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carly Interferometers
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Optical interferometry

f 7 @] Capella binary at two epochs
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Gravitational waves
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Why do Interferometry?

» Resolution 1.22)\/D — X\/(2b

= Dishes can onl/ Be el

America’s most powerful radio
telescope IS . . .

THE Green Bank radio tele-
scope in West Virginia after
the alien attack. At left is how
it looked after construction.

BEFORE A

Space aliens zapped the enormous radio | shockwaves throughout theizapped by extraterrestrials
telescope at Green Bank, W. Va., with a pow-

world’s scientific community. | who wanted to mask their ac-
But the handful of men who! tivity from mankind, Dr. Voi-
erful laser to keep scientists from monitoring | can talk about the Green Bank | sard said.
their activities in the northern hemisphere! _|disaster with authority re-| " “Any other explanation de-
3 ¢ P fused to describe the incident  fies logic,” he ti
 That's the claim of Swiss astronomer Peter Voisard, | [43¢d 10 describe the incident  fies logic,” he continu,

prove extraterrestrials top-
pled the telescope at Green
Bank,” he said. “But let's wait
until all the evidence is in.
“Then we can take what-
t 5 to

‘;e



Windows for astronomy
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Interferometry

ansky Very Large Array, New Mexico
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Basic Interferometer

response to a monochromatic source

(x)
V,=Vcos[w(t-T,)] P V,=Vcos(wt)

At >> 1/(_,0 Vlve Interference pattern
(avg high ) LT

LRA B



http://www.cv.nrao.edu/~sransom/web/Ch3.html#F41
http://www.cv.nrao.edu/~sransom/web/Ch3.html#F41

Basic Interferometer
finite bandwidth - add delay to “point” phase center

'7‘07

(1.e. Tringe spacing
varies with frequency)

X

V,=Vcoslw(t—T,)] V,=Vcos[w(t—T,)]
ViVe

[RARS S



http://www.cv.nrao.edu/~sransom/web/Ch3.html#F43
http://www.cv.nrao.edu/~sransom/web/Ch3.html#F43
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Basic Interferometer

signal = sum of (sky Image X fringe pa

term on ke
Re — /I(s) cos (2rb - §/X)dQ) (l.e.a number)

100




Basic Interferometer

signal = sum of (sky image X fringe pattern on sky)

Re — /I(s) cos (2rb - §/X)dQ) (l.e.a number)
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Basic Interferometer

signal = sum of (sky image X fringe pattern on sky)

Re — /I(s) cos (2rb - §/X)dQ) (l.e.a number)

two point
sources: Re=0
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define “resolved”
AG = \/(2b)




Basic Interferometer

but odd component of a signal Is Invisi
second correlator with 90deg phase s

o / Ha)sin(Onb 500 1)

now define complex visibility

V=t i — e

ole:

Nift

A= (RL+RE)" ¢ = tan"" (Rs/Ro)
visibility amplitude visibility phase



V —Re-iHe = Ac
e /[(S) exp (—227b - s/ \)df)

Van Cittert-Zernike thorem:
Fourier transform of a far source is equal to its complex visibility

image UV plane v — b/

. .

l.e. sample V at a given u,v (which is set by baseline)



.e. sample V at a given u,v (which is set by baseline)

Image Uv plane u— b/

(F Dhascl

each point corresponds to a
baseline separation and orientation



Visibllity curves
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Image 3 Visibility Curve 3
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Resolving out ‘extended’ flux

signal = sum of (sky image X fringe pattern on sky)

e — /I(s) cos (2rb - §/X)dQ (I.e.a number)
Re = U Re @ U
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Resolving out ‘extended’ tlux
application to ‘exo-Zodi with CHARA
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application to ‘exo-Zodi with CHARA
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Resolving out ‘extended’ flux
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Basic Interferometer

antenna has
directional response
(“primary beam”)

x)

4 V,=Vcos(wt)
ViV

frnge 1ok cotlha-
At > 1/w O PM’V\/\AW\/\/\NW moving past s

R=(V&/2)cos(wT,)
SRV Rl B

V,=Vcos[w(t-T,)] N



http://www.cv.nrao.edu/~sransom/web/Ch3.html#F41
http://www.cv.nrao.edu/~sransom/web/Ch3.html#F41

Aperture synthesis

Two element interferometer - Imaging degenerate
But, N antennas means N(N-1)/2 unigue baselines

Goal: sample visibility at enough u,v points with many

small antennas to “synthesise” an aperture of sIz€ Umax,Vmax

=it Fesponse to polnt souree ( dirty2Dedm | s e
average of the fringes for all baselines (more baselines,

more Gaussian beam).


http://www.cv.nrao.edu/~sransom/web/Ch3.html#F42
http://www.cv.nrao.edu/~sransom/web/Ch3.html#F42

Multiple baselines

point-source response = synthesised ("'dirty’’) beam
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http://www.cv.nrao.edu/~sransom/web/Ch3.html#F42
http://www.cv.nrao.edu/~sransom/web/Ch3.html#F42

Multiple baselines
what is the dirty beam!?

