Going deeper towards the EoR with LOFAR
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LOFAR is In Production

/

EoR team with the rst "c/lata at hand (Oct 22, 2012)

ASTRON N/O
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LOFAR NCP Window

Core baselines < 3km, 130 MHz, 62 62 sq. deg. image, noise 0.7 mJy

ASTRON NO
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Beam Attenuation

ata from-2642: baselines < 3000 PSF 100% 9 deg. diameter
ASTRON NyO J
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Confusion Limited Inner Region

ata from-2642: baselines < 3000 PSF 100% 9 deg. diameter
ASTRON NyO J
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Increased Resolution

NCP (left) 4%pixels, 30 km max baseline (right) 2°°pixels, 80 km max
- 0Q  R00
ASTRON N/7/I70 baseline, PSF 12"7 6
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Diffuse Foregrounds

Foregrounds at RM=1 rad/m?, 200 Jy peak
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A Typical EoR Observation

Freg. Range: 115-185 MHz, 488 Subbands, 12 hours = 38 TB raw data.
Processing time (30TB data, 380 SB, 48 compute nodes + 8 cores + 2

GPUs):
NDPP+ao agger+BBS, 64 channels ! 3 channels, 2 s (30 hours)

NDPP+SAGECal 200 directions (1100 sources), 3 channels! 1
channel, 10 s (48 hours)

casapy imaging 2°°12500 12500 pixels, uniform weights (8 hours)

Noise: 100 Jy, 6°°PSF, about 1.3 from the theoretical limit with good
data. Better sky model ( 3000 sources) will get this down further.

Sarod Yatawatta - CALIM 2012 —p. 8



Excess Noise
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Need to subtract/suppress all outlier sources to reduce excess noise.
The wider the beam) the narrower freq. resolution
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Challenges in LOFAR Calibration

A Few Complex sources: Use points, shapelets, Prolate Spheroidal
Wave Functions,...

Many more point/double/triple... sources: Careful sky model
construction.

How many directions in the sky to calibrate: Use source clustering to
reduce the number of directions. [Kazemi et al., 2011]

How to calibrate along multiple directions in an accurate and an
ef cient way: Use SAGECal.

What is the limit in number of directions? [Kazemi et al., 2012]
[Bregman, 2012]

Current noise limits for LOFAR NCP: 100 Jy in | and Polarization per
one night.
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SAGECal

Multisource calibration: better speed, accuracy, convergence,
robustness.

Complexity: directions stations?.

Very modest memory usage: (1.6 million data points, 100 000
parameters, < 6 GB RAM).

Highly parallelized and vectorized. Uses GPU acceleration and OS
acceleration [IEEE InPar, 2012],[Kazemi et al., 2012] (> 15 speedup).

Supports all source models: points, Gaussians, disks, rings, (wide eld)
shapelets (prolate spheroidal wave functions).

Pure C code with only standard libraries used. Not linked against
casacore etc. 1/0 using binary les (or MS).

Non Gaussian noise models supported to improve robustness.
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Wide eld Calibration

Elais N1 eld [Jelic et al., 2012] CasA+CygA+Centre need to b e calibrated
together. (left) before (right) after SAGECal
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Even Faster Calibration

(a) New (b) LM (c) BFGS
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Robust Calibration

[Kazemi et al., 2013]

Uncalibrated image

Robust calibration with wrong sky

i . h
Calibration with wrong sky model model
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lonosphere/Beam Effects

(left) before (right) after SAGECal
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Beam/lonosphere Estimation

Ideal interferometer

2 _ H
Cpgm pm qm = Jpm €pam Igm

where ., = e, Bb, gives the beam model.

Sky coherency (intrinsic) Cyqm (model) € jqm (2 C* 2).

Calibration solutions are Jpym ,Jgm (2 C? 2) and have a unitary ambiguity.
Beam model (unknown) is B (2 CN D).
Minimize the cost function

X

f(B)= KCpgm pm ;;m me@pqugmkz
p;g;m

to estimate B . Ill conditioned.
Enforce power constraint

trace(B"B) =

which makes B restricted to a manifold. [Exp. Astro. 2012]
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Riemannian Optimization

Why Riemannian optimization?
Dimensionality is not increased (actually reduced).
All solutions are feasible (so can stop iterations anytime).
Natural representation of the constraints.

We use two algorithms

Riemannian Steepest Descent [Fiori, 2011], on the manifold
trace(BHB) =

Riemannian Broyden Fletcher Goldfarb Shanno [Qi et al., 2010] on the
ZND 1 unit sphere (Stiefel manifold).

Hybrid use of RSD and RBFGS gives faster convergence. The only
requirements are the cost function f (B) and its gradient %.
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Beam Estimation

Data from 2011: beam amplitude 121 MHz 10 deg. FOV
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Beam Estimation

Data from 2011: beam phase (rad) 121 MHz 10 deg. FOV
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Conclusions

LOFAR calibration to reach the noise limit requires subtraction of
several thousand sources along several hundred directions [Bregman,
2012].

Only SAGECal does this fast and accurately.
Current LOFAR limits 100 Jy in | and polarization.

Sources outside the FOV play a role almost as important as sources
inside the FOV in reaching the noise limit (for any interferometer).
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Deepest Image

100 Jy noise, 6°°PSF, 4 3 deg
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