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TESS in the Solar System

Outline of the next 22 + 1 minutes:

Solar System

Legacy of Kepler/K2 (in the context of Solar System studies)

How does TESS work for Solar System objects?

What are the interesting questions about the Solar System what can be answered by TESS?
Some aspects of the data reduction: image subtraction, astrometry, stacking, and so on...!
Known objects: Some nice preliminary results and displays/exhibitions of light curves, detections

Here we show results related to known objects => next two talks: how can TESS be used to discover
new ones?
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Trojan
asteroids

Trojan b S
asteroids — Jupiter -
. 1 astronomical unit (AU)
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oés TESS in the Solar System: Kepler/K2 legacy

Kepler/K2 legacy:

12+ papers @ADS, many of them are led by us!
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@és TESS in the Solar System: Kepler/K2 legacy

Kepler/K2 legacy:

Some interesting papers + topics:

Szabg, R. et al.: Main-belt Asteroids in the K2 Engineering Field of View

Pal, A. et al.: Pushing the Limits: K2 Observations of the Trans-Neptunian Objects 2002 GV31 and
(278361) 2007 JJ43

Kiss, Cs. Et al.: Nereid from space: rotation, size and shape analysis from K2, Herschel and Spitzer
observations

Szabo, Gy. M. et al.: The heart of the swarm: K2 photometry and rotational characteristics of 56
Jovian Trojan asteroids

Farkas-Takacs, A. et al.: Properties of the Irregular Satellite System around Uranus Inferred from K2,
Herschel, and Spitzer Observations

Molnar, L. et al.: Main-belt Asteroids in the K2 Uranus Field
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Kepler/K2 legacy:

Farkas-Takacs, A. et al.: Properties of
the Irregular Satellite System around
Uranus Inferred from K2, Herschel,
and Spitzer Observations

The tracks: Sycorax, Caliban, Setebos
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Kepler/K2 legacy:

200F .. . : . .

E:i’ ;- § iiiii; ?i :i’i i Eﬂ%; E;ﬂ

Brightness (USNO-B1 R system)

@
*5 ii ¥ §§§ _ :’if E ;Eii

205 - " R SR 5 L
" " 1 " ] " " 1 " ] " 1 1 1 ] " " " "

0 0.5 1 1.5 2

Rotation phase

The light curve of Sycorax (satellite of Uranus)

Discovering New Earths and Super-Earths in the Solar Neighborhood



‘Qés TESS in the Solar System: Kepler/K2 legacy

Kepler/K2 legacy:
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TESS in the Solar System
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Small bodies in the Solar System

TESS in the Solar System: how does TESS work?

What kind of Solar System bodies are observed?

" Planets? Not... really... Ecliptic plane is avoided by +/- 6 degrees

Main belt asteroids!
Jupiter Trojans!

Centaurs and comets!
Trans-Neptunian Objects!
Zodiacal light(!)

Because the characteristics scale height of these populations is significantly higher than 6 degrees...!

Now (in the primary mission): Camera #1 is our favourite one!
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TESS in the Solar System: how does TESS work?
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how does TESS work

the Solar System
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TESS in the Solar System: how does TESS work?
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the Solar System
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TESS in the Solar System: how does TESS work?
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TESS in the Solar System: how does TESS work?
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TESS in the Solar System: how does TESS work?

1500 ———m—————+—— — —
% 1000
Q2
L
O
k=)
T
L
S
Z 500
0

0 1 2 3
Mean apparent speed (pixel/long cadence)

Discovering New Earths and Super-Earths in the Solar Neighborhood



‘Qés TESS in the Solar System: scientific questions & answers

TESS in the Solar System

Outline of the next 22 + 1 minutes:

Solar System
Legacy of Kepler/K2 (in the context of Solar System studies)
How does TESS work for Solar System objects?

What are the interesting questions about the Solar System what can be answered by TESS?

Some aspects of the data reduction: image subtraction, astrometry, stacking, and so on...!
Known objects: Some nice preliminary results and displays/exhibitions of light curves, detections

Here we show results related to known objects => next two talks: how can TESS be used to discover
new ones?
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@és TESS in the Solar System: scientific questions & answers

Asteroid light curves

How can we obtain light curves?

" Aperture photometry combined with differential photometry

= Apertures are not so elongated (see previous images and animations)
What are the properties of these light curves in general?

" Uninterrupted (besides those few ours at mid-sector when there is a data downlink period = TESS
high gain antenna should point towards Earth, to the Deep Space Network antennas)

" Cadence: ¥ hours (2-minute cadence would be too expensive...:/)

Discovering New Earths and Super-Earths in the Solar Neighborhood



Bés TESS in the Solar System: scientific questions & answers

Asteroid light curves

Why is it useful for us?
" Practically uninterrupted — nice Fourier spectra and window
" Nice Fourier window = unambiguous rotation period

" TESS observes towards the anti-Sun direction = one can measure the opposition surge = it makes
constraints on the surface roughness

" Observations from multiple epochs = constraints on the spin axis orientation
How many light curves can we have?

