A S I RO N Netherlands Institute for Radio Astronomy
' °

" LOFAR MSSS . . . -
Mult:frequency Snapshot Sky Survey

* I XQ X
1 L L L MULTIFREQUENCY SNAPSHOT SKY SURVEY
o

'George Heald (MSSS Project: Leader)
(on.behalf of the MSSS Team) - .
. LOFAR Data School- 20/11/2014 “ ‘

\ z
7 XY LOFAR
ASTRON ig part of the Netherlands Grganisation for Sci cientific Research (NWQ} o’
e o ” ” . . .




/B'ﬁ"é‘f’l_'@‘li'mR OVerview.. |
MSSS motivation & setup RN A=
MSSS science themes ot | .
Initial MSSS results
MSSS / GLEAM synergy




Thanks to the MSSS Team! ASTRON

Bjorn Adebahr, Mike Bell, Laura Birzan, Annalisa Bonafede, Justin Bray, Rene Breton,

Jess Broderick, Ger de Bruyn, Therese Cantwell, Dario Carbone, Patti Carroll, Yvette Cendes,
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Richard Fallows, Chiara Ferrari, Jon Gregson, Martin Hardcastle, Jeremy Harwood, Tom Hassall,
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David Jones, Wojciech Jurusik, Georgi Kokotanekov, Giulia Macario, Poppy Martin,
Carlos Martinez, John McKean, Leah Morabito, David Mulcahy, Ronald Nijboer,

Btazej Nikiel-Wroczynski, Andre Offringa, Emanuela Orrd, V.N. Pandey, Gosia Pietka,
Roberto Pizzo, Mamta Pommier, Peeyush Prasad, Luke Pratley, Chris Riseley, Huub Rottgering,
Antonia Rowlinson, Pepe Sabater, Anna Scaife, Bart Scheers, Kati Sendlinger,
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John Swinbank, Cyril Tasse, Bas van der Tol, Jonas Trustedt, Sander ter Veen, Sjoert van Velzen,
Reinout van Weeren, Wendy Williams, Michael Wise




LOFAR overview ASTRON

i
* Highly flexible digital beamforming ("beams for bandwidth”)

LOFAR LBA

10-80 MHZzZ
2X48 DIPOLE PAIRS / STATION
SEFD 25 kKdYy AT 60 MHz
3-40 DEG FoV (FWHM)

LOFAR HBA

110-250 MHZ
2X24X16 DIPOLE PAIRS / STATION

SEFD 2 KdYy AT 150 MHZz
1-5 DEG FaVv (FWHM)

LO
FAR Core Statio
n
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MSSS: LOFAR’s first imaging survey ASTRON

Goals: obtain broadband sky model, shakedown LOFAR operations

Frequency: 30-75 MHz

(8 x 2 MHz bands)
Resolution: <100 arcsec
Sensitivity: <15 mJy/beam
Area: 20,000 square degrees
Number of Fields: 660
Simultaneous ~10° beams: 5
Test observations resuming

George Heald / LOFAR Data School [Evening Lecture #2] / 20-11-2014

S-HBA

Frequency: 120-160 MHz

(8 x 2 MHz bands)
Resolution: <120 arcsec
Sensitivity: <5 mly/beam
Area: 20,000 square degrees
Number of Fields: 3616
Simultaneous ~4° beams: 6
Observations 100% complete




ASTRON

LBA Pointings

2]/ 20-11-2014



HBA Pointings

ASTRON
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MSSS vital stats

ASTRON

* Highly complementary to GLEAM: together these surveys will
provide a truly all-sky interferometric radio catalog!
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MSSS vital stats ASTRON

* Highly complementary to GLEAM: together these surveys will
provide a truly all-sky interferometric radio catalog!
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Theoretical / confusion noise R ASTRON
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MSSS pipeline » LOFAR pipeline

= MSSS identifying proper strategies for early pipeline steps

............................................................

