Observing the Sun with LOFAR:

a summary of the current results and
observing modes.

Pietro Zucca and the solar KSP
ASTRON Netherlands Institute for Radio Astronomy
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Overview

» Infroduction fo LOFAR

» LOFAR Observing modes and KSP campaigns
» Solar Observations (Tied array beam and Interferometric)

» Observing scintillafion from compact objects and pulsars around
the Sun extracting DM and RM of the solar wind and transients
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astron.nl/lofartools/lofarmap.html
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THE LOFAR SYSTEM:

stations: data

collection

DATA FLOW

CEP4
compute
cluster

processing

ingest to Long Term Archive
(3 sites: NL, DE, PL)




THE LOFAR LONG TERM ARCHIVE

Current Radio
Astronomy Archives

United States

@ Census
V 4PB
6PB
NASDAQ
3PB

1 Petabyte (PB]
MANAGING BIG DATA

N LOFAR

Long Term Archive

28PB

LIBRARY OF
CONGRESS

oPB

LOFAR VS. CURRENT ARCHIVES: M. WISE



THE DATA CHALLENGE

RHOW BIG IS BIG?
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Australia Telescope Australian SKA Low Frequency Array The Square
Compact Array Pathfinder (LOFAR) Kilometre Array
12 GB/hr 36 TB/hr 7 PB/hr* 360 PB/hr*

STACKING CDS TO REPRESENT DATA RATES: V. MOSS



LOFAR KEY SCIENCE PROJECTS

Cosmic magnetism Solar physics & Space weather

Surveys

Y [arcsec]

11:00:06.13 UT
60.55 MHz

2500

1000 1500 2000
X [arcsec]

500

Epoch of Reionization

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern
400,000 yrs.

Development of \
Galaxies, Planets, etc. -

Dark Ages

about 400 million yrs.
Big Bang Expansion |
13.7 billion years A




ASTRON \\\\Sl :

P . Space Weather

< Radiohet

Space Weather
KSP




LOFAR KSP Observing mode internationais

IPS +RM DM Pulsars sk

CORE+Re'rwaoi__é" | 50T
Interferometric . - b h ®




—

Solar and
Space Weather
KSP

N
= \\




Overview 18
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» Solar Observations (Tied array beam and Interferometric)

» Observing scintillafion from compact objects and pulsars around
the Sun extracting DM and RM of the solar wind and transients
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Interferometric

e Spatial resolution and quality of the imaging
e Complex sources with multiple peaks

Tied-Array

e Limited spatial resolution (beam
spacing and size)

e | ocalization of the radio source
without clear shape of the source
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Tied-Array

e Time resolution (milliseconds)

e Advantage for quasi-relativistic beam
propagation

Interferometric

e Limited time resolution (0.16
seconds)

e Not ideal for quasi-relativistic
beam propagation




Tied Array Beam and Interferometric mode

Beamforming [Core=3.5 km] Interferometry [Core=3.5 km] Interferometry [Remote=121 km]

Y (Arcsec)

1.3 x10°
1.25 x 10°

1.2 x10°

Y (Arcsec)

1.15 x 10°

1.1x10°

1.05 x 10°

10°

o
()
n
g 0
<
>

]
O
c
o
—_
J]
Y
=
S
]
ge)
S
o
a
£
<
]
Q
N
©
S
—_
o
=

9.5x 107!

—2000-1000 O 1000 2000 -2000-1000 O 1000 2000 -2000-1000 O 1000 2000
X (Arcsec) X (Arcsec) X (Arcsec)

40 60
UV distance (km)

Zucca, Zhang, Morosan Reid et al. A&A in prep.

14:19 14:20
Time (UT) on 2019-03-21




Comparison of LOFAR imaging with

BAAAR . t
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Solar and

eliospheric Radio Emission
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Solar and Heliospheric Radio Emission

Solar Flares




Solar and Heliospheric Radio Emission

Solar Flares
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Solar and Heliospheric Radio Emission
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Solar and Heliospheric Radio Emission
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Solar and Heliospheric Radio Emission
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Solar and Heliospheric Radio Emission
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Solar and

Solar Flares
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ASTRON LOFAR imaging of the solar corona & Lorar

WIND /WAVES, DAM, ORFEES, NRH, CMEs 26 OCT 2013
1 1 l 1 1 1 1 I 1 1 l 1

I I 1 1 l 1 1 I 1 1

013 I | 3

i () 0
| /
/

i L0 o L LS. 0 o
S W H!l; Il '}]“ _
> 1ol S sk A )
% i ::!i“" -*""i'.ai-?""-.!"','.f :
8-10.0_ (| " i“. A " ' I{J..‘." ."}| il

100.0< ’ - - -
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Type lllb pair
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Fitting the source size in the UV plane

Recreated Image at 34.76 MHz
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The band- width of an individual striation at 34.76 MHz suggests an FWHM source size of 3.18".

Directly fitting visibilities reveals FWHM source sizes of 18.8" to 10.2’



Fine Structures
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Imaging and spectroscopy of CME-driven shocks
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CME speed and radio emission

Expansion of the flank slower than the apex

) MHz comntours at 09:32:58 UT

| LASCO C2 runnmg dlﬁ'erence 09: 36—09 24 UT

Trlangulatlon of CME using
Rouillard et al. ApJ (2016) method
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CME speed reconstruction 09:36 UT
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Zucca et al.

2018



Estimating the Mach number
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Radio source centroid and LOS

—

Mach Number and B-field Geometry

Zucca et al. 2018




Type Il Radio Bursts
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Type lll radio bust on 03 April 2019
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Type lll radio bust on 03 April 2019

Projected positions of type Il burst
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Type lll radio bust on 06 April 2019
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Type lll radio Burst on 09 April 2019
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(2) CME Magnetic Field

LOFAR - 60 MHz

(4) lonosphere

(3) Density and speed

of the Solar Wind
(1) Electron beams and shock

waves accelerating particles



cinfillation - IPS
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IPS and Tomography
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Bernard Jackson, Richard Fallows, Mario Bisi and the ISEE LOFAR working group



Using Pulsars
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Solar Wind Variability
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Model validation - EUHFORIA

PSP in-sifu measurements
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Tiburzi et al. in prep EUHFORIA RUNS from Jebaraj, Magdalenic, Samara



Streamers

Hunting streamers along pulsar’s
LoS

Tiburzi, Shaifullah, Guglielmino, Capuano, Zucca,
Pellizzoni
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Promising RM result
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Work in progress from Bisi, Tiburzi, Fallows and KSP et al.




Pulsars to extract Density and B field

B field - Difficult because of the ionosphere

——

Caterina Tiburzi, Golam Shaifullah, Pietro Zucca and the LOFAR KSP feam



Models + In-situ PSP

CME model by C. M&stl .

Tiburzi, Shaifullah, Zucca, Dumbovic, Mostl in prep.




DISTURB-1 design




DISTURB System design
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