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Protostar Protoplanetary Disk Debris Disk Planetary System

Last for a few million years (Myr)

0.1% lifetime
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es02014 — Science Release

New Observations Show Planet-forming Disc

orn Apart by its Three Central Stars

3 September 2020

A team of astronomers have identified the first direct evidence that groups of stars can tear apart their planet-
forming disc, leaving it warped and with tilted rings. This new research suggests exotic planets, not unlike Tatooine
in Star Wars, may form in inclined rings in bent discs around multiple stars. The results were made possible thanks
to observations with the European Southern Observatory’s Very Large Telescope (ESO’s VLT) and the Atacama
Large Millimeter/submillimeter Array (ALMA).



eso2111 — Science Release

Astronomers make first clear detection of a
moon-forming disc around an exoplanet

22 July 2021

Using the Atacama Large Millimetre/submillimeter Array (ALMA), in which the European Southern Observatory
(ESO) is a partner, astronomers have unambiguously detected the presence of a disc around a planet outside our
Solar System for the first time. The observations will shed new light on how moons and planets form in young
stellar systems.
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Figure 4.3 Radial velocity measurements of 51 Pegasi made by Korzennik and Contos
using the advanced fibreoptic echelle spectrometer on the 1.5 m telescope at the Whipple
Observatory near Tucson, Arizona.



51 Pegasi b

O ORBITAL PERIOD ' DISTANCE FROM EASTH
51 Pegasi b orbits its
1000C*/1800F* oSt sta @ light-years

PLANET COMPARISON STAR COMPARISON

51 Pegasi b 51 Pegasi
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51 Pegasi b is 47% less massive )1 Pegas! is 1% more mass
but 50% larger than Jupiter. and 23% larger than our sun
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Earth-mass planets orbiting a neutron star

Figure 4.2 Planets orbiting the pulsar PSR 1257+ 12 at distances of 0.19, 0.36 and 0.46 AU.
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Gaia (spacecraft)

From Wikipedia, the free encyclopedia

Gaia is a space observatory of the European Space Agency (ESA) designed for astrometry: measuring the positions and distances of stars with
unprecedented precision.[”I8] The mission aims to construct by far the largest and most precise 3D space catalog ever made, totalling
approximately 1 billion astronomical objects, mainly stars, but also planets, comets, asteroids and quasars among others. 9]

The spacecraft will monitor each of its target objects about 70 times!'%! over a period of five years to study the precise position and motion of
each target.['"'2] The spacecraft has enough consumables to operate for approximately nine years, if its detectors are not degrading as fast as
initially expected. The mission could therefore be extended.?) The Gaia targets represent approximately 1% of the Milky Way population!? with
all stars brighter than magnitude 20 in a broad photometric band that covers most of the visual range.!'3! Additionally, Gaia is expected to detect
thousands to tens of thousands of Jupiter-sized exoplanets beyond the Solar System,!'4] 500,000 quasars outside our galaxy and tens of
thousands of new asteroids and comets within the Solar System.[1516][17]

Gaia will create a precise three-dimensional map of astronomical objects throughout the Milky Way and map their motions, which encode the
origin and subsequent evolution of the Milky Way. The spectrophotometric measurements will provide the detailed physical properties of all stars
observed, characterizing their luminosity, effective temperature, gravity and elemental composition. This massive stellar census will provide the
basic observational data to analyze a wide range of important questions related to the origin, structure, and evolutionary history of our galaxy.

Successor to the Hipparcos mission, the telescope is part of ESA's Horizon 2000+ long-term scientific program. Gaia was launched on 19
December 2013 by Arianespace using a Soyuz ST-B/Fregat-MT rocket flying from Kourou in French Guiana.!'8l['%] The spacecraft currently
operates in a Lissajous orbit around the Sun-Earth L, Lagrangian point.

Contents [hide] Gaia is an ambitious mission to chart a three-dimensional map of our Galaxy, the Milky Way, in the
1 History process revealing the composition, formation and evolution of the Galaxy. Gaia will provide
2 Objectives unprecedented positional and radial velocity measurements with the accuracies needed to produce a

stereoscopic and kinematic census of about one billion stars in our Galaxy and throughout the Local
Group. This amounts to about 1 per cent of the Galactic stellar population.

