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Radio Interferometry:
Sampling Fourier Components of the Images

Image Fourier Domain Sampling Process
(Visibility) (Projected Baseline = Spatial Frequency)

Crthographic Map Centered on Lon=180, Lat=12.391123

(Images: adapted from Akiyama et al. 2015, Ap] ; Movie: Laura Vertatschitsch)

Sampling is NOT perfect
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Interferometry Imaging:
Observational equation is ill-posed

Y = A X
(Data) (Fourier Matrix) (Image)
/ Yi \ /exp(i21'ru|x|) exp(i21TuX?) ... exp(i21Tu|xN)\ /XI\

Y2 exp(i2TTuz2x;) exp(i2Truz2x2) ... exp(i2TTu2xn)

Y3 = | exp(i2Trusx) exp(i2TTusxa) ... exp(i2TTusxn) X2

| ‘ ‘ X3
\ YM / %xp(iZTrqu.) exp(i2TTumx?) ... exp(i21TquN)/

- Sampling is NOT perfect \XN/
Number of data M < Number of image pixels N

- Equation is ill-posed: infinite numbers of solutions

- Interferometric Imaging:
Picking a reasonable solution based on a prior assumption
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Sparse Reconstruction: A Popular Approach

Philosophy: Reconstructing images with the smallest number
of point sources within a given residual error

e : ", = ol e o == e - : 5 = L

Computationally very expensive!!
(It can be solved for N < ~100)

- Lo norm is not continuous, nondifferentiable
- Combinational Optimization

. _'q_-j‘,"

-'—_A
1

[X||o = number of non-zero pixels in the image
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Sparse Reconstruction: CLEAN (greedy approach)
CLEAN (Hobgom 1974) = Matching Pursuit (Mallet & Zhang 1993)

Computationally very cheap, but highly affected by the Point Spread Function
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Sparse Reconstruction: CLEAN (greedy approach)
CLEAN (Hobgom 1974) = Matching Pursuit (Mallet & Zhang 1993)

CLEAN is problematic for the black hole shadows?

|

Model

Ground '
Truth

CLEAN ' ‘ )

Fabian Baron, Chael+2016 Ap] Akiyama+2017a,Ap]
EHT 2012 Akiyama+2017b,A]
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Sparse Reconstruction: L1 Regularization
LASSO (Tibishirani 1996)

Convex Relaxation: Relaxing LO-norm to a convex, continuous,
and differentiable function

min ||x||; subject to ||y — Ax||5 < ¢

> min (|ly — Ax]|5 + A|[x]]1) .

equivalent

Chl square Regularlzatlon
on sparsity

Reconstruction purely in the visibility domain:
Not affected by de-convolution beam (point spread function)

Many applications after appearance of Compressed Sensing
(Donoho, Candes+)
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Sparse Reconstruction: L1 Regularization
LASSO (Tibishirani 1996)

initial image bearm-oomohed irage super-resolution irmage
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;ﬂ' (Honma, Akiyama, Uemura & lkeda 2014, PAS)) A
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Note: A “Popular” Wrong Statement

Interferometric Imaging:
- Regardless of noises, we have a infinite number of solutions fitting data
- It just picks a reasonable solution based on a prior assumption

If the prior assumption is wrong, images can be wrong.

The angular resolution limit to distinguish 2 discrete sources from | source
~ 0.25 A/D (no noises; Narayan & Nityananda 1986
with noises; Honma et al. 2014, PAS] and many other papers)
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Pursuing only sparsity is not optimal

A key assumption in CLEAN and L1 regularization: images must be sparse.

May NOT work!

~ Model CS-CLEAN L
ﬁ /u. PR - Extended source
P o - Even compact source
with too small image
° = ° pixels

Akiyama et al.2017b,A|
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Sparse Modeling on the Gradient Image

min (Ily AX||2 + Adllx|l1 + Ac[x]lv)

Chlsquare L I norm Total Varlatlon

Regularizing the sparsity on the gradient domain
= Favoring smooth images

x|ty = LL ‘%4—13 xi,jQ

Model mfista (L1+TV"2

Kuramochi et al. 2017
submitted to Ap)

\’ ,7/| @)- Event Herizon Telescope

2).

+ @i g1 — iy

: - ; _— NRAQO Kazu Akiyama, Mizusawa VLBI Observatory Users Meeting, NAOJ, Japan, 2017/11/03 ”



Application to Real Data: Protoplanetary Disk

ALMA Observations of Protoplanetary Disk HD 142527 (345 GHz)

Compact configuration Intermediate
config.
Nominal Superresolution Nominal
Resolution (same to the intermediate configuration) Resolution

CLEAN (Cyc3) Sparse Modeling (Cyc3) CLEAN (Cyc2)

O © o o

Fukagawa et al. in prep.
(Yamaguchi, Akiyama, & Kataoka et al. in prep.)

I'l PRERY, | @)- Event Horizon Telescope

NRAQ Kazu Akiyama, Mizusawa VLBI Observatory Users Meeting, NAQJ, Japan, 2017/11/03 |12




Applications to SKA Science: Faraday Tomography

EVPA rotation of radio waves in magnetized plasma

X = X0 + RM\?

Y ne Y (Bi) (4
RM (I'adm )""8119/ (Cm—z) (,LLG) (kpC>

Rotation angle is proportional to A2
= phase rotation in linear Pol spectrum

This is very similar to what we usually see in interferometric data.

(e.g.) A point source in the image causes a phase rotation in
the visibility, which is a spatial spectrum of the image.

