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Abstract

The bachelor's project is devoted to translation and analysis of astronomical terminology,
with a particular focus on cosmonyms and astronyms, as they appear in the Exoplanets: Hidden
Worlds and the Search for Extraterrestrial Life, a work by Donald Goldsmith. The reasons and
circumstances for the emergence of the above elements and their common use, which in most
cases is inherent in scientific texts in the field of astronomy, are examined. In particular, a
thorough investigation into the conditions of development and the peculiarities of the science of
astronomy is conducted, elucidating its contribution to the development of exoworlds by the
renowned astronomical popularizer Donald Goldsmith. The issue of idiostyle, its etymology and
characteristics, as well as its use by the author through the prism of cosmonyms and astronyms,
are analyzed. Main translation techniques for Exoplanets: Hidden Worlds and the Search for
Extraterrestrial Life are summarized. They include established equivalent, amplification and
borrowing. The overview of lexico-semantic groups of astronomical terms and translation
techniques employed is presented, accompanied by statistical data.

Key words: astronomy, astronomical terminology, cosmonyms, astronyms, idiostyle,
Donald Goldsmith.

AHOTALA

JlumiomHa po0oTa TPHUCBAYEHA TEPEKIaNy Ta aHali3y acTPOHOMIYHOI TEPMIHOJOTI,
30KpeMa KOCMOHIMIB Ta acTpOHIMIB, 10 (irypyrors y kHU31 «Exoplanets: Hidden Worlds and
the Quest for Extraterrestrial Life» Jlonanpma ommemita. JlocmimKyOTbCsl TPUYMHA Ta YMOBH
BUHUKHCHHS BUIIE3a3HAYCHUX (EHOMEHIB Ta IX 3arajibHe BUKOPUCTAHHS, IO B OUIBIIOCTI
BUITAJIKIB TIPUTaMaHHE HAYKOBUM TEKCTaM y Tally3i acTpoHOMIi. 30KkpeMa, MpOBEICHO IPYHTOBHE
JOCTIPKEHHS TIEPETyMOB PO3BUTKY Ta OCOOJIMBOCTEH HAYKH aCTPOHOMIT; 3'sCOBAHO ii BHECOK Y
CTAHOBJICHHS €K30CBITIB BiZIoMOro momnyispuzaropa actpoHomii Jlonampna Tommcmira.
[IpoananizoBaHO MHUTAHHS iMIOCTHIIIO, HOTO €THMOJOTII0 Ta OCOOJMBOCTI, a TaKOX 1M10CTHIIb
aBTOpa Kpi3b NPHU3My BHKOPHCTaHHS KOCMOHIMIB Ta acTpPOHIMIB. ¥Y3arajabHEHO OCHOBHI
nepekyananbpKi npuiioMu, HaifvacTiie BXWTI Iia 4yac mepekiany kHurd «Exoplanets: Hidden
Worlds and the Quest for Extraterrestrial Life», Bkitodaroun ycraneHnuid eKBiBaJICHT, TTOCHICHHS
Ta 3aM03UYeHHS. 3/iiiCHeHO Kiacu]ikalliro aCTPOHOMIYHUX TEPMiHIB 32 JEKCUKO-CEMaHTHUYHUMHU
rpylaMu, a TaKoX BHKOPHCTaHUX MPUHAOMIB mepeknany. IlpeacraBieHO pe3ysbTaTH
knacudikamii Ta CTATUCTUYHUH OTJIS Y BUTIISAI Aiarpam.

KurouoBi cjioBa: acTpoHOMisl, acTPOHOMIYHA TEPMIHOJIOTIS, KOCMOHIMH, aCTPOHIMHU,
imioctuiib, Jlonansa [Nomaemit.
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Introduction

In the context of contemporary translation studies, there is a clear requirement for a
methodical and comprehensive investigation into the process of translating English-language
texts into Ukrainian, with a particular focus on scientific literature. In the current era, the
accurate translation and reproduction of scientific vocabulary in translated texts is of the utmost
importance. Consequently, this facilitates the dissemination of knowledge across diverse
readerships, enabling effective familiarisation with a wide range of disciplinary and
interdisciplinary terminology. This paper is devoted to the translation and analysis of
astronomical terminology, with a particular focus on cosmonyms and astronyms as they appear
in Donald Goldsmith's work.

The relevance of the research topic lies in the reproduction of astronomical terminology,
which has become the author's lifelong work, initiated in his youth. The lexical features of the
work enable the author to provide a comprehensive account of the achievements of astronomy in
the study and research of extrasolar planets, thus realising his creative intention.

The study of the author's astronomical terminology has yielded limited results, rendering
it inadequate for a detailed analysis of D. Goldsmith's oeuvre, resulting in a paucity of examples
of works by Ukrainian translators. The above determines the state of research on the problem.

Analysis of the research works corpus has revealed that literary research has been in the
focus of the works by O. Karpenko, I. Kuznetsova, V. Neklesova and others.

The purpose of the work is to identify novel aspects of comprehension of Donald
Goldsmith's idiostyle through the lens of astronomical vocabulary, to study the translation of
cosmonyms and astronyms in the book Exoplanets: Hidden Worlds and the Quest for
Extraterrestrial Life.

The tasks of the research are:

- to review the critical data concerning Donald Goldsmith’s work;

- to analyse lexico-semantic features of the author’s idiostyle;

- to examine the utilisation and translation of two primary phenomena based on

Exoplanets: Hidden Worlds and the Quest for Extraterrestrial Life and its translation.

The object of the work is the astronomical discourse of the English language.

The subject of the work is the astronomical vocabulary used by Donald Goldsmith in the
book Exoplanets: Hidden Worlds and the Quest for Extraterrestrial Life.

The body of the study is the book Exoplanets: Hidden Worlds and the Search for
Extraterrestrial Life (its size being 264 pages) and its Ukrainian translation, performed as a part
of the translation project.

The bachelor's project consists of an introduction, two chapters, conclusions and
references.



Chapter 1. Translation of selected texts from Exoplanets: Hidden Worlds and Extraterrestrial Life by Donald Goldsmith

Source text
PROLOGUE

In 2015, two experts deeply involved in the expanding efforts
to detect and to study planets around other stars wrote that “there are
few precedents in the history of science in which a discipline moves
so rapidly from shaky disrepute through a golden age of discovery
and into a mature field of inquiry. In less than two decades, the study
of extrasolar planets has accomplished all of this— answering
questions that were posed at the dawn of the scientific era, while
affording tantalizing glimpses of revelations to come.” Gregory
Laughlin of the University of California, Santa Cruz, and Jack
Lissauer of NASA’s Ames Research Center have heralded these
successes, but they also note that “this rapid progress partially
obscures the fact that the extrasolar planets are fundamentally alien.
Virtually none of their properties, either statistical or physical . . .
were predicted or anticipated.” Another exoplanet expert, Scott
Gaudi of Ohio State University, puts a more positive spin on this
startling result: “‘Mother nature is clearly more imaginative than we
are.” In other words, we are continually surprised at the diversity of
exoplanetary systems, and how different they are from our own solar
system.”2

The flood of exoplanet discoveries during the past two
decades has continually underscored the hazards of employing slim
evidence in leaping to broad conclusions. Paul Butler, one of the
pioneers in this field, has reminded us that prior to the discovery of
exoplanets, everyone from the world’s leading theorists to popular
science fiction culture . . . imagined that most planetary systems
would look similar to the solar system, with small rocky planets
orbiting in the inner few A.U., giant planets further out, all in
majestic concentric circular orbits. The reality could hardly be more
different. The implications of this are profound. . . . With zero

Target language translation
nmprPoJIOr

VY 2015 pomi aBa mpOBITHUX HAYKOBIIl Oepydyd aKTHBHY y4acTb Y
JOCHIUKEHH] €K30IUIaHEeT 3a3HAa4ylid, L0 B ICTOpii HAayKH JOCHUTH PIiIKO
3yCTPIYarOThCS BUIIAIKH, KO JUCITUIUTIHA TaK CTPIMKO MPOXOAUTH MUISX BiJ
MOYaTKOBOT HEBU3HAYEHOCTI JI0 MEpioy 3HAUHUX BIAKPUTTIB 1, BPEILUTIi-peIlT,
0 CTafil 3piIOro HAyKOBOTO PO3BHTKY. MEHII HIDK 3a JBa JECATHIITT,
JOCTIPKEHHS MTO3aCOHSYHUX IUIaHET OyJIo 3aBEpIIEHO, JAI0YU HaM BiAMOBIII
Ha HAYKOBl 3amUTaHHA Ta PO3KPHUBAIOYM 3aXOIUTIOIYY 1H(POpMAIIIO Mpo
nojanburi BigkpurTs. I'peropi Jlaguin 3 KamidopHiiicbkkoro yHiBepcurery y
Canra-Kpysi ta Ixek Jliccayep 3 Hocmigauupkoro nentpy Eitmca HACA
BIIMITHIIH 111 3M00YTKH, ajie TaKOK 3BEpHYJIHU yBary Ha Te, 0 “X0odYa Mporpec
OyB CTpPIMKHM, BIH MOYAaCTH 3aThbMaprO€ TOM (DaKT, M0 €K30TUIAHETH BCE IIIE
3aJMIIAOTHCS yyorcumu. Hi iXH1 cTaTucTHyHi, Hi (P13UYHI BIACTHUBOCTI HE OyiH
ToNepeIHB0 TIepenbadeHi abo mporuo3osani”.' [HmMIA (axiBelp 3 BUBUCHHS
exzomianer, Ckorr [ayni 3 VYHiBepcutery mrary Oraiio, ONTHMICTHYHO
HaJallTOBAaHWM  IIOAO Ppe3yJbTaTiB  JOCHIDKEHHSA:  “‘MariHka-mpupoaa
Oe33arepedHo € OimbIl BUHAXIAJIWBOIO, HDK MH. [HIIMMU CllOBaMHU, MU HE
MEePECTAEMO JUBYBATUCS KUTHKOCTI MO3aCOHSYHHUX TUIAHETHUX CHUCTEM 1 TOMY,
HACKITBKH BOHH BiAPi3HSIOTHCS Bix Hauroi CoHsaHOi crcTeMn”.

Hu3ka BIiIKpHUTTIB €K30IJIaHET 3a OCTAaHHI JBa JECATUIITTS BKOTpE
nigKpectoe Hebe3neky (HopMyIOBaHHS MOCHIIIHUX BHCHOBKIB, 3yMOBJICHHUX
00MEXEHOI0 KUIBbKICTIO okasiB. [lonm batnep, oauH 13 mepmonpoxiaiiB y mii
ramys3i, Harajaye, IO [0 BIIKPUTTS €K30IUIaHET yci — BiJ MPOBIAHHUX
TEOPETHKIB J0 TMOMYJSIPHUX aBTOPIB HAYKOBOi (haHTACTUKH — BBAXKAJIH, IO
OUTBINICTh TUIAHETHUX CUCTEM MAIOTh CTPYKTYpPY HOAiOHY 110 Hamoi COHsYHOT
CHUCTEMHU: HEBEIHMKI KaM'SHHUCTI TUTAHETH, MO0 OOepTaloThCs Ha BiJICTaHI
KUTBKOX aCTPOHOMIYHUX OJWHHIIL OJIHA BiJ] OJHOI; TMOTIM — BEJIHKI Ta3oBi
TUTAHETH, M0 PYXalThCSA MO BEIMYHUX KOHIICHTPUYHHX KPYrOBUX OpOiTax.
HaBpsn um peanpHiCTh MOXXKe OyTH Oinbll BiIMIHHOI0. 3a BiACYTHOCTI
MPUKJIAJIB ICHYBAHHS SIBUIIIA MU 3MYIIICH] TIOKJIQJaTUCS JIUIIE HAa CBOIO YSBY.
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examples of a phenomenon, we are forced to use imagination. With
one example we are wearing a pair of blinders. All other avenues are
excluded. I am sure that these “blinders” affect most of us on
everything ranging from the mundane details of daily life to the
search for life in the universe.’

Science doesn’t offer opportunities any better than the
challenges posed by unsuspected results from long-unanswered
questions. The bounty of new evidence about the worlds that orbit
other stars has resonated through the world of astronomy, creating
new careers for hundreds of scientists and stimulating the creation of
an array of ingenious new instruments, both Earthbound and
spaceborne, that promise to advance our knowledge in ways that will
make today’s reams of astronomical data seem entirely modest.

Research into exoplanets (this term has won more general
acceptance than “extrasolar planets,” although younger readers might
prefer “XOplanets”) took a giant step upward with the
announcements in late 1995 and early 1996 that astronomers had
found a planet around each of seven stars in the sun’s neighborhood.*
The stars had characteristics similar to the sun’s, but many of their
planets bore only slight resemblance to objects in the solar system.
Three of them are giant planets that take only a few days to complete
their orbits, and they have diameters less than 6 percent of the
diameter of the Earth’s orbital path around the sun. Since then, as one
startling discovery has followed another, astronomers have had the
happy task of explaining how the exoplanets that their brilliant
techniques revealed now fit into—or violate—the previous models
that they had put forth.

As an astronomer and astronomy popularizer, I leapt at the
chance to write the first book about the first seven exoplanets, and I
almost succeeded with Worlds Unnumbered, published toward the
end of 1996. The book’s appearance coincided with Govert
Schilling’s Tweeling Aarde—De Speurtocht Naar Leven in Andere
Planetenstelsels.” Schilling’s title and idiom tended to limit its

HasBHiCTP XO04a © OJHOTO pEajJbHOTO MPHUKIAIY O3BOJISIE HaM Kparie
3pO3YMITH CHUTYalil0, TOJI K MOTO BIACYTHICTH OOMEXY€E Hallll YSIBICHHS Ta
3MEHIIY€E Halll MOXJIMBOCTI. S TepeKoHaHwid, MmO Il “OOMeXeHHS,
BIUIMBAIOTh HA HAIIEe CIIPUUHATTS HE TIJIbKU B MOBCSIKACHHOMY JKUTTI, ajie H y
GiNbILI MAaCIITAGHIX HAPSIMKAX, TAKUX K BHBYCHHS KUTTS y KOCMOCI.

Hayka He nume BigKpHBae HOBI TOPU3OHTH, ale W CTHUKAETbCA 3
BUKJIUKAMH, 3YMOBJICHHMH HECTOIIBAaHMMHU BiIIOBIIIMH HA MUTAHHSA, SKUAX
panimie He icHyBajo. Benmukuii o0cAr HOBHMX JaHMX MpPO IUIAHETH, IO
00epTaloThCsl HABKOJIO IHIMUX 31pOK CHPUYUHUB CIPABKHIO PEBOJIOII0 B
rajgy3i acTpoHOMii, BIIKPHBIIM HOBI TpoQeciiHi MOXIMBOCTI ISl COTEHb
HAyKOBIIIB 1 CTUMYJTIOBaBIIN PO3POOKY IHHOBAIIMHUX MPHIIAIIB HA 3eMITi Ta B
KOCMOCi. 3aBJISKM HOBITHIM TEXHOJIOTiSM, IO OOIISAIOTh PO3IIMPUTH HaII
TOPU30HTH, HUHIMIHIA OOCAT AacCTPOHOMIYHMX JAaHUX BWIJISJAE JIOBOJI
OJTHOMAHITHHM.

BuBuenHs ex3orianeT (e TepmiH 3700yB OUTBITY MOMYJISIPHICTD, HIXK
“II03aCOHSAYHI TUTaHETH ’, X04Ya aHTJIOMOBHA MOJIO/Ib BiiJla€ TiepeBary TepMiHy
“XOplanets”) 3poOuso 3HaYHMIA TPOPUB HaNpHUKiHI 1995 1 Ha mouatky 1996
POKY, KOJIM aCTPOHOMHM OTOJIOCHJIM TPO BIIKPHUTTS IUIAHET HABKOJIO KOXKHOT 3
ceMu 3ipok, posramoBanux mopyd i3 Comrem.’ Xoua 1 3ipku 6ymu momiGHi
no Coniyd, 6araTo 3 iXHiX IUIaHET BiApi3HsUTUCS BiJ 00'exTiB Harmoi COHAYHOI
cucteMu. TpH 3 IUX €K30IUIAaHET € TUIAHETaMHU-TiIraHTaMH, SIKi 3aBEepIIYIOTh
CcBiil 00epT 1o opOiTi 3a KiNbKa JHIB, IPH LIbOMY IX JiaMETp CTAHOBUTH MEHIIIE
6 % Bin aiamerpa opbitu 3emui HaBkoyio COHIA. 3 MOMEHTY iX BIIKPHUTTS
aCTPOHOMM MaJlM 3’SCYBaTH, SIK 1i HOBI JaHI BIIUCYIOTHCS B ICHYIOUYI MOJENi
a00 X 3MIHIOIOTh X, 3aMePEUyIOYH CTapi Teopii.

SIK acTpOHOM 1 MOMYNSAPHU3ATOP B Taly3i acTPOHOMIi, s BXONMBCA 3a
MOXIMBICTh HANUCATH TEPITy KHHUTY TMPO TEPII CiM €K30IUIaHeT 1 Maiike
peamizyBaB 1e B KHH31I “CBiTH 0e3 Hymepauii”’, mo Oyra omyOmikoBaHa
HanpukiHi 1996 poxy. Buxinm miel kHurH crmiBmaB 3 TyOJiKaIii€ro mpari
I'oBepra Hlwmwrinra “3emins-6nu3Hiok — [Tomryku KUTTA B 1HIIMX IUIAHETHUX
cucremax”.” HasBa Ta crwns xuuru lllwmisra, WMOBIpHO 3BY3WJIH KOJIO
MOTEHI[IHHUX YMTaviB, B TOW Yac SIK 5 HE MOXY JOCTEMEHHO MOSCHUTH, YOMY
MOsI BJlJacHa po0OTa HE OTpUMasIa OLTBIIIOTO PO3TOJIOCY.



readership, while I have no convenient explanation for the limited
sales of my opus.

In those exciting days, the story of how astronomers found the
first exoplanets, and what they implied for our understanding of how
other planetary systems formed and evolved, seemed to unfold with a
majestic simplicity compared with today’s more complex situation.
As we approach the twenty-fifth anniversary of these discoveries, we
may rightly revel in the abundance and variation among the new
worlds revealed by ever-improved telescopes and spacecraft.
Although this decade’s astronomers count exoplanets in the
thousands, in the next they will know them by the tens of thousands.
To the single technique used for their initial exoplanet discoveries,
astronomers have now added half a dozen. Each technique has its
own advantages and disadvantages, and astronomers have now begun
to employ some of them simultaneously, evoking a synergy that
sharpens our knowledge. I invite my readers to join me in sailing
through the Milky Way (with a nod to the vast empires of space
beyond) to examine worlds both known and unknown, laden with the
promise of yielding their secrets—including their suitability for
extraterrestrial life—as well as the burden of offering astronomers
immense challenges in their attempts to bring these secrets to light.

1
THE LONG SEARCH FOR OTHER SOLAR SYSTEMS

Throughout the past few millennia, well before humans
understood the layout of the cosmos, philosophers (and ordinary
people as well) have engaged in enjoyable speculation about the
possibility of worlds beyond our own. During the first century BCE,
as Julius Caesar came to dominate what soon became the Roman
Empire, his contemporary Titus Lucretius Carus wrote a famous
poem, De Rerum Natura (On the Nature of Things), in which he
demonstrated—to his own satisfaction—that “in the universe there is
nothing single, nothing born unique.” Lucretius drew the natural
conclusion that “you must therefore confess that sky and earth and

VY Ti 3aXOIUTIO0Y1 YacH iCTOpisl PO Te, K aCTPOHOMHM BIIKPHIINA TIEPIII
€K30ITaHEeTH Ta 110 1€ 03HAYallo JUIsl HAIIOTO YSBJICHHS Npo opMyBaHHS Ta
€BOJIIOIII0 1HIIMX TUTAHETHUX CHUCTEM, 3/1aBajiacs IMPOCTIIIOI TOPIBHIHO 3
HUHIITHBOI0 OUIBII CKJIATHOI cUTyamicro. Habmuwkarouwch 10 ABaALSATH
M'ATOT PIYHUINI [HUX BIAKPUTTIB, MU MOXEMO IO TPaBy HACOJOKYBATHUCS
6araTcTBOM 1 PI3HOMAHITHICTIO HOBUX CBiTiB, BIIKPUTHX 32 JIOTIOMOIOIO BCE
OUTHIII JTOCKOHAJIMX TEJECKOIIB 1 KOCMIYHUX TpWiIaaiB. Xo4da B I[bOMY
JNECSATHIIITTI AaCTPOHOMH BXK€ BHUSBWIM THUCAYl €K30IUIAHET, HACTYITHE
JECATUIIITTS TPUHECEe 3HAHHS TPO e IECATKH TUCSTY TaKUX IMO3ACOHSYHUX
mwianer. Jlo MeTroay, M0 BHUKOPHCTOBYBABCSA [UIS TMEPIIUX BiKPUTTIB
€K30IUIaHeT, aCTPOHOMHM JOJaH Iie Kiibka HOBUX. KokeH meron mae CBOi
nepeBarn Ta HENOJIKM, 1 Hapas3l acTpOHOMH MOYalld BUKOPUCTOBYBATH iX
OJIHOYACHO, CTBOPIOIOYM CHHEPTiI0, SKa TMOIIHOIIOE Hame po3yMmiHHS. S
3aMpoIy0 CBOIX YWTAYiB MPHUETHATUCS 10 MEHE Yy MOJO0poxi YymambKum
[nsxom (3 Oorisa0oM Ha BEIWYE3HI KOCMIYHI CHCTEMH 3a MOTo MeXaMmu), oo
JIOCTIKYBAaTH BKe BimomMi a0o0, HAaBMAaKW, HEBIJOMi CBITH, sIKi OOIISIOTH
PO3KpHUTH CBOi TAEMHHWII, BKJIIOYAIOUNM MOJKJIMBICTh ICHYBAaHHSI IM03a3€MHHUX
(hOpM KUTTS, a TAKOK PO3TIISIHYTH BUKIIUKH, 3 TKUMU CTUKAIOTHCSI ACTPOHOMU
B iXHIX cripo0ax po3rajaTH Ii 3arajKu.