, Preprocessing Pipeline

NDPPP

Processing

ASTRON

Fig.12. The LOFAR imaging pipeline presented in schematic form (Heald et al. 2010). See the text for a description of the various software

components and the data path.

CP 1

CP 2

E N snapshots

CP N
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MSSS mosaics @M*S*8*

*= Standard imaging product: 100 square degree mosaics, each
composed of 10s of individual HBA fields
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Image mosaic
made in Aladin







MSSS-HBA VO
catalog so far:
100,920 sources
(Alex Clarke)

average
~400/mosaic




MSSS (VO) Data Portal ELEEEEE ASTRON

= MSSS data products to be available through VO and custom-built
postage-stamp/catalog server

MSSS Image Archive
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John Swinbank

http://msss.astron.nl
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MSSS spectral indices

ASTRON

= MSSS-HBA allows direct determination of local spectral curvature

term (shown here using VO)

import pyvo as vo
import astropy.table as table

# get MSSS MVF
msssURL="http://PUBLIC.SOON’ 70
query = vo._sos.SCSQuePy(msssURL) Mean, median
query.pos = (2L5.,69.) 60 HBA spectral
query.radius = 10. ind p_ 0.8
t = table.Table.read(query.execute_votable()) o inaex = =u.
# now use the numbers é
s120=t[‘Sint120’] o 40}
# make plots etc ... g 301
Z
20t
10
obe=—1 : .
=30 -25 -20 -15

-1.0

-0.5

HBA spectral index
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.'i.'s'el,ect-'ed. MSSS,"sCfience‘tb'piCS'. '

{ Diffuse emission from galaxy cluster halos / relics

‘Giant radio galaxies

Supernova remnants - .
Polarization and high angular resolutlon reprocessmg

-Tran5|ents



One of the first MSSS-HBA mosaics
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MSSS-HBA: Abell 2255 ENd ASTRON

Declination (J2000)

* cf Pizzo & de Bruyn (2009)
WSRT, 150 MHz

+64°30’

+64°00'f

+64°00'}<

+63°50’

Declination (J2000)

+63°40’

17R16™ 14™ 12™ 10™

Right Ascension (J2000) + 6 .3 o :301
. .

171115111 I(Sm - o5m

Right Ascension (J2000)
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MSSS-HBA: prospects AST(RON

* Higher resolution provides an interesting early view (before Tier 1)

= Known systems (e.g. detected all strong AGN feedback
systems in Birzan, Rafferty samples; Kokotanekov et al in prep)

* New systems (effective search at higher resolution)

100 — —_—
rms= 15 mJy/b , b=2 arcmin
rms = 5 mJy/b , b=30 arcsec

o
. |

Cumulative Number N(<2)

courtesy G. Brunetti
0 | 0.I2 | | 0.|4 | | | O.I6

Z
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Another (early) MSSS-HBA mosaic
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ASTRON press release, 19 March 2013



MSSS-discovered GRG

* Followup observations with WSRT, GMRT, LOFAR

Declination (J2000)

1111111

1111111

uuuuuuuu

ASTRON

5555555555555555
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90501 < 9050’

| .o.80

0.80

0.40

- 40.20

1} Ho.00

- 1-0.20

14h52m 51™ 50™ 49™
Right Ascension (J2000)
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Clarke et al (in prep)

mlJy/Beam
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MSSS-discovered GRG ASTRON

* Identified as a GRG associated with the central flat-spectrum
NVSS source

* Large size for its radio power - particularly old GRG? First of a new
population to be revealed by LOFAR?

