MASER
A Science Ready Open Toolbox for
L ow Frequency Radio Astronomy

Baptiste Cecconi'”?, Pierre Le Sidaner’, Renaud Savalle®, Xavier Bonnin', Philippe Zarka'?,
Corentin Louis', Andrée Coffre’, Stéphane Aicardi’, Laurent Lamy'?, Laurent Denis?,
Jean-Mathias GrieBmeier®, Jeremy Faden’, Chris Piker’, Nicolas André®, Vincent Génot®,
Stéphane Erard’, Joseph N Mafi’, Todd A King’, Mark Sharlow’, Jim Sky®,
Markus Demleitner’

'LESIA, Observatoire de Paris, CNRS, PSL, Sorbonne Université, Meudon, France, *Station de
Radioastronomie de Nangay, Observatoire de Paris, CNRS, PSL, Université d’Orléans, Nangay, France, *DIO,
Observatoire de Paris, CNRS, PSL, Paris, France. ‘LPC2E, CNRS, Université d’Orléans, Orléans, France.
°Dep. Physics and Astronomy, University of Iowa, Iowa City, Iowa, USA. CIRAP, CNRS, Université Paul
Sabatier, Toulouse, France. 'IGPP, UCLA, Los Angeles, California, USA. *Radio Sky Publishing, USA.

’Heidelberg Universitit, Heidelberg, Germany.

GERMAN ASTROPHYSICAL

Planetary.Dafa System

=P

\

NS % eur(@PLANET



MASER - Measure, Analyze,
Simulate Emissions in Radio range
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. Low Frequency Radio Astronomy

- Data product types

- Software Library

- Data on demand and visualization

- Simulation tools

- Applications



Radio astronomy
'S @ young sclence

 Radioastronomy = radio sky observation
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=" © 1932 First observation of Galactic radio emission [1] 20.5

1946 First interferometric radio astronomy measurement [9], [10] 200
1955 Detection of Jovian radio emissions [11] 22.2
1972 First light of UTR-2 (Kharkov, Ukraine) [12] 8 — 40
1973  First map of Galactic background emission (RAE-B) [13] < 13.1
1977 First light of NDA (Nangay Decameter Array, France) [14] 8 — 80
1997 Launch of the Cassini mission (NASA) [15] < 16
2007 Launch of the STEREO mission (NASA) [16] < 14
LOFAR radio telescope in Europe [17] 10 — 240

Long Wavelength Array 1 (LWA) [18] 10 - 88
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‘Classic” radioastronomy:
Large ground observatories

very large instruments
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"Modern” radioastronomy:
| arge ground interferometers
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Radioastronomy from space

- Earth’s ionosphere reflects radio waves
below 10 MHz

« Except with Jupiter, planetary radio
sources are observed below 1 MHz

- Radio frequency interferences:

(human activity): we have to get away
from Earth

Ionospherlc cut off at 10 MHz
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Radioastronomy from space

e Sensors: linear antenna (same as on
kitchen radio sets, but often longer)

 Measurements: spectrograms of
intensity, polarization direction of arrival.

 Example: Cassini Mission at Saturne

Year 2008 2008 Year

Day 268 269 Day
1000 19
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Frequency = g ‘
(kHz) J " - -22
- 3,.“",“ g : -23
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Hours of day 04 06 08 10 12 14 16 18 20 22 00 02 04 LogW/m/Hz)

Distance (Rs) 11.3 10.7 10.0 9.4 8.6 7.9 7.1 6.3 5.5 4.8 43 4.0 4.0
Latitude (deg) 57.0 60.1 63.5 67.1 70.8 73.7 74.3 70.2 60.7 46.0 25.7 0.3 -26.6
Local Time (hr) 12.3 12.5 12.8 133 14.1 15.3 17.3 19.2 20.6 215 22.1 22.6 23.1

|||||

Cecconi
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et al, 2009
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Data product types

* Mostly spectrograms. Measured parameter (flux, polarization...)
depending on time and frequency.

e Sometime: “waveform” (direct sampling of electric signal temporal
fluctuations). Much higher data rate needed.