®" Hundreds or thousands for each sector!

" Due to the retrograde motion around opposition, a given asteroid won’t be observed in the next
sector.

Discovering New Earths and Super-Earths in the Solar Neighborhood



Bés TESS in the Solar System: scientific questions & answers

Asteroid light curves - simulations

Background:
" Gaia DR2: see Rpmag vs. TESS magnitudes (passbands)
" Complete down to 20+ mag
" PSF size is: FWHM is around 1.6 pixels, let’s simulate this value.
" Pixel scale is known, it is around 170 pixels / degree.
Foreground:
" Minor Planet Center: MPCORB.dat.gz (700k+ lines, one line per object)
" Apparent magnitude is computed from Hmag + distances
Noise:
" Readout: 10 electrons / 2 seconds, 300 electrons per long cadence

" Shot noise: 18.3 mag object: 10000 electrons per long cadence

Discovering New Earths and Super-Earths in the Solar Neighborhood



TESS in the Solar System: scientific questions & answers

Asteroid light curves - high galactic latitudes
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Brightness (GAIA-DR2 RP system)

Brightness (GAIA-DR2 RP system)
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TESS in the Solar System: scientific questions & answers

Asteroid light curves - low galactic latitudes
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ﬂés TESS in the Solar System: scientific questions & answers

Trans-Neptunian Objects: Eris - simulations
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Trans-Neptunian Objects: Eris - simulations
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Trans-Neptunian Objects: Eris - simulations

177 ;11—

17.8

17-9 . - * - ’ - ..a =-' -r..- ."‘ :-I:..- “ -+ ] ) - ..a =." Ir'.'
- - - - - 4 * =" - - - - " .
I - ., - = . B . -

- - - - - . A -
LT L} - o * -t - * o mlpamy 21" Tea, .
L] L L . - -_ ;. ;; '- s ; _,.." - :_.." -.:'.-
Yo p e ".’--'-:-'.:si .._:'.::' P
-

" '..:"‘ - .
- " - wt . =T e g ¥ anm - " - T W " Aoumnl
18 Foo 0o % b Tt SRR T e i T e T e T :3'1"-‘-.;.1‘-"*"-{-"'3:'. %
- - -y - .- . H L - - oo .-'-' . :.'. - .- . 5 .q. Ly - -
- .'.ﬂ -!- « * a2 . - - “:F:: :lr.‘:‘_. - i . ‘.‘h!‘. e .;"H:I"'.'. t. -|--'I « * a7 ' - ” l.":'.Fn.“.:: E'.-I;""‘ - - i -3 -:- -
= e . - . R - i n
i X - * ‘ "% Lam =l Aes v, e " e “ - ‘ = = e -:‘":T-"'
" -. - : d -. - ,-.- : b ]
; L] " l-."‘.t‘ iy L] s.-i
. - - -
: e PN T L R i s e naEy
Aps™ At Faea N Tt TR ael et TRy At e ORI
el '-"-"t b - '-.?l -~ ‘; " o P ;'I-‘-'-"t ? - ‘; - o,
- s, " .i - :: 'I'._.I x - v, ” o :: - - .
18 2 N .- -~ . 2 "y - ~
- - - - - - - -
"
u u

18.3

Brightness (GAIA-DR2 RP system)
e
]
i
»
L
» ’.l

18.4

18-5 1 L 1 1 ] M L L M ] M I L M | M I L M
0 0.5 1 1.5 2

Rotation phase

Discovering New Earths and Super-Earths in the Solar Neighborhood



@és TESS in the Solar System: scientific questions & answers

Trans-Neptunian Objects: Eris - simulations
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Bés TESS in the Solar System: scientific questions & answers

Asteroid families

What does “asteroid family” mean?
" (Mostly) a group of main belt objects with similar proper orbital elements.
What does “proper orbital elements” mean?

" Proper elements are constants of motion of an object in space that remain practically unchanged
over an astronomically long timescale.

" Proper orbital elements can be: semimajor axis, eccentricity and inclination.
Why is it useful for us?

" The members of the families are thought to be fragments of past asteroid collisions = should have
similar phsyical characteristics
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asteroid proper orbital elements
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@és TESS in the Solar System: data processing

TESS in the Solar System

Outline of the next 22 + 1 minutes:

Solar System

Legacy of Kepler/K2 (in the context of Solar System studies)

How does TESS work for Solar System objects?

What are the interesting questions about the Solar System what can be answered by TESS?
Some aspects of the data reduction: image subtraction, astrometry, stacking, and so on...!

