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one half to James Peebles the other half jointly to Michel

"for theoretical discoveries Mayor and Didier Queloz "for the

In physical cosmology", discovery of an exoplanet orbiting a
solar-type star."

James Peebles Michel Mayor Didier Queloz
Canadian-American Swiss Swiss
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* Albert Einstein * Professor ® Professor
Professor of Science at University at University
at Princeton University of Geneva of Geneva and

Cambridge (UK)
Doctorate obt:
* Princeton “ Geneva ® Geneva
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James Peebles
Born: 25 April 1935, Winnipeg, Canada

Affiliation at the time of the award: Princeton
University, Princeton, NJ, USA

Prize motivation: "for theoretical discoveries in
physical cosmology."

Professor Emeritus

Phone: 609-258-4386

Email Address: pjep@Princeton.EDU
Location: 216 Jadwin Hall

https://phy.princeton.edu/people/p-james-peebles
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Michel Mayor
Born: 12 January 1942, Lausanne, Switzerland

Affiliation at the time of the award: University of
Geneva, Geneva, Switzerland

Prize motivation: "for the discovery of an
exoplanet orbiting a solar-type star."

MSc in physics at the University of Lausanne in 1966

PhD in astronomy in 1971 at the Geneva Observatory, which belongs to the University
of Geneva.

Director of the Observatory of Geneva from 1998 to 2004 — until retiring in 2007.

https://www.iau.org/administration/membership/individual/2072/
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Didier Queloz
Born: 23 February 1966, Geneva, Switzerland

Affiliation at the time of the award: University of
Geneva, Geneva, Switzerland, University of
Cambridge, Cambridge, United Kingdom

Prize motivation: "for the discovery of an
exoplanet orbiting a solar-type star."

https://www.astro.phy.cam.ac.uk/directory/prof-didier-queloz

HoGeniBcbka npemis 3 dismkm 2019




iRl

dark energy

acceleration . ¢ | acceleration
big bang decreases INCreases

univarsa

parcant
100
b L — — S N S S R
&0 1 = matier
0 e e e
L =1 [ [ [ [ | s
- S5 {1 I |
» L ] L]

14 billlon 5 billon

present
yEars ago ¥E2ars ago



BiakpuTTs B KOCMOJIOTII

*1915 — Anp0Oept ElHInTElH 01My0JIIKyBaB 3arajibHy TEOPIO B1JTHOC-
HocTi (3TB) 1 mosicauB o0epraHHs nepuresnio Mepkypis

*1916 — Anp0epT EMHINTEHH MMOKa3aB, 110 NOJIbOBE PIBHSIHHSA
3arajbHOI TE€OP1i BIAHOCHOCTI JOITYCKA€ XBUJIbOBI PO3B’ A3KU

* 1916 — Kapa [HIBapimunibj 3alponoHyBaB po3B's30K piBHAHG 3TB,
SKUH MOXKE XapaKTEpHU3yBaTH YOPHY A1PY

*1919 — Aptyp EniHrTon cnocrepiras rpaBiTaliiiHe BIIXUICHHS
cBiTia CoHlleM

*1922 — Onekcangap OpiaMaH TEOPETUUHO ITOKA3aB MOKIIMBICTh
HECTAI[IOHAPHOI'0 PO3B’A3KYy PIBHAHb 3arajibHOi TEOP1i BIIHOCHOCTI
*1927 — XKopxk JIeMeTp He3ane:KHO OTpUMAaB HECTAIIOHAPHI
pO3B’s13KkM p1BHSIHB 3TB

*1929 — EnBin ['a001 BUSIBUB JIIHIMHY 3aJI€KHICTh YEPBOHOI'O 3CYBY
raJIakTUK Bl BIJICTaH1 1O HUX

http://www.astrosvit.in.ua/istoriia-astronomii/khronolohiia-astronomii



Discovery oF Exranoms LinIvERSE

The current Planck Mission results show the Hubble Constant to be
67.80x0.77 (km/sec)/Mpc.
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BiakpuTTs B KOCMOJIOTII

* 1934 - TonMeH moka3zas, 110 IIPHU OXOJIOIKEHHI BUITPOMIHIOBAHHS
a0COJIFOTHO YOPHOI'O Tija 30epirae popMy CIEKTPaIbHOIO PO3NOALITY
*1941 - Ennpro MakKeitap mokasas, 1110 JIMIIE HASBHICTb
BUITPOMIHIOBAHHSI MUIIMETPOBOTO A1alla30HY MOSICHIOE MEPEXOIH B
MIK30PSTHUX MOJIEKYJIax

*1948 - I'eopriii I 'amoB, Panbed Anbdep ta Pobept ['epman
nepea0avymiIM, 110 HOBUHHO 1CHYBAaTH PEIIKTOBE BUIIPOMIHIOBAHHS
*1952 - Otto CtpyBe 3anpoOIOHYBaB METO1 JOIIIEPIBCHKOT
CIIEKTPOCKOMII A1 BUBYEHHSI OOEpPTaHHS 3Ip.

