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The LOFAR EoR Project - Basw Numbers

Real-time Processing Offline Processing
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: EOR CLUSTER
Data Rate (8 times less) ~3.75 TB/hr 3KHz; 2s

Observation (115-185MHz) 3000 Hour

Total Raw Data 11.25 PB
already acquired (~1000hrs) 3.5 PB (Since Dec 2012)

After avg ~ 1PB; 12KHz, 2s (Further increase 3 times)
*Murphys law
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LOFAR-EoR Cycle-1 Data; Acknowledgements

Wietze Albers (Target) * Sep 2014 - Oscar (DM) moves to new Job

Ger Strikwerda (Target) * Nov 2014 — Target LTA oftline
Robin Teerenga (Target) * 2 Dec 2014 - Possibility of no EoR Data

* 5Dec 2014 — Storm; Meeting+skype;

Lite Ties.ing a (Kapteyn/EoR) « University closed 2PM (Thursday)
Teun Grit (ASTRON) * 9 Dec 2014 - EoR sysadmin -> Vacation
Arjen Koers (CIT) * Dec 812014 — CEP2->EoR Connection

Adriaan Renting (ASTRON)
Hanno Holties (ASTRON)
Ger de Bruyn (EoR) - EoR Cluster reorganization

V.N. Pandey (EoR) severe ionoshperic activity
Michael Sipior(EoR/ASTRON) ~45 nights of EoR data in 100 days

Maaijke Mevius(Kapteyn/EoR)
Saleem Zaroubi(kapteyn/EoR)
Yan Grange (ASTRON)

(not in order)

- ssh via mobile phones to test transfers
- Meterwave conf in India (Dec9-13, 2014)
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The EoR 3C196 Field:- Overview

’[3C196 map at 408 MHz, 0.9” beam | ‘s An 80Jy (140MHz), bright radio

(by Lonsdale & Morison) .
6 2 ,\ quasar, relatively! compact source.
al //: N & In one of the colder regions of
2 \«q ~ galactic halo
I \\__ Inn ¢ - . o
\\\,\N,///;f | - allows accurate direction
7N\ -\--,_{/ / i . .
o O) : ndependent calibration
\_/ ‘
L | - solve for band-pass structure, one
2 ~onosphere pierce point
i s - relative flux and noise scale down to
Relative RA (Arcsec) L{HZ level
~5” x 5” in size ¢ Need Extremely High dynamic
Longest Dutch baseline ~120 Kms !! range (~70dB)

LOFAR resolution ~ 4”x5” (150MHz) _
Super Resolution — 3C196 model ¢ Scveral 5-10Jy bright sources !
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Dynamic Range: DR = peak flux / rms noise

source configurations and causes
OO on-axis . . L.
v (mechanical) pointing - XX -
int
POTLSOUrEe non - isoplanatism (ionosphere) - - X -
v decorrelation (troposphere/ionosphere) XXXX
O, v' closure errors (cross-talk, ...) XXXX
off-axis
v" non-linearity (RFI, ...) X XXX
oint source
° P v’ ghosts (Gibbs, image rejection..) - XXX
v’ polarization leakage instability - XXX
®) v" deconvolution limitations - - -X
. = two off-axis .
Oo point sources v’ variable sources XXXX
v’ software errors/deficiencies XXXX
extended v'Inaccurate Model extended on axis source X XXX
CB : source (when also used as Calibrator) — Exact Case of 3C196 Field

Slide from Ger’s talk at CALIM 2006
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Residual Images (3C196 Model Subtracted) LOFAR
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30A-17KA
(resolution
13”)

Briggs weights

(32hrs x 4MHz)
rms noise
~0.3 mJy

(9 time low rms)

~165MHz

3C196 (75Jy)
subtracted
(10mJy level)

EoR Project:
600hrs x 70MHz

~ 20 times deep
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High Dynamic Range Imaging - History