éiifty ecarn reality image obtained

N

b(z,y) ® I(z,y) = O(z, y)

convolution theorem

FT~ Y B(u,v)V(u,v)} = Oz, y)

!

sampled visibilities



B(u,v)

Multiple baselines
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use Earth rotation to fill in uv plane

ErvAl i S



http://www.cv.nrao.edu/~sransom/web/Ch3.html#F44
http://www.cv.nrao.edu/~sransom/web/Ch3.html#F44

Aperture synthesis

sky rotation makes all the difference
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ALMA: 2.5km max baseline, 3h, 43 antennas: 86| baselines

(for ALMA Integration time the main consideration)
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Imaging visibilities

incomplete uv coverage results In spatial filtering
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LR

turning visiblility data into images

» Initialise residual image to dirty image

* |dentify strongest source In residual image
» subtract fraction of this peak from residual image
* add It to clean component list

 Repeat until residual iImage maximum less than some threshold



LR

turning visibility data into images
» Make restored image:
» make Image with all clean components

» convolve with Gaussian it to main lobe of dirty
beam

* add residual map



LR

turning visiblility data into images

e Main options:
€ ontintum Vs spectral clbe
» Choose how to weight baselines (e.g.'natural’)

s l0o-c where clean eomponents alie (e



turning visibility data into images

SAOImage ds9

File calibrated_cont_natural.fits
Object hr_ 4796a
Value
WCS
Physical X Y
Image X Y
Frame 2 X 2.488 0.000 e
file edit view frame bin Zoom scale m region WCS analysis help
grey a b “ he i8 aips0 heat cool rainbow

-0.00000 0.00013 0.00027 0.00040 0.00024 0.00067 0.00081 0.00095 0.00108




a Google Maps X

C' | @ Secure | https://www.google.co.uk/maps/@-23.0355646,-67.7386727,5088m/data=!3m1!1e3?hl=en
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different ‘slices’ through a data cube
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Pinte et al. 2018

—1.00km/s

1.00km/s

75
Wl

A =

kink in the" ==
isovelocity ——
—T 1
—
—]—




...will do a lot of the hard stuff for you

@ SAOImage ds9

File hr_4796.image.continuumFull_mosaic.image.pbcor fits

Object hr 4796a

Value 6.57092e-05

fk5 a | 12:36:00.714 | & | -39:52:12.08

Physical X 366.713 Y 199.130

Image X 366.713 Y 198.130

Frame 1 X 2.488 0.000 e

“ edit view frame bin zoom scale color region WCS analysis help
open save header page setup print exit

-46e-05 4.9e-05 0.00014 0.00024 0.00033 0.00043 0.00052 0.00062 0.00071




ALTTe

...and packages exist to deal with visibility modelling

» Modelling example:

» https://github.com/dremk/alma/blob/master/
examples/vis_model.ipynb



https://github.com/drgmk/alma/blob/master/examples/vis_model.ipynb
https://github.com/drgmk/alma/blob/master/examples/vis_model.ipynb
https://github.com/drgmk/alma/blob/master/examples/vis_model.ipynb
https://github.com/drgmk/alma/blob/master/examples/vis_model.ipynb

Nulling interferometry

~as before, but |80deg phase shift and no correlator
(I'e paoliens on ah IR deicaion
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as before, but |80deg phase shift and no correlator
(I'e paoliens on ah IR deicaion

[Fansmissien result

0 offset (")

e
-0.2 -0.1 0.0 0.1 0.2
o, cos(0) offset (")

fenpeay et al 2015 Defrere et al 20
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) | Image
= s Point source
= M ask
Lens
| -ourier
transform
(42 den-)
: Photodiode

1121[31[2] detectors

2| unique baselines - ‘sparse Cheathars i



Resources

* http://www.phys.unm.edu/~gbtaylor/astr42 3/s98book.pdf

* https://science.nrac.edu/opportunities/courses/era/
= o L) Mennier, 2003, Rep. Prog. Phys. 66 /8

» http://almaost.|b.man.ac.uk/ https://github.com/crpurcell/friendlyVRI

* http://www.|b.man.ac.uk/pynterferometer/index.ntmi

» https://launchpad.net/apsynsim

* https://github.com/griffinfoster/fundamentals of interferometry


http://www.phys.unm.edu/~gbtaylor/astr423/s98book.pdf
https://science.nrao.edu/opportunities/courses/era/
http://almaost.jb.man.ac.uk/
https://github.com/crpurcell/friendlyVRI
http://www.jb.man.ac.uk/pynterferometer/index.html
https://launchpad.net/apsynsim
https://github.com/griffinfoster/fundamentals_of_interferometry
http://www.phys.unm.edu/~gbtaylor/astr423/s98book.pdf
https://science.nrao.edu/opportunities/courses/era/
http://almaost.jb.man.ac.uk/
https://github.com/crpurcell/friendlyVRI
http://www.jb.man.ac.uk/pynterferometer/index.html
https://launchpad.net/apsynsim
https://github.com/griffinfoster/fundamentals_of_interferometry

* Interferometry is a valuable and flexible tool

¢ [ ldin conceptl Interferometer samples UV space

* With good uv coverage; well-defined beam, Images




When Is a source resolved!?

Point source Point sources
e O O e
at infinity at infinity
separated by
1/2 the fringe
spacing
I
2 0 s
Incoming plane waves I&@ .
SR e e
; __________

. 2 slits

baseline=b

A8 =Fringe spacing Al = )‘/(Zb)

«— A /b radians

+—>
o, :.- f,‘ :u‘ -,
i 5 )
Interference pattern 2 sine waves
(Visibility = 1) destructively
interfere

Monnier 2003 (Visibility = 0)



Misi/l

4000 light years

Optical

» Dust obscures optical light

* Not all emission Is thermal




Radio astronomy

Interstellar dust smaller than wavelength - e.g. Sgr A*
Cold emission negligible in optical - e.g. CMB

Free-free radiation - e.g. (lonised) HIl regions

Speclrdl lines - eo. 2l am Rl line, CO rotational eansiciee

Synchrotron emission - e- accelerated in SN remnants

B sky at 408MHz