*1964 — JleBia Buikincon ta Ilitep Pomn
CTBOPWJIM PAIOMETP JJIS JOCIIIKEHHS
PEIIIKTOBOIO BUIIPOMIHIOBAHHS

*1965 — Apno Ilensiac u Pooept BuibcoH —
BHUIIQIKOBO BUSBUIIM 130TPOITHE PEIIKTOBE T
sunpomintoBanaa (HoGemiscbka npemisa 1978 p') -

http://www.astrosvit.in.ua/istoriia-astronomii/khronolohiia-astronomii



FZas KUNGL.
805 VETENSKAPSAKADEMIEN
s THE ROYAL SWEDNSH ACADEMY OF SCIENCES

HoOeniBcbka npemist 3 ¢pizuxku 2006
The Nobel Prize in Physics 2006

H:xon Martep (John C. Mather)
NASA Goddard Space Flight Center,
Greenbelt, MD, USA,

Ta

Ixopmx CmyT (George F. Smoot)
University of California, Berkeley, CA, USA

“3a ei0Kpummas anizomponii ma eiacmueocmei
A0COIIOMHO YOPHO20 MINA Y MIKPOXBUIbOBO20
¢honoeozo eunpominroeannsn’

Ceminap TO YOT Tta kadenpu ¢pi3uxku TIATY, 22.11.06



COBE (Cosmic Background Explorer)

NASA 1989 - 1993
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Far Infrared Absolute Spectrophotometer

FIRAS

Differential Microwave
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Diffuse Infrared Background Experiment



Diffuse InfraRed Background Experiment
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DIRBE Galactic Plane Maps DIRBE Galactic Plane Maps

1.25 microns Sl 25 microns

2.2 microns o 60 microns

3.5 microns — 100 microns

12 microns 240 microns
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COBE Differential Microwave Radiometers
FULL SKY MICROWAVE MAPS

Galactic Coordinates Nov ‘89 (Launch) —May ‘90

HoGeniBcbka npemis 3 ¢izmku 2006



DMR Maps After Dipole Subtraction

AT = 2.353 mk

~100 uK IR W +100 uK
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-
DMR's Two Year CMB Anisotropy Result

HoGeniBcbka npemis 3 ¢i3nku



FZas KUNGL.
80512 VETENSKAPSAKADEMIEN
e THE ROYAL SWEDISH ACADEMY OF SCIENCES

HooOegiBcbka npemist 3 pizuku 2011
The Nobel Prize in Physics 2011

Cou IHepamyrrep (Saul Perlmutter)
Lawrence Berkeley National Laboratory, Berkeley, USA

bpasu IIMmiar (Brian P. Schmidt)

Australian National University, Weston Creek, Australia

Anam Pic (Adam G. Riess)
Johns Hopkins University, Baltimore, USA

“3a ei10Kpummas npuckopenozo pozuwiupennsn Bceeceimy
NpU CNOCMEPEHCEHHAX 3ad OANeKUMU CYNEePHOBUMU™

Ceminap TepHonuibcbkoro ocepenky YOT, 23.11.11
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Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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Microwave background radiation

Planck space observatory“’:'IIL

The Sound of the Big Bang
John G. Cramer

Professor of Physics
University of Washington




Penzias, A. A. & Wilson, R. W. A Measurement of Excess Antenna Temperature at 4080 Mc/s. Astrophysical Journal,
vol. 142, p.419-421,1965

A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Me/s

Measurements of the effective zenith noize temperature of the 20-foot horn-reflector
antenna (Crawford, Hogg, and Hunt 1961) at the Crawford Hill Laboratory, Holmdel,
New Jersev, at 4080 Mc/s have yvielded a value about 3.5% K higher than expected. This
excess temperature 15, within the limits of our observations, isotropic, unpolarized, and

420 LETTERS TO THE EDITOR Vol. 142

free from seasonal variations {]ulj.r, 1964-April, 1965), A lanation for the
uhs-:rﬁ.-cd EXCESS 11131-5&: temperature 15 the one miven byl Dicke, Peebles, Roll, and Wilkinson
(1965) in a companion letter in this 1ssue,

The total antenna temperature measured at the zenith is 6.7° K of which 2.3° K is
due to atmospheric absorption. The calculated contribution due to ohmic losses in the
antenna and back-lobe response is 0.9° K.

@ American Astronomical Society = Provided by the NASA Astrophysics Data System

http://articles.adsabs.harvard.edu//full/1965ApJ...142..419P/0000419. OOO htm
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Nobe[ Prize n Physics Pact 4: James Feebles
1916 Einstein's genecal theory of rc(a#v"g
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PURLICATIONS OF THE ASTR ONOMICAL SOCIETY OF THE Pactric, 111:274-284 1999 March
) 1999, The Astronomical Society of the Pacific. All rights reserved. Printedin TS A

TABLE 1

Cosmology : The Nature of the Universe Debate
Is Our CosmoLocy PREDICTIVE?

Hypotheses Phenomens Is Cosmology Solved ? An Astrophysical Cosmologist’s Viewpoint

L. Tests of the Expanding Universe P. 1. E. PezBLES
Joseph Henry Laboratories, Princeton University, and Princeton Institute for Advanced Study ; pjep @ pupge princeton.edu

Homogeneily . ..., Tsolropy
Expansion ... Galaxy counts

Conventional local physics ... .. Hubble's law v = H,r
Galaxy evolution
CBE thermal spectrum

