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Looking toward future direct imaging missions

.
S ]

Roman Space Telescope Object | Contrast Angular separation
. — @ 10 pc
Earth ~2x10-10 0.1”
g ~ _9 2
Habitable Worlds Observatory DLEHET || XIS Log
. Inner
I(::tii:::rﬁ Contrast Working
Angle
* -
Gemini Planet 107 0.2”-1.0”
Imager
Thirty Meter 108 0.03”
Telescope
EACT - NASA/GSFC Roman CGl 107-10-° 0.15”
HabEx CG 10-10 0.062”
ESO/E-ELT (May 2025)
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*For context; currently operational
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Future direct imaging missions will enable exciting K &
science and face new challenges N
e

Sub-Neptune [IVEIRPLEE

+ Reach potentially habitable planets

* Shorter orbital periods
. . Exo-Earth
*+ May complicate observation
scheduling
More planets
Missed detections
False positives
Lack of precursor observations

Habitable Exoplanet Observatory Final Report 2019,
G. Ruane



Exoplanets can only ever be imaged at partial phase
angles

HR8799 J. Wang, W. Thompson, C.

J. Wang, M. Noel
Marois, Q. Konopacky

2009-08-01

2003-11-09
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The confusion problem

06.13.2025

Detections of 2 planets,
each shape corresponds
to time of detection

Possible orbits #1

Possible orbits #2

A 00y
m 06y
e 12y
L
[
o k
A
A
1 AU

—— a=1.49 AU, e=0.01
== a=0.99 AU, e=0.02

—— a=1.48 AU, e=0.15
=== 2a=1.02 AU, e=0.06

1 AU

Pogorelyuk et al. 2022

Which detection corresponds to which planet?

S. Hasler (MIT) -
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Assisting deconfusion with photometry

Top ranked orbit
fit for the system

A

No confusion

- _ 3D grid : _ -
| Detections’ | search | All possible | @nking| Detections |:

relative » orbits w/in » grouped : » Confusion
-| astrometry tolerance by orbit

Deconfuser 1.0

Pogorelyuk et al. 2022
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Assisting deconfusion with photometry

Define star,

planet, detector

properties

!

Simulate
detections’
coordinates &

phase/brightness

Top ranked orbit
fit for the system

A

Hasler et al. (in review)

06.13.2025

No confusion

: 3D grid . : :
:| Detections’ | search | All possible ranking| Detections : Confusion
‘| relative » orbits w/in » grouped [ >
astrometry tolerance by orbit orbital =
parametersi

Calculate
predicted

phase/brightness
given orbits

\ 4

Add
detector
properties

\ 4

Obtain
likelihood
per
detection

\

Refined orbit
rankings

Multiply

Deconfuser 2.0

S. Hasler (MIT) -
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detections’ |-
likelihoods |[:

A
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Incorporating photometry from orbit fits

y (AU)
o

06.13.2025

Example simulated planet detections

o
|
v

epoch #1
epoch #2
epoch #3

X (AU)

rplanet—star ’ rplanet—obse‘r‘ver

a = 71— —
|Tplanet—star| |rplanet—observer|
sina+ (T —a)cosa
d(a) =

T

l

R\
Fplanet = qu)(a) 7 Fstar

A D
Cplanet = T[CpraT (E) FplanetAA (E)

Hasler et al. (in review)
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Phase angle

Lambertian
phase function

Planet’s flux
density

Planet count
rate at detector
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Orbit-ranking with photometry K

Photon distribution Expected number of photons
Ke~p ny,(a,e i, w M) = ¢p,(a,ei,Q w M) - At +d
P(N=k) =——
k!
@« N
- . Variables
Probability of measuring n,, photons N = number of photons measured
. k = number of occurrences
fIny(a e i, Q w, Mp)))

n, = expected number of photons
(a,e,i,Q,w, My) = orbital parameters

Likelihood of measuring all detections ¢p= photon flux
At = observation time
. d = background
‘ ‘ f(yf |n20;f(a]" €jr L) Q‘J" Wy MOJ))) y = measured photon count
' Z = number of measurements
Q 4

- Log Likelihood Function

[y ln np](a],e],l],ﬂj 'wJ’MOJ)) - np,j(aj'ej' ijrﬂj'wj'MO,j) - 1“(3’1'!) ]
=1

J
Hasler et al. (in review)
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Example of deconfusion with photometry

System 2, Med Inc.