1

TPUBAJINH MOMIYK IHIIUX COHSIYHUX CUCTEM

[IporsroMm OCTaHHIX KiTbKOX THUCSYONITh, 3a0BrO JO TOTO, SK
JIOJICTBO 3pPO3YMIJIO CTPYKTYpy KocMmocy, ¢imocodu Ta 3BUYANHI JFOAN
PO3MIpKOBYBAJIM PO MOXJIMBICTH ICHYBAaHHS 1HIIMX CBITIB, OKPIM HAIIoro. ¥
MepIioMy CTOMTTI A0 Hamoi epu, koiau HOmiit Ilezap 3100yB Bimagy Hajg
TEPUTOPIEI0, M0 3r00M cTana PuMmchekoro immepiero, ioro cydacHuk TitT
Jlykpeniit Kap nanucas 3Hamenuty nmoemy “Ilpo mpupoay pedeit”. ¥V Hiil BiH
MIPOJIEMOHCTPYBAB, IO “y BCECBITI HEMAa€ HIUOro MOOJUHOKOTO, 1 BCeE, IO
iCHye, HE BUHUKA€E B €IMHOMY 1 HEMOBTOPHOMY BUTJsii”. Jlykperiii 3poOuB
JIOTIYHHUI BHUCHOBOK: “OTiKe, BU MOBHMHHI BH3HATH, 110 HEOO 1 3€MJIA, COHIIE 1
MiCsIITb, MOPE, 1 BCE 1HIIIE, IO ICHYE, HE € YHIKAIBHIUMHU, a HaBMaKH, KIJTbKICTh
ix mHesmivemna”.! TakiMM UHHOM, KOCMOC TOBHHEH MICTHTH “HE3JiYeHHY
KIIBKICTB CBiTiB”, siK 3a3Hauas Onexcarap Iloyn 18 cromite motomy.” Aue 4u
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sun, moon, sea and all else that exists are not unique, but rather of
number numberless.”’ Thus the cosmos must contain “worlds
unnumbered,” as Alexander Pope wrote 18 centuries later.” But does
it?

The alternative view, at least equally attractive to many,
placed our world at the center of the universe and regarded it as not
necessarily similar to any other object. From an intuitive viewpoint,
nothing could be more obvious than our cosmic centrality. We live on
an apparently fixed, unmoving planet, around which we observe (at
least before city lights took away the night sky) all celestial objects in
ceaseless motion as they wheel across the skies by day and by night.
Every society whose creation myths have survived has supported a
belief system that privileges our Earth above all else, implying, or
definitively stating, that cosmic forces observe, protect, and govern
earthly events.

Throughout the past half-millennium, scientific and
technological advances have gradually eroded the public’s belief that
we occupy the center of the universe. A sizable fraction of humanity
no longer consciously adopts this attitude. Aware of our cosmic
mediocrity, many of us have come to adopt an outlook much closer to
Lucretius’s—a belief that a host of worlds populate the cosmos. Most
of us have absorbed the fact that our sun ranks as a near typical star
among the multibillion, star-studded throng of our Milky Way
galaxy, though the details may evade us. In addition, by employing
the ability to reason by extrapolation that has served humanity so
well, most of these multiworlders have asserted, on entirely
reasonable grounds, that the enormous numbers of stars, and the
enormous numbers of the planets assumed to encircle them, imply
that life must be abundant throughout the cosmos, and that at least
some of these planets harbor forms of intelligent life that rival or
surpass our own.

Part of this chain of reasoning has proven entirely correct: We
now know that a large fraction—perhaps the majority—of the vast

IIHCHO I1e Tak?

IcHye anpTepHaTMBHA TOYKAa 30pY, IO CTaBUTh HAII CBIT y IIEHTP
Bcecity, po3risgaroun HOro SK MI0Ch OCOOIHBE 1 HE CXOXKe Ha IHII 00'€KTH.
3 iHTYITUBHOI TOYKH 30Dy, 1€l KOCMIYHOI IIEHTPaIbHOCTI 3AAETHCS IIIIKOM
ouikyBaHoro. Ha mepmmii moryisg, MU KMBEMO Ha HEPYyXOMil IUIaHETi,
HAaBKOJIO SIKOT MH CIIOCTEPIraeMo 3a HEOSCHHMHU TUIaMH, IO MepeOyBaloTh y
0e3nepepBHOMY pyci, 00epTalOYUCh HABKOJIO HAIIOI TUTAHETH BJCHB 1 BHOYI.
Koxne cycmisnbcTBO, 9mi Mihu TIpO CTBOPEHHS CBITY 30eperimcs,
HiATPUMYBAJIO CUCTEMY BipyBaHb, sIKa 3BeJIMUyBajia Hallly TJIAHETY HaJ ycima
iHmUMU. TakuM YWHOM, BOHU TPHITYCKIM ab0 HaBITh CTBEPKYBAIH, IO
KOCMIYHI CWJIM HarisJaroTh, 3aXUIIAIOTh 1 MAlOTh BJAAy HaA 3E€MHUMU
MOIISIMU.

3a ocTaHHE MIBTHCSYOIITTSI, HAYKOBO-TEXHIYHUHN MPOTPeC MOCTYIOBO
MiIpUBaB BIpy TpoMaAsH y Te, 0 MU TepedyBaemMo B IeHTpi Bceciry.
Unmana yacThHa JIOACTBA OLNBINE HE MOMAUISE IO MO3WINI0 Ha CBIIOMOMY
piBHI. Bu3Haoun cBOIO KOCMIYHY MOCEPEIHICTh, 0arato XTo 3 HAC MPUUHSB
cBiTOrIAA, Omkumii no mornaniB Jlykpemis — Bipy B Te, IO KOCMOC
HaceleHUW Oe3nmuyio CBITIB. Mu Bxke 3po3yminn, mo Hame CoHie €
HETHUIIOBOIO 3IPKOIO Cepea MUIbAPAIB iHIIKX y ramakruni Yymanekuid Hnsx,
xoua Oararo nerajei 3aauImarTbes HeBigoMuMu. KpiMm Toro, 3aBasku Harmii
3IATHOCTI IO €KCTPAMoJIALii, 6araTo 3 IUX MOTJIAIB Ha BCECBIT CTBEPKYIOTH,
110 BEJMYE3HA KUIBKICTh 31pOK 1 IUIAHET BKa3ye Ha WMOBIPHICTh 1CHYBaHHS
KHUTTSA B KOCMOCI, 3JaTHOTO KOHKYPYBAaTH 3 HaMH a00 HaBiTh MEPEBEPILUTH
Hac.

YacTKOBO 1€ NPUIYIICHHS MiITBEPIMIOCS: MH BXE 3HAEMO, IO
OUTBIIICTh 3IPOK MIMCHO MAalOTh IUIAHETH. 3a OCTaHHI JBa 3 TOJIOBUHOIO
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swarm of stars does possess planets. The flood of discoveries during
the past two and a half decades has resulted in nearly 4,000 verified
exoplanets, along with thousands of candidates ripe for further
examination. The enormous variety of the exoplanetary horde
embraces many objects whose sizes, masses, composition, and
distances from their parent stars deviate markedly from the
expectations induced by a natural, though in the event misdirected,
tendency to surmise that our own planetary system serves as a model
for others.

So far as the extrapolation to extraterrestrial life goes, we
must state the obvious: We have no strong indication that any such
life exists, but we recognize that the absence of evidence does not
constitute evidence of absence. Life may or may not exist on many of
the recently found extraterrestrial worlds, or on the far greater
numbers of worlds soon to be found (based, once again, on
extrapolation from our current findings). Conditions that exist on
many, though not most, of these planets may well favor the origin of
life as we know it. But although we have firm and abundant evidence
that extrasolar planets exist, our discussions of the possibilities of life
beyond Earth remain largely speculative.

In contemplating extraterrestrial life, our natural human
tendencies push us toward the search for a planet most like our own,
often called Earth 2.0. But if the multitude of planets found around
other stars has a single strong lesson to teach us, as well as the
astronomers who have fallen into a similar mental aberration, we
would do well not to concentrate overmuch on this quest for Earth’s
twin. If, as seems reasonable, the greatest fascination that most of us
experience in contemplating the worlds that populate our galaxy
resides in the hope (or fear) that the beings who may exist upon them
have much to teach us, then we should heed the lessons of the past
and avoid restricting ourselves, as earlier speculations have often
proposed, to concluding that any such beings must, or are even most
likely to, appear on planets that most closely resemble our own.

IeCATUMITT Oyno Bimkputo O0mm3bko 4 000 miATBEpMKEHHUX EK30IUIaHEeT, a
TaKOK THCIYl MOTEHIIMHUX KaHAWAATIB I IOJAJIBIIOIO JOCIHIIKEHHS.
Pi3HOMaHITHICTh €K30IUTAHET Bpa)ka€, OCKUIbKU 1XHI PO3MIPH, MAacH, CKJIaIu
Ta BIJICTaHi BiJl 31pOK, 3HAYHO BIAPI3HSIOTHCS BiJ THX, IO iICHYIOTh B HaIIil
ConsauHili cucTeMi.

Konu #eTbes mMpo eKCTPaIoIAIii0 M03a3eMHOTO JKUTTS, MU ITOBHUHHI
BU3HATH HACTYIHE: X04a MU HE MaeMO TMEPEeKOHJMBHUX CBiIUEHb Ha HOTO
KOPHCTD, IIe HE Ja€ IMiJICTAB OCTATOYHO 3alepeuyBaTH HOro icHyBaHHs. JKHUTTA
Moke OyTu, a Moke i He OyTM mHpUCYTHIM Ha O0araThbOX HEIIOAABHO
BHSIBJICHUX I103a3€MHUX CBiTax ab0 Ha TUX, IO 1€ HAJICKUTHb 3HAUTH (HA
OCHOBI pE3yJbTATIB HAIMX MOTOYHHX JOCIIIKEeHb). YMOBH Ha 0araTthbox 3
WX TUIAHET IUIKOM MOXYTh OyTH CIPHSTIMBUMU TSI BUHUKHEHHS XUTTS Y
BioMux HaM popmax. OpHAK, HE3BAKAIOYH HA Te, [0 MM Ma€MO YHCIICHHI Ta
MePEKOHJIMBI JIOKa3W ICHYBaHHS €K30IUIaHET, HaIlll JUCKYCIl Mpo TMo3a3eMHe
KUTTSI BCE I 3ATUIIAIOTHCS 3HAYHOIO MiPOIO TIMOTETHYHUMHU.

B posnymax mpo Take KUTTS Halll JIOJCHKI CXMJIBHOCTI CTIOHYKaIOTh
HAC IIyKaTH TUTAHETH, HAaHOUIBII CX0XkKi Ha 3eMitio, a00 Tak 3BaHy 3emuro 2.0.
AJle SKIIO € OAWH BAXKIUBUU YPOK, IKUA MOKHA BUHECTH 3 BUBUECHHS THUCSIY
TUTAHET, 3HAWIEHUX HABKOJIO 1HIIUX 31POK, TO 1€ T€, 1[0 MU HE MOBUHHI HAATO
30Cepe/KyBaTCA Ha TOLIyKax JABIMHUKA Hamoi IUIaHeTH. SIKIIO JIOT1YHO
MPUITYCTUTH, 110 HAlIe 3aXOIUICHHs 1HIIUMH CBITaMU 3yMOBIIEHE HaJi€ro (a0o
CTpaxoM), IO 1HOIJIAHETHI 1CTOTH MOXYTh HABYWUTH HAC YOTOCH BaKJIIMBOTO,
TO BapTO 3BEpHYTH YBary Ha MHUHYJIMH JOCBII 1 HE OOMEXyBaTUCS
MIPUITYIICHHSIM, 110 TaKi iCTOTH 00O0B'S3KOBO MAalOTh 3'SBIIATHCS Ha IUIAHETAX,
CXOXHX Ha HAIy.

I{s xHMTa Mae Ha METI MPEICTABUTH HaIllll CydyacHI 3HAHHS IMPO IHIII
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This book aims to present our current, rapidly evolving
knowledge of other planetary systems, which springs from at least
seven different, often complementary and interlocking, discovery
techniques. Astronomers’ spaceborne and ground-based searches
draw on hard-won understanding of how the laws of physics underlie
and explain the essence of the cosmos. The basic physics behind the
quest for exoplanets includes the laws that govern gravitational
attraction and celestial dynamics; Einstein’s general theory of
relativity; the rules of optics and what they imply about limiting and
improving our views of the universe; and the spectroscopic analysis
of light waves and their x-ray, ultraviolet, infrared, millimeter-wave,
and radio cousins.

Among the sevenfold pathway of techniques that astronomers
now employ in their search for exoplanets, three approaches have
provided the bulk of known exoplanets. First came measurements of
how a planet’s gravitational force on its star affects the star’s
motions, which can reveal not only the planet’s existence and a lower
limit on its mass, but also the size and elongation of its orbit. Next,
astronomers found planets whose orbits happen to carry them across
our line of sight to their stars, first with ground-based observations
and then, in far greater numbers, with spaceborne observatories that
can monitor stellar brightnesses with amazing precision. Third (by
the number of exoplanets discovered), astronomers used another
effect of planets’ gravitational forces—their ability, predicted by
Einstein’s relativity theory, to focus and to distort the light from
much more distant stars—to find planets at impressively large
distances from the solar system.” Although exoplanets at any distance
from the solar system deserve attention, those closest to us have a
greater appeal. We can dream more reasonably of potential
explorations of these planets (see Chapter 14). Far more important for
the next few decades will be the opportunities that astronomers will
have to study the exoplanets closer to us with more techniques, and
with greater accuracy, simply because their proximity makes them

MJJAaHETHI CUCTEMH, SIKI IIBUIKO €BOJIOIIOHYIOTh, Ha OCHOBI IIOHAWMEHIIIE
CEMH pI3HHMX, YacTO B3a€MOJIOTIOBHIOIOYHMX 1 B3a€MOIMNOB'SI3aHUX METOMIIB
BiAKpuTTs. KocMiuHI Ta Ha3eMHi JOCIHITKEHHS aCTPOHOMIB 0a3yrOThCS Ha
rTUOOKOMY PO3yMiHHI TOTO, SIK (Di3MUHI 3aKOHM BHM3HAYAIOTh 1 MOSICHIOIOTH
npupory KocMocy. bazoa ¢i3uka, 110 JEKUTH B OCHOBI MONIYKY €K30IIJIaHET,
BKJIIOYA€ 3aKOHHM TPaBITAIMHOTO TSDKIHHA Ta IWHAMIKM HEOCCHHUX SIBHIIL,
3arajbHy TEOpil0 BiMHOCHOCTI ENHINTEHHA, TPUHIIUIIA ONTHKH 1 TE, K BOHHU
JOTIOMaraloTh  TMOJNIMIIATA  Hami 3HaAHHA 1po BcecBiT, a Takox
CIIEKTPOCKOIIYHUN aHalli3 CBITJIOBUX XBWJIb, BKJIIOUAIOYM PEHTTCHIBCBHKE,
yneTpadioneroBe, iH(pauepBoOHE BUIPOMIHIOBaHHSA, MUIIMETPOBI XBMJ Ta
PaIiOXBHIIL.

Cepen ceMu OCHOBHUX METOJIB, SIKI aCTPOHOMHU BUKOPHCTOBYIOTH JUIS
BUSIBJICHHS €K30IUIAaHET, TPH € OCHOBHHMH JDKEpEIaMH BIIKPUTTIB BXKE
BIIOMMX HaM TMO3acOHSYHUX IUTaHeT. [lepmmii wmerox ©Oa3yeThcs Ha
BHMIPIOBaHHI TPaBITAIIfHOTO BIUTMBY IIJIAHETH Ha CBOIO 31PKY, IO JO3BOJIMIO
BUSIBUTH HE JIMILE ICHYBaHHS caMoOi IUIAHETH, a W BU3HAYUTH ii MiHIMaJbHY
Macy, Ta rmapaMeTpu opOiTu (po3Mip 1 eKCHEHTPUCHUTET). [[pyrumM BaKIIMBUM
METOJIOM CTaJi0 CIIOCTEPEKCHHS 3a TUIAHETAMU, Ydi OpOITH TPOXOIAThH Yepe3
JIHIFO BUAUMOCTI 10 iXHIX 31poK. CIovyaTKy I CIOCTEPEKESHHS TPOBOTUIHICS
HA3eMHUMH TEJIECKOTIAMH, aJie 3 4acoM, 3/IaTHICTh KOCMIYHUX 00CepBaTopiii 3
BHCOKOIO TOYHICTIO BHMIPIOBATH 3MIiHM 30pSHOi SICKpPABOCTi, 3HAa4YyHO
30UIBIIMIN  KUIBKICTh BHUSBIEHUX TI03aCOHSYHHUX IUIaHET. TpeTik Meron
ITPYHTYETbCS HA BHKOPHCTaHHI e(eKTy TpaBiTallliHOTO JIIH3YBaHHS,
nependadeHoro Teopieo BiMHOCHOCTI EWHITEHA, SIKUW T03BOJISE TIAHETaM,
110 3HAXOMSTHCS HA BENMKUX BijcTaHsaX Big COHSYHOI CHCTEMH, BUKPHUBIIATH i
(oKyCyBaTH CBITIO Bif Hamekmx 3ipok.” Xoda BCi eK3OMITAHETH, HE3ATEKHO
Bix iX BifctaHi Big COHAYHOI CHCTEMH, 3aCIyrOBYIOTh Ha yBary, HalOlabIe
3aI[iKaBJICHHS BHUKJIMKAIOTH Ti, 10 3HAXOAAThLCS HaiOmkde 1m0 Hac. Lle mae
HaM OijIbIIIe IMAHCIB HA MOTEHIIHHI TOCTIIPKeHHS TaKUX IUIaHeT (JUB. PO3ILIT
14). Habararo BaXIUBIMIMUMHU [UISI HACTYHHHX JACCSITUIITH OyayTh
MOXJIMBOCTI, $IKI aCTPOHOMH OTPHUMAIOTh JJIsl JOCTIIKCHHS €K30ILIaHET,
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appear brighter to us.

Subsequent chapters will examine the three chief methods for
finding exoplanets, as well as four subsidiary approaches that have
brought success and offer breakthroughs in the years to come. Before
we examine future opportunities to locate and to understand new
worlds in the cosmos, we will examine astronomers’ current theories
of planetary formation, which, quite understandably, have been
heavily influenced by what we now know about exoplanets.

The impressive results of 25 years of exoplanet observations
should soon be far surpassed by the observational fruits of an array of
instruments to be created and launched during the next two decades.
Each of our current techniques for finding exoplanets directs
astronomers into planning for future years, when exoplanet science
will surpass its current, well-earned maturity. The present and future
study of exoplanets offers the joy of searching for Earth’s cousins,
some of which may harbor systems of living organisms whose
evolution, though analogous to our own, has yielded quite different
results. But even lifeless worlds have their own appeal—as
discoveries within our solar system have shown—that justifies our
attempts to learn as much as we can about them.

2
COSMIC DISTANCES

The vast distances that separate objects throughout the
universe provide the most significant, and in some ways the most
evident, feature of our cosmic surroundings. Most notably, the
distances between the stars, and thus the distances between any
planetary systems that may surround them, exceed what human
intuition suggests by enormous factors. The strangeness of the
universe begins with distances that surpass easy understanding.

Astronomers have now concluded that two mysterious,
invisible, and entirely disparate entities—dark matter and dark
energy—permeate and dominate the universe in mass and energy
terms.! Dark matter, revealed by its gravitational effects on “ordinary

po3TanoBaHuX OJMXKYE 10 HAC.

Y HACTymHHUX PO3JAUIaX MU PO3TIISTHEMO TPU OCHOBHI METOJU TOIIYKY
€K30IUIAaHET, a TaKOX YOTHUPH JOMOMDKHI MIAXOAM, M0 MArOTh YCHIX Ta
OOIISIOTh BIAKPUTTS HOBHUX OO’€KTIB y HaiOmmxui poku. [lepmr HiXK MH
PO3MIISTHEMO TIOJAJIBINT MOKJIMBOCTI TMOIIYKY Ta PO3YMIHHS HOBHUX CBITIB Y
KOCMOCi, MU IpoaHalli3yeMo cydacHi Teopii (opMyBaHHS IUIaHET, Ha SIKi,
IIJIKOM OYIKyBaHO, 3HAYHOK MIpPOI BIUIMHYJAM Halll 3HAaHHS TPO
€K30IUJIaHETH.

Hezabapom, Bpakarodi pe3yiabTaTH 25-piUHHUX CHOCTEPEKEHb OyIyTh
MepPeBepIICHI TUMU MOXKIMBOCTSAMH, SIKI HAJacTh Iila HU3KAa KOCMIYHOTO
oOiagHaHHs, MO Oyne CTBOpEHa Ta 3alylieHa MpPOTITOM HACTYIMHUX IBOX
necatunith. KoxkeH 13 CydyaCHMX METOJIB IOIIYKY IO3AaCOHSYHUX IUIAHET
CIIOHYKAa€ acTPOHOMIB CIUTAaHYBaTH pOOOTY Ha MalOyTHI pOKH, KOJM HayKa
PO €K30IUIAHETH MEPEeBEPIINTh CBOIO HUHIILIHIO, I[IIKOM BHUIIPABJIAHY CTAIII0
3putocTi. TemepimHe Ta MaWOyTHE MOCTIDKCHHS IO3aCOHSYHUX TUTAHET
NPUHOCUTH 3aJIOBOJICHHS BiJ TOIIYKY OO0 €KTIB, IO MAalOTh CXOXICTb 13
3emiero. Jlesiki 3 UX TJIAHET MOXYTh MICTUTH CHUCTEMH YXUBHUX OPraHi3MiB,
9usl €BOJIOIS, X0Y 1 CXOKa Ha HaIly, aje MpHU3BeNia 0 BEIbMHU BiAMIHHHX
BHCHOBKIB. 3TiIHO 3 pe3yJbTaTaMH BIAKPUTTIB B Mekax Hamoi CoHsYHOT
CHCTEMH, HaBiTh 1M030aBJICHI KHUTTS CBITH MAalOTh BJIACHY NMPHUBAaOIMBICTh, 11O
BHIIPAB/IOBYE HAIIll HAMIPH JII3HATHUCS TTPO HUX SKOMOTA OLJIbIIIE.

2
KOCMIYHI BIICTAHI

Benunuesni Biacrani, mo po3auaoTte o0'ektm  y  Bcecsiti, €
HaWBaKJIMBIIIOO Ta B ICSIKOMY CEHC1 HAHOUEBHIHIIIOW OCOOJIMBICTIO HAIIIOTO
KOCMi9HOTO 0TO4YeHHS. OCOOIUBO CIij] BIA3HAYMUTH, IO BICTaHI MiX 3ipKaMH,
a OTXKe, 1 BiJICTaHI MK OyIb-SIKUMH IJTAHETHUMH CHCTEMaMH, sIKI MOXYTh 1X
OTOUyBaTH, y 0Oarato pasiB NEpeBUILYIOTh Ti, SKi mNependavae JIOACHKA
iHTyimisA. JluBoBmwxkHICTE BeecBiTy Oepe CBiii mo4yaTok 3 BIACTaHEH, sKi HE
Mia1aI0Th IPOCTOMY PO3YMiHHIO.