2. Tests of Spa TABLE 2
General SlALVILY ..., THE CosMOLOGICAL TESTS
L TS UURURTUR
Nm\nlf:-;u}lmic matter .. ........... Ly =035 1 0.1
Void matter .. ...
Cosmological constant .......... TEsT EINSTEIN-DE SITTER Flat Open
. la. Dynamical mass measures .. ... - + +
3. Tests of the Fried 1b. World time t(z): ages of stars and elements.. ... -7 +7 +7
Primeval departures from lc. Redshift-magnitude relation ... - + - 17
homogeneity: composition, 1d. Lensing of quasars by galaxies .................... +1? -7 +?
statistical character .............. le. Counts: dN = fim, shdm dz . ... ... ? ? ?
2a. Larpe-scale SIrocture ... =1 + 7 +1
Zh, CBR amiSolfopy ... i i i e e e e =1 + 7 + 17
2e. Cluster evolution ... ... s =7 + 7 +7
4. The Infl 2d. Baryon mass fraction in dusters .................. - + +
: 2e. Galaxy Tormalion ... s ? ? ?
b, Inflation. .. ... s + + 1

1999 PASP, 111:274-284
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Scientific Background on the Nobel Prize in Physics 2019

https://www.nobelprize.org/uploads/2019/10/advanced-physicsprize2019-3.pdf

HoGeniBcbka npemis 3 dismkm 2019




The angular size of spots in the CMB are determined by the geometry
https://www.nobelprize.org/uploads/2019/10/advanced-physicsprize2019-3.pdf
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Scientific Background on the Nobel Prize in Physics 2019
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1§ COSMOLOGY SOLVED? 281

M Tegmark, Sept. 93
T T T TT11 | T T T | T T 111

60

40

6T = [1(1+1) C,/2m]/?

20

10 100
Multipole 1

Fiz. i—Spectrum of angular fuctuations of the CBE. The data are from the compilation by Tegmark (1998) The ACDM model prediction plotted as the
solid line assumes the parametersineq. (17) (Tegmark 1998). The ICDM model prediction plotted as the dashed line assumes the parameters in eq. (18).
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ANDROMEDA
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www.youtube.com/watch?v=Gqg-atYZFKPQ
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Radlal VeI00|ty Method

The Star and planet orb:t thelr common center of mass

Spectral lines move . T B K I Spectral lines move:
~ towards the red as the star o et 2 - towards the blue as the
travels away from us. il . st travels towards us.

As the star moves away from-us,
light waves leaving the starare. =~ — : : ,
"stretched" and move towards the §0 As the star moves towards us;
-red.end of the spectrum. -~ - - .~ Q light waves leaving the star are-
- ' b § T ~ o -' ' - 'compressed" and move towards |
the blue end of the-spectrum.- -

Planet
- ® Center of Mass .

Ster O

-~ Nottoscale
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Artist's impression of
pulsar PSR B1257+12
and Its three planets

T ——————————

the
A planetary system around
millisecond pulsar PSR1257+12

A. Wolszczan* & D. A. Frailt

* National Astronomy and jonosphere Center, Arecito Observalory,
Arecibo. Puerto Rico 00613, USA ’ | i
+ National Radio AStronomy Observatory, Socorro, New Mexico 87801,
USA

"ONE i ;, whic id (~10" yr), rapidly
MILLISECOND radio pulsars, which are o
rotating neutron stars believed to be spun up by nccr:t:i::t:f‘za::::
from their stellar companions, are usually found in
with other degenerate stars'. Using the 305-m J:re NATURE - VOL 355 - 9 JANUARY 19972
recise timing measurements ol p
scopt-nto ‘Tf-kfn.pm. & Y_me nulcar PthZS? + 12 (I'ef.'ﬂ.“!'

www.youtube.com/watch?v=Gqg-atYZFKPQ
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: TYPE STARS
A SEARCH FOR SUBSTELLAR COMPANIONS TO SOLAR-TYP
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ARTICLES

A Jupiter-mass companion to a solar-type star
Michel Mayor & Didier Queloz

Gereva Jheerdatory, E1 Chemin des Malllketbes. TH-1 250 Savsemy, Swizerdand

The presence of a Juplter-mass companion to the star 51 Pegasl is inferred from observations
of periodic variations in the star's radial velocity. The companion lies only about eight million
kilometres from the star, which would be well Inside the orbit of Mercury in our Solar System.
This object might be a gas-giant planet that has migrated to this location through orbital

evolution, or from the radiative stripping of a brown dwarf.

Fos msare Than len vears, several groups have Been examinang
the radial veloctics al dozens af siars, i\ an anempd 10 idemify
ooital motsans induced by the presence of heavy plametary
companicns' *. The precision of specirographs optimized for
Doppler stodies ard currently in uwse is limited 1o abowt
I5ms ' As the reflex motion of the Sun due to Jupiter is
Iims ', all carremt searches are linviled o the detection of
iecls walh al leasl the mass of Jupiter (A0 S0 Gar, all precis:
Dhapplcr sarveys have failed o defecl any jovianm plancts ar
brovam duarls,

Singe Apnd 19949 we bonve momnlored he rachial welocity of 142
O and K dwarl <lars with a precision o [3ma ", The slars in
oipr srvey arg selecled For therr apparent corslant radsal velosiny
[l howeer F-rl.x'l:f.-:lul- o & larger samigple of sLars msanalcred [or
15 wears™ ', AfNer 18 months of measunzments, 8 amall number
of dlars shosw agilicant vweloiny vamalions, Alhough mosl can-
clikates raguies wddnsonal messurements, we repor] Bere (he dis-
covery of & compaiiamn With & mmidam veess of 08 ML orleling
0 e aroursd Chi solar-cype stlar 51 Pog Constramis ongm-
alimp fromn e olserwidd rodatonal selwaly of 51 Pep and From
ils low chromospheric amissan give an wpper imel of I M, for

MATURE - V0L 378 + 23 NOVERSIER 1005

the mass ol 1B comparmdan. Alkemalnae eaplaralions 1o ke
pbeserved radial VElGCIY variatuay | pulsalod oF spod salaiicn |
are unlikely.