* also, events. timestamp + label + parameters (coverage) + data 7
waveform snapshot can be considered as an event.

Spectral Flux Density [S] (W/mZ/Hz) @ 1 AU (from 2-antenna data)
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Hours of day 04 06 08 10 12 14 16 18 20 22 00 04 LogW/m“/Hz)
Distance (Rs) 11.3 10.7 10.0 9.4 8.6 7.9 7.1 6.3 5.5 4.8 43 4.0
Latitude (deg) 57.0 60.1 63.5 67.1 70.8 73.7 74.3 70.2 60.7 46.0 25.7 -26.6 0 10 20 30 40 50 60
Local Time (hr) 12.3 12.5 12.8 13.3 14.1 15.3 17.3 19.2 20.6 215 22.1 23.1
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Data Collections

Large archives for space missions

- NASA/HPDE (NASA - heliophysics)

- NASA/PDS (NASA - planetary sciences)
- CDPP (CNES - space plasma physics)
- DARTS (JAXA - all sciences)

Ground based data collections:
- Nancay Decameter Array (Nancay, France)
- URAN-UTR-2 (Kharkov, Ukraine)

- litate Radio observatory (litate, Japan)

Plenty of other observatory/laboratory/team data collections, not
comprehensively distributed yet.

Catalogue of events, from published papers (from the 70’s to last year):
solar and jovian events.



Data format and metadata

 NASA Heliophysics, archive format = CDF (common
data format), with ISTP standard.
Recommended by CDPP and JAXA too.
NASA/PDS now accepts CDF as archive format.

e Other standard formats in use:
- Solar community: FITS
- Modern ground interferometers (LOFAR, LWA): HDF5

» Other (again): raw binary streams, with custom
descriptions (most of the data collections...)



Data volumes

 Space data:
about 1 spectrum (~250 steps * 8 Bytes) / minute
=> ~35 B/sec, or ~3 MB/day
(space constraints: power, telemetry rate...)
Several decades of continuous coverage (Cassini, STEREO,
Wind) are “easy” to store and share (~20 GB for 20 years)

* Ground data:
about 100 spectra (15000 steps * 16 Bytes) / second
=> ~30 MB/sec, or ~2 TB/day
Specific solutions needed for remote access of data.

* Very different needs for architecture, infrastructure, archive and
distribution systems.



Software library: MASER

« MASER (Measure, Analyse, Simulate Emissions in the Radio
range): github.com/maserlib

 Maserdpy: Python 3.5+ modules
- current developments: reading data collections in various data
formats (specifically raw binary formats), using homogeneous
classes (same interface)

o Currently implemented data collections:
- from LESIA: Cassini/RPWS, Voyager/PRA, SolarOrbiter/RPW;
- from CDPP: Demeter, Interball, Viking (Swedish auroral mission),
ISEE3, Wind
- from NASA/PDS: Cassini/RPWS, Voyager/PRA
- from Nancay: Nancay Decameter Array, NenuFAR
- from Radio amateurs: RadioJOVE

* Open source development, GPLv3


https://github.com/maserlib

Data on demand

Large data rate or long times intervals
=> need for optimized client/server distribution system.

Existing solution developed by University of lowa (USA):
server=Das2 (http://das2.org) and client=Autoplot (http://autoplot.org)

Built for space data (low data rate), but capable of serving long
resampled times series.

Tested with success on ground Nancay datasets: adapted also for
ground based high data rate collections.

Very simple configuration:
data collection description files + data reader that produces “das2stream
formatted data.

Implemented on LESIA, CDPP, and Nancay data collections (using the
Maserdpy modules):

- LESIA: http://voparis-maser-das.obspm.fr/das2/server

- Nancay: https://das2server.obs-nancay.fr/das2/server



http://das2.org
http://autoplot.org
http://voparis-maser-das.obspm.fr/das2/server
https://das2server.obs-nancay.fr/das2/server

Das?2 / Autoplot process

[ ) @ Editing URI vap+das2Server:http://voparis-maser-das.obspm.fr/das2/server?dataset=Cassini-RPWS-HFR/n3b/kronos_n3b_u&...