ACTpOHOMHM MIMIIIM BHCHOBKY, IO JBa TAaEMHUYI, HE3pUMI Ta
aOCONIOTHO HE3aJeKHI OJMH BiJ OJHOTO YTBOPEHHS — TEMHA Marepis Ta
TEMHA €HEepris — MPOHMU3YIOTh 1 IOMIHYIOTh Y BcecBiTi 3 TOUKM 30py Macu Ta
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matter,” consists of particles that are entirely unknown to us at the
present time. The “ordinary” form of matter resides primarily in vast
clouds of hot gas that permeate giant clusters of galaxies; to a lesser
extent, we find ordinary matter in the stars that form the visible units
of the universe. The contribution from any smaller objects that orbit
these stars falls far below the amount of matter in the stars
themselves. Dark energy, even more mysterious, steadily increases
the rate at which the universe expands. Happily for our purposes,
neither dark matter nor dark energy significantly affect the search for
planets that may orbit our stellar neighbors.

During the middle of the nineteenth century, as astronomers
first measured the basic distance scales of the cosmos, they realized
that the immense distance from the Earth to the sun (150 million
kilometers) represents only a tiny fraction, about 1 part in 300,000, of
the distances to the nearest stars. Less than a century later, a better-
equipped generation of astronomers showed that the distance to those
closest stars equals only about 1/25,000 of the diameter of the Milky
Way galaxy, the cosmic collection of several hundred billion stars
within which our solar system occupies a suburban location far from
the galactic center.”

Because the distance numbers grow so rapidly (for example,
the Milky Way has a diameter roughly 6 billion times larger than the
Earth—sun distance), astronomers developed new ways to specify
cosmic distances. These new units, the light year and the parsec,
measure the distance that light travels in one year (slightly less than
10 trillion kilometers) and the distance to an object at which the
Earth’s yearly motion around the sun changes its apparent location on
the sky by 1 second of arc in each direction (about 31 trillion
kilometers, or 3.26 light years). Armed with these units, astronomers
grew more comfortable in specifying the distance to the nearest stars
(4.4 light years, or 1.35 parsecs) and the diameter of the Milky Way
(100,000 light years, or 31,000 parsecs). But even these enormous
units of distance proved inadequate once astronomers estimated the

eneprii.’ TemMHa Marepis, BHsBICHA depe3 il rpaBiTaliifiHuil BIUIMB Ha
“3BUuaiiHy MaTepito”’, CKIaJa€ThCs 3 YACTHHOK, K1 MOKHU IO 3aJIUIIAIOTHCS
IIJIKOBUTO HEBIAOMHMH i Hac. ‘“3BudaitHa” ¢dopma MaTepii MICTUTHCS
MEPEBAKHO Y BEIMUE3HUX XMapax rapsyoro rasy, 1o MPOHU3YIOTh TIraHTChKI
CKYITYEHHS TAJAKTUK; y MEHIIIN Mipi MU 3HAXOIUMO ‘“‘3BHYAHY” MaTepiio B
3ipKax, SKi yTBOPIOIOTH BuaAMMI ojnuHHLi BceecBity. IIpum 1npomy KiidbKiCTbh
pEYOBHHU OYIb-SKMX HEBEIUKHX O0'€KTIB, IO OOEPTAIOTHCS HABKOJIO ITUX
3ipoK, Habararo MEHIIWH, HIX KUIbKICTh PEYOBMHHU B caMHX 3ipkax. TemHa
EHEepTisl, Kyau OLTBII 3araJIkoBa, MOCTIHHO CIPHUs€E 301IBIICHHIO MBUAKOCTI, 3
KO0 po3mproeTbes BeecBit. Ha Hare macts, ani TeMHa Martepis, aHi TeMHa
EHEepTisl CYTTEBO HE BIUIMBAIOTH HA MOIIYK IUIAHET, SIKI MOXYTh 0OepTaThcs
HAaBKOJIO CYCIJTHIX 31pOK HAIIOT FaJlaKTHUKH.

VY cepenuHi JAEB'SITHAIUATOTO CTOJITTS, KOJM acTPOHOMH BIIEpIIE
BUMIPSUT OCHOBHI IIKAIM KOCMIYHUX BIJCTaHEW, BOHU 3pPO3yMLITH, IO
BennyesHa Biactadb Bij 3emuti 10 Coni (150 MinbHOHIB KUIIOMETPIB) CKIIa€e
JMIIe KPUXITHY 4dacTKy, npubmuzHo 1 wactuny Bixm 300000, wmix
HaWOmmKkYuMK 3ipkamMu. He MHHYIO 1 CTOMITTS, SK CydacHE MOKOJIIHHS
ACTPOHOMIB JIOBEJIO, IO BiJICTaHb J0 HAWOIMKYUX 31pOK JOPIBHIOE JIHIIIE
1/25 000 Jiamerpa rajmakTuku Yymarpkuii [Insx — KOCMIYHOTO CKYIMTYEHHS
KUTPKaCOT MUTbSpAIB 3ipoK, B skoMy Hama CoHSYHa cucTeMa 3aiMmae
BiIJIaJICHE BIJ] IICHTPY TaJIAKTUKA Micue.2

OCKUTbKM TOKa3HUKH CTPIMKO 3pOCTaloTh (Hampukiazn, Yymarbkuii
[nsax mMae miamerp mMpuUOIM3HO B 6 MUTBSIPAIB pa3iB OLIBIIHM, HIXK BiICTaHb
Mix 3emieto Ta COHIIEM), aCTPOHOMH PO3POOMIN HOBI CIIOCOOM BH3HAYCHHS
KOCMIYHMX BiacTaHei. CBITJIOBHI PIK 1 MapceK, BUMIPIOIOTHh BiJICTaHb, SKY
CBITJIO IPOXOJUTH 32 PiK (Tpoxu MeHuIe 10 TpHIbHOHIB KIIOMETPIB), a TAKOX
BIJICTaHb /10 00'€KTa, B MEXKax SAKOi piuHUN pyXx 3emii HaBkoJio COHIIS 3MIHIOE
CBO€ BHJMME TIOJIOKEHHSI Ha HeOl Ha KYTOBY CEKYHIIy B KOKHOMY HAIpPSIMKY
(6mu3pko 31 TpwibiioHa KioMmeTpiB, ado 3,26 cBITJIOBHX pOKiB). Bomomiroun
HOBUMHU BUMIPIOBATbHUMH OJUHUIISIMH, ACTPOHOMHU TIOYAIHM BIICBHEHIIIE
BH3HAYaTH BIJICTaHb 0 HaWOMMmk4ux 3ipok (4,4 cBiTJIIOBUX poku, abo 1,35
napceka) ta giamerp Yymanpkoro Ilmsxy (100 000 cBiTioBux poki, abo
31 000 mapcekiB). Ilpore HaBIThP Taki MIajJeHI TOKA3HUKH BUSBWIACS
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distances to other galaxies, millions or billions of light years away.
This created a need for megaparsecs and gigaparsecs—millions and
billions of parsecs, respectively.

Those who confine our attention to the study of events within
our own galaxy recognize that current searches for extrasolar planets
take us no farther than the kiloparsecs (thousands of parsecs) that
measure large distances in the Milky Way. A journey from the solar
system to the galactic center would carry us across 8 kiloparsecs, or
about 26,000 light years. As we travel along most of this trajectory
until we reach the far more crowded central nucleus of the Milky
Way, we would find that on the average, space contains one star, or
one multiple-star system, in every cubic light year. Our immediate
surroundings are far more sparsely populated. The spherical region
around the sun out to a distance of 4 parsecs (13 light years) contains
about 2,800 cubic light years, within which astronomers have found
30 star systems: one system in every 93 cubic light years. In our
immediate neighborhood, the separation between neighboring star
systems equals 4 or 5 light years.’

A moment’s reflection highlights the difficulty of finding
planets around even the closest stars, which involves reflection in its
literal aspect. Planets emit essentially no light of their own, though
some of them do emit significant amounts of infrared—radiation with
wavelengths longer than those of visible light. A planet therefore
shines in visible light only because it reflects some of the light from
its own star, in an amount that depends on the planet’s size,
reflectivity, and distance from its star. The Earth, for example,
intercepts about one-billionth of the light that the sun generates and
reflects about 30 percent of it into space. As a result, an astronomer
on a planet in another system would “see” the Earth shining in visible
light with about three 10-billionths of the sun’s brightness. If the
Earth shone this brightly with no sun present, finding it amid the
blackness of space would not prove especially difficult for modern
telescopes, but the same fact that allows the Earth to shine at all—its

HEJIOCTaTHIMHU, KOJIA aCTPOHOMH OIIHWUJW BIJACTaHI [0 IHIIUX TaJaKTHK,
BiJIJAJIEHUX BiJ HAC HA MIJTBHOHU YU MUTBSPH CBITIOBUX POKiB. B pe3ynbraTi
BHHHKJIA TTOTpeba B Meramapcekax i riramapcekax — BIIIMOBITHO, MiJTbHOHH 1
MUTBSIDAN MTAPCEKIB.

Ti, XTO 30CEpe/KYIOTh CBOIO yBary Ha BHUBYCHHI MOJIA y HamIii
TaJlakTUIll, BHU3HAIOTh, IO HUHINIHI TOIIYKH T[I03aCOHSYHUX IUTAHET HE
MPOCYBAIOTh HAC JIajii KiTOMapceKiB (TUCSY MApCEKiB), SIKUMH BUMIPIOIOTHCS
Benuki Bifactani y Yymanskomy Ilnsaxy. [Monoposx Bin COHSAYHOI cCUCTEMH 10
LEHTPY TaJllaKTHKK TpuBasa 6 8 kimomapcek, abo 6ym3bko 26 000 cBiTIOBUX
pokiB. MaHapyroun B370BX OUTHIIOI YACTHHM Ili€l TpaekTOpii, JOMOKH HE
JTiCTaHEeMOCh  Habarato OUIBII  TIEPETOBHEHOTO  IIEHTPAJBHOTO  sapa
Uymarpkoro [nsxy, mu mo6aunmo, 10 B cepelHbOMY KOCMOC MICTUTh OJHY
30pt0 a00 KpaTHy 30psSHY CHCTEMY Ha KOXXEH KyOIYHWW CBITJIOBHM pIK.
Haiionmxai 10 Hac wmicis Habarato MeHm 3aceineni. Cdepuuna vacTtuHa
HaBkosio CoHrms Ha Biactani 4 mapcekiB (13 CBITJIOBUX pPOKIB) MICTHTh
6mu3pKk0 2 800 KyOIUHMX CBITIOBUX POKiB, B MEXax SIKOT aCTPOHOMH BUSBUJIH
30 3opsAHHMX cHUCTEeM: Ha KOXHI 93 KyOIYHHMX CBITJIOBUX POKH TPHUIAIAE TIO
ofmHill cucteMi. Y Hamomy Oe3nocepeHbOMY OTOYEHHI BIJCTaHb MIX
CYCITHIMU 30pSTHUMHU CHCTEMaMHU CTaHOBUTH Big 4 70 5 CBITIOBHUX pOKiB.3

3aMHCTUBIINCH HA MUTh, MU MMO0AYMMO, HACKUIBKHM CKJIATHO 3HAWTH
IJJAHETH HaBiTh HABKOJIO HAWOMMKUMX 31pOK, MO Tepeadadae po3ayMH B
OyKBaJbHOMY PO3YMiHHI IIOTO clI0Ba. DAKTUYHO TJIAHETH HE BUIPOMIHIOIOTh
BJIACHOTO CBITJIa, XO4Ya JEsIKI 3 HHUX BHIPOMIHIOIOTH 3HAYHY KIJIBKICTh
iH(pPaYepBOHOTO BUIIPOMIHIOBAHHS 3 JJOBKUHOIO XBUJIb, OUIBIION0 32 BUIUME
cBiTio. OTXKe, MIaHeTa CBITUTh Y BUAMMOMY J1ala30Hi JUIIE TOMY, 1[0 BOHA
BiIOMBA€ YAaCTUHY CBITJIAa Bil CBO€I 30pi, B KUIBKOCTI, SIKa 3aJCKUTh BiJ
pO3Mipy IUIaHeTH, 11 37aTHOCTI BiAOWBATH CBITJIO Ta BIACTaHi J0 30pi. 3emMis,
HaNpUKJIal, TEePeXOIUTIOE MPUOIU3HO OJHY MUIbSIPAHY YaCTHHY CBITIA, SKe
rerepye Comile, 1 BigOusae 6mu3bko 30 % B kocMoc. Takum YMHOM, BUCHMIA-
acTpoHOM IepeOyBaloy Ha IUIAHETI B iHIIIN cucTeMi “mobaumnB” Ou 3emutto,
0 CsI€ y BHUIUMOMY CBITJI 3 SICKPaBICTIO OJM3bKO TPhOX 10-MUTBSIpIHUX
YaCTHH BiJl COHSYHOI CBITHOCTI. SIkOWM 3emiis CBiTHIIA HACTUIBKH SICKPaBO Oe3
CoHrst, 3HaWTH 1i cepel YOPHOTH KOCMOCY HE CTaHOBWJIO O OCOOJMBHUX
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comparative proximity to the sun—also hides it within the sun’s
much greater glare, making it nearly impossible to detect.
Astronomers like to compare this type of task to the attempt to find a
firefly next to a searchlight, though in fact the task is astronomically
more difficult, and more like trying to find a bug with one-billionth of
the brightness of a firefly in the searchlight’s glare.

Although planets do not produce visible light, most of them
emit some infrared radiation from their internal heat. This infrared
glow offers the chance for direct observation of the largest giant
planets at relatively great distances from their stars, because in
infrared radiation, the star outshines the planet by only a few million
times, instead of the billion or so times in visible light.

The searchlight-firefly problem had long convinced
astronomers that their attempts to find extrasolar planets should rely
on indirect methods, which would not detect the planets themselves
but their effects on the stars around which they orbit. The vast
majority of early exoplanet detections employed such indirect
methods, which—with important exceptions—will continue to
provide a key detection method in the decades to come.

3
EARLY QUESTS
FOR EXOPLANETS

The diverse discovery techniques that astronomers use in their
searches for exoplanets embody a reflection of those researchers’
imaginations, insights, and determined efforts. In a review of the
history of methods used in the quest to find other worlds, Virginia
Trimble, an astronomer at the University of California, Irvine, listed
two dozen possible approaches, some already tested through use, but
most of them not yet undertaken, for obvious reasons. For example,
the final two entries in Trimble’s list are (a) the arrival of
extraterrestrial visitors and (b) “something even more outlandish.”'
For our purposes, however, we need consider only the top seven or
eight methods of finding planets; their characteristics and results

TPYIHOIIIB JJIS CyYaCHHX TEJECKOIIB, ajie caMe 3aBISKH TOPIBHSIBHIN
6mu3pkocTi 10 COHIII BOHA XOBA€ThCA B HA0AraTo CHIIBHILIOMY COHSYHOMY
CAlBl, MO pOOWUTH ii Maibke HEMOXXJIMBOI sl BUSBJICHHSI. ACTPOHOMH
MOJIIOOJISAIOTh TOPIBHIOBATH MOAIOHY 3a1ady 31 CIpOOOI0 3HAWTH CBITJITYKA
moOIM3y MPOXKEKTOpa, XOo4ya HACMpaBli Bce Habarato CKIagHIIIE 1 OlbIne
CXOXK€ Ha crpoOy 3HAWTH y CBITJII NPOXKEKTOpa KOMaxy 3 MIUIbSPIHOIO
YaCTKOIO SICKPABOCTI1 CBITJISUKA.

Xoua TUTaHETH He BUPOOJISIOTH BUIMMOIO CBITJIA, OUIBLIICTH 3 HUX
BUIPOMIHIOIOTh TIEBHY KUIBKICTh 1H()PAYEpBOHOTO BHUIIPOMIHIOBAHHS 3a
pPaxyHOK CBOTO  BHYTPIIIHBOTO  Temjia. 3aBASAKH  1H(QpadyepBOHOMY
BUTNIPOMIHIOBAHHIO  3’SIBIISIETHCSI  MOXKJIMBICTH ~ MPSIMOTO  CIIOCTEPEIKEHHSI
HAWOINBIIMX IUIAHET-TITAHTIB HA BIJHOCHO BEIMKUX BIJCTAHAX BIJ CBOIX
3IpOK, OCKUIBKM B 1H()pauyepBOHOMY BHIIPOMIHIOBAHHI 30ps 3aThbMapro€
IUTAaHETY JIMIIE B KiJbKa MUIBHOHIB pa3iB, a HE B MUIBSAPI YU OJU3BKO TOTO
pa3iB y BUIMMOMY CBITJII.

Junema, OB’ si3aHa 3 MPOKEKTOPOM Ta CBITIISIYKOM, JABHO MIEpEKOHAa
aCTPOHOMIB y TOMY, IO iXHI CIIPOOW 3HAWTH TMO3aCOHSYHI TUTAHETH MAalOTh
CIIUPATUCS Ha OTMOCEPEIKOBaHI METOIH, SKi BHUSBJISIIOTh HE cami IJIAHETH, a
iXHIH 6niu6 Ha 30pi, HABKOJIO KX BOHH 00epTaroThes. [lepeBaykHa OiIbIIICTh
MOYaTKOBHUX BIJKPHUTTIB €K30IUIaHET Oyna 3iiliCHEHa 3a JOMOMOIOI0 TaKuX

HEMPSIMUX METOMIB, SKI — OKpIM JESKHX BaXJIUBUX BHUHATKIB —
3aUIIATUMYTHCSI OCHOBHMMH  METOJaMH  BHSIBJICHHS B HalOmmku4i
TIECSATUIITTS.

3

MNEPLII TPYJHOLII MOWYKY EK3OIIVIAHET

Pi3HOMaHITHI METOAM BIAKPHUTTS, KOTPi ACTPOHOMHU BUKOPUCTOBYIOTD Y
MOIIYKaX €K30IUIAaHET, € BIAOOpaKeHHSIM BHHAX1IJIUBOCTI, TPOHUKIMBOCTI Ta
HATOJISTJIMBOCTI IMX JOCTIAHUKIB. Y CBOEMY OTJSAl iCTOpil METOiB,
3aisTHUX Yy TIONIyKaX IHIIMUX CBIiTiB, Bipmkunis TpimOm, acTtpoHoM 3
Kamigopniiicbkkoro yHiBepcutery B IpBiHi, nepepaxyBana JABa JECSITKH
MOXUJIMBUX TIAXOIIB, NEAKi 3 SKUX B)XKe BUIPOOYBaHI Ha MPaKTHUIIl, ajie JI0
OUTBIIOCTI 3 HUX HE BIABAUCS 31 3p03yMUIMX NMpu4uH. Hanmpukiaz, 3axkiodHi
NBa TIYHKTU y cmHCKy TpiMOa — mpuOyTTs IHOIUIAHETHUX TOCTEH Ta “IIOCh
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appear in the three exoplanet catalogs cited in the Further Reading
section of this book. Most of the nearly 4,000 verified exoplanets
have been found by the two major search techniques, the radial-
velocity and transit methods, both of which find planets through the
close observation of their stars.

Measuring the Motions of Stars with Precision
Understanding astronomers’ approaches to finding exoplanets begins
by contrasting two related approaches: astrometry, which has so far
produced few positive results, and the radial-velocity method, which
has opened the gates of exoplanetary research.” Both of these
techniques rely on the fact, first demonstrated by Isaac Newton, that
whenever a less massive object orbits a more massive one, both
objects actually move in orbit around their common center of mass.’
This center of mass lies along the imaginary line that connects the
objects’ centers, and the ratio of the objects’ distances from the center
of mass equals the inverse ratio of the objects’ masses. Thus, for
example, because the moon has 1/81 of the Earth’s mass, the center of
mass of the Earth-moon system lies along the Earth-moon line, at
1/81 of the distance from the center of the Earth to the center of the
moon. This puts the center of mass inside the Earth, though closer to
the Earth’s surface than to its center. Each month, as the moon
follows its orbit around the Earth—or, more precisely, around the
center of mass of the Earth-moon system—the Earth likewise, in
perfect synchrony, moves in its own orbit, '/g; the size of the moon’s,
around that center, always on the opposite side of that center from the
moon.

If we expand our view to imagine a simplified version of the
solar system that consists only of the sun and Jupiter, we can see that
because Jupiter has I 1,047 of the sun’s mass, the center of mass of the
sun—Jupiter system must lie along the sun—Jupiter line, at l 1,047 of the
distance from the sun’s center to Jupiter’s center. Since the sun—
Jupiter distance equals about 778 million kilometers, the center of
mass’s distance from the sun’s center equals about 1/1,047 of this

eKCTpaopm/IHapHe”.1 Brim, 3a51s1 HaMmoi MeTH, MM PO3TJSTHEMO JIMIIE CIM YH

BiCIM HalKpamyx METOJIB MOIIYKY E€K30IUIaHEeT; iXHI XapaKTepPUCTHUKU Ta
OTpUMaH1 pe3yslbTaTu MICTATHCS B TPHOX KaTalorax MO3aCOHSYHMX IUIAHET,
Ha sKI MU mocwianucsa B posfim “JlomaTkoBa sitepatypa”. 3-IOMIK Maixe
4 000 miaTBEpIKEHUX €K30IUTaHEeT OUThIIICTh OyJIO 3HAWACHO 3a JOIMOMOTOI0
METOAY pajiaJibHOI IIBUAKOCTI Ta TPAH3UTY (IMPOXOJKEHHS), SIKI BUSBISIOTH
IUTAHETH 32 JOTIOMOTO0 MUJIBHOTO CIIOCTEPEXKEHHS 3a TXHIMU 31pKaMHU.
BucokoTrouHe BUMIpIOBaHHS PYXY 3ipoK

OcmuclieHHsT MIAXOAIB A0  TMOWIYKY  €K30IUIAaHET  IOYMHAEThCS 3
MPOTHCTABJICHHS JIBOX MOB'I3aHUX MK COOOIO MIAXOMIB: acmpomempii, siKa
MOKM 10 HE TMpUHECTa 3HAYHUX PE3yJbTaTiB, 1 METOAY paldidlbHOi-
wieuOKocmi, SKUA BiIKPHB HOBI TOPH30HTH B IOCITI[DKEHHI EK30IUIAHET.
O6uaBa meroan 6a3yrOThCA Ha (akTi, BEpIle MPoIeMOHCTPOBaHOMY Icaakom
Hpi0TOHOM, 110 KOJM MEHII MacUBHUH 00'€KT 00epTa€eTbcs HABKOJO OUIBII
MacHUBHOT0, 00MABa 00'€KTH HACTIPAB/1 PYXaIOThHCS MO OPOITI HABKOJIO IXHHOTO
CITTBHOTO LeHTPY Mac.” LIeHTp Mac JTeXHTh B MEXaxX YSABHOI JIiHiT, 10 3'€/THye
IIEHTpU O00'€KTIB, a BIMHOIICHHS iX BIiJCTaHEH BIA IIEHTPY Mac IOPIBHIOE
obepHeHoMy BITHOIIEHHIO Mac 00'ekTiB. Tak, HampuKiajg, OCKUIBKH Maca
Micsrg ckiagae 1/81 Macu 3emili, IIEHTP Mac cucTeMu 3emMirsi-MicsIb JISKUTh
B3m0oBX jdiHil 3emusgs-Micsinb, Ha BiacTaHi 1/81 BiJl IIEHTPY 3eMJli 0 LEHTPY
Micsms. Ile o3Hauwae, 1m0 WEHTP Mac 3HAXOAUTHCS BCEpeauHI 3eMil,
monpas/a, Onx4de 10 moBepxHi 3emii, HX 10 i uentpy. Llomicss, komu
Micsip pyxaeTbest o CBOiil opOiTi HaBKOJIO 3emili — abo, TOYHIIIE, HABKOJIO
HEHTpY Mac cucteMu 3emis-Micslls, 3emiss 3 JOCKOHAJIOKO
CUHXPOHI3AIlIEI0, PYXAETHCSA MO CBOIM BiAacHIN OpOITI HABKOJO 3a3HAYECHOTO
LEHTPY, 3aBXK/IU 3 IPOTUIEKHOTO Bif Micsis O0Ky.