The very small distance between the companion and 31 Peg
is certainky nod predicted by cwrrend mpdels of giang plane
formation”. As the temnperaiure of the compamion is above
13060 B, thi= objoct =cems o be dangeroushy clos: 1o the Jeans
thermal evaparation Emit. Moreover, nos-thermal evaporation
effects are known to be dominant” over thermal ones. This jov-
ian=mass companion may therefore be the resule of che seripping
of a verv-low-mass brown dwarf.

The shori-period orbital molson of 51 Peg also displays a long-
period perturbation, whidh may be the signature of a second
low -mass companion arbaling ad larger dislance.

Discovery of Jupiter-mass companionis)

Dur mcsurermenls ane made wilh the newe bre-fod echelle spec-
iragraph ELCHDIE  of 1Be  Haule-Provemsr  Ohservalory,
Franee™, This irsirument peormits measuremenls of il
welewity with an acourscy of aboal 13 m s of stars up i ¥ mag
mn an expasure lime of <3 min. The radial velecity is computed

& Matun Publishing Group
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Fid. 1 Typical crogs-correlaton function used bo reasune the madial
welooity. This funciion represenis & mean of the specirad lires of the
siar. The location of the gaussian function fied (solid bnej s a precise
megzurement of ihe Doppler shift.

with a cross-carrelation techmigue that concentrates the Doppler
informxisan of abowi 5.000 stcllar absorption lines. The position
al the cross-comrelation Nuncuon (Fig. 1) s used 1o compune the
radial velocity, The widih of the crass-corredation fanctiion s
related toe the siar's rotational velocity. The very high radial-
welocity accuracy achieved @ a resull of the scrambling oifect
al the Bbres, s well a2 mondoring by oa calibralsn lamp of
inErTUEEIal variations dunng exposun,

The first ohservations of 51 Peg stzried in Sepiember 1994, In
Jamuary 1995 a first 4 2days orbit was computed and confirmed
by indensive observations during cigh! cosseculive nights in Jaly
Vs and elght an September 1995 Mevemtheless, o Mms
scatier af the orhital soluion was messured. As this s imoompat-
thle with the accuracy of ELODIE measurements, we adjusted
an arbit 1o four sets of measurements carried ot al foar different
wposchs with only the r-welomly ax a fros parameter (soe Fig. 2h

o B e
|
nL/—‘\‘\-\‘\_’_/’J. -\-Hi:
-t smam.u'
—im
wm E
TM
13 Tan e, 13
= _abe | L . '
E wef y y y

i

FKi 2 Orbesl motion of S1 Beg al four gifsnst spoche comecied om
the #wekocrty. The solid line represants the orbial molion Eted on sach
time span with only the pvelocky s 8 fes parsmater and skn the
oiher fissd peramessrs. tsaen from Tabks 1,

ylma)
i
T

oo L] {5 o
AT -Radssss

Fil. 3 & ELOMNE mre poing computed fom 87 stam of the sampie
Fiard g, e Ehan Teed ik remmems and showing no welocly vaialios
K Irgstrumizmial xere poent drift & ceteces b, Wadiobon of the posiocdiy
ol 51 Peg computed from the orbical s desplayed in Fg. 2 Consldierning
ihe kongiem siabdiy of ELDOIE this pedurbation is peobably due io a
low-mass companion.

The p-aeloeity i Fug. 3 shows a sigeilicant vnialson thal cannet
he ihe resubi of inscrumesial drift in the spectirograph. The slow
periurbation of the short-period arba is prohably the signaterne
of a secomd low-mass companian.

The long-pericad arkel canmed have a lirge amplitude, The 26
radial velocity mensurements made daring =12 vears with the
CORAVEL speciramelzn o et reveal any significamt vanation
ala 2 ms"" kevel. Intemsive mondloring of 51 Peg is in progress
1o gonliom Thes emg-period orbin,

In Fig. 4.8 short-pericd circalar cobit s fisd 1o e daia after
correciian of the variation i povelocicy. Lesving the ecentricity
25 a free parameter would have given &= (09 £ . 6 with almosi
the same standard deiation for the r.ms. residual (13 ms™").
Therefone we consider thist & circular orbat cannoed ke ruled our,
At present the eccentricidy range is hetween F and abour 4,15,
Tabde | lists the orbital parameiers of the circular-orbit solusion.

An orbital peniod of 4.13 days 1s ratker short, but short-pericd
biperics are nil exceplonal amang solar-type stars, | Five spec-
TrosCome hinanes have been Found with & period <4 daya in a
volume-limited sample of 164 Cetype dwarfs en the solar
vicimity®. b Alibouwgh this orbilal period is nol sarprising in banary
stars. it & puzzling when we consider the mass abiained for the
CUAMPERien

Mysin f= AT £ 002 M

where § is the (unknown} inclmation angle of the arbé.

51 Peg (HRET29, HDZITON4 or Gliess 882} is a 5.5 mag star,
gquitic similar 10 the Sun (see Table Ij, bocated 13.7po 145
Tight yri away. Phetomerric amd spectroscopss analyses indicsic
a star slhighily older than ihe Sun, with & similar temperature
and slight overnbundance of beavy clements. The estimaied ape’
derived from ils lumdnosity and effective temperatare is typical
ol am okl palsctic-disk star. The slight cverabandanoe ol heavy
glements i sudch an all disk slar is noteworiby, Bt thes w i
tainly not a remarkahble peculiarity in view of the ahserved
scatier of stellar metallicities ot a given age.