1960ies Cambridge ~100:1
1970ies WSRT ~1000:1 (very G/¢ - stable array)
~1977-1980 discovery/development of selfcal
1982 WSRT >10,000 : 1
(Noordam & de Bruyn, 1982; 3C84, redundancy)
1980ies WSRT, VLA ~1-400,000 : 1
(de Bruyn: 3C84/147, Perley: 3C273, Briggs - Cornwell: DA193)
1990ies WSRT ~ 500,000 : 1
2000++ WSRT > 1,000,000 : 1 (debruyn, Brentjens)..
2013 JVLA ~ 2,500,000 : 1 (Perley & Oleg; 1.4GHz)

«  With LOFAR at 150MHz - an order of magnitude lower from 1420MHz !
For todays talk; all data under discussion is from LOFAR HBA
« All 3C196 data only calibrated with Black Board Selfcal System
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INBUNNE  3C196 Field Image

BEAM-0
T

* 145 MHz (~2m)
* 60MHz continuum
= il * 6 powers of 10
_ * 32 hours on 3C196
T i (8 hrs x 4 days)
5 * Dec 21,12-Feb08,13
| | B s o 30%-5000M
: | - * Resolution - 50”
: ~+ 12°x 12° Image
* ‘Noise’ <75 nJy
s 1] ¢ 3C196 -79.97 Jy
|+ DR:~10°1




B UNAE  3C196 Field Image
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IRBUNNE 3C196 Field Image
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Declination (J2000)
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3C196 Modeling has gone quite well.. Highly precise !
Only ““uv selfcal”, Single one shot imaging

§ 1.59x 1.5°
Resln 50”

First million to one dynamic range image at 2m (LOFAR)
Now we even have better model but imaging underway !!!
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Further Improvements - 3C196 Spectrum model -

40Jy

1.6

I =k (frequency)”

-
o

logl0{Flux in Jy)

log () ->

1.2

1.1

1
2,08

10Jy

2,16 2,18
logl0{Frequency in MHz)

log (freq in MHz) ->

2,14

115MHz

Relative Dec.(Arcsec)

Outer Lobes
Older Electrons

Steep Spectrum

187MHz



Accurate 3C196 Spectrum model - resurts

D:RS210HBA — RS509HBA [ 46.89 Kxa][120SEmulated Visibilities
3C196 model with spectra from lit)

Vis Amplitude XX ->

| ! ! ! | ! ! ! | [ [
Raw Visibility Data
. o Same Structures in
0 both models
2 Improvements !!
; ly long Baselines
S'=|  120Km baseline s
» RS210-RS509 PR ( odel with improve
= | .o Spectral model)
s 3C196 Model obtained by super-resolution
ol | | Good enougl} for LoFAllg-EoR

1 L 1 l L L 1 I L
ah /h oh Tim%r(hours) -2 5h &h



Bright Sources in 3C196 Field
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Bright sources parametric model fitting-chanenges

FEAME NUMBER: 0.000000e400

At arc sec resolution
Nothing like quiet
ionosphere

Source ~2° away
From phase center

4’ x 4’ image
Resolution ~15”

357

Right Ascension {(J2000)

Amplitude and Position variation with time (15” PSF; 1m Frames)

(M. Mevius)
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Sub arc second Positional Accuracy -resuLts
Measuring Positions of bright sources (and 3C196 itself)

Positional Offset values

_. New Median Offset
(+0.04”,0.06”)

Old Median offset
~(+0.50”,-0.85")

Dec offset (")

Sub arc second
accuracy at low
frequencies!!

Dec Offset (arc sec)(LOFAR-FIRST)

RA offset (")

RA Offset (arc sec)(LOFAR—FIRST)



Sub arc second Positional Acc

Measuring Positions of bright sources

1,5 e ....................... ....................... .................

ositional Offset values

_. New Median Offset
N — R R\ A - 1 (+0.047,0.067)
: Old Median offset
S S (+0.50”,-0.85”)

Sub arc second

ffset (arc sec)(LOFAR-FIRST)

' | f accuracy at low
h FIRST survey 1 4GHz frequencies!!