Sxmo mu ysBuMo co6i crpormieHy Bepcito COHSYHOI CHCTEMH, SKa
cknanaetses nuiie 3 Conng Ta KOmitepa, To mo6ayumo, 10 OCKUTBKH Maca
IOmitepa cknanae 1 1 047 Macu Conust, To ieHTp mac cucremu Conre-tOmirtep
MOBUHEH JNexkaTu B3MoBxX JiHiT CoHue-FOmitep, Ha BifcTaH1 l 1 047 BII LIGHTPY
Conns no nentpy Omitepa. Ockinbku Bincranb Mk Conrem 1 FOmitepom
CTaHOBUTH ONMM3BKO 778 MUTBHOHIB KUTOMETPIB, TO BIJICTaHb LIEHTPY Mac BiJ
neHTpy COHIE CTaHOBUTH MPHOJHU3HO 1/1 047 Li€i Bimcrami, a6o 743 000
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distance, or 743,000 kilometers, which places it just outside the sun,
whose radius equals 695,000 kilometers. While Jupiter orbits the
center of mass once every 12 years, the sun follows its own 12-year
orbit, smaller by the factor of 1047. The existence of the other
planets, along with their moons, and the asteroids, comets, and other
debris in orbit around the sun, complicates the situation but does not
change its fundamental character, because Jupiter has far more mass
than the total mass of all the other orbiting objects.

An observer in a nearby planetary system who studied the sun
would have two methods to deduce the existence of Jupiter despite
being unable to see the planet directly. Both of these techniques
depend on the slight wobble that Jupiter produces in the sun’s motion
as the solar system orbits the center of the Milky Way galaxy.

The first approach, astrometry, searches for deviations from a
straight line in the sun’s apparent motion across the sky of the
observer. The stars in the Milky Way typically move in giant, nearly
circular orbits around the galactic center, some 26,000 light years
away, with each star’s orbit slightly different from all others. Over
timescales measured in mere years or decades, these paths essentially
amount to straight lines.

Center of mass of
sun-Jupiter system

E

Figure 1 This highly exaggerated diagram of the sun-Jupiter system
represents the sun, which has 10 times Jupiter’'s diameter and 1,047
times its mass, together with the system’s center of mass, which lies
just outside the sun. In reality, Jupiter’s distance from the sun exceeds
the sun’s diameter by more than 500 times.

The slight differences among the stars’ orbital motions give each star,
when observed from a distance, its own “proper motion,” to use an
astronomical term of art. Jupiter’s gravitational force would
superimpose a sinusoidal dance onto the sun’s proper motion, making

KUIOMETpIB, IO pO3TamoBye #oro Bigpasy 3a CoHmem, paaiyc SKOTO
cranoBuTh 695 000 kimometpiB. Y Toif yac sik FOmiTep o0epTaeTbcs HABKOJIO
HEeHTpy Mac pa3 Ha 12 pokiB, CoHIE PYXa€eThCS MO CBOiM BiacHid 12-piuHiit
opO6iti, menmii y 1047 pasiB. IcHyBaHHS IHIIMX IUIAaHET Pa3oM 3 IXHIMH
CYIyTHUKaMH, acTepoilaMH, KOMETaMH Ta IHIIUMHU YJIaMKaMH Ha opOiTax
HaBkoJ0 COHIS YCKJIATHIOE CHUTYAIlilo, ane He 3MIHIOE ii CyTi, OCKLIbKU
IOmnitep mMae mabaraTo O1IbITY Macy, HIXK CymMapHa Maca BCIX 1HIIMX 00'€KTiB,
110 00epTarTHCS HABKOJIO HBOTO.

Crnocrepirad i3 CyciaHbOI IUTAHETHOI CHCTeMH, sikuii BuB4Yae CoHIle,
MaB O J1Ba IIISXH U1 BU3HA4YeHHs icHyBaHHs HOmiTepa, He3BaXkalouu Ha Te,
mo BiH He MIr Ou OaunTu TUIaHETy Oe3mocepennpo. OOWaBa I METOIU
3aJie’kaTh BiJl HEBEJIMKOTO KOJNMBaHH, sike FOmiTep cTBOpPIOE BHACTIIOK PyXy
Connst, ko CoHsYHA cHCTEMa OOEPTAEThCS HABKOJIO IEHTPY TalaKTHKH
Uymanpkuni [nax.

[Tepmmii migxia, acTpoMeTpis, IIyKae BIAXWUJICHHS BiA mpsMoi JiHiT y
BuauMomy pyci CoHig mo HeOy 3 TOYKM 30py cmocrepirada. 3ipku y
Uymanpkomy LImsxy 3a3Budvail pyxaroThCsl TIraHTCHKUMH, Maike KpyrOBUMH
opOiTaMH HaBKOJIO TaJaKTHYHOTO IIEHTPY, pPO3TAIIOBAaHOIO Ha BiJICTaHi
omm3pko 26 000 CBITIOBUX pOKIB, MPUYOMY OpOiTa KOXXKHOI 3ipKH Mae
HE3HAYHl BIAMIHHOCTI BiJ ycCiX IHIMX. Y MeXKaxX YacoBUX IIKaJ, IO
BUMIPIOIOTHCS JIUIIIE POKAMH UM JECATUIITTAMH, 11l IIJISAXH, 11O CYTI, SBISIOThH

co000 TpsIMi JTiHii.
D

3o6paxennn 1. Lia nepebinblueHa cxema cuctemn CoHue-KOnitep npencraense CoHue, AiameTp sikoro B 10
pasis nepesuulye faiametp lOnitepa, a maca — 8 1047 pasiB, pasoM 3 LEHTPOM Mac CUCTEMW, AKWA
3HaxoauTbcA OesnocepeaHbo 3a mewamu Conus. Hacnpasgi sigctade KOnitepa Big CoHUA nepesullye
fiameTp ocTaHHLOro GinbL Hix y 500 pasis.

CoHue

LleHTp Mac cuctemu
N - CoHue-tOnitep

He3nauni BiAMIHHOCTI MK OpOITAIBHUMHM pyXaMH 31pOK HAJalOTh KOXKHIN
3ipI, SIKIIO CIIOCTEpiraTH 3Aajexy, ii “BiIacHUil pyx”’, SIKIIO CKOPHUCTATHCS
acTpoHOMIYHUM  TepmiHoM. ['paBitamiina cuna IOmitepa Hakiagae
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it diverge to one side and then to the other of its otherwise straight
path. As Jupiter orbits the sun, the sun’s dance, coincident in time
with the planet’s 12-year period, could be revealed by the astrometric
method that measures the sun’s trajectory precisely.

Star’'s motion through space

Planet’s motion System’s motion through space

Figure 2 This exaggerated diagram compares the lesser motion of a star
and the greater motion of its planet as the star-planet system moves
through space. In reality, a planet like Jupiter would follow a sinusoidal
path about 1,000 times larger than the star’s. The two objects would
always lie on opposite sides of the path of the motion of the system’s
center of mass.

6
DIRECTLY OBSERVING
EXOPLANETS

Astronomers have employed four fundamentally different
approaches in their successful searches for exoplanets: radial-velocity
measurements, transits, gravitational lensing, and direct observation.
Among these four, direct imaging (to use its astronomical name)
ranks far below the first two in achieving success, for the excellent
reason that any exoplanet’s weak reflected light tends to be lost in the
glare from its nearby star. On the one hand, we may marvel that any
exoplanets have been found by direct imaging. On the other, we
anticipate that the giant new ground-based telescopes described in
Chapter 13 will soon change this balance and elevate direct imaging
into the primary ranks of successful approaches to making exoplanet
observations. Eventually, the WFIRST spacecraft, also described in
Chapter 13, may provide even better direct-imaging results.

The enormous brightness difference between a star and its

CHUHYCOiambHUM Bi3epyHOK Ha BiacHUN pyx COHI, 3MYyINIyIOYH HOTO
BIIXMJIATUCS TO B OJMH, TO B IHIIHNI OIK BiJl CBOTO MpsiMOro nUIsixy. OCKiIbKU
IOmiTep obepraerscs HaBKOJO COHIISI, pyX OCTAaHHBOTO, 1110 301raeThCs B Yaci
3 12-piyHUM 1EepioIOM IUIAHETH, MO’KHA BUSBUTH 32 JIOIIOMOTOI0 acTpOMETpii,
sIKa TOYHO BUMIPIOE TpaekTopito pyxy CoHIIs.

Pyx 30pi y kocMoci

—
— -
—

Pyx nnaHety Pyx cucTemu y Kocmoci

3ob6paxenHn 2. LA nepebinbluieHa cxema nopisHioe cnablumi pyx 3ipkM Ta CUNbHIWWA pyx Ti
nnaHeTy, Nig 4ac pyxy cUCTEMW 30ps-NnaHeTa B KocMoci. Hacnpaeai nnadeta, nogiGHa go
lOnitepa, pyxanacs 6 no cuHycoinanbHii TpaekTopii, npubnuaHo 8 1000 pasis GinbLuii, HbK y
3ipkn. Lli gBa oB'ekTM 3aBXaM nexatuMmyTb Mo pisHi OOKM BiA TpaexkTopil pyxy LUEHTpy mac
cUCTEMM.

6
CITPOBHU NITPSIMOT O CITOCTEPEXKEHHS EK3OIIVIAHET

3amis pe3ylAbTAaTHUBHHUX TMOIIYKIB €K30IUIAHET ACTPOHOMH 3aislIv
qyotupyd (PyHIAMEHTaIbHO PI3HI MIAXOAW: BUMIPIOBAHHSA  pajiaiabHOT
IIBUJIKOCTi, TPaH3UT (MPOXOHKEHHS), TpaBiTalliiiHE JiH3yBaHHS Ta TpsMe
cnoctepekeHHs. Cepel TONEpeqHbO IMEPEPaxOBaHUX IIAXOMIB, METOJ
MPsIMOTO 300paKeHHSI TIOCIIA€ OJTHE 3 OCTAHHIX MICIh 3 YCIHIIIHICTIO 3 Ti€l
MPOCTOI MPUYHMHM, IO cJla0Ke BiIOWUTE CBITIO Oyab-sIKOiI €K30TUIAHETH, 5K
NpaBUJIO, TYOUTHCS y BinONMUCKax ii cyciqHboi 30pi. 3 0AHOTO OOKY, HE MOXKHA
HE JTUBYBATHCA, 3 TOro (hakTy, IO MO3aCOHSYHI TUTAaHETH OyiIHM BIIKPHUTI 3a
JOTIOMOT'OI0 METOY MPSIMOTO 300paskeHHs. 3 1HIIOro 00Ky, MU OYiKyeEMO, IO
3 TMOSIBOI0 BHCOKOTEXHOJIOTIYHMX HA3eMHHUX TEJIECKOIIB, 3rafjaHuX y PO3/Iiii
13, BinOynyThCs MEBHI 3MiHH Y CIIBBIAHOIICHHI Ta TAKUM YHHOM, JO3BOJISThH
BUUTH METOJy TNPSMOro 300pakeHHS Ha TIepIie Miclie, cepell OCHOBHHUX
MiIXOMIB NS BHUBYCHHS EK30IUIAHET. 3peIiTol, KOCMIYHUK Kopadenb
WFIRST, omuc sxoro HaBemeHO y po3aiuni 13, TOMIMIIATE pe3yiabTaTH
IpSMUX 300paXKeHb.
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planet in visible light leads astronomers to observe in other
wavelength domains their attempts to obtain direct images of
exoplanets. In particular, astronomers incline toward the infrared
portion of the spectrum, where planets emit comparatively large
amounts of radiation. Any object with a temperature of a few hundred
degrees above absolute zero will emit most of its energy in the form
of infrared radiation. With infrared eyes, we would see each other and
all objects on Earth glowing in infrared, rather than relying on visible
light reflected from those objects to locate them. In astronomical
circles, our planet likewise glows in infrared, a sign of temperatures
comfortable for life (see Chapter 12). But the Earth’s atmosphere
absorbs infrared radiation over a wide range of frequencies and
wavelengths, making infrared study of the cosmos a difficult
undertaking from ground-based observatories. Some infrared
wavelengths and frequencies can penetrate at least part of the
atmosphere and reach giant telescopes sited at high altitudes, of
which the Mauna Kea Observatory in Hawaii stands tallest at 4,205
meters (13,796 feet).

Direct Imaging of the Largest Exoplanets

Throughout the long years of fruitless searches, and even during the
first decade of exoplanet discoveries, astronomers’ hopes of directly
observing exoplanets remained a dream that might not become reality
in their lifetimes. Everyone knew the problem: In visible light, a star
outshines its planets by roughly a billion times, and even in the more
favorable domain of infrared, in which stars are typically dimmer and
planets shine far more brightly, the starto-planet brightness ratio
drops only to about one million, or, in extreme cases, to a mere
100,000. In addition, a much greater obstacle to observing planets
directly arises from the astronomically tiny distances between stars
and their planets.'

Bennuesna pi3HUISE MIXK CBITHICTIO 31pKH Ta ii IUIAHETH Y BHANMOMY
CBITJII 3MYIIIY€ BUCHHUX JIO CITIOCTEPEKECHDb B IHIIUX Jiama30Hax JOBKUH XBUJIb
y cupobax OTpUMAaTH MpsiMi 300paKeHHS €K30IUIaHEeT. 30KpeMa, aCTpPOHOMH
CXHJISIIOTBCA 10 1H(GpauepBOHOT YAaCTHHU CIEKTPY, A€ IIAHETH TCHEPYIOTh
MOPIBHAHO BEJIMKY KUIBKICTH BHUIPOMIHIOBaHHS. byne-ske Timo 3
TEMIIepaTypol0 Ha KiJbKa COTEHb IpajayciB BHILE aOCOIIOTHOTO HyIs Oyne
BHUIPOMIHIOBATH OUIBINY YAaCTHHY CBO€I €Heprii y BHIJsIl iHPpauepBOHOTO
BUINIPOMiHIOBaHHA. SIkOW iH(payepBOHI MPOMEHI 3HAXOAWIHNCA Yy BHIUMOMY
JUTSl JTFOJICBKOTO OKa CIIEKTPi, MU O Maju 3MOry OauuTH OJIMH OJHOTO Ta BCl
3eMHI 00’€KTH, 110 BUIIPOMIHIOIOTH iH(pauepBoHe cBiTio. Haromicte, mu
CIpUITMaEMO BUAMME CBITIIO, IO BIAOMBAETHCSA BiJl IPEAMETIB, a0M BUSHAYUTH
iX MICIE3HAXO/PKCHHS. B acTpOHOMIUHMX KOJIaX, MOBEPXHS TUIAHETH 3eMIIs
3HaXOJUTHCS B iH(PpauepBOHOMY JAiama3oHi, IO B CBOIO YEPTy € MOKa3HUKOM
ONTUMAJILHOI TEMIIEpaTypH Ul SKUTTS Ha Halli muaHeTi (IuB. po3nin 12).
[Ipote, atmocdepa 3emmni mnoriauHae iHPpadyepBOHE BUIPOMIHIOBAHHS B
[IMPOKOMY OXOIUICHHI YacTOT 1 JOBXHH XBWJb, IO POOUTH BHBUCHHS
KOCMOCy B iH(pauepBOHOMY [iama3oHi BKpad CKIAQIHUM 3aBIAHHSAM IS
Ha3eMHHUX TeneckomiB. Jleski iH(padepBOHI XBHJII Ta YacTOTH MOXYTb
MpOHWKATH Oomail uepe3 dYacTUHY arMmocdepu 1 mocsraTd HaA3BUYAWHO
BEIIMKUX TEJIECKOMiB, PO3TAIIOBAaHMX HA 3HAYHIA BHCOTI, 30Kpema,
actpoHoMiuHa obcepBaropis Mayna-Kea, octpiB ['aBai € naiiBumoro — 4 205
metpiB (13 796 dyTiB).

IIpsime 300paeHHsT HAHOIILIIMX MO3ACOHAYHUX IJIAHET
[IpoTsirom AOBrUX pOKIB HEBAANMX MOIIYKiB, 0a HaBITh MiJ Yac MEpIIOTo
JECATUIITTS BIIKPUTTIB €K30IJIAHET, Ha/All aCTpPOHOMIB Ha CIPOOH TPSIMOTO
CIIOCTEPEXKEHHS TMO3aCOHSYHHUX IUIAHEeT 3ajUINaluCs MpI€r, SKa, IUTKOM
IMOBIDHO, HE CTaHE PEAIBHICTIO 3a IXHBOTO KHUTTA. YCSKHA 3HAB IIPO
mpo0yieMy: y BUJUMOMY CBITIII 30psi 3aThbMapIO€ CBOi TUIAHETH MPHUOIU3HO B
MUTBSP/ pa3iB, 1 HABITh y OUTBII CHPUATIMBOMY iH(GpaYepBOHOMY Jliara3oHi,
7e 30pi 3a3BMuYail THMSHINI, a IUIAHETH CBITATH HabaraTo sCKpasille,
BIIHOIIIEHHSI CBITHOCTI 30pi J0 CBITHOCTI IJIAHETH TaJa€ JIUIIE A0 MIJbHOHA,
a0o, B KpaiiHpoMy Bunajaky, jumie 10 100 000. Okpim TOro, Kyau OiLIbLION0
MEPENIKOI0I0 TSl IPSIMOTO CIIOCTEPEKCHHS IIAHET € ACTPOHOMIYHO KPUXITHI
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Despite these obstacles, astronomers have managed to obtain
images of nearly 100 exoplanets. Before we examine these successes,
we should stress that in this context, the word “image” does not refer
to a map or a photograph with details (no matter how imperfectly
visible) of the planet’s surface or atmosphere, but rather to a single
dot of light, happily distinguishable from the much brighter dot
nearby. This low-information content remains highly welcome: Even
a single-dot image of an exoplanet allows the possibility of direct
spectroscopic analysis of the planet’s infrared radiation. Because
spectroscopy remains astronomers’ most important tool for analyzing
the radiation from any cosmic object, it plays a prominent role among
astronomers’ tools for understanding the nature of exoplanets.

For now, and for the immediately foreseeable future, the
exoplanets most suitable for direct imaging are giant planets—the
larger the better—that orbit far from their stars. Unlike the transit and
radial-velocity detection methods, which favor close-in planets, direct
imaging works best for seriously large planet—star separations. The
infrared radiation from these planets typically arises from the slow
contraction of the planets’ interiors, as occurs for Jupiter or Saturn in
the sun’s planetary system. Younger planets generate more infrared
radiation from this effect, making them more ideal targets in direct-
observation searches.

Because these attempts involve their own infrared radiation,
planets farther from their stars do not suffer a decrease in their
brightness, as would occur with planets that shine by the light that
they reflect from their stars. In fact, greater planet—star distances
make the planets easier to view separately from their stars. These
considerations favor finding exoplanets comparatively close to the
solar system twice over: The exoplanet’s infrared radiation appears

. .. - s 1
B1ACTaH1 MK 30PSIMH Ta 1XHIMHU ILNTIAHCTaAMH.

Bceyneped 1mmM  mepemoHam, acTpOHOMaM — BIANOCA  OTPUMATH
300pakeHHss maibke 100 ex3ormmanet. Ilepm HIX MU 3yNHHUMOCS Ha ITUX
ycmixax, CIiJl HiAKPECIUTH, 110 B JaHOMY KOHTEKCTI CJIOBO ‘300pa)KeHHs”
CTOCYETHCS HE KapTH M (POTO3HIMKA 3 Xal HAaBITh HEJIOCKOHAIMMH JICTATISIMHA
MOBEpXHI a00 aTMocdepu IUTAHETH, a pajlle €IHMHOI CBITIOBOI TOUKH, SIKY
MOXHA JIETKO BIIPI3HUTH BiJ] HA0arato sICKpaBilIOi 31pKH, IO 3HAXOJUTHCS
nopyd. Lleit manoindopmaTUBHMI MaTepian 1 Hajaidl 3aJMIIAETHCS BEIbMH
3aTpeOyBaHUM, a/pKe HaBITh TOYKOBE 300pPaKEHHS CK30IUIAHETH Ja€
MOXXJTUBICTh ~ TPSMOTO  CIEKTPOCKOIIYHOTO  aHami3y  iH(padepBOHOTO
BUIPOMIHIOBaHHS T1UIaHeTH. OCKUIBKHM CaMe€ CIIEKTPOCKOITiSl 3aUIIaEThCs
HaBa)XJIMBIIIUM 1HCTPYMEHTOM JUIS aHAJi3y BUIPOMIHIOBAHHSA OYyIb-sIKOTO
KOCMIYHOTO 00'€KTa, BOHA BIITPa€e BAXKIUBY POJIb CEPE TUX BAKEIIB, IKUMHU
ACTPOHOMHU KOPHUCTYIOTBCS ISl PO3YMIHHS IPUPOJIU €K30TUIAHET.

O1xe, Hapa3i Ta B HAHOIMIKYOMY OCSDKHOMY MailOyTHROMY, HAMOUTbII
JOCTYMIHUMH I TPSMOTO CIHOCTEPEKEHHS EK30IUIAHeTaMU € IJIaHEeTH-
TiraHTH — 110 OUTBII, TO Kpaile — sIKi 00epTaroThCs Ha BIACTaHI BiJl CBOIX
3ipok. Ha BigMiHy Bix TpaH3uTy (IPOXOMKEHHSA) Ta METOHY palialbHOI
IIBUJKOCTI, OPIEHTOBAHWX HAcamrepen Ha MOCTIDKCHHS THUX IUIaHEeT, IO
3HAaXOIAThCA OMIDKYEe 0 HAc, METOA NPSIMOTo 300pakKeHHS Haminiie
MIIXOAUTh IS JOCHIHKEHHS THUX TUIAHET, 10 BiJJIaJieHl BiJ CBOIX 3ipOK.
[ndpauepBoHe BUIPOMIHIOBAaHHA LUX IJIAHET 3a3BHYail BUHHKAE BHACIHIJIOK
MOBUTLHOTO CTHUCHEHHS XHIX HaAp, AK Ie BimOyBaerhcs 3 OmiTepom um
Carypuom y ConsiuHili cuctemi. Bracmigok nii momepeaHbO 3rajaHoTo
edhexkTy, MOJIOAI  TUTAHETH  TeHEpYyTh  Outbmie  iH(pPaYepBOHOTO
BUIIPOMIHIOBaHHS, 110 pOOUTH IX i7leallbHUMU 00’ €KTaMu JJIsl TOCIiKEHb 3a
JIOTIOMOTOI0 TPSIMOTO CIIOCTEPEKEHHS.