3 Spacecraft
3.1 Scientific instruments

3.2 Measurement principles
4 Data processing
5 Launch and orbit
6 Stray light problem
7 Mission progress
7.1 Data releases
7.2 Significant science
8 See also
9 References
10 External links

Artist’s impression of the Gaia spacecraft

Mission type
Operator
COSPARID
SATCAT no.
Website

Mission duration

Astrometric observatory
ESA

2013-074AF

39479

sci.esa.int/gaia/ &

planned: 5 years; possible
extension by one to four
years! 2]

elapsed: 4 years, 10 months and
25 days

Spacecraft properties

Manufacturer

Launch mass
Dry mass
Payload mass
Dimensions

Power

Launch date

EADS Astrium
e2v Technologies

2,029 kg (4,473 Ib)(3!

1,392 kg (3,069 Ib)

710 kg (1,570 Ib)l4!
46mx23m(15.1ftx 7.5 ft)
1910 watts

Start of mission

19 December 2013, 09:12:14
uTCle!



NEWS

Galactic ghosts: Gaia uncovers major event in the formation of the Milky
Way
31 ' L8 ESA's Gaia mission has made a major breakthrough in unravelling the formation
history of the Milky Way. Instead of forming alone, our Galaxy merged with another large galaxy
early in its life, around 10 billion years ago. Read more

Gaia spots stars flying between galaxies

2 C 018 A team of astronomers using the latest set of
data from ESA's Gaia mission to look for high-velocity stars being
kicked out of the Milky Way were surprised to find stars instead
sprinting inwards - perhaps from another galaxy. Read more
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(Institut d’Astrophysique de Paris, CNRS, France).



WI=1=] NASA's Webb Confirms Its First Exoplanet

SPACE TELESCOPE January 11, 2023 1:15PM (EST) | Release 1D: 2023-102

The planet is rocky and almost precisely the same size as Earth, but whips around
its star in only two days.

Researchers using NASA's James Webb Space Telescope have formally embarked on a new frontier: Identifying and analyzing rocky exoplanets that orbit red
dwarf stars. A team led by Kevin Stevenson and Jacob Lustig-Yaeger, both of the Johns Hopkins University Applied Physics Laboratory in Laurel, Maryland,
confirmed that LHS 475 b not only exists, it is a small, rocky planet that is almost exactly the same size as Earth. Before Webb, researchers typically targeted
planets that are larger than Jupiter, which is 11 times wider than Earth. This will inevitably be the first of many discoveries Webb data will help researchers
make as they continue exploring planets elsewhere in our Milky Way galaxy.

ROCKY EXOPLA BET LHS 475 b

TRANSIT LIGHT CURVE

ROCXY EXOPLANET LHS 475 b

TRANSMISSION SPECTRUM

Exoplanet LHS 475 b and Its Star Exoplanet LHS 475 b (NIRSpec Transit Exoplanet LHS 475 b (Transmission
(llustration) Light Curve) Spectrum)
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Fig. 10.— (a) Magnification map for a planet with ¢ =
0.001 and s = 1.188 and a source size p = (.001. The red
lines indicate the caustics. Two example source trajectories
are shown. The scale is such that the Einstein ring is a cir-
cle of radius 1.0 centered at (0,0). The planet is located
at (1.188,0), just outside the Einstein ring (off the right-
hand side of the plot). (b) Light curve corresponding to
the left-hand source trajectory (a central caustic crossing).

0.05 —1.0- 0 5 0 0 0. 5 1.0 The dotted line shows the corresponding light curve for a

point lens. (c) Light curve corresponding to the right-hand
source trajectory (a planetary caustic crossing). (d) Detail
of (c) showing the variation in the planetary signal for dif-
ferent values of ¢ = 102,104, 10 ° (black, red, cyan).
(e) The variation in the planetary signal for different values
of p = 0.001, 0.01, 0.03 (black, red, cyan).
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Four planets orbit a star

Four Planets Orbiting Star HR 8799
Video Credit & CC BY License: J. Wang (UC Berkeley) & C. Marois (Herzberg Astrophysics), NExSS (NASA), Keck Obs.

Explanation: Does life exist outside our Solar System? To help find out, NASA has created the Nexus for Exoplanet System Science (NExSS) to better locate and study
distant star systems that hold hope of harboring living inhabitants. A new observational result from a NExSS collaboration is the featured time-lapse video of recently
discovered planets orbiting the star HR 8799. The images for the video were taken over seven years from the Keck Observatory in Hawaii. Four exoplanets appear as white
dots partially circling their parent star, purposefully occluded in the center. The central star HR 8799 is slightly larger and more massive than our Sun, while each of the
planets is thought to be a few times the mass of Jupiter. The HR 8799 system lies about 130 light years away toward the constellation of the Flying Horse (Pegasus).
Research will now continue on whether any known or potential planets -- or even moons of these planets -- in the HR 8799 star system could harbor life.
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A Surprising Planet with Three Suns