RA offset (")

RA Offset (arc sec)(LOFAR-FIRST)
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Conclusions

>
>

>

ASTRON

Million to One dynamic range possible at 150MHz
3C196 parametric Model — has done remarkably well
- Super resolution on observed data !!
- Spectral Index measurements consistent

High resolution model of bright sources in presence of
ionospheric disturbances obtained

Sub arc sec positional accuracy for bright sources
mean offsets ~ 1/100" of highest resolution lofar beam
Tonospheric calibration - 2D Phase screen approach(M.Mevius)
- 3D tomography (S. Soobash)
Ongoing work — Direction Dependent Effects
— Polarization (Vibor)



Thank You BEAMAG 3C196 Field Image
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Test the model at International baselines
- Then what we used to build model 45K).)

D:CSO02HBAC — DEBOTHBA [147.92 KAl [266.17 KM]
Simulated Visibilities

T T T T T 147Kk baseline T T 7 7 T 7 7 T(mclgde Datch JTTIH)
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(3C196 using intennational)
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Vi VASAPRIMMAE XX 1775y — xx

L168641 SBO66Time—>166.601MHz

panday 18—HNc«—2013 0S:5B



o . . ' (After Subtracting 3C196)
Improving Calibration ! Baselines > 30K

C:RS108HB — RS3I1CHB= [ 32210 kA] C:RS106HEA — RSS0%HBa [ 33.58 KA] C:PE205HBS. — PSSOSHES [ 34.10 K] C:RSICEHB — PSSoaHBe [ 3499 ki)
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Vis Amplitude XX ->

OBALT Data

D:RS208HBA — RSSOOHBA [ 45.47 K\ 82.79 KM]

: Trans

o"

3C196: Transit

:21 1582 SB254Time—>1684.648MHz
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Improving calibration including more sources

tud e XeX (a2 /S)—xX

Vis:AmipH

1.5%x107%

5 10~
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0

In God we Trust, all others bring data.

D:RS310HBA — RS508HBA [ 42.39 KA]
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| I
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2" Time (hrs)s" 6"

LBO892 SB266Time—>166.992MHz

h

* Include sources from the WSRT - refit
the parametric model for 3C196

* Raw Visibility Data

* Simulations with 3C196 plus 40 bright
sources

(from WSRT)
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Improving calibration including more sources

* Include sources from the WSRT - refit the

parametric model for 3C196
- The refitted model is worse !!

D:RS310HBA — RS508HBA [ 42.39 KA]

/i T T - Simulated Visibilities 3C196+40 sources
E 2 1 (using WSRT source model)

< z — Raw visibility data

<38 (all plots only for XX correlation)

% =

= * Most of these sources are resolved!
a2 KM

5 42 Igﬁs(;fne ) * LOFAR Long baselines are like mini-
3 4 VLBI for WSRT like array!
i " Time (l'm) o * LBLneed high resolution model !

So we need to model these sources
using the LOFAR data!

Limit uv, quiet ionospheric conditions
Go for parametric fitting!

LBO892 SB266Time—>166.992MHz

i e
g



Flux and Position Fitting — uv plane

Awe
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Bright sources parametric model fitting-resurrs
 Gets back the good model of 3C196 or even better !

D:RS3I10HBA — RS508HBA [ 41.90 Ka]

TC) = L. LA I B I B B A N B T T LI L UL |—§imu1ated ViSibilitieS 3C196+408rc
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—_ & -
i — /
A~ XL ] -
2 Residual Visibilities
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& 2 42 Kih (76KM) -
%;m baseline I . Ch_oose ipnospheric
= |o 1 quiet periods,
; x i -  Extract model of
> v ] bright sources
O H |

- ot
Time (hours) ->
LBCE92 SBZ256Time—>165.039MHz

pandey 4—Nov—2G13 16:07



Bright sources parametric model fitting-resurrs
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Blue Gene P

Conclusions & Road ahead - 11
LOFAR Correlator changed from

COBALT- 8 nodes with 2K10 each
(can correlate ~70 stns)!
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The LOFAR “Superterp” B
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Conclusions & Road ahead - 111

EoR Cluster also as LOFAR Super-Terp Correlator!
Processing and correlate (when required)!
> EoR Group — can we correlate 288 tiles within superterp?!!

(at some point of time in future)
(Lots of challenges regarding data rates, connections)
> Input bandwidth ~ four times more (~60GB/s)
Correlator requirements — 16 times more (crossing PetaFlop)!