Ockinpku  1i  cnpoOW  BKIIOYAIOTH  BJacHe  iH(pauepBOHE
BUIPOMIHIOBAHHS, IUTAHETH, BIJJAJCHI B CBOIX 31pOK, HE 3a3HAIOTh
3MEHILIEHHS CBITHOCTI, SIK 1€ MOTJIO CTATHUCS 3 TUIAHETaMU, SIKi BUIIPOMIHIOIOTh
CBITJIO, B1IOWTE BiJ cBOiX 3ipok. Hacmpasni, OubIIi BijicTaHi MIX IJTaHETaMHU
Ta 30pSIMH TIOJIETIIYIOTH CIIOCTEPEKCHHS 3a IJIaHEeTaMH OKPEMO BiJl iXHIX
3ipok. Ili MipkyBaHHS CBig4aTh Ha KOPUCTh TOrO, IO EK30IIAaHETH
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brighter to us, and the geometry of the orbital situation creates greater
separations on the sky between the planet and its star. The most
favored candidates for direct imaging therefore appear in systems that
contain young planets with 3 to 80 times Jupiter’s mass that orbit
their stars at distances much greater than those with which our own
giant planets orbit the sun. The top end of this mass range brings us
into the realm of brown dwarfs, which are more correctly described
as failed stars than as giant planets.

Giant Planets or Brown Dwarfs?

At the high end of the planetary mass scale, astronomers must
distinguish between true planets and “brown dwarfs,” objects with
masses larger than planets but with too little mass to qualify as stars.”
All stars shine from nuclear fusion in their cores, where they fuse
hydrogen nuclei (protons) into helium nuclei. This process transforms
some of the energy of mass of the fusing particles into kinetic energy,
which slowly works its way to the stars’ surfaces, heating the gases
there to the point that they emit visible light and other forms of
radiation. Nuclear fusion proceeds only when the temperature rises so
high that protons move with speeds that allow them to collide so
violently that they overcome their mutual repulsion. The required
temperatures, which measure the average speed of a large group of
particles, come close to 10 million K. True stars, generate these
temperatures by squeezing their interiors as the result of the mutual
gravitational forces among all their particles. Greater squeezing
results in higher temperatures and the least massive and least
luminous stars have masses barely sufficient to reach the 10-million-
K threshold at their centers.

Astronomers contrast the lowest-mass stars, which do produce
energy by nuclear fusion, from their less distinguished cousins, the
brown dwarfs, which have masses so small that they cannot perform
this most basic stellar function. Instead, the brown dwarfs, forever

3HaXOMAThCA BaBiui Ommwkde A0 CoHAYHOI cucteMu: iH(ppauepBoHE
BUIIPOMIHIOBAHHS TI03aCOHSYHOI ITUTAHETH 3/Ia€ThCS HaM SCKpaBilllUM, a
reoMeTpiss OopOITH CTBOPIOE OUIBINY BIJACTaHh MK TUIAHETOIO Ta ii 31pKO¥O.
ToMy Hal0IIBII TEPCIEKTUBHUMH KaHAWAATAMH MJIE METOIY MPSMOTO
300pakeHHS € CHUCTEMH, IO MICTATh MOJIOJI TUIaHEeTH 3 Macoro Big 3 1o 80
pa3iB Ounbiioro 3a Macy HOmitepa, obepTaiouuch HABKOJIO CBOIX 3IpOK Ha
BiJicTaHAX, HaOaraTo OUIBIINX, HIXK Ti, Ha SKUX HAIlll BJACHI IJIaHETH-TIFaHTH
obepratotbest HaBkojo Conus. BepxHs Mexa ©bOro Jiama3oHy Mac
MPUBOJIUTH HAC Y LAPCTBO KOPUYHEBUX KAPJIMKIB, K1 MPABUIbHILIE HA3UBATU
“HeBHATUMU 3ipKaMU’, HIK TJIaHETaAMU-TITraHTaMU.
IlaHeTH-riraHTH Y4 KOPUYHEBI KapJauKku?

Ha mnaiiBumomy piBHi cepen 00’ekTiB COHSYHOT CHCTEMH 3a PO3MIpOM,
aACTPOHOMU TOBHHHI BIAPI3HATH BENHKI TUTAHETH, BiJ] KOPUYHEBHUX KAPJIMKIB —
aCTPOHOMIYHUX OO0’€KTIB 3 OLIBIIO MAacol0, HDK Y IUIAHET, ajie 3aHaATO
Manoro, o6 iX MoxHa Oylo BBaxkaTd 3ipkamu.” CBIiTHICTB 3ipOK BHHHKAE
BHACHIJIOK SIICPHOTO CUHTE3y B iXHIX HaApax, NIe BiIOYBAE€TbCS 3TUTTS SACP
BogHIO (TIpOTOHIB) y smpa remito. Ilpomec mepeTBOproe 4acTUHY
€KBIBAJICHTHOI Macu TEPMOSJIEPHUX YAaCTUHOK y KIHETUYHY CHEpriio, sKa
MOCTYIOBO TMPOKJIaaae coll MUIAX J0 MOBEPXHI 31POK, HArpiBaloyd Tra3u 10
Takoi MIpH, II0 BOHM INOYHMHAIOTH BHIIPOMIHIOBATH BHJHMME CBITJIO Ta I1HIII
dbopMu BUTIPOMIHIOBaHHS. SIAEpHHMI CHHTE3 BIIOYBAETHCS JIMIE 33 JIyKE
BHUCOKHX TEMIIEpaTyp, 3a SKHUX MPOTOHH PYXAOThCS 31 IMIBUAKICTIO, IO
JI03BOJISI€ 1M 3IIITOBXYBATHUCA HACTUIBKM CUJIBHO, II0 BOHU JIOJIAIOTh B3a€EMHE
BiJIITOBXYBaHHA. Temrieparypa, Mpu sKiii BUMIPIOETbCS CEPEHs IIBUIKICTD
BEJIMKOI TPYyNU YaCTUHOK, CTaHOBUTH Onu3pko 10 minbsiioHiB K. ChopapxHi
3ipKM TEHEPYIOTh IIi TeMIIEpaTypH, CTUCKAIOYM CBOI Hajapa MiJ Ji€l0 CUI
B3aEMHOTO TSDKIHHS MDK yciMa CBOIMM 4YacTHHKamMu. binbmmii cTuck
MPU3BOANUTH JI0 BHUIUX TEMIIEpaTyp, a HAaMEHII MAacHBHI 1 HaliMEHII CBITHI
30p1 MaroOTh Macy, JIeIb TOCTaTHIO JJIs JocATHEHHs ropory B 10 minbitonis K.

ACTpPOHOMHM TPOTUCTABISAIOTH 30pl 3 HAWMEHIIOI MAacolo, SKi
BUPOOJIIOTH €HEPTiI0 IUIIXOM SIAEPHOTO CHHTE3Yy, iXHIM MEHII BUIAATHUM
poIudyaM — KOPUYHEBUM KapiMKaMm, Maca sIKHX HACTIJIbKUA Maja, 10 BOHH HE
MOXYTh BHKOHYBaTH IO HaWmpocTimry 30psHy ¢yHKIi0. HaTomicTs,
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unworthy of the proud title of star, generate modest amounts of
energy through their continuing slow contraction, which heats their
interiors (and would, if they only had more mass, eventually turn
them into stars). The mass division that separates true stars from
brown dwarfs lies at 75-80 times Jupiter’s mass, equal to about
7.5 percent of the sun’s mass.’

Current estimates place the number of brown dwarfs in the
Milky Way close to the number of stars, with several hundred billion
of each species.* The results from recent planet hunting suggest that
our galaxy contains at least as many planets as stars, and perhaps
several times more planets. (Recall that these numbers leave stars,
and presumably brown dwarfs as well, separated by at least a light
year from their closest neighbors unless they belong to double- or
multiple-star systems.) In view of these enormous numbers and the
fact that both large planets and brown dwarfs generate impressive
amounts of infrared radiation, what lines of demarcation distinguish
brown dwarfs from extremely massive planets? The answer lies, for
better or worse, in astronomers’ theories of how stars and planets
form. As we discuss in Chapter 11, stars form (so accepted models
state) through the collapse of clouds of gas and dust at the center of a
rotating “protostellar disk™ that gives birth to the star and its planetary
system. This “top-down” model likewise applies to brown dwarfs,
which lack only the mass that would make them true stars. Giant
planets, in contrast to stars and brown dwarfs, build themselves in
“bottom-up” fashion, gathering gaseous layers around their solid
cores, which formed, as rocky planets do, by the accretion of much
smaller particles that collided and stuck together.’

Two difficulties appear here. First, competing theories assert
that the largest planets, and those most distant from their stars, form
from the collapse of unstable gas clouds, much like the process that
forms stars. These types of planets correspond to those most

KOPUYHEBI KapJIMKHU TEHEPYIOTh HE3HAYHY KIJIBKICTh €HEprii uepe3 MOCTiiHE
MOBIIbHE CTHCHEHHS, SIKE€ HarpiBae iXHI Hajpa (SKOM JaHi acTPOHOMIYHI
00’exTH Manu ORIy Macy, BOHHU, BPEIITI-pelT, Maiu O Oe33anepevHe mpaBo
Ha3WBaTHCS 3ipKkamMu). Pi3HUIL B Maci, sika BIIOKPEMIIIOE CIPaBXHI 31pKU Bij
KOPUYHEBUX KapiukiB, y 75-80 pa3iB Oinbma 3a macy FOmiTepa, 1110 10piBHIOE
npu6Gmmsao 7,5 % macu Comrs.”

3a cy4acHMMH PO3paxyHKaMmH, YUCENIbHICTh KOPHUYHEBUX KapIUKIB Y
ranaktuni Yymanpkuit 1llngx csrae KimbKoCTi 3ipOK — KilbKa COTEHb
MUTBSP/IB TPEICTaBHUKIB  KOXKHOTO BI/I,I[y.4 PesynpTat HEImogaBHBOTO
CIIOCTEPEXKEHHS 32 TIaHEeTaMH CBiYaTh MPO Te, [0 HAIlla FaJIakKTUKa HaJidye
MPUHAWMHI CTIJTBKH K TUIAHET, CKUIBKH 31POK, a MOXKJIMBO, 1 B KiJIbKa pa3iB
nepeBuIrye ixXHO KiabKicTh. (Haramaemo, mo mi nuugpu BKa3yloTh Ha Te, IO
30pi Ta, UMOBIPHO, KOPUYHEBI KApJIUKH TaKOX, BIJOKPEMJICHI IIOHANMEHIIIE
CBITJIOBUM POKOM BiJ CBOIX HAHOMIKYMX CYCiAiB, SKIIO TIIbKA BOHU HE
HaJeXaTh J0 MOABIMHUX a00 KPaTHUX 30PSHUX CUCTEM). 3BaKalOuu Ha BHCOKI
MOKa3HUKHM 1 TOM (aKT, MO SIK IUIAHETU-TIFAHTH, TaK 1 KOPUYHEBI KapJIMKH
TeHEPYIOTh Bpakarouy KiJIbKICTh 1H(PppauyepBOHOTO BUTIPOMIHIOBAaHHS, BUHUKAE
HACTYIHE 3aluTaHHA: sKi JiHII PO3MEXYyBaHHS BIAPI3HAIOTH KOPUYHEBUX
KapJuKiB Bij TutaHeT-riraHTiB? BiamoBink, Ha MACTS YU HA Kajb, JEXKHUTHh Y
IUIOIIMHI aCTPOHOMIYHHMX TE€OPii Mpo Te, K (HOPMYIOTHCS 31pKU Ta IJIAHETH.
VY po3aini 11, mu gizHaeMocs, 0 30pi YTBOPIOIOTHCS (3TiAHO 3 MPUWHITHUMHA
HOpMaMM) BHACHIJOK 3ITKHEHHS XMap ra3y Ta HHJIy B LEHTpi 00epTOBOro
“IPOTOIIAHETHOTO JUCKA”, TOPOHKYIOUH SIK 30pI0 Ta 1 ii IMIaHETHY CUCTEMY.
[Tpuniun “3Bepxy-BHU3” TaKOX 3aCTOCOBYETHCS /10 KOPUYHEBUX KapJIHKiB,
SIKUM Opakye JIIe Macu, adu CTaTu CIpaBXkHIMU 3ipkamu. [[maHeTu-riranTu,
Ha BIAMIHY BiA 3ipOK 1 KOPHUYHEBHX KapjMKiB, OyAYIOTHCS 3a MPUHIUIIOM
“3HM3Yy-Bropy’’, 30HMparoud Ta30Bl IIapW HABKOJIO CBOIX TBEPAUX saep, SKi
YTBOPUIIUCS, TTOAIOHO 10 KaM’ SHUCTHX IUIAHET, IIUIIXOM CKYMYEHHS HabaraTto
MEHIIMX YACTHHOK, IO 3iTKHYJIHCS Ta 3DOCITHCS Pa3oM.’

3BiJICH BUIUIMBAIOTH JBa YCKiIaaHeHHs. [lo-nepie, KOHKypyrodi Teopii
CTBEP/IKYIOTh, 10 HAWOUIBIN TJIAHETH, Ta Ti, IO PO3TAIIOBaHI HaWJaml Bij
CBOIX 3ipOK, YTBOPIOIOTHCS BHACIIOK KOJIATNICY HECTAOUIBHHUX Ta30BHX XMap,
nmoaioHO 1o mpormecy ¢opMmyBaHHS 3ipok. [l TuraHeTH € HaWOLIBII
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accessible to direct imaging. Second, even if all planets form from
smaller particles rather than in a top-down manner, we have no good
way to observe this distinction. Nevertheless, majority opinion places
brown dwarfs within the mass range from 13 to 75-80 times Jupiter’s
mass; in contrast, planets have less than 13 Jupiter masses.
Coronagraphic Masks and Adaptive Optics
Without immersing ourselves too deeply in the details of the brown
dwarf—giant planet distinction, let us see what astronomers can find
among extremely large planets that orbit far from their stars. Even
these planets will not reveal their existence without the application of
the significant technological cleverness required first to block the
star’s much greater emission and then to enable a telescope to
counteract the blurring effects of our atmosphere.

The technique of blocking the light from a star without
covering a nearby planet carries the now-historic name of
“coronagraphy” because its first, and for many years its only,
astronomical success lay in blocking the light from the sun’s disk to
allow observation of the much fainter, thinner, gauzy “corona” that
extends for many solar diameters outward from the sun.® This corona
emits only about one one-millionth as much light as the solar disk
does—a ratio similar to the planet-to-star ratio that astronomers must
overcome in detecting infrared radiation. The chief differences and
problems in securing planetary images by coronagraphy reside in the
fact that these stars and planets are many million times farther away
than the sun.

Successful solar coronagraphy required years of effort. It was
used by telescopes sited at high altitudes, where the thinner
atmosphere might remain sufficiently calm to prevent a sliver of the
sun’s disk from jumping out from behind the “coronagraphic mask”
that was placed within the focal plane of a telescope to cover the solar
disk precisely. The same analysis applies in spades to the much more
difficult coronagraphic observations of exoplanets, which involve
coronagraphic masks with complex geometric forms designed to

JTOCTYITHUMH JJISI METOLy TpsiMoro 300pakeHHs. [lo-mpyre, HaBiTh AKIIO BCi
IUTaHEeTH (OPMYIOTHCSI 3 MEHIIMX YAaCTHHOK, a HE 3a MPUHIIMIIOM ‘‘3BEpXy-
BHHM3”, Y Hac HEMAaE MOXJIMBOCTI CIIOCTEpIraTd IO BIAMIHHICTE. TuMm He
MEHII, OUTBIIICTh BBaXKa€, 1110 KOPUYHEBI KAPJIMKUA MalOTh Macy Bix 13 mo 75-
80 pasiB OubITy 32 Macy FOmiTepa; Ha BiIMiHY Bij TUTAHET, Maca SIKMX MEHIIA
3a 13 mac FOmirepa.
Koponorpadgivyni Macku Ta alaniTUBHA ONTHKA

He nornu6miorounce y fetasi po3MeKyBaHHSI KOPUYHEBUX KapJIHKIB 1 IJIaHeT-
TiralTiB, TOJAWBUMOCH, IO AaCTPOHOMH MOXYTh BIJIIIYKaTH cepen
BEJIETEHCHKUX TIUIAHET, sKi 00epTaloThCs Jalieko BiJ CBOIX 3ipok. OjHak
HaBITh Takl IUIAHETH HEMOXJIMBO BHIBUTH 0€3 3aCTOCYBaHHS 3HAYHHUX
TEXHOJIOTIYHUX  XWUTPOIUIB, HEOOXIIHUX CIOYaTKy Ui  OJOKYBaHHS
MOTY)KHOTO BUIIPOMIHIOBAHHS 31pKH, a TIOTIM JIJIi TOTO, 100 TEIECKOM 3MIr
MPOTHCTOSITU €(PEKTOBI PO3ZMUTTS, CHPUIMHEHOMY HAIIOI0 aTMOC(EpOI0.

TexHika OJOKyBaHHSI CBITJIa BiJ 30pi, HE MOKPUBAIOYH TPU IHOMY
CYCIZIHIO TUIaHETY, OTpHMaja iCTOPUYHY Ha3BY “KopoHorpadis”, OCKUIbKU il
MIEePIIHI Ta BIPOAOBK 0araThb0X pOKIiB €MHUIN aCTPOHOMIYHUHN YCITIX TOJISITaB
y MEPEeKPUTTi CBITIA BiJl COHSYHOTO JUCKA. 3aBASKH LIbOMY BUEHUM BJAIOCS
BHSIBUTH 3HAYHO CJal0Imly, TOHINY Ta CITYACTy ‘‘COHSYHY KOPOHY’, sKa
mpocTATaeThCs Ha Oarato giamerpiB  HasoHi Bin Comus.’ Kopoua
BHUIIPOMIHIOE JIUIIE OJHY MITLHOHHY YAaCTHHY CBITJIA BiJl COHSIYHOTO JHCKA —
CMIBBiAHOIIEHHS, MOAIOHE 0 MPOMOPLIN MJIAHETH A0 31pKH, SKE aCTPOHOMH
MMOBUHHI MMOJ0JIaTH, 1100 BUSABUTH 1H(payepBoHE BUMPOMiHIOBaHHS. OCHOBHI
BUKJIUKU Ta MPOOJIeMH, SIKi MOCTAIOTh MPU OTPHUMaHHI 300pa’keHb IUIAHET 3a
JOTIOMOT'OI0  KOpOHOTpadii, MOJSAraloTh y TOMY, IO Il 30pl Ta IUIAHETH
BinnaneHi Big COHIIS B MUTBIHOHU pa3iB.

Brana coHsyHa KopoHOrpadis BHMarajga 0araTOpidHMX 3yCHIIb. i
3aCTOCOBYBAJIM TEJIECKOIH, PO3TALIOBAaHI Ha 3HAYHUX BUCOTAX, 7€ pO3piIKeHa
atMocdepa Oyna JOCTaTHHO CTAOUIBHOIO, MO0 3amoOIrTH TMOsB1 KJIanTHKa
COHSYHOTO JUCKa 3-3a “KOpOHOrpagiuHOl Macku”, SKy pO3MIIIyBaJId Y
(hoKaNbHIM TUIONTIMHI TEJIECKOTa, MO0 YITKO MOKPUTH COHsUHUN muck. Lleit ke
aHaJIi3 MOBHOIO MIPOIO CTOCY€ThCSl Habararo CKJIaIHIMIMX KOpOHOrpadidHuX
CIIOCTEPEIKEHD €K30TUIAHET, K1 nepeadavaroTh BUKOPUCTAHHS

22



block as much of the star’s light as possible while allowing the
planet’s radiation to reach a telescope’s detectors.

Astronomers have risen to these challenges, and they hope
soon to improve tremendously on their modest successes once they
have an advanced spaceborne coronagraph. The Hubble Space
Telescope also incorporates a coronagraphic system, but it functions
well below the optimum possible for a spaceborne telescope of its
size. Nevertheless, the system points toward a glorious coronagraphic
future for telescopes in space (see Chapter 13).

Coronagraphy has currently had limited success. The great
new improvement in ground-based telescopic observations of the
heavens during the past two decades carries the name of “adaptive
optics.” This phrase describes optical systems designed to
compensate for the ever-changing image distortion caused by the
ever-variable atmosphere, which continuously refracts any beam of
radiation by tiny amounts. Adaptive optical systems respond by
continually measuring the rippling of the atmosphere and adjusting
telescope mirrors, on timescales measured in milliseconds, to
compensate for the changes in the image that the ripples would
induce. This approach requires an optical system that can respond and
compensate quickly and appropriately. An adaptive-optics system
monitors atmospheric refraction by observing either a guide star in
the field of view, or, more often, an artificial guide star generated by
shining a laser beam upward and observing either its reflection from
atmospheric layers some 20 kilometers high, or the light that the laser
induces from sodium atoms at even greater heights. The corrections
to the optical system arise in a deformable secondary mirror, onto
which the main telescope mirror reflects incoming radiation. With a
computer that can receive information from the guide star and direct
the machinery that governs the deformable mirror, adaptive optical
systems have markedly increased astronomers’ ability to push their
great telescopes almost to their natural limits—that is, to the
capabilities they would have without the distortions introduced by our

KOpoHOTpadiYHUX MACOK CKJIQJHOT TeOMETPHUYHOI (OPMH, CIPOCKTOBAHUX
Tak, 100 OJIOKYBaTH sIKOMora OiJbIlle 30pSHOTO CBITJIA, aje NpU LbOMY
JI03BOJIATU BUIIPOMIHIOBAHHIO IJTAHETH MOTPAIISATH HA JAaTYUKU TEJIECKOIIa.