10%7 ¢ ; 1 : :

Ao Schoenmakers+ (2001) sample . Evolutlonary dlagram

e MSSS GRG-1 (a=-0.8) A R A = S L

e MSSS GRG-1 (a=-1.2) N A S J

A P N ‘
':l‘ A —m 4 v \*\'\
. A w N ~ + + 4
= 10% * A 2 9,
— ~ B + ++
Qh) A f ; +\ e ++ ¢
= A N - gt
8 A A A ;::".\ *"\"‘\_‘\\_ +\
S A i A Ror M
& ad B s 3 .
N A A - - T
g 1025 a 4 4 4 ® g Thaa \“,\:
g A A [e] rg‘ 9 e .
M ) ) s =F :
. linear size
1.71 h™* Mpc i
2, 0 00
1024 1 . . . . 1 N 1 a . . )
500 1000 2500 500| Length of radio scurce in kpc
Linear size [kpc] Kaiser et al (1997)
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MSSS-discovered GRG ASTRON

* Host system interesting in its own right!
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~Great MSSS Supernova Remnant Hunt
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RM Synthesis with MSSS data

ASTRON

* Frequency coverage in HBA allows for shallow polarization search

1.0

0.5

RMSF

0.0

o5t mMaxX RM = 330 radv I’h'z

- - real

imag

— abs

-60 -40 -20 0
phi [rad/m**2]

20

40

60

RMSF

1.0

-0.5

. FWHM = 1.5 rad m™2

real

imag |
abs

-10 -5 0

phi [rad/m**2]

5

10

= Calibration and imaging needs a bit of work but no show stoppers:

* jonospheric RM (predictions) can be applied

* imaging step is a bit awkward for non-MFS use

* Fields with bright polarization (Fan region and some polarized

pulsars) have been observed

George Heald / LOFAR Data School [Evening Lecture #2] / 20-11-2014
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MSSS-HBA polarization ENACEEd ASTRON

* Polarized pulsar (PSRJ0218) detected with MSSS image data!

= 51% polarized, and with correct RM of -61 rad m? (ionospheric RM
correction was applied to the data)

FARDEPTH: —6.100000e+01

PSRJ0OR18

50
Detection of PSRJ0218 in MSSS "
00
. I [ | l | | Y a
+40'
I —— Dirty RM Spectrum B
0.25 | Cleaned RM Spectrum | 8 150
5
J| e +30"
i
0.2 — I —_ g 100
; I I 7 +20’
S 015 i :
: \
= [ 1] ,
| H l +10
” l [ |I| [ | o
I| i | III ol i) 18 -n 16
- || | | ’ ‘ f | Right Ascension (J2000)
) |" || “ |‘ ‘ I
0.05 mil ', t — -
A | .
A ‘ T 1 |} David Mulcahy
\vl A I" vV /\ v I“"‘. 'I\‘l '] i\ l‘ . A |i AL n“ |“, A A A AN o
()-‘JI bIAVES 1 VR LA RN A WA\ Wiy a
-100 -50 0 S0 100
Faraday Depth (radm”-2)
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Reprocessing MSSS data ASTRON

* Initial MSSS data product is ~2’ resolution, but visibility data
allows for better angular resolution. Plan is to provide v2 catalog.

Dec (J2000)

George Heald / LOFAR Data School [Evening Lecture #2] / 20-11-2014

| ' ol

- MSSS (default)

+38°00' |

+37°56' |

19m 4h18m 19m 4h18m 19m 4h18m 19m 4h18m

12 §
08"
04'

+40°00" |

+39°56' T ‘ . 7 ‘ . : ‘ ‘
24m 4h23m 24m 4h23m 24m 4h23m 24m 4h23m

4h01m 4h01m 4h01m 4h01m

RA (J2000)

(Heald et al, submitted) ,,



Transients with MSSS ASTRON

* In MSSS-LBA, 1 subband always on NCP (200 kHz bw at 60 MHz)
* In both MSSS-LBA and MSSS-HBA, multiple epochs (9,2 resp)

Transient Candidate #1

Snapshot 1

* First MSSS(-LBA) transient candidate (Stewart et al, in prep)
= Appears in one 11-min snapshot, flux density 15-25 Jy beam!

= Implied rate for At=11min is 1+1/2538 transients day! deg?
(~1 transient per square degree per 7 years!)
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Transients with MSSS

ASTRON

= Possible origins: flare star? highly dispersed FRB?