Upper limit for the companion mass

A peiord, we could imagine that we ane confroated with a somaal
specirascopic binary with an orhital plane almaost perpendiclar
o the line of sight. Asssming a random disirbution of binary
orhital planes. the probability is less than 1% that the companion
enass is borper Than 4 A, ard |40 000 Chat i is above (e hyvdr-

HATLRE - WOL 378 - 33 MOVEMBER 1985
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FIG. 4 Qrtital motien of 51 Peg correctad from Thi Rag-em vanation
of tha p-wiincity. Tra solid N apTRERITIS Nk OIEAl MSGON Com putid
from the pammeters of Tabk 1.

open-burndng limit of (V08 M. Althoagh these probabiliy esti-
males already imply a low-mas companion for 51 Peg, an oven
dromper cise an be made Trom consscleratioms of rotalonal
weloeity, 1T we masumne that the rotational axes of 51 Peg is aligned
with the orbital plane, we can derive sin { by combining ithe
abserved projecied rotational w:lncil}' {0 sin ¢ with the eguator-
ml velocily Fogo=2a8/F (vsini=Fg, - =mil

Thre: mdq:-mu:nl precise e sln i determinations of 51 Peg
Bave heen  made: by line-profile anolysis', vsini=
I.T£08kms™'; by using the crnu-nurrflﬂl.on function
ohiained with the CORAVEL spectrometer’’,  vsini=
2iE06km e ' and by wsing the cross-corrclation funelian
obtxined  with  ELOIDME, vsini=28+0%kms ' The
umweighied mean o simiis 22405 kms'. The standard error
= probably nod significant as the determination of very small
2rm 18 crlically dependent on the suppoessd macroturbolence
i the aimosphere, We accordingly prefer 10 admil a Barger
wncertainty: esin =221+ 1kms '

51 Peg has been actively monitored for variability in its chro-
mrsptherc activily', Such activilty, measured by the re-emission
i@ the cose of the Ca o Bines, is direcily relased 1o seellar rotation
win its dynamo-generatsd magnetc field, A very low level of
chromespheric activity is measured for this objecl Incidentally,
thiz provides an mdependent estimate of an ape of 10Gyr (ref.
|4] aongsent with B ather sslemales. Mo mla.'llunal mudulka-
tinm has besn detected s Far from chramespheric emission, b
u Jiday periad is deduoced from the menn chromasphene activ-
ity lovel Seindex. A Fi, valse of 22208 km s is then com-

TAHLE 1 Oebinal parsrvsstans of 51 Payg

[ A, 2283 + (L o

T FAAGTAT TTH A QGG
it e glaindl)

Ky D059 £0.003 kv g ?
asini (344210 mi

fugm 1081 £ 0,45 107 M,
L] 35 meanreTenis
- 1ams '

F, period; T, epoch of the masivasm welocity; o, scceninicity; &, . hat:
amplitude of the velocky varabion: 8, sin L where 8, is the orbital adies;
fy (s, s function: i, rumber of cbssrations: |0 -G rmes residusl,

HATURE - V0L 378 - 23 NOVEMBER 1905

TAELE 2 Pysical parameiers of 51 Pog compganad with thosa of
thiz S

51 Pag
Swomgren
Geravs photormatry unu

Sun  pholmesn® Spectroscoryt  spectmssogy’
T (¥} 5.TEO B3 5T BTG
Iog @ d.4a8 432 4.3n 418
Fa/H ] nig s
NiH o 020
M, 4.7% 48
RiR 1 12

MelH B Crel bogarithimic fatic of Che iy almant SSundants com-
parad ta e Sun (in deal

® M. Grenon (mersonal cormmanication

P L Walerl |personal Commonication].

b But cther elements such as Mai, Mgy Al are overatandant, in
eness of 020,

pueed i & 23% unceriaimy o ke pericd delermanation
assumed.

Using the mean »sin § and ibe rodational velocity computed
Froam chiramsaipherc activity, we fally dedwce a lower lmif of
.4 for xin & This corresponds to an apper liman for the mass af
the plumet af 1.2 M,. Even if we consider & misalignmend as large
as 107, the mass of the companion must still be less than T A,
well below the mass of brown dwarfs.

The I-day roatiom pericd o 5F Peg = early niol synchro-
mized with the 4.23-day orhital peried of it low-mass com-
panion, despidc s very shom pericd. (Spectroscopic binaries
with similar periods are all ::.-n.LhrDmmd. 1 The lack nt'::.ln.l:hm-n-
ism om @ timescabe of 10 yrois 8 consequence of the g7 (g =
Mo/ M dependenes of the symchronizaton tiecale™, Tn prin-
ciple this can be used io derive an upper limit o the mass of the
companion. It does &t least rabe out the posshility of ke pres-
eniar Al 4 low-mass stellar companion.

Alternative interpretations?