- Discovery Query
>
Metadata response
4 >

(Text Information)

DSDF or DSID files

Discovery Query Information Flow

Data Query

-«

-

Data Response
‘ (Das2, or QStream)

Data Query Information Flow

Das2 Server URL:
http://voparis-maser-das.obspm.fr/das2/server

Data Set Id:

v

~ require example time

% http:/ /voparis-maser-das.obspm.fr/das2/server
¥ 1 Cassini-RPWS-HFR Cassini/RPWS/HFR datasets
> [ SKR Cassini/RPWS/HFR SKR dataset.
» [ n2 Cassini/RPWS/HFR Level 2 datasets
¥ 5 n3b Cassini/RPWS/HFR Level 3b datasets
kronos_n3b_ph Cassini/RPWS Level 3b - azimuth of k
kronos_n3b_q Cassini/RPWS Level 3b - Stokes Q
kronos_n3b_s Cassini/RPWS Level 3b - Flux density

kronos_n3b_u Cass PWS Level 3b - Stokes U,
kronos_n3b_v Cassini/RPWS Level 3b - Stokes V
[ EXPRES EXPRES (Exoplanetary and Planetary Radio Emission Si
% Nancay Nancay datasets

4V

kronos_n3b_th Cassini/RPWS Level 3b - colatitude of k vector in S/C frame

vector in S/C frame

(] [ ] Autoplot 20180314a
File Edit View Options Bookmarks Tools Help

> [0 NDA Nancay Decameter Array datasets
» [ NenuFAR NenuFAR datasets
¥ [ Voyager-PRA Voyager-PRA datasets

» [ L2 Voyager-PRA Level 2 datasets

P [0 L3 Voyager-PRA Level 3 datasets

¥ [ LowBand_6s_Jupiter Voyager-PRA LowBand 6-sec datast
vg1_pra_lbl_6s_jupiter Voyagerl/PRA Level 2 flux dei
vgl_pra_lbr_6s_jupiter Voyagerl/PRA Level 2 flux dei
vg2_pra_lbl_6s_jupiter Voyager2/PRA Level 2 flux dei
vg2_pra_lbr_6s_jupiter Voyager2/PRA Level 2 flux dei

Description: Cassini/RPWS Level 3b - Stokes U

Time Range: 2012-06-30 to 2012-07-01

valid range: 2012-06-30 to 2012-07-01 Example Time

Reader Parameters:

Force Intrinsic Resolution Sampling Interval (sec):

—

o f
@ vap+internal:

axes style layout data metadata script  console

NDA/JunoN/Tag1 Medium Resolution - RR

32.4

Frequency
@
8
1

28.

26.
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2017-08-06 NDA/JunoN/Tag1 Medium Resolution - LL
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o
8
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28.-
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4; secC

plotElement_6 (((LL Flux Density)-(RR Flux Density))/(RR Flux Density) +(LL Flux Density))) selected

NDA/JunoN dataset (3TB/day)

 Das? = data distribution system for time series + on demand resampling

averaging on the fly).

HTTP REST Query: data collection + time interval + temporal resolution



Examples

. Amateurs

 (Ground + Space

e Old missions

2 top rows : ~7 GB rawa,
only 760kB dowloaded for display

————— — _

File Edit View Options Bookmarks Tools Help

Autoplot 20180422a

Expert

EiasZ/server?dataset=Nancay/NDA/Routine/routine_jup_rh&start_time=2016—11—27T19:19:04.5822&end_time=2016—12—08T20:40:55.418Zj " JMES]

canvas axes

style  layout

data  metadata
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30.

25.

Frequency (kHz)

20.

15.

30.

25.

Frequency (kHz)

20.

15.

30.
28.
26.
24.
22.
20.
18.
16.

Frequency

30.

28.
26.
24.
22.
20.
18.
16.

Frequency

2016-11-29

2016-12-01

2016-12-03

2016-12-05

2016-12-07

2500.
2400.
2300.
2200.
2100.
2000.
1900.
1800.
2500.
2400.
2300.
2200.
2100.
2000.
1900.
1800.

