Rapid monitoring of the state of Jupiter radiation belts with LOFAR
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One of the biggest magnetosphere (MS) in the Solar System
—> One of the most energetic radio transientat \ ~ Dm

Source of many radio signals
at various timescales, frequencies and locations in the MS

Giant gaseous planet
Fast rotation P ~ 10hA
Highly magnetized | M| ~ 4.2 G

What are radiation belts ? Motivations
Q _/\71 S - Where and what are the sources ?
Synchrotron pelanlicigggensity - How to link the morphology of the radiation
Synchrotron = to the distribution of electrons ?

- What mechanisms for the particles ? losses
transport
| - What are the various temporal variabilities ?
[Santos-Costa & Bolton, 2008] B
Particle - Dust from hours to years

interactions Sweeping effect : . :
e - How it connects to outer regions in the MS ?
bv inner moons
Nature: synchrotron radiation from How to address these questions?
- relativistic electrons E > 1 MeV

Multi-frequency
& resolved imaging
of the synchrotron emission in

- trapped in a ~dipolar magnetic field |IB| ~r3
Projected structure in the sky: Arrow-shaped < 3 R,
due to emission, dust, moons and rings

Critical synchrotron frequency |1, oc E2B S? 40 MHz — ~ 10 GHz
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How LOFAR can help ?
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Giant digital Phased Array Interferometer
Nant = ~50 antennas distributed in NL + Europe
1 antenna = 1 phased array = 1 « station »

Frequency coverage: 30-250 MHz
Resolutions: 1 us /1 Hz / 1” Sensitivity: 1 mly

Multi-beam capabilities

Observing modes:
- Interferometer  Nbeams X NXN pixels Imaging

- Tied-Array beam Nbeams X 1 sensitive pixel

Classic reduction and imaging

Dedicated planetary pipeline
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Jupiter

Direction-independent calibration

Requires specific reduction due to :
- large FoV at LF *
- moving target

+ Wide-field imaging

22h24-00h24

+ Source finding
+ Direction-dependent Calibration

+ Correction for planetary sources

- Apparent (Earth revolution)
- Intrinsic (Jupiter fast rotation)

00h24-02h24

+ Multi-frequency imaging
02h24-04h24
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Jupiter centered image cubes




Results 2haveraged image - 127-172 MHz  corrected for intrinsic & apparent motion

T=[18h24-20h24] a) T=[20h24-22h24] b) T=[22h24-00h24] ¢) T=[00h24-02h24] d) T=[02h24-04h24]
'y CML=[296°-9°] CML=[9°-82°] CML=[82°-154°] CML=[154°-227°] CML=[227°-299°]
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synchrotron maps
(Nenon, Sicard)
7h averaged image - 127-172 MHz corrected for intrinsic & apparent motion
25 00 25 50 75 100 125 150 17.5x10? /bJeYam ——— Convolved VLA data = LOFAR data
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** of the peak brlghtness at ~5 GHz (C band)

Larger extension of the synchrotron emission > 3 R, probing low energy electrons

at ~150 MHz (HBA)



Spectroscopy at low frequencies

, t 1994
:""’ T T : T rrrrl T T T 1 7777 T DCP&(CI',2003
DAM! | 1998
5§ b= | <_l i' T « LOFAR 2011 Girardetal, 2016
| # ’
i Liele Tete ~+.] # LOFAR 2013
- ’ SN
I “ 't' ,’ '. 4; Gower et al., 1968 (Cambridge Int.)
L 5 2" o !}( Slee et al., 1972 (Culgoora RH)
Y 4
a:: ‘ ’ qn Artyukh et al., 1972 (Lebedev RT)
2 -8
3 L H
2
V) B B .
K =

LOFAR 2011 HBA (commissioning)
- LOFAR commissioning state == ~30% error on the flux

- Low integrated flux density marginally compatible with
previous levels (~*5Jy) ==  Spectral turn-over ?
LOFAR 2013 LBA+HBA LOFAR Cycle #0

- Integrated flux density compatible with 4.5 - 5 Jy level

- Synchrotron radiation still present around 50 MHz !

- WSRT observations in // to constrain full spectrum (ongoing)
LOFAR 2016 LBA +HBA LOFAR Cycle #6

- Observations from June to Nov 2016 =% Variability

- Intensity mapping at LF at ~4 R, = JUNO
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Coordinated JUNO / Ground-based LOFAR observations

Remote sensing and in-situ Juno
measurements along trajectory

a Final Approach and
e Orbit Insertion (JOI) -
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Synchrotron
emission

Resonance acceleration of
electron by electromagnetic
waves
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Forming Jupiter radiation belt

Source of radio
Extreme ultraviolet observations of the magnetosphere captured the

el evidence of high-temperature electron transportation from a region
emission with a weak magnetic field to a region with a strong magnetic field

synchrotron