7 July 2016

A team of astronomers have used the SPHERE instrument on ESQO’s Very Large Telescope to image the first planet
ever found in a wide orbit inside a triple-star system. The orbit of such a planet had been expected to be unstable,
probably resulting in the planet being quickly ejected from the system. But somehow this one survives. This
unexpected observation suggests that such systems may actually be more common than previously thought. The
results will be published online in the journal Science on 7 July 2016.
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First Giant Planet around White Dwarf Found

ESQO observations indicate the Neptune-like exoplanet is evaporating

4 December 2019

Researchers using ESO’s Very Large Telescope have, for the first time, found evidence of a giant planet associated
with a white dwarf star. The planet orbits the hot white dwarf, the remnant of a Sun-like star, at close range,
causing its atmosphere to be stripped away and form a disc of gas around the star. This unique system hints at
what our own Solar System might look like in the distant future.

“It was one of those chance discoveries,” says researcher Boris Gansicke, from the University of Warwick in the UK, who
led the study, published today in Nature. The team had inspected around 7000 white dwarfs observed by the Sloan Digital
Sky Survey and found one to be unlike any other. By analysing subtle variations in the light from the star, they found traces
of chemical elements in amounts that scientists had never before observed at a white dwarf. “We knew that there had to be
something exceptional going on in this system, and speculated that it may be related to some type of planetary remnant.”
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Kepler’'s Planet Candidates
22 Months: May 2009 - Mar 2011
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Sizes of Planet Candidates
As of January 7, 2013
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Sizes of Kepler Planet Candidates
Totals as of January 6, 2015

1,542 - Neptune-size
(2-6Ry)

Super Earth-size - 1,233
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(<1.25R)

260 - Jupiter-size (6 - 15 R,)

49 - Larger (15-25R))




New Kepler Planet Candidates
Asof July 23, 2015

O As of Jan 2015 @ July 2015
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30% G
GAS GIANT

The size of Saturn or Jupiter (the largest
planet in our solar system), or many times
bigger. They can be hotter than some stars!

31%
SUPER-EARTH

Planets in this size range between Earth and
Neptune don't exist in our solar system.
Super-Earths, a reference to larger size, might
be rocky worlds like Earth, while mini-Neptunes
are likely shrouded in puffy atmospheres.

4%
TERRESTRIAL

Small, rocky planets. Around the size
of our home planet, or a little smaller.

35%
NEPTUNE-LIKE

Similar in size to Neptune and
Uranus. They can be ice giants,
or much warmer. “Warm”
Neptunes are more rare.

5000+

PLANETS FOUND

NASAHfIA 50002 BifT 2, HA4%ERMITE . 30%ERARITE (ER
SEATE) . 31% L g ER. 35% KT E, BN KIE: NASA
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Cumulative Detections Per Year
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Detections Per Year
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;he co;stellation Centaur;;tahes | Transiting Exoplanet Survey Satellite

Fll'St ShOt fl'om new centre stage, and each bright point
NASA tElescope is one of more than 200,000 stars.

The flash at the bottom is the star
NASA's new planet-hunting satellite Beta Centauri, 391 light years away.
just sent back its first stunning image. Over two years, TESS is expected to
The Transiting Exoplanet Survey find about 20,000 exoplanets orbiting
Satellite (TESS) launched in April and relatively nearby stars. TESS will
made a slingshot manoeuvre around replace the Kepler Space Telescope,

the moon on 17 May. This sent it which has found more than 5000 Artist concept of TESS
flying towards an orbit that willpass | exoplanet candidates so far, and et [112]
between Earth and the moon. Itis confirmed about half of them. Rather SeEESnRS Space observatory
expected toreach thatorbitand start | than looking at distant stars within a Qperator i e
searching for planets in june. small area of sky, as Kepler did, TESS s i

The image below, taken on 26 April, | will look at closer stars over 85 per SATCAT DR, 49435
isits first camera test. In the picture, | centof the sky. Xopels e

tess.mit.edugy

Mission duration Planned: 2 years
Elapsed: 1 year, 5 months,
13 days

Spacecraft properties
Bus LEOStar-2/7503]
Manufacturer Orbital ATK
Launch mass 362 kg (798 Ib)4]
Dimensions 37x12x15m (12 x 4 x 5 ft)
Power 530 wattsl4]

Start of mission

Launch date April 18, 2018, 22:51:31 UTCLE!
Rocket Falcon 9 Block 4 (B1045.1)
Launch site Cape Canaveral SLC-40

Contractor SpaceX
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Direct Detection and Characterization of Exoplanets