ACTpPOHOMH TIOJIOJIATH 11i BUKJIMKH 1 CTIOJIIBAIOTHCS HE3a0apoM 3HAYHO
MOKPAIIUTH CBOi TMOKM W0 TOCEpPeNHl YCIIXH, KOJIM OTPUMAIOTh
BJOCKOHAJICHUI KocMiuHUM KopoHorpad. Kocmiunmii Tenmeckon “I'a60x”
TaKOXX Ma€ KOpoHOTrpadiuHy cucTteMy, aje BoHa (PyHKIIIOHY€E Ha PiBHI, 3HAYHO
HIOKYOMY 32 ONTUMAIBHO MOXJIHMBHH JUIsI KOCMIYHOTO TENECKOMa TaKOTo
po3Mipy. Tum He MeHI, e MeXaHi3M BKa3ye Ha cjlaBHE KOpoHorpadidHe
MaiOyTHE 711 KOCMIYHUX TEJECKOMIB (IUB. po3ait 13).

Hapa3i kopoHorpadis wmae H©He3HauHud mporpec. [lokpareHHs
Ha3eMHHX TEJIECKOMIYHUX CIOCTEPEKEHb 32 HeOECHUMH 00'€éKTaMU 3a OCTaHHI
JIBa NIECATUWIIITTS OTPUMAIO Ha3BY “amanTuBHA onrTuka”. Lleit TepMiH omucye
ONTUYHI CHCTEMH, NpPU3HAYEHI JJs KOMIIEHCAIil IMOCTIHHUX CIOTBOPEHb
300pakeHHS, CHPUYMHEHUX MIHJIMBOIO aTMoc(eporo, sika Oe3rnepepBHO
3aJOMIIIOE  OyIb-SKUH Iy4OK BHIIPOMIHIOBAaHHS Ha KpHUXITHI YacTHUHHU.
AJIanTUBHI ONTHYHI CHUCTEMH BHMIPIOIOTH aTMOC(EpHI KOJIMBAaHHA 1
HAJIAMITOBYIOTh J3€pKajla TENEeCKOIiB 3 TOYHICTIO JO MITICeKyHa, 100
KOMITCHCYBATH 3MIHH B 300pa)keHH1, BUKJIMKAH1 IMMH SIBUIIIAMHU. TOMY, TaKUi
MMAX1J BUMAarae Halae)XHol onTHUHOi cucteMu. CHcTeMa agalTUBHOI ONTUKH
BIJICTeXKY€E 3aJIOMJICHHS aTMoc(epH, CIOCTepirarouu TO 3a OMOPHOIO 30pel0 B
Mojii 30py, YM, YacTille, 3a 30pEl0, YTBOPEHOIO MUISXOM CIPSIMYBaHHS
JIA3epHOTO MTPOMEHS Bropy 3a WOro BIAOUTTSIM BiJ IIapiB aTMOC(EpH BUCOTOIO
6mu3pko 20 KinmomerpiB, abo X 3a CBITJIOM, K€ Jla3ep IHAYKYE BijJ aTOMiB
HaTpito Ha 1Mme OubmKX BHUCOTaX. KopuryBaHHS ONTHYHOI CHCTEMH
BUHUKAIOTh Yy AeQOpPMOBAHOMY BTOPHHHOMY J3€pKalli, Ha SIKE TOJIOBHE
J3epKaJIo TeJIeCKoma BiJOMBAa€ BUIPOMIHIOBAHHS, IO HAIXOAWUTH. 3aBISKH
KOMIT'IOTEpY, SIKUH MOXKE OTpUMYBATH iH(OpMALiI0 BiJ OMOPHOI 3ipKU Ta
KepyBaTH MeXaHI3MaMH, IO PperyjloloTh THYYKE J3epKajio, aJanTHBHI
ONTUYHI ~ CHUCTEMH  TIOMITHO  30UIBIIMJIM  3JATHICTh  acTPOHOMIB
BUKOPUCTOBYBATH CBOI BEJIMKI TEJIECKONU Maike A0 iX MPUPOJHUX MEX —
TOOTO 1O MOXIMBOCTEH, sIKi BOHM Manu Ou 0e3 CIOTBOpEHb, MO iX
CIPUYMHIOE Hallla )KUTTEAaHa aTMocdepa.
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life-giving atmosphere.’

The First Direct Exoplanet Observations
Coronagraphy and adaptive optics now underlie most present
attempts (and even future ones), to see exoplanets and to measure
their apparent brightnesses, and also to study their spectra, from
which astronomers can determine the temperatures and compositions
of the planets’ surfaces or (if they exist) their atmospheres. With their
technological advances, astronomers have directly imaged exoplanets
that orbit stars with distances of 25 to 500 light years from the solar
system. Beta Pictoris, one of the closest stars with a directly imaged
planet, first gained fame in astronomical circles when astronomers
found that a disk of debris, presumably left over from the formation
of planets, surrounds the star. Even today, planet formation may
continue around Beta Pictoris, 63 light years from Earth:
Astronomers estimate the star’s age as only about 20 million years,
less than half a percent of the age of the sun and its planets. Next in
discovery came the star’s directly imaged exoplanet, Beta Pictoris b,
which currently qualifies as the directly imaged exoplanet with the
smallest orbit around its star.®

At a distance of 9 AU from its star, about equal to Saturn’s
distance from the sun, Beta Pictoris b takes about 22 years for each
orbit, but it has an estimated mass that is about 7 times Jupiter’s and
24 times Saturn’s.” The planet’s infrared radiation implies a
temperature close to 1,600 K, which must arise from its sources of
internal heat rather than from incoming radiation from a star 9 AU
away. Spectroscopic studies have shown that Beta Pictoris b has an
atmosphere, and that the planet rotates once every 8.1 hours, a
rotation even more rapid than (much less massive) Jupiter, which has
the shortest rotation period (9.9 hours) of the sun’s eight planets.

In the final years of the past decade, astronomers employed an
advanced adaptive-optics system on two telescopes at the Mauna Kea
Observatory, one of the 10-meter Keck twins and the 8.1-meter
Gemini North instrument, to study infrared radiation from the vicinity

Ilepuui npsiMi criocTepeKeHHsI €K30IIaAHeT

KopoHorpadisi Ta aganTuBHA ONTHUKA CKJIAIAI0Th OCHOBY OUTBIIIOCTI CyJacHHUX
(6a HaBITP MaiOyTHIX) cHpoO MOOAYHTH EK30TUIAHETH, BHUMIPSATH iXHIO
CBITHICTb, @ TaKOX BHMBYUTH iXHI CHEKTpPH, 32 SKUMH aCTPOHOMH MOXYTb
BH3HAYUTH TEMIIEpaTypy Ta CKJIaJ TOBEPXHI IUTaHET abo (AKIIO BOHHU
ICHYI0Th) iXHIX armocep. 3aBIsKH TEXHOJIOTIYHOMY TpPOrpecy BYEHI
OTpUMAJIK TIPsMi 300paKeHHsI €K30TUIAHET, sIKIi 00epPTalOThCsl HABKOJIO 31pOK,
0 3HAXOJAThCS Ha BiActaHi Bifg 25 mo 500 cBiTioBux pokiB Bix CoHSYHOT
cuctemu. bera XuBonuciis, ogHa 3 HaWOMMHKYHMX 31pPOK, Y AKOI € TUTaHETa,
BIlepiIe 37400yNNa MOMYJSIPHICT B aCTPOHOMIUYHUX KOJIaX, KOJIU aCTPOHOMH
BHUSIBUJIM, IO JIMCK YyJAMKiB, SIKi, KIMOBIPHO, 3aJIUIIWINCS TICIs YTBOPECHHS
IUIaHeT, orouye 3ipky. HaBiTe cboromni HaBkono bern JXKuBomwmcus, sxa
3HAXOJUTHCSA Ha BiACTaHI NMpHOIU3HO 63 CBITJIOBHX POKIB BiJ 3eMili, MOXE
TpuBaTu (GOPMYBaHHS IUIAHET: 3a OLIIHKAMM BYEHHUX, BIK 3IpPKM CTAHOBUTh
numie 6mm3bko 20 MITBHOHIB POKIB, IO MEHINE HIK IMIBBIJCOTKA Bif BIKY
Conus Ta ioro minaner. HactynmHoro Oyna Binkputa bera JKuomucus b, sika
Hapasi KBaJiiKyeTbcs SK €K30IUIaHeTa 3 HAaWMEHIOK OpOiTOI0 HaBKOJIO
CBOET 3ipKH.

Ha Bincrani 9 a.o0. Bij CBO€T 31pKH, 10 NMPUOIM3HO TOPIBHIOE BiJCTaHI
Bix Catypna no Conus, bera XXuonwucust b poOutk onuH 00ept 3a 22 poku,
ane 11 maca nmpuOau3HO B 7 pa3iB Oukiia 3a Macy kOmitepa i B 24 pa3u Oiiblna
3a macy Carypra.’ [HdpauepBoHe BHIPOMIHIOBAHHS IUIAHETH CBIXYHTH PO
Temmneparypy, 0au3bky 10 1 600 K, sxa mae 6yTu 3ymMoBieHa ii BHyTpIIIHIMHA
JDKepenaMy TeIla, a He BUIIPOMIHIOBaHHSM, IO HAIAXOAWTH BiA 30pi,
po3ramioBaHoi Ha BijcTaHi 9 a.0. CHEeKTPOCKOIIYHI JOCTIKEHHS MOKa3alIH,
mo bera XKuBonmcus b mae armocdepy, 1 nepioa ii oOepTaHHS CTaHOBHUTH §
roJvH, 1o nepeuirye FOmitep, unii nepion odepTaHHs € HaWKopoTmHM (9
rOJIMH) cepel BocbMHU miianeT CoHIIs.

B ocTaHH1 poKHM MHHYJIOTO ECATHIITTS aCTPOHOMHU BUKOPHCTOBYBAIU
MEPEeIOBy CHUCTEMY aJanTHUBHOI ONTHUKHA 3a JOIMOMOTOI JBOX TEIIECKOIiB
acTpoHOMIuHOT oOcepBatopii Mayna-Kea — 10-meTpoBi TenecKonu-0Ju3HIOKH
Keka ta 8-merpoBuii teneckon brnusHroku-IliBHIY — 11 BHBYEHHS
iH(pauepBOHOTO BUMPOMiHIOBaHHA JoBKOda 30pi HR 8799. 3a npubnuznumu
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of the star HR 8799. This star, 129 light years from Earth, half again
as massive as the sun and five times more luminous, has an estimated
age of only 30 million years. The astronomers found four giant
planets around HR 8799, each with approximately five to seven times
Jupiter’s mass, at distances that range from 15 to 68 AU—
reminiscent of Saturn’s orbit around the sun at a distance of 9.5 AU,
Uranus’s at 19.2 AU, and Neptune’s at 30 AU. They also found two
disks of gas and dust around the star; one disk lies inside all four
planets’ orbits, while the other disk lies outside all four. During the
decade since this discovery, continuing observations have recorded
the orbital motions of the four planets. As expected from the rules of
orbital dynamics, the closer planets move more rapidly than the outer
ones, with their complete orbits taking from 45 to about 460 years.'°

Building on this success, astronomers directed further
attention toward HR 8799 and its planets with a specialized
instrument at the 8.1-meter Gemini South telescope, situated 2,722
meters high on Cerro Pachon in Chile. More than a dozen institutions
in the United States and Canada created the Gemini Planet Imager, or
GPI, to work with the Gemini South Telescope. The GPI employs a
coronagraphic mask, adaptive optics, and an advanced spectroscopic
system that have been used in combination to find evidence for
atmospheres around HR 8799 ¢ and d (the second and third most
distant of the star’s planets), which include molecules of water,
carbon monoxide, and methane.!!

Close to Cerro Pachon, astronomers have deployed an
instrument similar to the GPI, which is likewise aided by adaptive
optics and a coronagraphic mask, that carries the name SPHERE, an
acronym for Spectro-Polarimetric High-contrast Exoplanet REsearch.
SPHERE analyzes the light received by one of the four 8.2-meter
Very Large Telescopes at ESO’s Paranal Observatory. In mid-2017,
SPHERE found its first exoplanet, nine times more massive than
Jupiter, orbiting at almost 92 AU from the star HIP 65426, 385 light
years away. '

MmipaxyHKaMH, 115 3ipKa, 10 3HaXOAWThCS Ha BifcTaHi 129 CBITIIOBHX pPOKIB
Bix 3emuti, BABiYi MacuBHimma 3a CoHIle Ta B I'ATh pa3iB sCKpaBilia, Ma€e BiK
nume 30 MUIBHOHIB POKiB. ACTPOHOMH BUSIBHJIM YOTHUPH ITUTAHETH-TITAHTH
HaBkojo HR 8799, koxHa 3 SKMX MPUOIU3HO B M'SITh-CIM pa3iB MEPEBUIIYE
macy lOmitepa, Ha Biactani Bim 15 mo 68 a.0. — BiAcTaHb, IO HAraaye
obepranns CarypHa HaBkosio CoHIsl Ha BiacTaHi 9,5 a.0., Ypana Ha BigcTaHi
19,2 a.o. 1 Henryna Ha BiacTani 30 a.0. BoHu Tako MOMITHIM ABA JUCKH, 11O
CKJIaJalOThCs 3 Ta3zy Ta MUY, OJMH 13 HUX PO3TAIIOBAaHUM BCepeauHi opOiT
yCiX YOTHPHOX IUIAHET, a IHIIUH — 3a IXHIMHA MeKaMH. BIIpoIoBXK ACCATHITITTS
3 MOMEHTY BIJKpPUTTS, TOCTiiHI cHOCTepeXeHHs 3adikcyBaiu opOiTaibHi
pyXd YOTHPHOX IUIAHET-TIraHTiB. SIK BUIIMBAaE 3 TMpaBWi OPOITATBHOI
OUHAMIKK, TUIAHETH, pO3TAlIOBaHI ONK4Ye, pyXaloThCsA IIBHAILIE, HIXK
BiJIajIeHi, 1 IXHI MOBHI 00epTH 3aliMaroTh Bia 45 10 npudmm3Ho 460 p01<i13.10

[pyHTYIOUHCH, Ha JOCATHYTOMY YCIIXY, ACTPOHOMH 30CEPEIUIIH
nojaney yBary Ha HR 8799 Ta ii nmiaHerax 3a JOMOMOrol0 HaaA4yTJIMBOIO
MPHUCTPOIO, IO 3HAXOAUTHCS Ha §-MeTpoBOMY Teneckori brusuioku-IliBaeHs,
po3ramoBanomy Ha ropi Ceppo-ITauon, Uumi Ha Bucoti 2 722 metpiB. binbie
necarka iHnctutyTiB y CIIIA ta Kanami crBopunm mpuctpiii Gemini Planet
Imager (GPI), nnsa po6otu 3 Teneckornom bimsutoku-IliBnens. Bin 3actocoBye
KOpoHOrpagiyHy  MacKy, aJanTHBHY ONTHKY Ta  BJOCKOHAJEHY
CIEKTPOCKOIIIYHY CHCTEMY, 1[0 B TIOE€JHAHHI OyJIM BUKOPHCTaHI IS MOIIYKY
nokasiB icHyBaHHs atMocdep HaBkoigo HR 8799 ¢ ta d (mpyra i tpers 3a
BIIJIAJICHICTIO BiJ 3IpKH ITUTAHETH), SIKI CKJIAJAalOThCA 3 MOJICKYJT BOJIH,
MOHOOKCH/LY BYTJICLIO T4 MCTaHYy. '

Hemnopanix ropu Ceppo-IladoH, acTpOHOMH BCTaHOBHWJIM CXOXHH Ha
GPI nmnpuctpiii, SKMH TakoX BHMKOPHCTOBYE aJalNTUBHY ONTHKY Ta
KopoHorpadiuny Macky. Bin orpumaB Ha3zBy SPHERE, mo Tpakryerbcs B
aHrmicekii  MoBi sk “Spectro-Polarimetric  High-contrast Exoplanet
REsearch” (“CrnekTpo-noisspuMeTpuyHe BHCOKOKOHTPACTHE JOCIIIKCHHS
ex3omuianer”). BiH gocinipKye CBITIO, OTpUMaHEe OJHUM 3 8-METPOBHX TyXKe
BEJIMKUX TEJIECKOMiB B oOcepBaTopii [lapanan, mo 3HaxXoaUThCs B yIpaBlIiHHI
€Bporneiicbkoi miBneHHOi obcepparopii. ¥ cepenuni 2017 poxy SPHERE
BHSIBUB CBOIO MEPIY €K30IJIaHETY, Y ACB'SATh pa3iB MacuBHimy 3a KOmiTep, 1o
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Because distinguishing extremely large exoplanets from
brown dwarfs poses an ongoing problem, some uncertainty exists
about the precise number of exoplanets that astronomers have imaged
directly. At this writing, the Extrasolar Planets Encyclopedia database
(exoplanet.eu) lists 93 of them, but a few of them are peculiar cases
that fall outside the traditional definition of direct imaging. The
planets’ masses range from 3 to 79 times Jupiter’s, so the most
massive ones lie at the boundary with brown dwarfs. The great
majority of these planets have distances from their stars larger than
Earth’s distance from the sun, with some of these distances ranging to
many thousand AU and even beyond. These directly imaged planets,
modest though their numbers may be, already tend to confirm the
hypothesis that many young stars possess equally young planets
much more massive than Jupiter that orbit at distances significantly
greater—in many cases far greater—than Jupiter’s distance from the
sun.

7

DETECTING PLANETS WITH EINSTEIN’S LENS

Perhaps the sweetest, the cleverest, and in some ways the
most frustrating technique for finding exoplanets arises from the
theory of general relativity, the leap forward in our understanding of
the physical universe that made Albert Einstein famous in 1919. This
method, which we may call “Einstein’s lens,” allows astronomers to
perceive the existence of exoplanets not by observing the planets’
own light, or their stars’ light, but instead by detecting the effect that
their gravitational forces have upon light from far more distant stars.

General relativity theory, which scientists call general
relativity, describes the effect of gravity as a bending of space. This
concept came as a shock (and still does) to those who feel strongly
that space has no ability to bend, and no business doing so. Instead,
our intuition insists that space just “sits there,” empty and
unchanging, no matter what objects or events may come to pass
within it. In opposition to this intuitive feeling, which remains strong

obOepTaeThcs Ha BiacTaHl Maibke 92 a.o. Big 30pi HIP 65426, 3a 385 cBiTioBux
POKIB Bif nac.'?

OCKUIbKM  BIIPI3HUTH  HAJI3BHYAHO BEJMKI €K30IUIAaHETH BiJ
KOPUYHEBHUX KapiUKiB € IMpOoO0JIeMOI0, iCHYye IEBHAa HEBU3HAYEHICTh IOJI0
TOYHOI KUTBKOCTI IO3aCOHSIYHMX TUIAHET, SIKI acTpOHOMH 3adiKCyBald Ha
sHiMkax. Ha momMeHT HammcaHHs miel crarri B 0a3l mannx Ennwmkmonemil
M03aCOHAYHUX IUTaHeT (exoplanet.eu) iX HamiuyeTbes 93, ane neski 3 HUX €
0COOJIMBUMH BHITQJIKaMU, 110 BUXOJSATH 32 PaMKH TPAJAUIIMHOTO BU3HAYCHHS
npsiMoro 300paxeHHs. Maca nux miaHeT Big 3 1o 79 pasiB Ounbna 3a Macy
IOmitepa, TOMy HalitMacHBHIII 3 HUX MEXYIOTh 3 KOPUYHEBUMHU KapJIMKaMHU.
[TepeBakHa OUTBIIICTH IJIAHET BiAJAJICHA BiJl CBOIX 31pOK OlbIIe, HIXK 3eMIIst
Bi CoHIIS, IPUUOMY AEsIKI 3 IIUX BiJICTAHEH cATalOTh O6araThbOX THCAY a.0. Ta
HaBiTh Ounbmne. [lmaHeTH, 4YWsA KITBKICTH JOCHUTh CKPOMHA, BXKE
HiATBEPXKYIOTH TIMOTE3y HPO Te, 0 0araTo MOJIOIUX 3iPOK MAlOTh TaKi Xk
MOJIOZIl TIIaHeTH, Habarato MacuBHim 3a lOmitep, ski oOepTaroThes Ha
BIJICTaHSX, 3HAYHO OLIBIINX — y 0ararboxX BHUMAJKax HabaraTo OUIBIINX, HIXK
Bigctanp tOmitepa Big CoHIs.

7
MOLIYK IVIAHET 3A JJOIOMOTI' OO I'PABITALIIMHOI JITH3U
EMHIITEAHA

MoOXJIMBO, OJWH 3 HAWIIMIIKX, Ta BOJHOYAC HAHOIIBII HEBIAIHX
METOMIB TOIIYKYy €K30IUIaHeT Oepe CBii MOYaTOK 3 Teopii 3aranabHol
BIZIHOCHOCTI — BIAKPUTTS, sike mpociaBmwio AnsOepra EifnmTeitna B 1919
poui. Meron Bimomuii sk ‘“rpaBiTamiiiHa siH3a EifHmTeitHa”, m03BOJISIE
aCTpOHOMaM BHUSBHUTH ICHYBAaHHs €K30IUIAHET HE 3a CBITHICTIO IJIAHET YU 1X
3ipoK, a 3a BIUIMBOM iXHIX TpaBIiTAIlifHUX CHJI Ha CBITHICTh Bil OUIBII
BiJIJTaJICHUX 31POK.

3aranpHa TeOpisl BiIHOCHOCTI OMHCYE AiI0 TpaBiTallii K BUKPUBICHHS
npoctopy. IlpencraBieHa KOHIEHIliS BCE IIE BHKJIMKAE IIOK Yy THX, XTO
TBEpPAO TMEPEKOHAHMM, IO MPOCTIp HE 3MaTeH J0 BHUKpuBIEHHS. HaTomicTh
Hala 1HTYiIis TBEPAUTH, IO MPOCTIP MPOCTO “3acTUr”’, TOOTO MOPOXKHIK abo
HE3MIHHHN, HE3AJIEIKHO BiJl TOTO, SIKUMHU O 00'€KTaMH YU MOAISIMU BiH HE OyB
HanoBHeHM. Ha mpoTwBary iHTYITHBHOMY BiIUYTTIO, KOTPE 3aJIHINAETHCS
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no matter how scientifically valid his theory has proven to be,
Einstein posed a subtler, and, as it turned out, more useful and more
accurate description: Space can and does bend under the influence of
any object with nonzero mass. Space bends the most in regions
closest to any particular object, and it bends more in the presence of
more massive objects.

As a prime example of this bending, Einstein predicted that
when we observe the light from a distant star that happens to lie
almost directly behind the sun, we will find that the sun’s gravity
makes the rays of starlight deviate from the paths that they would
follow were the sun not there.' To verify Einstein’s prediction, we
must measure a star’s position on the sky in two different situations,
once with the sun present and once with it absent. The latter situation
poses no problem, but the former encounters a difficulty analogous to
attempts to observe exoplanets directly: the drowning of faint
starlight in the sun’s nearby glare.

