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Space Facts ' Laurine Moreau

For objects seen in reflected sunlight, brightness~R4



Neptune’s prediction

Le Verner

Figure |: Predicted orbit of Neptune. This diagram shows the outer solar system viewed from the north
ecliptic pole, including the orbits of Uranus (gray) and Neptune (black). as well as the predicted Neptunian
orbits (purple) from Le Verrier (1846a) and Adams {1846). Note that although the predicted physical location
of Neptune was in close agreement with the actual location of Neptune in 1846, the derived orbits are
considerably wider and more eccentric than Neprune's true orbit.

Batygin et al (2019)
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Planet Orbits
e Satum
* Uranus
* Neptune

© Pluto
*Mustration not fo scale, paths not exact

e ist discovered Kuiper Belt Object: Pluto (1930)
e 2nd: Charon (1978)

e 3rd: 15760 Albion (1992)
e Currently ~4000 known KBOs (but Vera Rubin...)
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Perihelion (AU)

Trans-Neptunian Objects
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Extreme TNOs

(semimajor axis a > 250 au)

2015 GTH0

2015 KG163

2045 RA109 _ ‘ 2015 TG387






Extreme TNOs

400 600 800
a [AU]

Siraj et al (2025)



The Planet 9 hypothesis

2007 TG422 / -

2013 RF98

2004 VN112

g

Sedna =
Planet Nine

2012GB174 /

The farthest-out comets — their orbits align
| A possible sign of a new ... Planet Nine!
Its orbit would have to be wide and stretched out
To shepherd those comets and lead them about.




The Planet 9 hypothesis
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The Planet 9 hypothesis
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The Planet 9 hypothesis

2007TG422 [
i

2013 RF98

\2004VN112/\ /-
\ \ [2012VP113 <

v

\
\

Sedna =
Planet Nine

2012GB174

- Best fit: mass ~5 Meareh, orbital distance ~300 au, eccentricity ~0.3,
inCIinatiOn ~7 deg (Batygin & Brown, 2016; Siraj et al 2025)

- Can also explain the Solar System obliquity and the population of low-
inCIinatiOn Neptune-CI‘OSSing TNOS (e.g.Gomes et al 201 6; Batygin et al 2024)



Is the alignment real?

2007 TG422 //

2013 RF98 /=

e T

4 2VP113 2

2004 VN112

Sedna

2012GB174 /

/ Planet Nine



How TNOs are detected
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The sky is not smooth
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Avoiding the Galactic plane
introduces bias

(] )
QSSOS Blocks

Vernal
Zyuiion,

Galactic Plane

i i luding Neptune, a schomatic for the OSSOS pointirgs @

Figure 5. A top-down view of the Solar Svitom
N aed orbt 1a plotted et a blve cicle. The QO5S0DS ENOS are plotted 1 Ve
52 greem, o552 cynn, no0L welluw., The disasvay location of each TNO a puine uf the
we cight COSSOS bloces (Bannister et . Table 1) e plosted in grey aad labodles (note Lhat Cesoction sensi

i bt bl

vombivnes caliall, A I w ".' ini-%‘ I'tl romrh lewation of » 3 \xtul 1

dashed line indicates Lhe discetion of the vernal equinoex, and thcrefore Lac upper sight guikirant ic the Seoateonbor &

oppoditicn ¢ Shankman et al (2018)




Avoiding the Galactic plane
introduces bias

Shankman et al (2018)



The origin of extreme wide-orbi
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Planets form In disks

»




Disks around young stars: Hubble

IRAS 04302+2247 Orion 114-426
L

+ 99% gas, -
1% dust

NICMOS

500 A.U.

WFPC2

HH 30 HK Tau/c



Planet-forming disks are typically 30-100 au

(e.g.,Andrews et al 2018; Guerra-Alvarado et al 2025)

O. M. Guerra-Alvarado et al.: High-resolution view of Lupus disks

V856Sco J16124373 Sz74A J16085324 | V856ScoB Sz90
h “ -

Sz76 Sz97 J16092697
- o
Sz77 116080017 52130
-
116073773 116075475

Jupiter's orbit

10 au

L]

See also results by Gemini Planet Imager (GPI) Exoplanet Survey (Esposito et al 2020) and SPHERE (Beuzit et al 2019)




The Sun’s disk was ~80 au

(due to deficit of high-inclination TNOs; Kretke et al 2012)

Boundary @
|

Asteroic
belt

Kretke et al 2012



So, where could Planet 9
have come from?

lllllllll

internal? external?
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* Stars form in clusters that dissipate
in a few to few tens of Myr




Capture of planet 9 from
another star™*

time = 302000
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also Li & Adams (2015) (**Probability << 1%)




The Solar System’s
dynamical instabilities

credit: D. Nesvorny
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1. Accretion of 2. The giant planet

the ice giants dynamical instability



Instability 1: accretion of the iceI giants
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Instability 2: the giant planet dynamical
instability (“Nice model”)
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Nesvorny (2011)
also Tsiganis et al (2005), Morbidelli et al (2007), Batygin & Brown (2012), Clement et al (2021)...