With such a small amplitude of velocity variation and such a
shart period. p-ul:ll.'mn ar spat rotaiion might explain the obscr.
wationd equeadly well™'". We review these alternatinve interpreta:
tioes below and show (et they cin profably be excuded,

Spit rowwtion com be dismvissad on the basis of 1he lack of
chromospheric adiivity and ibe large period derived from the
5 chromuspheric index, which is chardy incompatible with the
ohsirved radial-veloily shorl perisd. A solar-type star rolating
with a peried of 2,2 days would have a much stranger chromao-
spheric activity than the currently observed value'. Moreover,
i pericd of rotation of 4.2 days for a solar-type star is typical
of a wery voung chiect {younper thas Uhe Pleiades) and certainly
not of an old disk srer,

Pulsation cowld easily viekd bow-amplituds velocity varations
similar fo ke ane chserved. bud would be sccompanded by hum-
inanaily &nd cobiur variatsns as well as phase-related absorplion
lige asymmetries. The homogeneoms pholometnic survey made
by the Hipparcos satedhie provides & comprchensse view of
the imirinsic vanability af stars of different temperatures asd
luminasities. The spectral type af 31 Peg corresponds 1o & region
of 1he !'[-:r':.wru:l; e ussell diagram wihere 1he stars are the most
stablc'™,

Amang solar-1ype stars 0o meshanizs have baen identified
fiar the excitation of pulsziion modes with periods as bong os 4
days. Only modes with very low amplitude {elms "l and
periods from misutes [a | h are detectad for the Sun

Radial welocity variations of & few days and <I00ms™"
amplitude kave been reporied Tor o few gant siwrs'™, Sinrs
with a similar spectral type and lominesiy class are known
1o be phatometric variables'. Their observed periods are i
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CnekTtporpac ELODIE

389.5 nm to 681.5 nm

_ in a single exposure
Absorption

Spectrum

Planet Announced in

Order separator 51 Pegasi b 1995
and CCD camera | Gjiese 876 b 1998

14 Herculis b 1998
HD 209458 b 1999

Mirrors

Starlight
Thorium lamp
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Cnektporpad ELODIE

Collection Phototheque OHP/CNRS

http://www.obs-hp.fr/histoire/193/spectro_ ELODIE.html
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FIG. 4 Orbital motion of 51 Peg corrected from the long-term variation
of the y-velocity. The solid line represents the orbital motion computed
from the parameters of Table 1.
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Nobd Prize in P],,),gc_s Pact 2: Michel Mayor X-Didi‘er Que loz

Ockbe: 6%, 1995 :  fouad a planet |

"5 fegpsi ¥ -.
51 Pegasi b ~ Jupiter O = b days

5 Vinpte, = 1300 Voo
b Mygiter = DO Mg,

L’ O= I?.lzcacsj!! G\A
N ~ WA
=D Doppler effect -~y e
- W M,N\
Sun | __. 4 Earth
" ~ |GOm  lem o :i\\%\\j

https://www.youtube.com/watch?v=KJhWhOOrxMU
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An illustration of 51 Pegasi, the first planet to be discovered orbiting a sunlike star.

NASA/JPL-Caltech

https://www.quantamagazine.org/nobel-prize-in-physics-to-james-peebles-michel-mayor-and-didier-
queloz-20191008/
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FINDING PLANETS USING )
TRANSIT PHOTOMETRY & ./
The star’s light intensity j
decreases when the planet

passes between the star )
and our line of sight.
This effect is ’
observed by

telescopes on
Earth.

LIGHT INTENSITY

CENTRE OF
THE MILKY WAY
x

30,000 LIGHT YEARS
l AREA BEING
SOLAR SYSTEM Lo SEARCHED FOR
EXOPLANETS

https://www.nobelprize.org/uploads/2019/10/advanced-physicsprize2019-3.pdf
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mit.edu in @O B

TESS News Mission Observations Science Contact Yy K

TESS, the Transiting Exoplanet Survey Satellite /R"h
is an MIT-led NASA mission to spend two 9 )
years discovering transiting exoplanets

by an all-sky survey. The TESS Science
Office is run by MIT and the Harvatdsse. -
Smithsonian Center for Astrophysics.

o P S
LEARN MORE TESS STATUS Il II I (CfA N(Hg\ﬂjﬁ

https://tess.mit.edu/
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0 & hitps://exoplanetarehive.ipac.caltech.edu

|
NASA EXOPLANET ARCHIVE | E.’:if;ﬁﬁf;i’.fﬁ:iﬁ‘i::ﬁ:

A SERVICE OF NASA EXOPLANET SCIENCE INSTITUTE

Home About Us Data Tools Support Login

43034 i 29 5 1’133 , 5 View more Planet and
Conhrmed Planets TESS Conflrmed Planets TESS Pr0|gct Candidates Candidate statistics
10/24/2019 10/24/2019 10/22/2019
2 r“g.;-ii * - * 7
Explore the Archive Confirmed Planets and Kepler Candidates

Radius — Period Distribution

Search

24 0et 2019
exsplenstureiivn inat celtech ety

107

Optional Radius (arcsec] © Advanced Search =+

Transit Surveys 101,077,422 Light Curves

Launched in April 2018, TESS is
surveying the sky for two years to
find transiting exoplanets around
the brightest stars near Earth.