Possible Orbits #1

1.5 15
@® epoch #1
1.0 1 B epoch #2 1.0 1 9
¥ epoch #3
| ] o
0.5 ° 0.5 0
= ° ] = A v
< 0.0 < 0.0
= =
-0.51 —0.5 1
m u o .
-1.0 1 -1.0
v
-15 : . -1.5 : . . : :
-3 -2 -1 0 2 3 -3 -2 -1 0 1 2 3
x (AU) x (AU)
a;=1.33 AU a,=0.94 AU a;=2.59 AU
e,=0.03 — ,=0.05 e3=0.09
i1=65.49° i,=67.56° i3=65.13°
Hasler et al. (in review)
06.13.2025

S. Hasler (MIT) -
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y (AU)

System 2, Med Inc.
Possible Orbits #2

1.5
1.0 4 ’
| o
0.5 P
A\l n v
0.0 -
[ ]
—0.5 1 -
[\
—1.0 A
v
_15 T T T T T
-3 -2 -1 0 1 2 3
X (AU)
a;=1.39 AU a»>=0.81 AU a3=2.59 AU
e;=0.10 — €5 =0.09 e3=0.09
i1=71.85° i»=73.38° i3=65.13°
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Example of deconfusion with photometry

System 2, Med Inc.
Possible Orbits #1

06.13.2025

a;=1.33 AU
e;=0.03
1=65.49°

X (AU)

a,=0.94 AU
—_— e7;=0.05
i»=67.56°

az;=2.59 AU
e;=0.09
i3=65.13°

L(#1 | d&ections)

System 2, Med Inc.
Possible Orbits #2

Hasler et al. (in review)

S. Hasler (MIT) -

1.5
1.0 -
0.5 °
= ) m v
< 0.0
>
®
-0.5
- N
-1.0
v
_15 T T T T T
-3 —2 =1l 0 1 2 3
X (AU)
a;=1.39 AU a,=0.81 AU as=2.59 AU
e;=0.10 — e,=0.09 e;=0.09
ij=71.85° i;=73.38° i3=65.13°
L(#2 | det&tions)
shasler@mit.edu 14



Example of deconfusion with photometry &

System 2, Med Inc.

Possible Orbits #1 Med Inc., i = 65.00°
1.5 1.5
1.0 1 1.0
0.5 1 é 0.5 -
5 © M 5
< 0.0 < 0.0
= =
-0.5 -0.5
= -
-1.0 -1.01
v
_15‘ T T T T T _15
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
x (AU) x (AU)

Hasler et al. (in review)
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Part 2: High Phase Angle Observations of Uranus
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Motivation: Ice-giants are not well understood, and &
exoplanets of similar size are common

NASA Exoplanet Archive
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High phase angle observations of the giant planets &
are inaccessible from Earth

x Previous observations of Uranus and
Neptune from Voyager 2 flyby in 1986
and 1989

. Left major questions about differences
between the ice giants

*+ New Horizons spacecraft currently > 61 AU
from Sun

. Launched 2006
- Pluto flyby in 2015

- Unique vantage point for high phase
observations




New Horizons/MVIC Observations of Uranus & K
Ne ptu ne Uranus Neptune

Observation Details

Phase | Planet-Sun | Planet-NH No. of
Planet Date angle distance distance sca;ns
() (AU) (AU)
2023 Sep 16 43.9 19.6 69.5 6
MVIC observations of Uranus
Uranus 2019 Sep 2 52.4 19.8 54.5 1
2010 Jun 23 44.0 20.1 24.2 1
2023 Sep 23 80.6 29.9 53.7 36
Neptune | 2019 Sep 03 78.9 29.9 40.2 1
2010 Jun 23 34.4 30.0 23.2 1

19
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Simultaneous observations with HST/WFC3 &

HST OPAL (Thanks to Amy Simon!)