Very Exciting phase of HPC & Science

ASTRON
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COBALT Data

D:RS210HBA — RS407HBA [ 46.63 KA 84.90 KM]
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Vis Amplitude XX ->

OBALT Data
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Noise on different davs

- 3C196 L80897,L80892,L85001.L86766 5KLambda Images
@ 21 Dec 2012; L80897 '
' @ 08 Jan 2013; 80892

, @ 26Jan 2013; L85001
[t @ 08Feb2013; L86766

: P : 4 days of data Selected for various checks
4 SRR S— Rms variation day to day
g ' - mainly due to ionospheric activity

rms noise (mJy)

120 130 140 150 160 170
Frequency (MHZ)
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Measured peak value (non fitted) of a bright source
in each subband (180KHz) image (0821+4702)

Flux calibration
along freq smooth.

3C196 5KLambda Images L80892

wu
o
T

4.5

751
Thanks 3C196 !!
7.0+ ;
Max difference —
6.5 20mJy (not fitted)
E 60l - Station beam
E | - Spectral index
kS - Resolved at
5.5F high
frequencies?

4.0 120 130 140 150 160 170
Frequency (MHZ)



Start from selfcal phases:

Extract differential ionospheric delay per
station using frequency dependence (and
wide bandwidth)

Fit 2D linear screen

a linear gradient over the fov a single

sufficient for ionospheric calibration

99% of the times a linear gradient will
NOT do

by examining the chi2 of the fit

Fit higher order (2D/3D) screen for direction
dependent corrections (ongoing)

deka TEC all statiors

Fitted dTEC versus time L80897, all stations

If the ionosphere could be described by

Investigate “wildness” of the ionosphere oo

average RMs of images (old model)

~
£ 0.00004

direction independent selfcal would be 3

lonosphere

o Chi2 of fit versus time, 4 different nights — 79324
- 80895
— 80892

- 80897

000007
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000005
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000002

0.00000

0 00 1000 1500

time index (10s)

2000 2500 3000

lonospheric variance versus RMS noise image,
all nights

5:5
5.0f
4.5 i
aof !
3.5}
3.0t & |
2.5t

2.0

106 001 002 003 004 005 006 007 008

RMS of dTEC Remote Stations

0.09



lonosphere

»  Start from selfcal phases: . ) .
Chi2 of fit versus time L80897

Q00—

- Extract differential ionospheric delay per
station using frequency dependence (and
wide bandwidth) .
- Fit 2D linear screen 00010
» If the ionosphere could be described by

0.0008

a linear gradient over the fov a single .
direction independent selfcal would be 3
sufficient for ionospheric calibration

0.0006

*  99% of the times a linear gradient will
NOT do

* Investigate “wildness” of the ionosphere
by examining the chi2 of the fit

1500 2000 500 3000

- Fit higher order (2D/3D) screen for direction s o - s index 109
dependent corrections (ongoing)

0 2 deka TEC all statiors

Fitted dTEC versus time L80897, all stations
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Source MNumber:l Name:NLO0O3170

Iteration Number

fixis-1 length (")

Iteration Number

A IEC (")

0,05
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-0.15
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-0.25
-0.3
-0.35
-0.4

-0,45

-0.5

Iteration Number

15 20

fAxis-2 length (")
B
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0 5 10
Iteration Mumber

15 20
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Position fngle {degree)
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Iteration Number

10 15 20
Iteration Number
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COBALT Data

D:RS210HBA — RS407HBA [ 46.63 KA 84.90 KM]

- I L] L] T I L] T T T L] L] I T L] T I L] T T I T T

S | 3 o 3C196 Transit |

1.5x10

s Amp (arb) Blue—DATA Red-PredictedDATA=XX
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Challenges

Dynamic ranges in the data motivate an accurate & precise
calibration, imaging and signal extraction strategy.

Discrete sources 1049 uJy/beam
Galactic Foregrounds + Confusion 103 pJy/beam
Thermal/Sky Noise 10 wy/beam

EoR 21-cm signal 1 uwJy/beam




| Short Mathematical Data Model =®

Every visibility (coherency matrix element) can be  —
written as a linear superposition of the entire sky-

brightness distribution (in I, Q, U & V), i.e.