Giant planet dynamical instability during stellar cluster phase
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Gravitational External kick separates

scattering in solar orbit from Jupiter

system-like systems _. = T ~ s pericenter)




Trapping Efficiency

Star cluster configurations
8 No-star cluster B R.=40kau ® R.=270kau O R.=40kau; t.=50 Myr
¢ R=10kau * R.=70kau % R.=600 kau V Rc= 140 kau; t.=50 Myr
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Solar System:
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|zidoro et al 2025
Assuming 5 planets ejected from the Solar System, binomial

statistics imply a ~40% chance of capturing a wide-orbit planet
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A Search for Planet Nine with IRAS and AKARI Data
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Abstract

The curer sclar system is theoretically pred:cred o harbour an undiscovered planet, often referred to as Planzt Nine. Simulations suggest
thar it gravirational influence conld *\ph 1 the unusual ¢f mr-nm_‘m minar hadies i the Kuiper Relt. However, na observational evidence
tor Planet Nine has been found sc far, as its predicted orbit lies far beyond Neptune, where it reflects only a faint amoune of Sunlight.
This work aims te find Planet Nine candidates b) tang advantay ge of two Ear-infrared all -sl.v surveys, which zre [RAS and AKAR! The
epochs of these swo surve ys wiere separazed by 23 years, which is larpe cnough to detcet Planct Ninc’s ~ 3 /year osbitz! metien. We use 2
ded.cated AKARI Fas-lnfrazed | powt sousce list for the putpose | of our Plaset Nine search — AKARI-FIS Muu(lnlv Uncenfirmed Source
liss (AXARI- MlJ\l) which includes sourers detected repc atedly only in hours rimescale, but not after months. AKARI-MUIST. is more
JJs.muE,uus cthan the AKARI Bt ;:,l L Source (..xl‘lk)but' ‘AKARI- Db(,) for detect g noving and Lainc UJ|:‘LL. like Plaset Nine wich 2

twice~deeper fAux detection limit. We search for ohieets thas moved dowly between TRAS ard AKART derections given in the catalogues.
First, we estimated che expected dux and orbital modon of Planec Nine bv assuming its mass, distance, and eHecrive temperature to ensure
it can be detected by IRAS and AKARL, then apphied the positional and Aux selection criteria to narrow down the number of sources
trom the cazalogues. Next, we prcduceq all possible um.ll_.ate pairs including one 1RAS source and one AKARI source whose angular
separations were limited between 427 and 69.67, carresponding ta the heliocent-ic distance range of 500 = 700 AUT and the mass range of 7
— 17Ms. There are 13 candidate pairs cbtained after the s.lemc-n criteria. After image inspection, we founc one good candidate, of which
the 1ILAS source 15 absent from the same coordinate in the AK AR image after 23 years and vice versa. However, AKARI and 1ILAS
dezcctions are not enough to determine the full orbit of this candidate. This issue leads to the need for follow-up observations, which wil!
determine the Kepler:an motion of our Planes Nins candidate.

Batygin says he would still cheer on the discovery: “I would be the
first person to say, ‘That is not Planet Nine —that is Planet 8.5.””
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Vera Rubin

Best known for discovering
dark matter using Galactic
rotation curves
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Telescope Data volume

Etendue (AQ): 319 m? deg2 Nightly data size: 10 TB/night

_ , Real-time alert latency: 60 s
Field of View (FOV): 3.5 deg (3.6 deg?) Alerte borvict: - 10 00:
e perwsn =10,

Primary mirror diameter: 8.4 m . -
v Alerts per night: ~10 million

Mean effective aperture: 6.43 m (area weighted over FOV) Number of data releases: 11

Final f-ratio: f/1.233 Final database size (DR11): 15 PB
Camera weight: €,746 |bs (3,060 kg) . Final number of objects (DR11):
Mirror (M1+M3 glass mirror only) weight: 35,900 |bs (16,284 kg) ' » 20B galaxies

Expected median slew time between visits: 4.8 s * 17Bresolved stars
+ ©6M orbits of solar system bodies

Survey

Survey duration: 10 years

Fiducial number of visits per pointing (main survey): 800

Fiducial main survey area: 18,000 deg?

Estimated total covered area (including special programs): 25,000 deg?
Standard visit exposures (expected): 30 s

Time to take a single exposure: 34 s

Median (Mean) visit time (normal survey mode): 36 5 (41 5)
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: Probablllty of dlrectly detectlng Planet 9 ~60% (Trllllng et aI 2018) ~
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i) But ewdence for/agalnst its existence should be clear from the ;
| dlstrlbutlon of ETNOs and Sednoids (schwamb etal 2023)




More information

- Very wide-orbit planets from dynamical instabilities during the
stellar birth cluster phase (lzidoro et al 2025, Nat. Ast.)

* planetplanet.net
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