A = 2TTxou for a point source at X = Xo

(x, u) for interferometric imaging; (RM, A2) for Faraday Rotation

» Event Horizon Telescope
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Applications to SKA Science: Faraday Tomography
Y = A X

Linear Fourier Fourier
Polarization Transform Dispersion
Spectra for Faraday depth Function

Black: A galaxy model
(from ldeguchi et al.) L1+TSV

Red (doubled):
Synthetic SKA observations
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EHT Imaging: Fusion of Young Powers & Divergence

Andre Young Kazu Akiyama Julian Rosen
(SAO Astronomy) @ (MIT Astronomy) | (UGA Mathematics)

Katie Bouman
(MIT Computer Vision)

Andrew Chael
(Harvard Physics)

Marki Honma Shiro lkeda Fumie Tazaki Kazuki Kuramochi
NAQO] ISM Statistical NAQO] Astronomy | U.Tokyo Astronomy

Astronomy Mathematics



Other imaging techniques from the EHTC

Maximum Entropy Method (MEM)
Chael et al. 2016, Fish et al. 2014,
Lu et al. 2014, 2016

CHIRP (Machine-learning)
Bouman et al.2016

Model Smooth Model 2016 1.25 Jason, HARM: Original Jason, HARM: Convolved [ Jason, HARM: CHIRP (Katie)
117101 I 1. ] e 3 s
\ VAN /0 I —
R ARREE ¥ P I 1 |
RN N 2 o 3 075 S ﬁ-} ’ '
AN < - | — - > ] g ! !
NN/ ~ N~ £
SSN—~—T=y / N\~ NN\ -
\\\\\ N~ WY\ 05 — 3
-7/ || 1\
771711 |
00 uas |
Jason, )2: Original Jason, J2: Convolved Jason, J2: CHIRP (Katie)
~ —_~ -\
=\ ——~\ —25N

~ s .

| Y A P |
LW/ ,
vy
e
| (mJv uas™"

— 2 0.5

\’ .7/] @)- Event Horizon Telescope

NRAQO Kazu Akiyama, Mizusawa VLBI Observatory Users Meeting, NAQJ, Japan, 2017/11/03 |7




Challenges for VLBI Imaging

No good phase calibrators!

We need to carefully CLEAN
so that images are reasonably smooth and
h sparse, and consistent with closure phases.

Solution: Imaging from Amplitudes + Closure Phases

Model Model (Convolved) EHT 2017
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Sparse Modeling: Akiyama et al. 201 7a, Kuramochi et al. 2017

MEM: Lu et al. 2014, 2016, Fish et al. 2016, Chael et al. 2016
CHIRP: Bouman et al. 2016
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Challenges for VLBI Imaging

Solution: Full Closure Imaging (Cl. Amplitudes + CI. Phase)

K4

M87 Jet Model EHT 2017/2018
(Moscibrodzka+17) Full Closure Imaging

Sparse Modeling: Akiyama et al. in prep.

* MEM & CHIRP: Chael et al. in prep. @> Event Horizon Telescope

- ] k oy - NRAQO Kazu Akiyama, Mizusawa VLBI Observatory Users Meeting, NAQ|, Japan, 2017/11/03 19



Challenges for VLBI Imaging

Sgr A* (and M87) has a time variability.

\

Solution: regularize and solve movies.
(extension of sparse and other regularizers in time direction)

Simulation EHT 2017+

f

00:00:00

(Johnson et al. 2017,Ap] in press; |
Bouman et al. 2017, IEEE in press) @) Event Horizon Telescope
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Challenges for VLBI Imaging

Y

Solution: regularize and solve the phase screen of
the refractive scattering as well!

Unscattered Scattered Stochastic Optics Reconstructions

-~ Shadow

(Scattering Optics: Johnson 2016,Ap))
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Summary

- Sparse Modeling and other EHT imaging techniques provide a
new opportunity to obtain high-quality, high-resolution images
(and movies) from various type of interferometric data sets.

- On-going wide application to various sources and other problems
- Radio Stars, Protoplanetary disks, Jets
- Faraday Tomography

- Softwares are under development and yet need a certain
manpower for applications to real data,
but with a huge potential of new sciences and publications !!

If you are willing to try algorithms for your projects,
please visit us at MIT Haystack or NAQO)!
We are happy to work with you!
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Implementations

- Sparselab (Akiyama et al.)
An open source imaging library by EHT-J

- CASA Sakura Library (Nakazato et al.)
A FFT-based imaging function is under testing.

- EHT imaging library (Chael et al.)
A general imaging & simulation library for the EHT
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(Perhaps) no longer need the restoring beam

Ground truth

Ground Truth vs Convolved Images

Sub-Keplerian Ground truth
CS-CLEAN

{1+isoTV
{1+TSV

CS-CLEAN

—_—

0.5 1.0 1.5
Restoring beam/clean beam

—_———

The restoring beam size

Kuramochi et al. 2017 submitted to Ap]
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Application to Real Data: VLBA M87 Data
0

m O = 0 O 0 )
' Sparse .
4<}:3LESAHN Modeling ( 0°
( 2) 0 é (43 GHz) i‘i > 09> o

Clear reproduction of counter jets

$ ¢ Sparse 43GHz
% % Sparse 86GHz

Derived collimation profile of the M87 jet
is consistent with 86 GHz data

i Approaching
Jet

0.0 0.5 1.0 1.5 2.0
Apparent distance from core [mas] (Tazaki et aI., in prep.)
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