HR 8799 bcde

romalhaut b

beta Picb ROXs 42Bb

A gallery of directly-imaged planets: (clockwise from the top-left) HR 8799 bcde (Marois et al. 2008, 20103), Fomalhaut b (Kalas et al. 2008), GJ 504 b (Kuzuhara et al.
2013), HD 95086 b (Rameau et al. 2013), ROXs 42Bb (Currie et al. 2014b), and f§ Pic b (Lagrange et al. 2010). Other companions with masses below/near the deuterium-

burning limit (~13 MJup) have also been imaged, many of them at wider separations (e.g., Chauvin et al. 2005; Goldman et al. 2010; Ireland et al. 2011; Luhman et al.
2011; Bowler et al. 2013; Delorme et al. 2013; Kraus et al. 2014; Bailey et al. 2014; Naud et al. 2014).




TMT

can push further

Transiting Exoplanets
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Predicted planet yields from TESS (Ricker et al.
2014). Both these surveys will be complete
when TMT operations begin. TESS will find

many planets around bright stars, while K2
will find larger numbers of planets around

cooler stars.

Gravitational Microlensing
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Planet mass sensitivity (M_, )

Orbit period (years)

Figure 1: SIM is the only mission that explores almost the entire range of masses and orbit
periods where terrestrial planets form and evolve. The red curve is for the most favorable
of 64 candidate stars, while the least favorable star is about an order of magnitude above
this line. (The discovery space lies above each line). Green dots represent planet
distributions from the simulations of Ida & Lin (2004ab), and purple dots show the known
RY detections.
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NASA Hubble Kepler/K2

Spitzer

CNSA/CAS

(a)NASA/ESA Partnership
(¢)NASA/ESA/CSA Partnership
(NCNES/ESA Partnership
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(courtesy of J.H. Ji, PMO)



The number of
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Milky Way galaxy
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L( is the
typical life-
time of a
civilization
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NASA spies Earth-sized exoplanet orbiting Sun-like
star

Potentially rocky world spotted by Kepler spacecraft offers glimpse at Earth's future.
Alexandra Witze

23 July 2015 | Updated: 23 July 2015

An artist's impression of exoplanet Kepler-452b, which is likely to be rocky, just as Earth is.

Kepler-452b and its star compared to the Solar System and a previously discovered Earth-like

exoplanet.



es01629 — Science Release SPACE SCCCP

Planet Found in Habitable Zone Around Nearest
Star

Pale Red Dot campaign reveals Earth-mass world in orbit around
Proxima Centauri

24 August 2016

Astronomers using ESO telescopes and other facilities have found clear evidence of a planet orbiting the closest
star to Earth, Proxima Centauri. The long-sought world, designated Proxima b, orbits its cool red parent star every
11 days and has a temperature suitable for liquid water to exist on its surface. This rocky world is a little more
massive than the Earth and is the closest exoplanet to us — and it may also be the closest possible abode for life
outside the Solar System. A paper describing this milestone finding will be published in the journal Nature on 25
August 2016.



es02202 — Science Release

New planet detected around star closest to the
Sun

10 February 2022

A team of astronomers using the European Southern Observatory’s Very Large Telescope (ESO’s VLT) in Chile have
found evidence of another planet orbiting Proxima Centauri, the closest star to our Solar System. This candidate
planet is the third detected in the system and the lightest yet discovered orbiting this star. At just a quarter of
Earth’s mass, the planet is also one of the lightest exoplanets ever found.



es01837 — Science Release

Super-Earth Orbiting Barnard’s Star

Red Dots campaign uncovers compelling evidence of exoplanet
around closest single star to Sun

14 November 2018

The nearest single star to the Sun hosts an exoplanet at least 3.2 times as massive as Earth — a so-called super-
Earth. One of the largest observing campaigns to date using data from a world-wide array of telescopes, including
ESO's planet-hunting HARPS instrument, have revealed this frozen, dimly lit world. The newly discovered planet is
the second-closest known exoplanet to the Earth. Barnard’s star is the fastest moving star in the night sky.

A planet has been detected orbiting Barnard's Star, a mere 6 light-years away. This breakthrough — announced in a paper
published today in the journal Nature — is a result of the Red Dots and CARMENES projects, whose search for local rocky
planets has already uncovered a new world orbiting our nearest neighbour, Proxima Centauri.



