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Background: Stellar Double Coronagraph (SDC)

- Scientific motivation—Imaging
of planets and disks

- Technical motivation—develop
new coronagraphic and
wavefront sensing technigues.

. Philosophy: flexible design— Sm— PH/IRO
accommodates multiple System (IR camera)
observing configurations that |
can be rapidly interchanged SDC

without opening the instrument.
Minimally invasive to install new
elements or try new things.

Bottom et al. 2016
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Why let nice coherent light go to waste”??
Can interfere it with speckles!!
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As the inner mirror pistons, the speckles interfere with its
broad diffraction pattern

The intensity modulates in sinusoidal way




The relative phase between each sine wave corresponds to the relative phases
of the speckles

Can use this to build a map of the electric field of the focal plane

(each curve corr. to a different pixel on the camera)
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Phase and visibllity

Electric field of speckles Electric field of inner mirror

E.S (.CL', y) = Qg (a’;’ y)€i¢8(m’y) E',r_(m, y) —_ ar(x7 y)ei[¢r(w’y)_5(t)]

Speckle Intensity = Es? Reference Intensity = E/2

|E3(:I:,y) + E'r(xay)|2
= as(z,y)? + ar(z,9)* + 2as(z, y)ar(z, y) cos[ps(z,y) — ¢r(z,y) + §(¢)]
Iy + Ir + 2/ L1, cos|gs(z,y) — ¢r(z,y) +6(t))] | .

I(z,y,1)




Phase and visibllity O

Is + I, + 24/ 151, cos|ps(x,y) —W) + 4(2)]

Letting ¢r =0, if the pistoning mirror phase is 6; =0, M4, N2, 3N/4, you get:

I = I, + I, + 2/ 1,1, cos[¢s(z, y)]
Iy = I + I, — 2/ LI, sin[¢4(z, y)]
I3 = I, + I, — 2/ LI, cos[¢s(, y)]
Iy = I + I + 2/ LI, sin[¢(x, y)]

Then you can solve for the phase and visibility

Iy — I
I — I3

ds(z,y) = tan™* {

Imax — Imin 24/ (s — I)? + (I — I3)? 2,1,

ey = T . LiLihtl L+l

Bottom et al. submitted



Phase recovery
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Phase recovery!
[  |E|? = |Ae"?)?
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Speckle electric field phase knowledge

* With knowledge of phase, can put opposite phase on deformable
mirror— this removes speckles!

* (Note—slightly more complicated, must solve for phase gradient in
image plane)
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Coronagraphic phase-shifting interterometry

* New way of measuring
and removing speckles Iin
the focal plane

* Non-invasive during on-
sky observing, can work
passively

* Planets will not
modulate. A way of
discriminating planets
from speckles based on
coherence properties of
light

Bottom et al. in revision
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Companion detection example: HD49197b

* Brown dwarf companion

e ~2000 times as faint as
the central star

* 0.95" separation

Mean of image frames

Bottom et al. in revision
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Coronagraphic phase-shifting interferometry

Uses same data frames as
previous image combined
with pistoning mirror position
information

Clean detection, SNR
improvement

No need for reference star

First detection of a
substellar companion
using coherence (as far as
| Know)

Bottom et al. in revision

Using coherence
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Coronagraphic phase-shifting interferometry

Uses same data frames as
previous image combined
with pistoning mirror position
information

Clean detection, SNR
improvement

No need for reference star

First detection of a
substellar companion
using coherence (as far as
| Know)

Bottom et al. in revision (MNRAS)

Using coherent PCA
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Summary

Advantages

Huge strokes on interferometer easy to get. No issues of crosstalk, stroke limits,
linearity approximations, etc. Leads to easy phases and visibilities.

« Uses “waste” light to get meaningful information.

e Simple analytic formulation for getting speckle phases and visibilities—minimal
system model.

 Robust companion detection, worked the first time.
Disadvantages

 Need to measure and remove phase gradients in focal plane for efficient speckle
suppression

 Two focal plane coronagraphs and an interferometer in series? Really??
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MIXER (P.S.D.)

Discussion ideas —

~X_, OUTPUT
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* The best methods of low signal, high background signal
detection involve actively modulating the signal (lock-in
amplification, Dicke switches, etc)—>phase sensitive
detection

* In exoplanet imaging, the only way it seems you can
do this is using ADI/roll deconvolution or polarization
modulation. In the latter case, you lose a factor of
~100 or more since the planet is (usually) not
polarized (see S. Wiktorowicz’'s work)

* |sthere another way?

* Alternatively, you can actively modulate the noise (not as
good)

e Synchronous interferometric speckle subtraction
(SISS) (Guyon)

e ‘“spectral deconvolution”—sort of

* EFC-type/active DM implementations

* this work

Guyon et al. 2004

REFERENCE
INPUT O

INPUT BANDPASS
AMPLIFIER FILTER

LOW PASS OUTPUT
FILTER AMPLIFIER

PHASE SHIFTER

REFERENCE
TRIGGER

source chopper photo detector lock-in amplifier gauge

A @'T ¥ D> 0z
/ i

chopper control

SISS imager 1

Reference Channel
——
Focal plane e \
separator N '
RN U O U U S U RIS PSS USSR NS U O i [ P ———

'$_ ___ M flux
RS : e R \measure
IR s I
1 4! -
; O e

Delay line

B
Image Channel

Beam Splitter

18
Cin/on ot al 2004



The phase gradient | was talking about
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The Vortex Coronagraph

I = topologiééi cvhaFg__e——= 2,4,6,8,...
parametrize height of phase ramp

ucpe (fﬁ

on-axis vortex

no vortex/

off-axis ‘

© Dimitri Mawet, 208




_ 2y/(Is — I2)* + (I3 — [1)?

i I+ 1, + Is + I,
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The Vortex Coronagraph
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Planet imaging example

18 September 2008 ur
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