0 :
: e This work
Jae2012
-1 vl
Cen201
— =2I v
8 Car2014
r
3 v
2 3
0
# o _q Bell2014
(@) ® v
)
@ r
t -5} e
-
' n
o)
&
S -6}
©
Laz2010
-7k ) v .
-8 1 1 -
-4 -3 -1 0 1 2 3 4

Log Flux Density (Jy)

(Stewart et al, in prep)
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Additional MSSS transient searches ASTRON

= MSSS HBA: overlapping fields, 2 snapshots each

""Y A4 v . v ‘ - . "V" Y L4 ' A 'Y"Y L4 v v w ""Y v v vyow vvvv' v v vy "'n
c2003" Ban2011 - Bannister ot al. (2011)
. 77 BK2010 - Bocker ot al, (2010)
10 F Bell2011 - This work -
E (1 Year) F2003" 82007 - Bower of al. (2007) :
v o7 82010 - Bower et al. (2010)
i v (2 Month) V - denotes variable rate B2011 - Bower & Saul (2010)
- BKk2010 " == T - denotes transient rate C2003 - Carilli at al. (2003)
- + = denctes upper Emit Crof2010 - Croft et al. (2010)
0 F F2003 - Frad ot al (2003) E
- . GY2006 - Gal-Yam et al. (2006) 3
i 82010"" Laz2010 - Lazio ot al (2010)
82007" Ba2011? v LOFAR" - LOFAR commissioning
| (1 Week) LOFAR' - LOFAR full array
10 F Mat2009 - Matsumura ot al. (2010) =
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MSSS overview & VF paper

* Heald et al 2014
(submitted to A&A)

ASTRON

The LOFAR Multifrequency Snapshot Sky Survey (MSSS)
I. Survey description and first results
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ABSTRACT

We present the Multifrequency Snapshot Sky Survey (MSSS), the first northern-sky LOFAR imaging survey. In this introductory paper, we first
describe in detail the motivation and design of the survey. Compared to previous radio surveys, MSSS is exceptional due to its intrinsic multi-
frequency nature providing information about the spectral properties of the detected sources over more than two octaves (from 30 to 160 MHz).
The broadband frequency coverage, together with the fast survey speed generated by LOFAR’s multibeaming capabilities, make MSSS the first
survey of the sort anticipated to be carried out with the forthcoming Square Kilometre Array (SKA). Two of the sixteen frequency bands included
in the survey were chosen to exactly overlap the frequency coverage of large-area Very Large Array (VLA) and Giant Metrewave Radio Telescope
(GMRT) surveys at 74 MHz and 151 MHz respectively. The survey performance is illustrated within the “MSSS Verification Field” (MVF), a re-
gion of 100 square degrees centered at (@, )j2000 = (15", 69°). The MSSS results from the MVF are compared with previous radio survey catalogs.
We assess the flux and astrometric uncertainties in the catalog, as well as the completeness and reliability considering our source finding strategy.
We determine the 90% completeness levels within the MVF to be 100 mJy at 135 MHz with 108" resolution, and 550 mJy at 50 MHz with 166"
resolution. Images and catalogs for the full survey, expected to contain 150 000—200 000 sources, will be released to a public web server. We
outline the plans for the ongoing production of the final survey products, and the ultimate public release of images and source catalogs.

Key words. Surveys — Radio continuum: general
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ASTRON
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Completeness (from MVF only)

Completeness above flux limit

* 90% completeness: 100 mly at 135 MHz (108"),
550 mly at 50 MHz (166")

— Auverage Average
— Band 0 |1 g 0.6 — Band 0
— Band 1 — Band 1
—— Band?2 |[] g 05 —— Band 2
— Band 3 — Band 3
Band4 |1 04 Band 4
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MVF fluxes vs 7C catalog ASTRON

= Agreement excellent but MSSS-HBA has ~9% higher fluxes,

originating from different assumptions about flux of 3C295
B Y (see Rick’s talk)
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Reprocessing scheme ASTRON

* Large-scale self-calibration loop to suppress false detections that
may be present in initial sky model (VLSSr based)