3-color maps of Uranus

Rotation 1

Rotation 2

Hasler et al. 2024



Complementary
observations from
ground-based
community
observers

Thanks to Susan Benecchi!

17 September 2023
Serge Dramonis, Greece

Resulting Amplified images
image for better spot
of the p(anel visualization

Overprocessed image
for detecting"epicenters”
(not size) of spots

Checking L
planet
2023-09-2017 Mid UT 02:13:14  grientation

CM 333.8° with North Pole

Altitude 70° WinJUPOS
Eq. Diameter 3.7" Miranda

Elongation 121.0° (W) Oberon

Newton 0.4m, Barlow 2x . Umbriel
AS| 183 MM UCACS541-006289+  ‘Arigl

630 nm longpass filter *Titania

Antonio Cidadao

14" SCT /10 (Meade KX200 GPS)
Carcavelos Portugal

QHYS5111462M

linear stretch and sharpen

15 min - 250ms 15 min - 250ms
gain 400 0 gain 400

o false color o

19 September 2023 19 September 2023
03:09.1 UT CM 275.6° 03:249 UT CM 281.1°

15 September 2023 C14 1116
J. Sussembach AS1462MC Camera
Houten (NI)

. WinJUPOS ‘

02L30 UT 02:27 UT
RGB IR

URANUS - Cloud bands and pole ‘ . .
ALT: 65°
Enhanced Image
13 September 2023
10:30 UTC
Southern California, USA

UV IR CUT Filter (UV) short pass filter
(No clouds) Pole, cloud details

Meade 12"LX850
Camera: Player One Neptune C-ll WinJupos
AWO ADC/Barlow 3x SVBONY Derotated 15 min
Seeing: Above Average

M. Portillo
IR742

05:31 UT 05:18 UT 05:04 UT

Pordenone, Italy
13 January 2024
diameter 3.77, visual mag 5.7

Original ' ‘ ‘

17:55:09 UT 180019 uTt 18:06:36 UT
h=60° h=60 h=60°
CM 36.1° CM 37.9° CM 40.1°

Colorized ‘ ‘ .
P

SC 14" : D
Long pass 610nm

Hasler et al. 2024
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Methods: Data reduction and photometry

De-stripe images
& identify planet
location

A\ 4

Perform aperture
photometry

A\ 4

Convert DN to I/F

Variables

d = spatial scale of observations
D = target-observer distance

P = pixel scale of MVIC

L = focal length

Rt = radius of target (km)

Ryix = radius of target in pixels
Apix = area of targetin pixels

Fg) = target flux per filter

06.13.2025

¢ = count rate

Ry i) = calibration-dependent
keyword

Fo = solar flux at 1 AU

r = target’s heliocentric distance
(AU)

= radiance factor

|~

S. Hasler (MIT) - shasler@mit.edu

; C
fil ==
" Rrg
Fgi)
Igy = ——
pix
I mlgr?
F  Fg
Hasler et al. 2024 22



Uranus I/F vs. sub-spacecraft longitude &

4 Blue Red & NIR CH4
: Hasler etlal. 2025r
0.5} T
No significant :
rotational variation 0.4} *
; 31_ | ¢ " o | | ® =2023 observations
W i ¢ = 2019 observations
" 21_ 4 = 2010 observations
0.1}
: ©
0.0} 1 *7 I ! 1]

0 50 100 150 200 250 300 350
Sub-observer longitude (deg)

06.13.2025 S. Hasler (MIT) - shasler@mit.edu Hasler et al. 2024 23



NH/MVIC observations compared to Uranus’ spectrum k

—— K98 at a=43.9° O  NH/MVIC Observed (2023) & NH/MVIC Observed (2010)
----- K98 at a=52.4° $ NH/MVIC Observed (2019) O NH/MVIC Expected
AN HST/WFC3 at a=43.9°
0.5¢ ¢
8 \
Uranus is dimmer than
8 0.4¢ L s redicted by a Lambertian
— ﬁm&hﬁmﬁ" . P y
© 0.3 phase function in the
E’ - Blue & Red filters
4
Q 0.2+
E N
3 0.1
0 Y-
0.0r Hasler et al. 2024