120.

110.

100.

90.

80.

70.

120.

110.

100.

90.

80.

70.

LL Flux Density RR LL

RR Flux Density

plotElement_29 (RR Flux Density) selected

RadioJOVE/AJ4CO

Nancay Decameter Array



Examples

e Pro + Amateurs

Ground +

Pace

e Old missions

[ ] O NDA_Wind.vap - Autoplot v2017a_1
File Edit View Options Bookmarks Tools Help Expert
o . . .
o file:///Users/baptiste/Downloads/NDA_Wind.vap vl P |
Ll axes  style  layout  data metadata
SRN_NDA/routine_jup Flux density spectrogram measured on the RH polarized aray.
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Examples

[ NON } Autoplot 20180422a
File Edit View Options Bookmarks Tools Help Expert
li‘‘-Auroral/POLRAD—RSP/int_aur_polr_rsp_n2_ez&start_time=1997—11—15T17:59:59.6552&end_time=1997-11—17T11:30:00.3452||Z] E @
o P rO I Al ' ' E lte l I rs ; axes style layout data metadata
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Data discovery

* Data collection catalogue with standard metadata
forged for solar system sciences (EPNcore)
Same protocol for all catalogues (TAP, from IVOA)
=> VESPA (see Erard et al., talk)

* Discovery of data products with content metadata
(coverage, observation...)




Solar System Virtual Observatory
vespa.obspm.fr/

Virtuglt Mppean Solarnd Plapetary Access

Results in service NDA Obs. Database Plotting tools

Lo & TOPCAT
Show 10 $ entries

Column visibility = Show all = Hide all &@? Aladin

Select All in current page = Reset Selection 0
%~ SPLAT

granule_uid 17 dataproduct_type target_name time_min (d) time_max (d) access_url

| |. CASSIS
J991231_ri1 dynamic_spectrum 1999-12-31T14:48:00.219 1999-12-31T22:47:59.280 http://realtime.obs-...
J991231_pdf dynamic_spectrum Jupiter 1999-12-31T14:48:00.219 1999-12-31T22:47:59.280 http://realtime.obs-... &=~ 3DView
J991231_cdf dynamic_spectrum Jupiter 1999-12-31T14:48:00.219 1999-12-31T22:47:59.280 http://realtime.obs-... Example queries
J991230_rt1 dynamic_spectrum Jupiter 1999-12-30T14:51:00.199 1999-12-30T22:50:59.260 http://realtime.obs-... )

Saturn in March 2012

J991230_pdf dynamic_spectrum Jupiter 1999-12-30T14:51:00.199 1999-12-30T22:50:59.260 http://realtime.obs-...
J991230_cdf dynamic_spectrum Jupiter 1999-12-30T14:51:00.199 1999-12-30T22:50:59.260 http://realtime.obs-...
J991229_rt1 dynamic_spectrum Jupiter 1999-12-29T14:55:00.090 1999-12-29T22:54:59.140 http://realtime.obs-...
J991229_pdf dynamic_spectrum Jupiter 1999-12-29T14:55:00.090 1999-12-29T722:54:59.140 http://realtime.obs-...
J991229_cdf dynamic_spectrum Jupiter 1999-12-29T14:55:00.090 1999-12-29T722:54:59.140 http://realtime.obs-...

J991228_rt1 dynamic_spectrum Jupiter

Showing 1 to 10 of 26,046 entries 1 row selected

Sharing data products:

data flleS bvious ~ Next = Last
. quicklook images
" - data access webservices B co e )

Data Selection + = Metadata Selection~ = AllData~ = All Metad ¥ Footprints+

[~

J991231


http://vespa.obspm.fr/

VESPA result page in Nangay/NDA EPN-TAP service VESPA result page for all das2server dataset in Meudon
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next: distribute .vap files

SAMP hub das2 dataset

discovery feature das2 dataset publication

through VESPA

Das2 server catalog in Autoplot

o » Editing URI vap+das2server

T cm‘z:“;‘ dataset definition fiies dotted boxes: written by data provider
M1p //voparts - maser-das. obspm fr/das 2/ server - disks providing das2 : ";..:b:“ .... -+