100 1000 10* 10°

Radius [Earth Radii]
10
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NASA EXOPLANET ARCHIVE

O &

NASA EXOPLANET SCIENCE INSTITUTE

Home

— Select Columns

(Bl

About Us

|| Download Table  [\,} Plot Table

Data

.,

Confirmed Planets

Tools

Support

_}»‘ View Documentation

caltech.edu

Login

CR"

in 0 B @®

al = 8B a3 8 33 B8 = @m B =3 8 == 8B =1 = 8 &= = 8B =23 B a2a=- B H-» B8
Host Mame Planet Planet Name Discowvery Number of Orbital Period [days] Orbit Semi-Major Axis Ececentricity Inclination [deg] PlanetMassor Distance [pc]
Letter Method Planets in [AL] M*sin{i) [Jupiter
System mass]

| a a | a | & | & | la | | a | & | & | & | a
Proxima Cen € b Proxima Cenb  Radial Velocity 1 11.186 ‘oo0s 0.0485 "gonat <0.35 0.00400 S omey 1.3012355557 |
GJ411 @ b GJ411b Radial Velocity 1 12.9532+0.0079 0.0785£0.0027 0221013 0.00941£0.00145 2.5468£0.004: |
epsEri O b epsErib Radial Velocity 1 2502210 3.39:0.36 0.70220.039 30.1£3.8 1.55£0.24 3.2116£0.0011 |
Ross 128 © b Ross 128 b Radial Velocity 1 9.8658£0.0070 0.049620.0017 0.116+0.097 0.00440+0.0006€ 3.3506£0.006 |
Gli5A @ b GJ15Ab Radial Velocity 2 11.4407 5001 0.072 o o0t 0.0940 "3 oet0 0.00953 D ootas  3.5626461540 |
ci15A @ c Gl15AcC Radial Velocity 2 7600 3700 - e X 0.1 908 3.5626461540 |
YZcet © b YZ Cetb Radial Velocity 3 1.96876£0.00021 0.01557+0.00052 0.0£0.1 0.0024£0.0004 36 !
YZcet © c YZ Cetc Radial Velocity 3 3.06008£0.00022 0.02090+0.00070 0.040£0.110 0.00308+0.00044 3.6 !
YZcet © d YZ Cetd Radial Velocity 3 4.65627+0.00042 0.02764+0.00093 0.12920.096 0.00359+0.00052 3.6 !
tau Cet @ e tau Cete Radial Velocity 4 162.87 ‘5 on 0.536+0.060 048 g1 0.0124 Soo  3.6033930383 |
tau Cet € f tau Cet f Radial Velocity 4 B3613 4y 1333470 00 046 o8 00124 Sone 36033930383 |
tau Cet € a tau Cetg Radial Velocity 4 20.00 oo 0133 oo 0.060 Do 0.00551 ‘S oane  3.6033930383 |
tau Cet @ h tau Ceth Radial Velocity 4 49.41 5% 0.243+0.003 023 1L 0.00576 5 oogs  3.6033930383 |
epsind A € b epsind Ab Radial Velocity 1 16510 Taa0 1155 05 098 oo 64.25 Ton’ 3260 3 6389465505 |

- H OW0Sa H W10 H D H (WWIER
Showing records 6 to 20 of 4084 (4084 total)

Clear Check All Reset Filter:

https://exoplanetarchive.ipac.caltech.edu/cgi-bin/TblView/nph-tblView?
app=ExoTbls&config=planets
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NASA EXOPLANET SCIENCE INSTITUTE
Home About Us Data Tools Support Login

Overview

Confirmed Exoplanet Overview

This page contains all available information in the
archive about a specific confirmed exoplanet. All
planetary, stellar and statistical information displays
by default, and views can be customized by
selecting and de-selecting fiekds in the bottom-left

pane. Default parameter values (those listed in the Object and Aliases
Confirmed Planets table) are indicated by an crange
background for the row. See the AP| Data Columns LEEL s
i S Alias
for column definitions and the user's guide for a
detailed explanation of this page. GJ 15 Ab | 2MASS J00182256+4401222 b | BD+43 44 b| GX And b | HD 1326 Ab | HIP 1475 b | IRAS 00156+4344 b | LHS 3 b | SAO 36248 b | TYC 2794-00157-1 b | WDS J
NASA Exoplanet Archive Links
Planet Related Overviews Transit Service
Sections| Update | SelectAll v Eoatiined Kepler Pipetine
GJ15AD Planet | Host | GJ 15 A b Transits
El- Overview
M Planet Orbital Properties Planet Orbital Properties
¥ Planet Parameters Planet| Period (days) Semi-Major Axis | Inclination | Eccentricity Time of Transit Time Longitude of | RV Amplitude Date of Reference
. . (AU) (deg) Periastron System Periastron Value (mi/s) Orbital
I Planet Transit Properties Passage (days) Reference (deg) Solution
~F Notes 00017 0,003 00810 roe 0.0 AT
L — b| 11.4407 52017 D72 null | 0.0940 55210 null BJD| 550750 168100 null | Pinamonti et al. 2018
eneral Information : ; : : :
b|11.4433+£0.0016 | 0.0717+0.0034 null 0 null BJD null 2944028 null Howard et al. 2014
[ Summary of Stellar Information
& Stellar Information Planet Parameters
¥ stellar FProperties Planet M sin(i) Mass Radius Density | Equilibrium Temperature | Insolation Flux Value Reference
= Spectral Type (Jupiter Mass) |(Earth Mass) |(Jupiter Mass) |(Earth Mass) |(Jupiter Radii) | (Earth Radii) mjcm3; (K) (Earth Flux)
: hl nnnasa 000135 | 5 nq 046 il nnll null il null nnll null | Pinamanti ot al 2018

Version 2.2

https://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-
DisplayOverview?objname=GJ+15+A+b&type=CONFIRMED PLANET
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E 10000 . e . . « Radial Velocity
. : o e é g ] g « Kepler
S ! enyept ] ;s « Other Transit
1000 L.~ . , .05 J . . Other
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= x4 o @ Jupiter 2 10¢ L : e
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& 100 Y b * @ Satumn E E s "
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E '."': Neptune 1 é >, .,
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The distribution of known exoplanets as a function of their orbital periods and mass