300 400 500 600 700 800 900 1000
Wavelength (nm)
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What does this mean for exoplanet observations? &

Planet-star Planet-star
t % (e ey —_— K98 at a=43.9° [1 NH/MVIC expected 45 NH/MVIC observed (2010) T
Celiigiss el = p— K98 at a=52.4° O NH/MVIC observed (2023)  { NH/MVIC observed (2019) !
Uranus at 19.2 AU Uranus at 6 AU
\ le—11 le—10
_ : 3 D /
3 3 Z
o ©
~ 2 1 -2 @
o ]
L ™
un i ~
5 1 1 3
- L
© "
-
) I S
> 0 0 =
©
-
-

I
=
I
=

300 400 500 600 700 800 900 1000
Wavelength (nm)
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.

What does this mean for exoplanet observations?

—— KO8 at a=43.9° [0 NH/MVIC expected g2 NH/MVIC observed (2010) We need to understand atmospheric
----- K98 at a=52.4" 0  NH/MVIC observed (2023) {} NH/MVIC observed (2019) ) .
scattering in these near-quadrature
le—11 1le—10 phase angle regimes

} (3 D
3 3 2
Lo O
~ 21 -2 @
o 1
L L
4 1 13
- LL
E wn
> 0 0 2
°

—11 1" Fainter exoplanets will require more
300 400 500 600 700 800 900 1000 sensitive instruments/longer integration
Wavelength (nm) times for detection and characterization
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Summary
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Outline
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*Ringed exoplanets and bonus science!

Feasibility of imaging a ringed exoplanet with Roman

Saturn at a = 90°, rings inclined by 20°
0.20

-=-- No rings —— With rings

0.151

0.05 |

0.001

05 1.0 15 2.0 2’5
Data: Coulter+2022  Wavelength (um)

> 30% increase in reflectance with rings

Hasleret al. (in prep)

06.13.2025

5.2 AU Jupiter @ 15 pc

S. Hasler (MIT)

Uncovering unknown minor solar system bodies

GPU-based framework for detecting small Solar system bodies in targeted
exoplanet surveys

A. Y. Burdanov,* S. N. Hasler* and J. de Wit* Small body harvest with the Antarctic Search for Transiting Exoplanets
Depariment of Earth, Aimospheric and Planeiary Sciences, Massachusetis Institute of Technology, 77 Massachusets ( ASTEP) pro, j ect

S.N. Hasler *,'* A. Y. Burdanov,' J. de Wit,' G. Dransfield “,* L. Abe,* A. Agabi,’ P. Bendjoya,’

The international journal of science / 6 February 2025 b p . . .
e e s < Xy N. Crouzet,* T. Guillot,> D. Mékarnia,* F. X. Schmider,* O. Suarez® and A. H. M. J. Triaud " 2

nature

SIGHT

UNSEEN

Infrared capabilities of JWST
reveal horde of previously
undetectable asteroids

Y. Burdanov
Y. Burdanov

/4.6 reflector

Memory loss Al
AreAland thelnternet  H
impeding ourabllityto  1( oo .
remember? human y RNAtherapy @ arcmin

arcmin

Burdanov, de Wit, et al. 2025 Hasler et al. 2023
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Part 1: Deconfusion

Summary Contact | DX shasler@mit.edu

Info “ @sammyhasler

snhasler.gitub.io
The deconfuser:

@ -+ Quickly fits orbits to astrometric detections of planets in 2D images
* Decides which assignment of detection-to-planet fits the data best

Developed a photometry model and ranking scheme to augment the deconfuser

'ﬁ' Analysis shows photometry to be useful for deconfusion (Hasler+ under review)

Part 2: Uranus at High Phase by New Horizons e

2 We must use Solar System planets as “ground-truth” observations for exoplanet direct imaging

L Uranus is dimmer than predicted by a Lambertian phase function at high phase

*Interested in exoplanet phase studies, direct imaging, or Solar System ]2 Ak !
analogs for exoplanet research? Please reach out! Hasler et al. 2024
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