Seven Worlds for TRAPPIST-1
INlustration Credit: NASA, JPL-Caltech, Spitzer Space Telescope, Robert Hurt (Spitzer, Caltech)

Explanation: Seven worlds orbit the ultracool dwarf star TRAPPIST-1, a mere 40 light-years away. In May 2016 astronomers using the Transiting Planets and
Planetesimals Small Telescope (TRAPPIST) announced the discovery of three planets in the TRAPPIST-1 system. Just announced, additional confirmations and
discoveries by the Spitzer Space Telescope and supporting ESO ground-based telescopes have increased the number of known planets to seven. The TRAPPIST-1
planets are likely all rocky and similar in size to Earth, the largest treasure trove of terrestrial planets ever detected around a single star. Because they orbit very
close to their faint, tiny star they could also have regions where surface temperatures allow for the presence of liquid water, a key ingredient for life. Their
tantalizing proximity to Earth makes them prime candidates for future telescopic explorations of the atmospheres of potentially habitable planets. All seven worlds
appear in this artist's illustration, an imagined view from a fictionally powerful telescope near planet Earth. Planet sizes and relative positions are drawn to scale
for the Spitzer observations. The system's inner planets are transiting their dim, red, nearly Jupiter-sized parent star.
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es02118 — Science Release

ESQO telescope images planet around most
massive star pair to date

8 December 2021 fElE'g ]L F%jﬁ?&\/lsun

star pair

The European Southern Observatory’s Very Large Telescope (ESO’s VLT) has captured an image of a planet
orbiting b Centauri, a two-star system that can be seen with the naked eye. This is the hottest and most massive
planet-hosting star system found to date, and the planet was spotted orbiting it at 100 times the distance Jupiter
orbits the Sun. Some astronomers believed planets could not exist around stars this massive and this hot — until
now.
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Methods of detecting exoplanets

From Wikipedia, the free encyclopedia

Contents [hide]
1 Established detection methods

1.1 Radial velocity 2 Other possible methods
1.2 Transit photometry

1.2.1 Technique, advantages, and disadvantages
1.2.2 History
1.3 Reflection/Emission Modulations

2.1 Transit imaging

2.2 Magnetospheric radio emissions
2.3 Auroral radio emissions

2.4 Modified interferometry

1.4 Relativistic beaming 3 Detection of extrasolar asteroids and debris disks
1.5 Ellipsoidal variations 3.1 Circumstellar disks
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1.14 Astrometry
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es02120 — Science Release

ESO telescopes help uncover largest group of
rogue planets yet

22 December 2021

Rogue planets are elusive cosmic objects that have masses comparable to those of the planets in our Solar
System but do not orbit a star, instead roaming freely on their own. Not many were known until now, but a team of
astronomers, using data from several European Southern Observatory (ESO) telescopes and other facilities, have
just discovered at least 70 new rogue planets in our galaxy. This is the largest group of rogue planets ever
discovered, an important step towards understanding the origins and features of these mysterious galactic
nomads.



nature astronomy

Article | Published: 25 October 2021

A possible planet candidate in an external galaxy
detected through x- ray transit Fig. 1: Background-subtracted X-ray light curves defined by data points for Chandra

ObsID 13814.
Rosanne Di Stefano &, Julia Berndtsson, Ryan Urquhart, Roberto Soria, Vir @ 30

Carmichael & Nia Imara
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Many lines of reasoning suggest that external galaxies should host planetary systems, but
detecting them by methods typically used in our own Galaxy is not possible. An alternative
approach s to study the temporal behaviour of X-rays emitted by bright extragalactic X-ray
sources, where an orbiting planet would temporarily block the X-rays and cause a brief
eclipse. We report on such a potential event in the X-ray binary M51-ULS-1in the galaxy MS51.
We examined a range of explanations for the observed X-ray dip, including a variety of
transiting objects and enhancements in the density of gas and dust. The latter are ruled out
by the absence of changes in X-ray colours, save any with sharp density gradients that
cannot be probed with our data. Instead, the data are well fit by a planet transit model in
which the eclipser is most likely to be the size of Saturn. We also find that the locations of
possible orbits are consistent with the survival of a planet bound to a mass-transfer binary.



Found: The first exoplanet outside of our Milky Way

In a galaxy far, far away lies an exoplanet circling a binary system that contains a neutron star or
black hole.

By Caitlyn Buongiorno | Published: Friday, October 29, 2021

RELATED TOPICS: EXOPLANET | GALAXIES

ILLUSTRATION

The Whirlpool Galaxy (left) in X-ray and optical light. On the right is an artist's concept of the M51-ULS-1 system with the neutron star or
black hole syphoning material from its companion star. The planet is eclipsing the X-rays generated by the superheated material around the
compact object.

X-ray: NASA/CXC/SAO/R. DiStefano, et al.; Optical: NASA/ESA/STScl/Grendler; lllustration: NASA/CXC/M.Weiss
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