SGSM
v=A(p)s+n Sli== SLSM

Sgrid

Classical “Clean-Selfcal” loop iteratively solves s
(through Cleaning) and p (through Self-calibration)

until convergence.

This works well if the sky is nearly empty:
However for the EoR KSP the entire sky is filled!



= Short Mathematical Data Model:
Reprocessing = Calibration

Solving for p is a highly non-linear process
bound to converge to secondary minima if
not carried out carefully:.

Reprocessing:

i.e. finding a good initial solution of p for all instrument
and sky eftects using a modified clean-calibration loop
and a simple model for s (e.g. bright calibrator sources):

1. Bandpass calibration
2. Dipole rotations
3. Complex Telescope Gains

What does p contain: 4. Complex omni-directional beam

. Jonospheric phase fluctuations

n

6. Faraday rotation
7. What ever else might be out there....
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Bright sources parametric model fitting-resurrs
Gets back the good model of 3C196 or even better !

vis aYisAmplitude XX -y

1.5%x10" % 2x10™*

5x10™>  107*

O

D:RS3I10HBA — RS508HBA [ 41.90 Ka]

Simulated Visibilities

42 KA baseline

\

4nclude modeled bright sources)

/ Raw Visibility Data

Residual Visibilities
(Raw data — simultations)

. Choose ionospheric
quiet periods,

. limit uv range 15KL

. Extract model of
bright sources

oh h o ohshgh o gh g
Time (hours) ->
LBCE92 SBZ256Time—>165.039MHz

pandey 4—Nov—2G13 16:07



Bright sources parametric model fitting-resurrs

ox10™%

1074

e AWisAmplitude XX

D:CSO002HBAC — CSQ

BAO [ 0.05 KA]

Diff faraday rotation

Simulated Visibilities

n g;i _
i 5 _
i % g i
i) | P | | I T N T i ‘
o g oh Zh g sh o gh gh
Time (hours) ->
LB08S2 SEZ56Time—>165.039MHz

pandey 4—No«—2013 16:37

Anclude modeled bright sources)

/ Raw Visibility Data

Residual Visibilities
(Raw data — simultations)



Improving Calibration !

C:RS108HB — RS3I1CHB= [ 32210 kA]
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b unlte) {Dota
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Residual Visibilities in Jy
(After Subtracting 3C196)

Baselines > 30KL
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Test the model at even longer baselines

- The%yﬁ@tﬂs@omﬁ(@&g Quild model 45K5)—

7
9 I I I i
‘x ° ° ° ego 40
§<< O Simulated| Visibilities
| (include modeled bright sources)
/E)\ o
E L Raw Visibility Data
%
ﬁ.
@ ° ° [ KK
g ual Visibilities
% 0 data — simultations)
& O
< % ) |
.5 8 . Differences ?
v A _9
© %o g~ Causes -
o

Time (hours) ->
L168641 SBO66TIime—>166.601MHz

panday  4-New—2013 15:3C



Accurate 3C196 Spectrum model -resurts

D:RS210HBA — RS508HBA [ 39.56 KA][101.37 KM]

Vis Amplitude XX ->

— e ————T— —— Simulated Visibilities
u 6 model with spectra from lit)
. Raw Visibility Data
| £
2 O [ PG Same Structures in
- s S5 both models
o TS, Improvements !!
3 "%
= ‘; Only long Baselines
2 0 100Km baseline :
116 MHz Simulated Visibilities
=~ (3C196 Model with improved
Spectral model)
e il B | S S BT A S R S S S| L 1T
~h | h :,F 3'h 4’h 5h rz‘h

3C196 Model obtained by super-resolution

Ti h ->
ime (hours) Good enough for LoFAR-EoR
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Bright sources parametric model fitting-chanenges
TIonospheric Effects on 2 days (3C196 subtracted)

FRAME NUMBER: 3.000000e+00 FEAME NUMBER: 3.000000e+00
30—-Dec—-2013 308 frames 3' PSF 15—Dec—-2013 308 frames 3' PSF
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Amplitude and Position variation with time (3’ PSF; 30s Frames)

Astron daily image 07-03-2014 (Ger)