* Beginning this month, running until ~ end of 2014

\

MDDD+DD /] Source findin Sky GSM import

Mosaic
models

image
MDDD+DD

buIpuly 22Jn0S

Updated
Sky
models
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Number of 16-dipole tiles
Number of receivers
Observing frequencies
Frequency resolution
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Comparing MSSS and GLEAM [ENEEEEEE ASTRON

= Substantial overlap in frequency (subset with overlap shown)

GLEAM

MSSS-HBA

120 130 140 150 160
Frequency (MHz)

= Compatible beam size, (confusion) noise level

* Large overlap in declination coverage (GLEAM goes up to +30°,
MSSS down to 0°)

* Both have systematics to address, but they are different (and
often orthogonal!)
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Comparing MSSS and GLEAM ENEd ASTRON

= Region picked between RA=9-11h, Dec=0-30d

8487 16974 25544 34031 42601 51088 59574 68144 76631
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Comparing MSSS and GLEAM

ASTRON

* Ongoing comparison between MSSS and GLEAM
GLEAM image courtesy Natasha Hurley-Walker
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Zoomin comparison - GLEAM ENEEd ASTRON

-0.042 -0.024 -0.006 0.012 : 0.048 0.066 0.084
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Zoomin comparison - MSSS ENEEd ASTRON

-0.042 -0.024 -0.006 0.012 0.03 0.048 0.066 0.084
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Comparing MSSS and GLEAM R ASTRON

= Initial flux density and position comparison:
Dec dependent flux scale mismatch
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Comparing MSSS and GLEAM [EREEEER ASTRON

= Initial flux density and position comparison:
Dec dependent positional offset
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Comparing MSSS+GLEAM+others [ERECEEI ASTRON

* Comparison of MSSS and GLEAM fluxes with extrapolation from
VLSSr and NVSS catalog values
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Comparing MSSS+GLEAM+others

ASTRON

* Comparison of MSSS and GLEAM fluxes with extrapolation from

VLSSr and NVSS catalog values
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Comparing MSSS+GLEAM+others

* Comparison of MSSS and GLEAM fluxes with extrapolation from

VLSSr and NVSS catalog values

ASTRON
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Comparing MSSS+GLEAM+others

ASTRON

* Comparison of MSSS and GLEAM fluxes with extrapolation from

VLSSr and NVSS catalog values
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Comparing MSSS and GLEAM EREEEER ASTRON

= Source finding / catalog creation also under study

000 N\ SADImage ds9
Fle Edt View Frame Zoom Scale Color Region WCS Analyss Help
\ — — - , — - -
edt
Ve
frame
zo0m
scale
Valse | 00021682 ollor
FKS regon
a2 100303550
d +20131378 help
Phvysical
X 1719903
Y 3469199
Image
X 1719903
Y 3489199
Frame 1
Zoom 0261
Angle 0.000

LOFAR cataloging
approach
(PyBDSM+PySE)

to fit

zo00m 1/8

ro0m 14

zoom 1/2 3 - - .

zoom 1 : ., - - s » AL : o -

zoom 2 - - : _—

~ . I )
017 0.096 0024 0048 012 019 026 034 041

zoom 8

George Heald / LOFAR Data School [Evening Lecture #2] / 20-11-2014 53



Comparing MSSS and GLEAM EREEEER ASTRON

= Source finding / catalog creation also under study
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Summary ASTRON

MSSS has made excellent progress in the HBA segment, work on
LBA continuing soon

Stay tuned for description paper with Verification Field results,
coming soon

“"Version 0” data products in hand and being used to pursue early
science projects

* Broad range of science topics e.g. transients, clusters, GRGs,...

“Version 1" data products to be wrapped up soon, to be public next
year

“Version 2" (high resolution ~20-30", polarization) in the works

MSSS-GLEAM overlap region very interesting both technically and
scientifically (transient search?)

* May immediately provide crucial flux scale information

= Prospect of a truly ALL-sky interferometric radio survey!
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