Known objects: Some nice preliminary results and displays/exhibitions of light curves, detections

Here we show results related to known objects => next two talks: how can TESS be used to discover
new ones?
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TESS in the Solar System: data processing

Original FFI
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TESS in the Solar System: data processing

Backgrond variations
removed (stray light)
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TESS in the Solar System: data processing

Straps are removed
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TESS in the Solar System: data processing

: 196 .F;h;llo%e!i -
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TESS in the Solar System

Outline of the next 22 + 1 minutes:

Solar System

Legacy of Kepler/K2 (in the context of Solar System studies)

How does TESS work for Solar System objects?

What are the interesting questions about the Solar System what can be answered by TESS?
Some aspects of the data reduction: image subtraction, astrometry, stacking, and so on...!

Known objects: Some nice preliminary results and displays/exhibitions of light curves, detections

Here we show results related to known objects => next two talks: how can TESS be used to discover
new ones?
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Bés TESS in the Solar System: known objects

An example: Sector 1, Camera 1, CCD #3

Observations:

" Between 2458325.32 ... 2458353.15
" One of the closest CCD to the Ecliptic (the other one is CCD #4).

" Otherwise similar to any other sector...

Minor planets:
" 5129 objects crossed
" At least 4-sigma detection: 4650
" Light curves available: ~800-1000

= Astrometric offsets are also detected!

Discovering New Earths and Super-Earths in the Solar Neighborhood
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TESS in the Solar System: known objects
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Discovering New Earths and Super-Earths in the Solar Neighborhood
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ﬂés TESS in the Solar System: known objects

Detection
completeness:

>

— Sector 1
— Camera l
- CCD 3

TESS magnitude on shift-and-stacked images

10 '.. L L 2 | 2 L 2 L | L i L L
10 15 20 25

Predicted V magnitude plus 0.7 (assuming solar V-1=0.7)
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Brightness (TESS/I)
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b

FiG. 1. (a) The predicted ground track of the 16 September 1984 occultation of SAO 146599 by 47
Aglaja. This track is based on four plates taken with the 18-in. Lowell astrograph on 12, 13, and 14
September. (b) The occultation track derived from observations of the occultation. Open circles mark

the locations of the sites listed in Table 1.
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-

-
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e
e

Fic. 2. A circular limb profile fitted by least squares
to the observed chords across Aglaja. Arrows indicate
chords derived from photoelectric or video observa-
tions; all others are based on visual timings of the oc-
cultation. The dashed lines denote constraints placed
on the least-squares solution by negative observations
from sites near, but outside, the ground track. From
top to bottom of the figure, sites are in the same order
in which they are listed in Table I.
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47 Aglaja - not-so-pleriminary lightcurve
— Small light curve amplitude and rotation frequency confirmed

— However: double-peaked solution, w/ every 7™ peak is brighter
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47 Aglaja - not-so-pleriminary lightcurve
— it can be the largest (and nearly spherical!) tumbling asteroid in the Main Belt

— what do we see? Irregular shape or structures on the surface?
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Kuiper-belt objects:
Eris & Orcus

Largest known trans-Neptunian objects (TNOs)
./'.

Styx Dysnomia
/s
Hi'iaka

Kerberos Namaka MK2
g
Pluto Eris Haumea Makemake

i ' - . ”
®

2007 OR,, Quaoar Sedna 2002 MS, Orcus Salacia
(Gonggong)

2000km
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Eris... unfurtunately ]
b/w Sectors #3 and #4 ol
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Eris... unfurtunately
b/w Sectors #3 and #4

a4l
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Orcus: Sector 9!

— Has a moon: Vanth

— Unknown rotational period (at
least, ambiguous)

— Realatively bright (V=19.3 at
opposition => TESS: ~18.6)

-25 i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1
170 165 160 155 150 145 140
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Orcus: Sector 9!

— Has a moon: Vanth

— Unknown rotational period (at
least, ambiguous)

— Realatively bright (V=19.3 at
opposition => TESS: ~18.6)

— An HST image, covering 4"x4":
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Orcus: Sector 9!

— Has a moon: Vanth

— Unknown rotational period (at
least, ambiguous)

— Realatively bright (V=19.3 at
opposition => TESS: ~18.6)

— TESS image, 680" x 680"
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apss

Orcus: Sector 9!

— Has a moon: Vanth

— Unknown rotational period (at
least, ambiguous)

— Realatively bright (V=19.3 at
opposition => TESS: ~18.6)

— TESS image, 680" x 680" / :

The HST
Image!

Discovering New Earths and Super-Earths in the Solar Neighborhood



&gpss

Orcus: Sector 9: preliminary light curve
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Brightness (TIC magnitudes)
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- Thank you! -

Discovering New Earths and Super-Earths in the Solar Neighborhood



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90
	Slide 91
	Slide 92
	Slide 93