Data Selector  ™*“ S v s
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GPRES ExPRES (Exoplanetary and Panetary Radio Emission Simudator, Hess et al, 2017) datasets AN
20 T Nancay Nancay datasets . - | dispatch:
H : ﬂ NOA Nancay Decameter Array datasets . .-. N0 | cache exist
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yes

Sharing data products: - !
data files

, quicklook images

L — N — > data access webservices Das2 server block diagram

redis db:




Simulation and modeling

* Modeling of planetary radio L
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* Modeling low frequency
radio wave propagation with

ray tracing
ARTEMIS-P (Anisotropic Ray

88888
000000

Iracing code for Electromagnetic —
waves in Magnetospheres,

- Bfieldline

lonospheres and Solar wind,
including Polarization)




Event Catalogues

* Digitized Jovian radio emission catalogues from
NDA at Voyager era (published in A&A)

« HELIO Feature Catalogue (HFC)

Catalogue Collections

 Leblanc, Y., et al. 2020 A catalogue of Jovian decametric radio observations from January 1978 to
December 1979 (Digitised version) [Data set]. PADC. https://doi.org/10.25935/GXZF-ZT33

« Leblanc, Y., et al. 2020 A catalogue of Jovian radio observations from January 1980 to December
1981 (Digitised version) [Data set]. PADC. https://doi.org/10.25935/RAS0-ER93

« Leblanc, Y., et al. 2020 A catalogue of Jovian decametric radio observations from January 1982 to

December 1984 (Digitised version)
 Leblanc, Y., et al. 2020 A catalogue
December 1987 (Digitised version)
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Applications

* Old data recovery: Voyager/PRA
e Juno-Ground-Radio support group

 NenuFAR (SKA precursor) commissioning phase



Validation of CNES Voyager-PRA data
Using DasZ/Autoplot + Maserdpy reader modules for CNES and PDS datasets
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Juno-Ground-Radio observation support group

France (Nancay) + USA (RadioJOVE, LWA), Ukraine (Kharkov), Japan (litate)...
Using: VESPA+CDF (now); das2+autoplot (soon)

Data providers - Users

SRN-NDA

ExPRES | HELIO-HFC |JUNO Ground Radio

F ra n Ce Accueil > Tools & Services > JUNO Ground Radio
Infrastructure . .
e — JUNO-Ground-Radio / Planning Tool
Teams Thursday 30 June 2016, by Baptiste Cecconi, Renaud Savalle
Publications . . . . . . .
Sorvi The JUNO-Ground-Radio Observation Support team provides the JUNO team with coordinated observations from radio
ervices observatories all over the Earth. We have set up a Planning Tool to manage these observations efficiently.
The JUNO-Ground-Radio Planning Tool @' has been set up for data providers participating into the project to set there planned
) observations. Registration is required.
TO h O ku - I |tat TA P ||St Of p Intranet @ The same tool can now be used to check for available observations, using the data catalogs shared through VESPA.
Ja pa N TimeLine of planned Juno Ground Radio Observations

litate HF radio monitor
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Nangay Decameter Array
URAN-2

UTR-2

2016 2017 2018

NB: the time line take a few tens of seconds to load.




NenuFAR (a SKA precursor) commissioning phase
Using: FITS, das2+autoplot (now), EPN-TAP+0ObsTAP (soon),
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Future (sooner to later)

More data modules and features to maser4py, cleaner interfaces, coordination
with PyHC / HelioPy

Distribution of event catalogues (published Solar radio bursts, Jovian radio bursts
catalogues...)

Launch machine learning activities/studies for radio spectrograms feature
recognition

Citation of data collections/products/events

ESA Solar Orbiter / NASA Parker Solar Probe ground support (as currently done
for Juno and JUICE)

Better integration of modelling tools with visualisation
Extension to astronomical observations (pulsars...)
Connection with SPASE (NASA Space Physics registry)

Improve Das?2 interface for adaptive spectral resampling