The sole remedy for this problem available in Einstein’s time
arose in the few minutes of a total solar eclipse, when the moon
blocks the light from the sun’s disk. This creates a few minutes of
near darkness, lit only by the faint glow from the gaseous corona that
surrounds the sun. This brief dark time gives astronomers the chance
to record the positions of stars that appear close to the sun on the sky
and to compare these images with photographs taken at a different
time of the year, when the Earth’s motion in orbit has caused the sun
to occupy an entirely different location on the sky.

In May 1919, a rightly renowned total solar eclipse allowed
astronomers to make these crucial measurements, which brought
Einstein worldwide prominence by demonstrating that his
reinterpretation of gravity had merit. Throughout the next century, a
host of similar observations, along with other experiments based on
general relativity, have continued to verify, with increasing accuracy,
the validity of Einstein’s brainchild. From time to time, physicists
have proposed modifications to Einstein’s theory. Although these

HETIOXUTHUM HE3aJICXKHO BiJ TOTO, HACKIJTBKHM HOTO TEOPish BUSIBUIACH HAYKOBO
o0rpyHToBaHolo, EifHIITEiH 3amponoHyBaB Oulbll e€()EeKTUBHUI Ta TOYHUIMA
OMHC: TIPOCTIP MOXKE BUKPHBIIATHCS IIiJl BIUIMBOM 00’€KTa 3 HEHYJIbOBOIO
Macow. BiH MakCUManbHO BUKPHUBISETHCS B MICISAX, HAHOMMKIUX 10 Oyab-
SIKOTO KOHKPETHOTO 00'€KTa, a 3a HAsBHOCTI OLIbII MacUBHUX 00’ €KTIB
MIPOCTip BUKPUBISAETHCS CHIIBHIIIIE.

Sk HaOYHMI TPUKIIAJ] TAaKOTO BUKpHBICHHS, EHHIITENH nependadus,
[0 KOJHM MH CIIOCTEPIraEMO 3a CBITHICTIO JaleKoi 3IpKH, SKa 3HAXOIUTHCS
Maibke Oe3mocepennbo 3a CoHilemM, MH ToOaunMo, 1o Tpasitariss CoHIlM
3MYIIIy€e TMPOMEHI 30pSHOTO CBiTIia 3MIHIOBATH HAMpPSIMOK, SKUM OW BOHU
pyxamucsi, sk6u CoHus Tam He Oyno.' L[o6 mepeBiputd mepenGadcHHs
EitnmTeiina, My IOBUHHI BUMIPSTH IMOJIOKEHHS 30pi HA HEO1 3a IBOX Pi3HUX
ymoB: 3a HasBHocTi CoHIlg 1 3a #oro BiacyTHOCTi. OcCTaHHS yMoOBa He
CTaHOBHUTbH KOJHUX MpoOJeM, ajie Mepiia BUKIUKAE TPYIHOII, aHAJIOTIYHI
crpo0aM MPSIMOTO CITOCTEPEKEHHsI €K30IUIaHET, a/Ke CIa0Ke 30psiHe CBITIIO
IyOUTBHCS B COHSIUHUX BiIOIUCKAX, 110 3HAXOAATHCS MOOIH3Y.

€nuHnii croci® BUpIMICHHS 1€l mpoOieMu, BIJOMHH 3a daciB
Elinmreiina, BUHMKAB 3a KiJlbKa XBHJIMH IIOBHOI'O COHSYHOTO 3aTEMHCHHS,
KoJu Micsitb OJIOKYBaB CBITJIO BiJl COHSTYHOTO JHMCKA. Y Pe3ysbTaTi, Ha KUTbKa
XBUJIMH HACTAa€ Maike MOBHA TEMpsiBa, OCBITIICHA JIAIIE CIAOKHM CSUBOM
razoBoi kKopoHu, mo otouye CoHme. 3a ueil yac, acTpOHOMHU MAaKOTh
MO>KJIMBICTh 3a(iKCyBaTH IOJIOKEHHS 31pOK, SIKi pO3TaIloBaHi OJM3BKO 10
CoH1s, 1 TOPIBHATH OTpHMaHi 300paxkeHHs 3 (HOTO3HIMKAMU, 3POOJICHUMH B
HIIIY TIOPY POKY, KOJIM pyX IUTAHETH 3eMJIsl IO CBOil opOiTi MpU3BIB 710 TOTO,
o CoHIle 3aiHsII0 30BCIM 1HIIIE TOJIOKEHHS Ha HEOI.

VY tpaBHi 1919 poky moBHE COHSIYHE 3aTE€MHEHHS JT03BOJIMIO BYCHUM
3pOOUTH 11l BaXKJIMB1 BUMIPIOBAHHS, sIKI MpuHecTu ERHINTEHHY CBITOBY ClaBy,
MIPOIEMOHCTPYBABIIIH, 10 HOrO MEPEOCMUCIICHHS TpaBiTallii Ma€e CIYIIHICTb.
[IpoTsiroM HACTYNMHOTO CTOJITTS O€3J1iY MOMIOHUX CIIOCTEPEKEHb, & TAKOXK
1HII eKCIEepUMEHTH, 3aCHOBaHI Ha 3arajbHii Teopii BIAHOCHOCTI,
MPOJIOBXKYBAIHM 31 3POCTAIOYOI0 TOYHICTIO MIATBEP/KYBATH CIPABEIINBICTh
nitnima Efamreiina. 3romnom ¢i3uKu 3arpornoHyBaiu ¢Boi Moaudikarii Teopii
Eiftnmreiina. Xo4ya TPUMYIIEHHS 34aBAIUCS IUJIKOM OOTPYHTOBAaHHMH 3
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suggestions seemed entirely reasonable from a mathematical
standpoint, they failed to agree with measured reality. Sixty-plus
years after his death, Einstein continues to stand as the genius who
provided our best understanding of the most obvious and mysterious
of the forces of nature.

As a wrinkle on the gravity-bends-space principle of general
relativity, Einstein noted that in certain astronomical situations
gravity could effectively act as a lens, concentrating and magnifying
the light from a distant object. Consider what happens if a massive
object happens to move across astronomers’ field of view, passing in
front of a star under observation. (Since all stars in the Milky Way
are in constant motion, this happens more often than one might
imagine.) If the object passes exactly in front of the more distant one,
at the moment of perfect alignment the object’s gravitational force
will bend light from the distant star all around it, producing what
astronomers now call an “Einstein ring.” If, instead, the object passes
almost, but not quite, directly in front of the star, its gravitational
bending of light will tend to create two distorted images of the distant
star. And if the line-up differs even more significantly from
perfection, astronomers will detect only a single image. In any of
these situations, the object’s gravitational deflection of the rays from
the distant star briefly focuses and concentrates its starlight, making it
appear significantly brighter than it does when the object is nowhere
in the picture. Astronomers call this effect “gravitational lensing”; the
term includes the focusing effect but refers more generally to the
increase in a distant object’s apparent brightness that occurs when a
closer object’s gravity bends the light from the more distant one.

Before we consider how gravitational lensing allows
astronomers to find exoplanets, we may note that in recent years,
astronomers have extended their gravitational-lens observations to the
far reaches of the visible universe. They have used the mass
concentrated within clusters of galaxies hundreds of millions of light
years from Earth as a set of gravitational lenses that sharply increase

MaTeMaTHYHOI TOYKH 30pY, BOHH HE Y3TOJDKYBAJIHCS 3 BHMIpPSHOIO
peanbHicTIO. Yepe3 IIIiCTAECAT 3 TaKOM POKIB Micis cBO€l cmepTi ElHiTeiiH
MPOJIOBXKYE 3aJIMIIATUCS TEHIEM, SKUH JOMOMIT HaM Kpaile 3pOo3yMITH
HAWOYEBUIHIII Ta HAl3araIKOBIIIll CHIIH IPUPO/IH.

Sk HemomiK TPaBITAIlIHO-MIPOCTOPOBOTO MPHUHIUIY 3arajibHOI Teopii
BiTHOCHOCTI, EMHINTEIH 3ayBakuB, 10 B MEBHUX aCTPOHOMIYHHMX CHUTYaIlisIX
rpaBiTaIlis Moke e(pEeKTUBHO JIATH K JIIH3a, KOHIEHTPYIOUH Ta 30UTbITYIOYN
CBITJIO BiJ BifganeHoro 00'ekra. Po3rissHeEMO, 1[0 CTAaHETHCS, K0 MACHBHUM
00'eKT MepeTHe ToJie 30py aCTPOHOMIB, MIPOXOISUYM TIEPE 31PKOI0, 3a SKOIO
BeZieThesl crioctepeskeHHs. (OCKiTbKM yci 3ipku B rajakTuili YymanbKuii
[nax mepeOyBaroTh y TMOCTIHHOMY pyci, 1€ BiAOyBaeThCs dYacTilie, HIXK
MOXKHa co001 ysaBUTH). SIKImIO 0O0'€KT MNPOXOAUTH YITKO TMepes OuIbII
BI/IIaJICHOIO 31PKOI0, TO B MOMEHT i/IeaJJbHOTO BHUPIBHIOBAHHSI TpaBiTalliifHa
cuna 00'eKTa BUKPHBIISE CBITIO BiA BiAJaJeHOI 30pl HABKOJO HBOTO,
YTBOPIOIOUM T€, IO aCTPOHOMH TENep Ha3uBalOTh “‘KiiblieM ElHmTEHHA”.
Sxmo x 00'€KT MPOXOAWTH ONM3BKO, alle HE 30BCIM UITKO Tepes 3ipKoro,
rpaBiTalliiHe BUKPUBIICHHS CBITJIa TMpU3BEAE 1O CTBOPEHHS  JIBOX
CIIOTBOPEHHUX 300pa)keHb JaleKoi 30pi. A SKIIO CTPYKTypa IIe CYTTEBIlIe
BIIPI3HATUMETBCS BiJ] JOCKOHAJIOCTI, TO aCTPOHOMH BHUSBIISITH JIMIIE OHE
300pakeHHs. Y Oyab-sKili 3 IMX CUTYaIlill TpaBiTalliiHe BiAXMICHHS 00'€KTOM
MPOMEHIB BiJ JAJIEKOi 30pi Ha KOPOTKHM Yac (OKYCye 1 KOHILIEHTPYE HOTO
30psIHE CBITJIO, 3aBJSKH YOMY O0'€KT BUTJISAA€ 3HAUHO SICKPABIIIMM, HIXK KOJIH
oro HemMae Ha 300paxkeHHI. ACTpOHOMH Ha3MBaIOTh 1€l  e(deKT
“rpaBiTallifHUM JTIH3YBaHHSIM ’; TEpMiH BKIII04ae B ceOe edekT GpokycyBaHHS,
aje B OUIBII 3arajJbHOMY CEHC1 O3Hada€ 30UIbIIEHHS BHIMMOI CBITHOCTI
BiJlJaJIeHOTO 00'€KTa, IO BUHUKAE, KOJM TpaBiTallis OIMKYOro o0'ekra
BHKPUBJISIE CBITIIO Bij OLIBIN BiJAAICHOTO.

[lepm HXK pO3MIAHYTH, SK TpaBiTalliiiHe JH3YBaHHS JO3BOJISIE
aCTPOHOMAaM 3HAXOJIHWTH EK30IUIAaHETH, 3a3HaYMMO, IO OCTAHHIMH pPOKaMH
BYCHI PO3IIUPUIH CBOT CIIOCTEPEKEHHS 32 JOTIOMOT0I0 TPaBITALiHUX JIiH3 J10
BiIJIaJIeHUX KYTOUKiB BuauMoro BcecBity. BoHu BUKOpHCTOBYBayM Mmacy,
CKOHLIGHTPOBAHY B CKYMUYEHHSX TaJaKTUK 3a COTHI MUIBHOHIB CBITIOBUX
pokiB Bim 3emuti, Sk HaOlp TrpaBITAllIMHUX JIH3, SIKI CTPIMKO 301IBIIYIOTH
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the brightness of still more distant galaxies and create images with far
more detail than would appear without the lensing effect. Einstein
would justly be proud.

Within our Milky Way galaxy, gravitational lensing works—
in fact, it becomes more easily observable—even if the closer object
emits no light of its own. The lensing enhances the light from the
more distant star without changing the amount of light received from
the closer object. The effects of lensing depend only on the mass of
the closer object and how directly it moves across the beam of light
from a distant star. Gravitational lensing can be produced by burned-
out stars, neutron stars, black holes, or anything else with mass.
Because greater masses will induce larger effects, gravitational
lensing offers a way to measure the mass of an object, whether seen
or unseen, that happens to pass almost directly across the line of sight
to a distant star.

Suppose that the closer object happens to be a star with a
planet in orbit around it. In that case, astronomers measuring the light
from a distant star may see a sizable gravitational-lens effect created
by the nearer star, but superimposed on this brightness increase they
will observe a much smaller, similar effect that arises from the
planet’s gravitational force. This secondary effect will depend both
on the planet’s mass and on the orientation of its orbit, which may
cause the planet to pass slightly closer, or slightly farther away, from
the trajectory that its star takes across our line of sight to a distant
star. In almost all cases, however, the comparison of the sizes of the
lensing effects from the star and its planet provides a direct indication
of the ratio of their masses.

When Einstein first discussed this effect, he knew that the
enormous distances between stars in the Milky Way made it unlikely
that astronomers could record the events just described, even for a
star. Indeed, astronomers observed no such gravitational lensing in
Einstein’s lifetime. Massive improvements in their observational
capabilities introduced in the past half century, however, have

CBITHICTh M€ OLIBIN BiJJAJCHUX TaJaKTHK 1 CTBOPIOIOTH 300paKCHHS 3
HabaraTo OLUTBINOI0 JAeTami3aliero, HiX Ie Oyno 0 0e3 edekTy NiH3yBaHHS.
E#inmreiin mo nmpaBy nuiascs 0.

Y wamii ramaktuni Yymanekwii Ilnsx rpaeitamiiiHe JiH3yBaHHS
JTIHACHO TpaIloe — BJIACHE, HWOTO CTa€ JIETIIE CIOCTEepIraTd, HaBITh SKIIO
OmKYMii 00'€eKT HE BHUIIPOMIHIOE BJIACHOTO CBiTjia. JIIH3yBaHHS MOCHIIIOE
CBITJIO BiJl OLIBIN BIJAJCHOI 31pKH, HE 3MIHIOIOUM TMPU IHOMY KUIBKICTh
CBITJIa, OTPUMAHOTO BiJl Oyimykuoro 06'ekra. Pe3ynpraTu JiH3yBaHHS 3aJ]eKaTh
JIUIIE BiJl MacH OJMKYOT0 00'€KTa 1 BiJl TOTO, HACKUIBKH MPSMO BiH PYXA€ETHCS
yepe3 MPOMiHb CBIiTIA BiJ JAaidbHbOI 30pi. EQEeKT MOXyTh CHpHUHUHATH
BHUTOP1JII 30pi, HEUTPOHHI 30pi, YOPHI AIpH 4u OyAb-1IO 1HIIE, III0 Ma€ Macy.
Ockinbky OiNbLII Macu CIPUYMHSIOTH 3HAYHI pe3yiabTaTd, TIpaBiTalliiiHe
JIH3yBaHHS JI03BOJISIE BHUMIPSITH Macy o00'€ekTa, BUIWMOTO YM Hi, SKHH
MIPOXOUTH Maike PSIMO Yepe3 30pOBe TOJIe 0 AATEKOT 30Pi.

[Tpunyctrmo, 1m0 OamX4Hil 00'€KT BUSBUTHCS 31PKOIO 3 IUIAHETOIO 1110
00epTaeTbCsl HABKOJO HEl. Y [bOMY BHIIAQAKY aCTPOHOMH, SKi BHUMIPIOIOThH
CBITJIO BiJl aJbHBOT 30pi, MOXKYTh MOOAYUTH 3HAYHUN TPaBITAlIHHO-TIH30BUMA
BIUTUB, CTBOPCHHM OJIKYOIO 3ipKOIO, alie, 3BaXKArO4YM Ha 301IbIICHHS
SICKPaBOCT1, BOHHM CIIOCTEpIraTUMyTh Habarato ciaOmuii epexT, CXOxui Ha
TOM, 110 BUHHMKAE IiJ II€I0 CHUJIM TSDKIHHS TutaHeTH. Llel BTopuHHUI edekT
3aJIeKaTUME SIK BiJI MacH TUTAHETH, TaK 1 BiJl HampsiMy ii opOiTH, BHACIIAOK
YOro BOHA MOXKE 3MICTHUTHCA 3 TPAEKTOPIi, MO SAKiK 11 3ipka MPOXOAUTH Yepe3
Hale ToJie 30py M0 JAanbHboi 30pi. OmHaK Maibke y BCIX BHIAAKax
MOPIBHSAHHS PO3MIpiB BIUIMBY JIH3M BiA 30pi Ta ii IUIaHeTH Jae mpsAMy
BKa31BKY Ha CITiBBIHOIIICHHS TXHIX Mac.

Komu EifHmTeliH Bmepiie po3MipkOBYBaB NpO  TpaBiTalliiiHe
JIH3yBaHHS, BIH 3HaB, IO BEJIMYE3HI BIJICTaHI MDK 3IpKaMH B TaJIaKTHII
Yymanpkuii 1Ingx He 103BOJATH acTpoHOMaM 3adiKCyBaTH IIOWHO ONHUCaHI
nmoAil HaBiTh 1Jis ojaHi€el 3ipku. JlificHo, 3a *kuTTs EifHIITeiHA acTpoHOMHU HE
CIOCTEpirajJl  TaKkoro  sBUIIA. 3HAYHI  TOKPAIIEHHS  MOXXJIMBOCTEH
CIIOCTEPE)KEHb,  3aIPOBA/DKEHI 3a  OCTaHHI  MIBCTOJITTSA,  JO3BOJIMIH
aCTPOHOMAaM He JIMILIE PEECTPYBATH SIBHILA I'PaBITALlIMHOTO JIIH3YBaHHS, aje i
BHUKOPHCTOBYBAaTH 3arajibHy TEOpiI0 BiMHOCHOCTI EMHINTEHHA M MOIIyKy
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allowed astronomers not only to record gravitational-lensing events,
but also to use general relativity to find planets otherwise
undetectable. This marvelous path to planet detection, which
astronomers call  “gravitational microlensing,” or simply
“microlensing,” as a reminder of the tiny effects that small masses
create, deserves serious celebration before we contemplate the
frustration that this method brings.’

Astronomers detected their first exoplanet microlensing event
in 1995, using a network of small telescopes that were judged
obsolete for most astronomical research. This success naturally
spurred increased efforts, resulting in ongoing surveys that monitor
millions of stars and search for the increases in starlight that signal
the occurrence of microlensing. Because a typical rise in stellar
brightness occurs over a few weeks, the astronomers involved in
these searches reduce their data on a daily basis, and they alert one
another to concentrate their observations toward a particular star,
looking for the brief additional increase in brightness that an
exoplanet will generate. With telescopes located around the world,
these searches for microlensing have lived up to the proud boast of
Scott Gaudi, one of its chief practitioners, that “the sun never rose on
our collaboration” (though of course clouds can always create a
problem).” The duration of the rise and fall in brightness during a
microlensing event varies in proportion to the square root of the mass
of the object producing the effect. Thus, for example, if the star-
induced event lasts for a month, the subsidiary event from a planet
with one one-thousandth of the star’s mass will last for a day.

Microlensing searches for exoplanets typically direct their
attention to stars that lie along the line of sight toward the center of
our Milky Way galaxy, where the density of stars rises highest and
offers the greatest prospects for success. These surveys, which have
examined hundreds of millions of stars that typically lie tens of
thousands of light years from the solar system, have now revealed
about 70 exoplanets, a number sufficient to allow astronomers to

MJIAHET, SIKI 1HAKIIe HEMOXXJIMBO Oysio O BusBHTH. Tak 3BaHe ‘TpaBiTaiiiiHe
MIKpOJIiH3yBaHHS’, a00 MPOCTO “MIKpONIH3YBaHHS’, Harajaye Mpo KPUXITHI
MIPOSIBH, 110 X CTBOPIOIOTH MaJll MacH, Ta 3aCIyroBYy€ Ha yBary, Mepil HiX MU
3aMHCITUMOCS HaJl HEB/Ia4YaMH, SIKi IPUHOCHUTH LIeH METO].

ACTpOHOMH BUSBUJIU MEPIINN MPOSIB MIKPOJIIH3YBAHHS €K30IUIAHETH B
1995 porii, BUKOPUCTOBYIOUH MEPEXKY HEBEIMKHUX TEJIECKOIIIB, SIKi BBAKAIUCS
3acCTapuUTUMHU JUTsl O1IBIIIOCTI aCTPOHOMIYHUX JTOCHIKEHb. Y CHiX, 0€3yMOBHO,
CTaB TOIITOBXOM JI0 TOJANBIINX 3yCHUIIb, PE3YIHTATOM SKHX CTAJIO MOCTiHHE
CIIOCTEPEIKEHHS 32 MUTBMOHAMH 31pOK 1 TIONIYK 30UJIBIIIEHHS 30PSTHOTO CBITIIA,
10 CUTHAJI3ye MPO MOSBY MiKpomiH3yBaHHS. OCKINBKH THIIOBE 3POCTaHHS
30psIHOT CBITHOCTI BiIOYBA€THCS MPOTATOM JIEKTHKOX TH)KHIB, aCTPOHOMH, SIKi
OepyTb y4acTh Yy ULHX T[IONIYKax, IIOJHS OHOBIIOIOTH CBOI JaHi 1
MOTepeKaloTh OJAMH OJHOTO, HI00 CKOHILIEHTPYBAaTH CBOi 3yCWUIA Ha
KOHKPETHIN 3ipli, MIyKaloud KOPOTKOYACHE IMiJBHILEHHS SCKPaBOCTI, fKe
3reHepye eK30IUIaHeTa. 3aBJSKH TeJleCKOIaM, pO3TAallOBaHUM IO BCHOMY
CBITY, MOIIYKH MIKPOJIIH3YBaHHS BHIIpaBIAId TOpIOBHTY 3asBy CKOTTa
lNayni, omHOTO 3 TOJIOBHUX CHEIIANICTIB, SIKHA CTBEP/UKYBaB, IO ‘3a dYac
HAIoi CHIBIpali >KOAHOTO pa3y He 3iMunuio conHme” (xoya, 3BICHO, XMapH
3aBXIM MOXYTh CTBOpUTH mpoGnemy).” TpuBamicTs 3GiIbLICHHS Ta
3MEHIIEHHS CBITHOCTI IMiJ] 4Yac MIKpOJIH3YBaHHS 3MIHIOEThCS B MeXax,
MPOTOPIIIAHUX KBAaJPATHOMY KOPEHIO 3 Mach 00'€KTa, IO CIPUYUHSE IIEH
edext. Tak, HaNPUKIA, SKIIO 1HIYKOBAaHE 3IpPKOIO SBUILE TPUBAE MICSIb, TO
JOYIpHE SIBHINE BiJ IUIAHETH 3 OJHIEI0 THCSYHOI YAaCTUHOK MacH 30pi
TPUBATUME OJMH JICHb.

