwarfs)

www.skatelescope.org


http://www.skatelescope.org
http://www.skatelescope.org
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 LOFAR-on-the-Moon ?