(left panel) and radius (right panel). In addition to the radial velocity and transit methods,

which have been used to discover the vast majority of exoplanets, imaging and microlensing
also have been used. Most of the exoplanets discovered via the radial velocity method do not
transit, and hence only their masses are known, and not their radii. The opposite holds for
transiting planets. In some cases, an exoplanet can be studied by both methods, in which case
both the radius and mass can be determined. Exoplanets in the upper left corners are denoted
“hot Jupiters”, to the right of those are the “warm Jupiters”, and below are the “super Earths”.
(Reproduced from figure 3.1 in Exoplanet Science Strategy, National Academies Press, 2018.)
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Image Credit: Chester Harman +
Planets: PHL at UPR Arecibo, NASA/JPL/AFL/Arlzona
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Potentially Habitable Exoplanets

Ranked by the Earth Similarity Index (ESI) '?ariil

{400]
P & GF: P | )| ;
[0.87] [0.86) [0.84) [0.84) [0.77] [0.73] J'f’#'?‘”
ProximaCenb TRAPPIST-1e  GJ667Cc  Kepler-442b  GJ667Cf* Kepler-1229 b 0.12]
4t i
[0.68] [0.67] [0.67] [0.61] [0.60] [0.58]

TRAPPIST-1f  Kapteynb*  Kepler-62f  Kepler-186f  GJ667Ce*  TRAPPIST-1g "

Artistic representations. Earth, Mars, Jupiter, and Neptune for scale. ESI is a measure of how similar is a planet to

the size and stellar flux of Earth, value is between brackets. Planet candidates indicated with asterisks. CREDIT: PHL @ UPR Arecibo (phLupr.edu) Fehruaryfv‘}:%i]‘i:?
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TRAPPIST-1
System
b C d e f g h
Orbital Periz;ls 1.51 days 2.42 days 4.05 days 6.10 days 9.21 days 12.35 days ~20 days
Distance to tax 0.011 av 0.015 av 0.021 av 0.028 av 0.037 av 0.045 au ~0.06 AU
Rlangs Radiug 1.097,, 1.06%,, 0.77¢,, 0.92r, 1.04r,, 1.13¢#,, 0.76 %,
Flangc Meass 0.85m,, 1.38m,, 0.41m,, 0.62m,, 0.68M,, 1.34,_,, -
Solar System 6 . ’&.“
Rocky Planets
Mercury Venus Earth Mars
e 87.97 days 224.70 days 365.26 days 686.98 days
Dhistance b Stax 0.387 au 0.723 au 1.000 Av 1.524 av
PlanstRnclus 0.38%,, 0.95%,, 1.00&,, 0.53%,,
Elapet Mass 0.06 m,,, 0.82m,, 1.00m,, 0.11m,,

TRAPPIST-1 — ynbTpaxonogHuUn 4epBoHUN Kapank. Maca 30pi CTaHOBUTb
npnbnnsHo 8% macum CoHus, a paaniyc — 11% paaiyca CoHus. TemnepaTypa
Ha noBepxHi carae 2550 K. Bik 30pi woHanmeHwe 500 MiNbNOHIB POKiB, TOA|

K BiKk CoHUs — npubnn3Ho 4,6 Minbapan pokiB, a TeMmnepaTypa Ha Noro
noeepxHi carae 5700 K.




Potentially Habitable Exoplanets

Ranked by Distance from Earth (light years)
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Artistic representations. Earth, Mars, Jupiter, and Neptune for scale. Distance from Earth is between brackets. Planet candidates indicated with asterisks. CREDIT: PHL @ UPR Areciba (phl.upr.edu) Nov 15, 2017
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arXiv.org > astro-ph > arXiv:1708.02051 Search or Ar

Astrophysics > Earth and Planetary Astrophysics

Color difference makes a difference: four planet candidates around tau Ceti M ACU 3HaUAEHUX NnnaHeT
Fabo Feng, Mikko Tuomi, Hugh R.A. Jones, John Barnes, Guillem Anglada-Escude, Steven S. Vogt, R. Paul Butler 6 I nﬂ 3 I p K" Tay K"Ta

e (12 cB.p.), CX0XOi Ha
The removal of noise typically correlated in time and wavelength is one of the main challenges for using the radial velocity method to detect Earth " p a4
analogues. We analyze radial velocity data of tau Ceti and find robust evidence for wavelength dependent noise. We find this noise can be modeled by c
a combination of moving average models and "differential radial velocities". We apply this noise model to various radial velocity data sets for tau Ceti, o H I-'.e’ CTa H 0 Bn ﬂTb
and find four periodic signals at 20.0, 49.3, 160 and 642 d which we interpret as planets. We identify two new signals with orbital periods of 20.0 and -
49.3 d while the other two previously suspected signals around 160 and 600 d are quantified to a higher precision. The 20.0 d candidate is 6,1 " 3 b Ko 1 » 7 M a C “ 3e M n I .
independently detected in KECK data. All planets detected in this work have minimum masses less than 4 My, with the two long period ones located
around the inner and outer edges of the habitable zone, respectively. We find that the instrumental noise gives rise to a precision limit of the HARPS
around 0.2 m/s. We also find correlation between the HARPS data and the central moments of the spectral line profile at around 0.5 m/s level, although

these central moments may contain both noise and signals. The signals detected in this work have semi-amplitudes as low as 0.3 m/s, demonstrating
the ability of the radial velocity technigue to detect relatively weak signals.

Mercury Venus : Mars
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