MIiKpOiH30B1 TOIIYKH €K30IUIaHET 3a3BHYail CHPSIMOBYIOTh CBOIO
yBary Ha 3ipKH, sIKi pO3TallOBaHI B3JOBXK OIS 30py J0 LEHTPY HAamoi
raaktuku Yymanpkuii [1Insx, 1e niiiapHICTE 31pOK csrae€ HaWBHIIOTO PIBHS 1
Hajgae OinpIne MmaHCiB Ha ycmiX. JlOCHiKeHHs, B paMKaX SIKHX BUBYAIUCS
COTHI MUIBMOHIB 3IpOK, IO 3a3BHYail 3HAXOMATHCS 3a JECATKH THCSIY
CBITJIOBHX pOKiB Bil COHSYHOI CUCTEMH, BiIKpHIIK On3bko 70 eK30IUIaHeT —
KUIBKICTh, JOCTaTHS MJI TOTO, 00 acTPOHOMHM MOIJIM 3pPOOWUTH TEeBHI
3arajbHi BUCHOBKH. X04a Maca IUIaHET 1 BICTaHb JO IXHiX 31POK BILTUBAIOTH
Ha HMOBIPHICTh IXHBOTO BHSIBJICHHS, HaWKpalie MIKpOJiH3yBaHHS MO>KHA
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draw some overall conclusions. Although the planets’ masses and
distances from their stars affect the probability of detecting them, the
sweet spot for the most easily detectable microlensing events belongs
to planets that orbit at about three times the Earth—sun distance from
their stars.

Throughout the past three decades, astronomers have steadily
refined their microlensing search techniques, using Earth-based
observatories in combination with the Spitzer Space Telescope
described in Chapter 9. The ground-based observatories sample
comparatively wide regions of the sky, a couple of degrees on each
side, on timescales that range from 15 minutes to a couple of hours,
seeking to catch the start of a typical star-induced gravitational
lensing event, which lasts for several days. If the star has a modest
sized planet, the much smaller microlensing from the planet takes
only a few hours. The astronomers have developed a system that
avoids the usual multi week planning for observations with the
Spitzer telescope. This system allows them to direct the spacecraft
toward a gravitational-lensing event within a couple of days, giving
them a good chance to observe from space, as well as from the
ground, the blip that a planet’s gravity creates.

In at least one case, dating from 2012, the technique discerned
two planets orbiting a single star. In this event, labeled as OGLE-
2012-BLG-0026, astronomers detected microlensing around a star
similar to the sun, 13,000 light years away, that showed planets
reminiscent of Saturn and Jupiter: One of them, slightly closer to its
star than Jupiter is to the sun, has a mass about half of Saturn’s, while
the other, orbiting almost as far from its star as Jupiter does from the
sun, has a mass seven-eighths of Jupiter’s. These planet— star
distances represent lower limits, because the microlensing event may
not have occurred at a time when the separations between the star and
its planets reached their maximum values

The down side of searching for planets with microlensing
resides in the fact that a planet will appear in the data once and once,

MOMITUTH Ha TUIAHETaX, sIKI 00epTalOThCS HA BiJICTaHI, 10 MPUOJIU3HO BTPUYI
MEPEBUINYE BiicTaHb Mik 3emiero Ta CoHIleM, Ta iXHIMH 3ipKaMHu.

[IpoTsiroM OCTaHHIX TPBOX JACCATHIITH AaCTPOHOMH TOCTIHHO
BJOCKOHA/IIOBAJIN METOIHU MOLIYKY LUIAXOM MIKpOJIiH3yBaHHS,
BHUKOPHCTOBYIOUM Ha3eMHI oOcepBaTopii B TOEIHAHHI 3 KOCMIYHHM

TeneckonoM “CriTuep”’, onucaHuM y po3aiii 9. Bonu o6cTexyoTh TOPIBHIHO
MIUPOKI JIISHKA Heba, B MEXax KUIBKOX TpaayciB 3 KOXHOTO OOKy, 3
iHTEepBaJIoM Yacy Bin 15 XBWIMH [0 KUIBKOX TOJMH, HAaMaral4uch
3adiKCyBaTH IMOYATOK 1HIYKOBAHOI 3ipKaMHW TOJIi MOCIa0JIeHHs TpasiTarii,
sKa TPUBA€ KUIbKa JHIB. SIKIIO 30ps Mae IJIaHETy HEBEIMKOTO PO3Mipy, TO
MIKPOJIIH3YBaHHS 3 OOKYy IUIAaHETH 3aiiMae JUIIe KUTbKa TOAWMH. ACTpOHOMH
PO3pOOHIIN CUCTEMY, SIKa TO3BOJISIE YHUKHYTH 0araTOTHKHEBOTO TUIAHYBaHHS
croctepexkeHb Ha Tteneckom “Cmitrep”. Il cuctema mgo3Boise  iMm
CIpSMOBYBAaTH KOCMIYHHMI amapaT Ha TpaBiTallifHO-TIH3yI0Ue SIBUIIE
BIPOJOBK KIJTBKOX JHIB, IO /A€ MOMJIMBICTB CIIOCTEPIraTh SIK 3 KOCMOCY, TaK
13 3emu1i, criajiax, sIKMii CTBOPIOE I'paBiTallisl IJIAaHETH.

[IpunaiiMHi onuH BUMANOK, naTtoBaHuii 2012 pokoMm, 103BOJIUB
pO3Mi3HATH [[BI TJIAHETH, IO 00EPTAIOTHCS HABKOJIO OJHI€ET 3ipKu. Y X0/l miel
noxii, mo orpumaina Ha3By OGLE-2012-BLG-0026, actpoHomu 3adikcyBanu
MIKpOJIIH3YBaHHS HABKOJO 3ipKu, cXoxoi Ha CoHIle, IO 3HAXOIUTHCS Ha
Bizctani 13 000 cBITIIOBUX POKIB BiJl HAac, BHACTIIOK YOro OYJIO BHUSBICHO
IUIaHeTH, o HaraayioTh CatypH i FOmitep. OnHa 3 HUX, pO3TalIOBaHa TPOXH
ommkue 1o cBoei 3ipku, aHixk FOmitep no CoHus, 1 Mae macy OJHM3BKO
nosioBuHU Macu CaTypHa, TOJi SK iHIIa, IO 00epTaEThCs Maiike Ha Takii ke
BiJIcTaHi BiJl CBOE€T 3ipkH, sik FOmiTep Big CoHIls, Mae Macy y ¢iM BOCBMHX Bif
macu IOmitepa. Binctani MK IJIaHETOIO Ta 3IpPKOI0 € MiHIMaJIbHUMU,
OCKIJIbKH SIBHIIIE MIKPOJIIH3YBaHHSI MOXK€ HE BIIOYTUCHh B TOW MOMEHT, KOJIA
JMUCTAHIT MK HUMH CATAIOTh CBOIX MaKCUMAaIbLHUX ITOKA3HUKIB.

Henonikom momryky eK30IIaHeT 3a JOTIOMOTOI0 MIKPOJIiH3YBaHHS € T€,
0 TUIaHeTa 3 SABISEThCS B 0a3l JaHUX JHINE OAWH pa3, HE 3aJTUIIAI0Ud
’KOJHMX IIAHCIB Ha mojajiblle ii JOCHIIKEHHS, aJke Ta caMa BHUITaJKOBICTD,
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providing no chance for any follow-up investigation, because the
chance line-up that signals the existence of a particular planet will
never recur on any human timescale. Some disappointment inevitably
arises from the realization that no matter how intriguing a planet’s
mass and distance from its star may prove to be, we have no chance
to study the system any further. Astronomers have nobly surmounted
this frustration, as they are aware that the microlensing technique
continues to offer an excellent means of sampling the stars in the
Milky Way for planetary companions.

Microlensing has already shown that planets exist in
abundance not only in our own neighborhood, where other techniques
work best, but throughout our galaxy as well. The 70 planets detected
so far by microlensing help to fill in an observational gap, because
this technique can find planets considerably farther from their stars
than most of the stars found by the radial-velocity and transit
observational techniques that have yielded exoplanets in far greater
numbers. Future observations during Kepler’s K2 mission should
reveal many more exoplanets through microlensing. In particular, the
astronomer Calen Henderson notes that “K2’s orbit is in the
Goldilocks zone” to find exoplanets in situations when a star with
roughly half the sun’s mass and a distance of about 12,000 light years
creates gravitational lensing of one of the stars in the central bulge of
the Milky Way, about twice as far away.

The Earthlike Planet OGLE-2016-BLG-1195Lb
Microlensing offers the possibility of finding planets with masses
comparable to Earth’s. The current record holder for a low-mass
exoplanet found through microlensing appeared in June 2016, and
carries the designation OGLE-2016-BLG-1195Lb. (OGLE stands for
the Optical Gravitational Lensing Experiment, a worldwide observing
project based at the Warsaw Observatory; 2016 shows the year of
observation; BLG denotes the bulge of the Milky Way; the number
specifies the event; the uppercase letter indicates the star; and the “b,”
as usual, refers to the planet.) Astronomers followed this

sIKa CUTHAI3y€ MPO ICHYBAaHHS TEBHOI IUTAHETH, HIKOJIM HE TOBTOPUTHCS B
KOJHOMY YacOBOMY MPOMIXKY. MM MaemMoO YCBIJOMHUTH, WIO SKHUMU O
IHTPUTYIOUMMH HE BHUSIBHIIMCS Maca IUIAHETH Ta BIJACTaHb 10 ii 31pKH, MU HE
Ma€eMO >KOIHOTO IIIAHCY MPOJOBXHTU TOJANbII TOCHTIHKEHHS. ACTPOHOMU
TiIHO CHPUHHSIIM TOpa3Ky, a/pke BOHU YCBIIOMIIIOIOTH, IO METOJ
MIKpOJIIH3yBaHHS TPOJOBXKY€E CIYryBaTH BIIMIHHUM cHocoOoM Bigbopy
3pa3kiB 3ipok y ramaktuill Yymanekux [Dmsix st momyky TmaHEeTHUX
CYIyTHUKIB.

MikpomiH3yBaHHs JI03BOJIMJIO BHUSBUTH O€3J1iY IUTAHET HE JIUIIE B
HAIIOMYy OTOYEHHI, JI€ 1HIII METOIW CIPalbOBYIOThH JIMIIE, aje ¥ Mo BCid
Hallid TaJdakTUIll. 3a JOMOMOTOI0 MIKpOMiH3yBaHHA Oyino BusiBieHo 70
IUTAHET, 3[aTHUX 3aMIOBHUTH MPOTAIHHY B HAYKOBUX JOCHIDKEHHIX, OCKIITBKU
JTAHUW METOJ J03BOJISIE 3HAXOAUTH TUJIAHETH, KOTP1 PO3TAIOBaHI Ha 3HAYHIN
BIJICTaHi Bi CBOIX 3IpOK, HIX OUIBIIICTH CBITWII, BUSBICHHUX 32 JTOTIOMOTOIO

pamianbHOI IIBUAKOCTI Ta TMPOXO/KEHHsS. MaiOyTHI  CIIOCTEpeKeHHS
exzomianetn K2 B pamkax kocmiuHOi Micii Teneckomna “Kemnep” manyTts
3MOTy BIAKpUTH HabaraTto OijbIle  €K30IUTAHET 3aBIIKH  e(eKTy

MIKpOJIiH3yBaHHsA. 30kpema, acTpoHoMm Kanen ['enmepcoH 3a3Hadae, 110
“op0Oita ek3oruraneT K2 3HaXOauThCA B 30HI, MPUIATHIA IS SKUTTS Ta
JI03BOJISIE 3HAXOAWTH C€K30IUIAHETH B CHUTYaIlisfX, KOJIM 3ipKa 3 Macoro
npuOIM3HO BABIYI MeHIIOW 3a macy CoHis 1 BiactanHio Onmsbko 12 000
CBITJIOBHX POKIB CTBOPIO€ T'paBiTalliiiHe JiH3yBaHHS OJHIET 13 31poK y Oanmxki
raaktukn Uymanpkuid [nsax, mo 3HaXOAUThCS MPUOJM3HO BABIYI Jaji Bif
nei.!
3emuenoniona nianera OGLE-2016-BLG-1195Lb

MikpoiH3yBaHHS Ja€ MOJMJIMBICTh 3HAaXOIWTH IUTAHETH 31 CXOXKHUMHU 3
3emnero macamu. [ToTOUHMI PEKOPICMEH Cepell EK30IIaHET 3 MiHIMAIbHOKO
Macolo, BIIKPUTHX 32 JOMIOMOTOI0 MIKpOJIiH3yBaHHS, 3'sIBUBCS B 4epBHiI 2016
pPOKY 1 MMO3HAYAETHCS K OGLE-2016-BLG-1195Lb (OGLE
po3mudpoByeThCs SK ONTUYHHUN €KCIEPUMEHT 3 TPaBITAIlIHHOTO JTIH3yBaHHS,
BCECBITHIM TPOEKT CIIOCTEPEKEHb, MO0 ©Oa3yeTbcsi y  BapmraBcekiit
obcepBatopii; 2016 — pik Biakputts; BLG — 6ammk ranaktukn UYymanbkuii
HInsx; nudpa okpecitoe MOpsSIKOBUN HOMEP CIIOCTEPEKEHHSI; BEJIMKa JiTepa
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microlensing event with three different systems: the OGLE network,
which made the initial detection, the KMTNet (Korea Microlensing
Telescope Network), and the Spitzer Space Telescope. Like the sun,
OGLE-2016-BLG-1195Lb and its star (which carries the same
designation without the “b”) lie within the disk of the Milky Way, in
this case 13,000 light years from Earth.

OGLE-2005-BLG-390LB
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Figure 10 This graph records the observations of the gravitational
lensing event, designated as OGLE-2005-BLG-390LE, that were made
over eight weeks in 2005, initially by only one telescope, then with
several others added after July 23, Superimposed on the impressive
magnification of the light from a distant star caused by a closer star’s
gravitational lensing is a much smaller "bump,” which appeared around
August 10 and is shown in magnified form at the upper right. The bump
arose from a planet with a mass calculated at 5.5 Earth massas, and an
orbital radius of 2 to 4 AU. (Courtesy of Jean-Philippe Beaulieu)

The microlensing observations showed that the star has only about
8 percent of the sun’s mass, and the planet, whose microlensing event
lasted for about 2.5 hours, has approximately 42 one-millionths of the
star’s mass, or about 1.43 times the mass of our own planet.’
This super-Earth orbits its star at about twice the Earth—sun distance.
Because its star generates less than one percent of the energy per
second that our sun does, the exoplanet’s temperature falls far below
the coldest temperature on Earth.

For those who seek Earth’s twin, OGLE-2016-BLG-1195Lb
offers good news and bad news. On the one hand, the planet has a
mass close to the Earth’s, and its orbit resembles our own in size. On

mo3Havae 3ipky; “b”, sk 3aBXKau, BKa3ye Ha IUIaHETY). ACTpPOHOMH
BIJICT€XKYBaJIM SIBUILE MIKPOJIIH3YBaHHS 32 JOIOMOTOI0 TPhOX PI3HUX CHUCTEM:
mepexxi OGLE, ska Bmepme ii BusiBuina, KMTNet (Kopeiickka mepexa
MIKPOJIIH30BHX TEJIECKOIIB) Ta KocMiuHOTO Teneckoma “Cmitaep”. IloaioHO
1o Connsg, OGLE-2016-BLG-1195Lb Ta ii 30ps (sika Mae Take K MO3HAYCHHS
6e3 mitepu “b”) nexath y amcky ramaktuku Yymanekuit 1lnsx, B manomy

BuMaaAKy Ha Bigctani 13 000 CBITIOBUX POKIB Bij 3eMIi.
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3o6paxenHa 10. Ha ueomy rpadiky 3achikcoBaHo pe3ynbTaT CMOCTEPEXEHb
rpasiTayjiiHoro niH3yBaHHA, noaHauyeHoro ak OGLE-2005-BLG-390LB, s3gilicHeHux y
2005 poui NpoOTAroM BOCBMH THKHIB, CMOYATKy 3 BUKOPUCTEHHAM MMLIE OAHOrO
Teneckona, a nicna 23 NUNHA - LWe KinbKoX iHwux. Bpakatoue 36inbLUeHHs cBiTNa Big
Aanekol 30pi, CNpHYMHEHE rpaBiTauiliHuM NiH3yBaHHAM Griskuol 3opi, HaknagaeTbea
Ha 3HauHo MeHWHil “Gyrop”, Akuii 3'ABuBCA Gnuabko 10 cepnHA Ta 3o06paxeHuii y
3binblIeHoMy BUMMAAI y BepxHbOoMy npaBoMmy KyTi. “Byrop” BuHMK Bif nnaHetn 3
Macol, pospaxosBaHolo Ha 5,5 mac 3ewmni, i pagiycom opbith Big 2 Ao 4 a.o.
(3obpaxeHHs HapaHe YKaHoM-dininom Bonbe)

CriocTepexxeHHsT 3a JTOTIOMOTOI0 MIKpOJIIH3YBaHHS TMOKa3allk, IO 30ps Mae
mutie 6m3eko 8 % macu CoHIs, a TUTaHeTa, MIKPOJiH3YBaHHS SKO1 TPUBAJIO
omm3bpko 2 rox 30 xB, Mae nmpuOIM3HO 42 MITBHOHHI YaCTKHU MacH 30pi, abo
npu6mu3Ho B 1,43 pasu Ginpme macu Hamoi BiacHoi mmameru.” Lls cymep-
3emist 00epTaETHCS HABKOJIO CBOET 31pKK Ha BIJCTaHi, 110 BBl MEPEBUIIYE
BijcTanb Mixk 3emiiero Ta ConneM. Uepes Te, mio ii 3ipka Bupobsie meHme 1
% eHeprii B cekyHay BiJ eHeprii Hamoro CoHIs, TeMIiepaTrypa eK30IIaHeTH

HabaraTo HUXKYa MOPIBHIHO 3 HAWXOJIOAHIIIOW TEMIIEPATYPOIO Ha 3eMII.
[ykauam pasivinnka 3emii, OGLE-2016-BLG-1195Lb mpononye sk
XOpOIIi, TaK 1 MoraHi HOBUHH. 3 OAHOTO OOKY, Maca IUIaHeTH OJIM3bKa 10 MacH
3emui, a ii opbiTa 3a po3mipamMu Haraaye Hamry. 3 iHIIOTO OOKY, 31pKa IIaHETH
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the other hand, its star has only about 8 percent of the sun’s mass,
making it an ultracool red dwarf similar to the fascinating red dwarf
called TRAPPIST-1 (see Chapter 9). But on the bright side once
again, the fact that both TRAPPIST-1 and OGLE-2016-BLG-1195L,
each with 8 percent of the sun’s mass, have planets— discovered by
entirely different techniques—implies that planets may well be
common around ultracool red dwarf stars. In fact, the low masses of
these two stars place them almost precisely on the borderline between
a star and a brown dwarf, which cannot liberate energy through
nuclear fusion and radiates only the heat stored from its formation
era. In either case, however, the star’s impressively low luminosity
renders its newfound planet an “ice world,” reminiscent of the future
state of Earth after our sun becomes a white dwarf, 7 or 8 billion
years from now.

The current record for the most massive planet found by
microlensing currently belongs to an object with the designation
OGLE-2011-BLG-0402Lb, detected in 2013. This planet, with
roughly 9 times Jupiter’s mass, orbits at a distance of 0.2 AU from a
star with: of the sun’s mass, 6,500 light years from the solar system.
In other words, here we have a super-duper Jupiter in a half Mercury-
sized orbit around a very low-luminosity star, detected once and only
once with Einstein’s lens.

Measuring the Mass of a Dwarf with Einstein’s Relativity
In 2017, astronomers announced that they had used the effect that
Einstein described in his general relativity theory to measure the mass
of a white dwarf, an object that packs the mass of a star into a volume
comparable to Earth’s. A white dwarf represents the shrunken core of
a once-active star that has lost its outer layers—a fate that lies in store
for our sun once the sun can no longer use nuclear fusion to create
kinetic energy. At intervals over a six-year period, a team of
astronomers led by Kailash Sahu of the Space Telescope Science
Institute used the Hubble Space Telescope to study the sixth-closest
white dwarf to the sun, Stein 2051 B.% As the white dwarf moved

Mae qumie 0mu3pko 8 % Bim macu CoHI, 10 pOOUTH 1 HAWXOJIOAHIIION
4epBOHOI0 30peto, moaidHo 10 TRAPPIST-1 (auB. po3ain 9). Ilpore, 3 iHIIOro
6oky, Toil ¢akr, mo TRAPPIST-1 i OGLE-2016-BLG-1195L, wmaioTh
IUTAHETH, BIIKPHUTI aOCOIIOTHO PI3HUMHU CHOCOOAMH, MOXKE CBIAYUTH TIPO TE,
110 IMJIAHETH MOXYTh ICHYBAaTHM HAaBKOJIO YJIbTPAXOJOJHUX UYEPBOHHUX 31POK.
HacnipaBai, HU3bKI MacH IIUX ABOX 31POK JIO3BOJSIOTH M mepe0yBaTH Maiixe
Ha MEXI MK 31pKOI0 Ta KOPUYHEBHUM KapJIMKOM, SIKHH HE MOXE BUBLIBHUTH
SHEpril0 3a JONOMOIOI0 SIEPHOTO CHHTE3y Ta BHUIIPOMIHIOE JIMIIE TEILIO,
HaKoMW4YeHe 3 4YaciB CcBOro (opmyBaHHA. Y Oyop-SKOMY BHUIAIKY,
Ha/I3BUYAHO HU3bKA CBITHICTH 31pKU MEPETBOPIOE i HOBO3HAWACHY IJIAHETY
Ha “KpWKaHWU CBIT’, MOMIOHUN 10 MaOyTHHOTO CTaHy 3eMJIi TICHs TOTo, 5K
Haie CoHlle crane OiTMM KapiIukoM, yepe3 7 abo 8 MibsIp/IiB POKIB.

Ha nanuit MOMEHT pekopJ HaWMaCWBHINIO! TUTAHETH, 3HAWIEHOI 3a
JOTIOMOTOI0 MIKPOJIIH3YBaHHS, HaJIekKHUTh 00'ekTy mix Ha3zBoro OGLE-2011-
BLG-0402Lb, Bussnenomy B 2013 porri. [Tnanera, maca sxoi nmpuGau3Ho B 9
pasiB Oinbiua 3a macy KOmitepa, obepraeTsest Ha Bifcrani 0,2 a.0. Bif 3ipKu 3
Macoro Comnipt, 3a 6 500 cBiToBux pokiB Bix CoHsuHOI cucTemu. [HmmM#u
clIoBaMH, MU Maemo cymep-tOmitep po3mipom 3 1osioBUHY MepKypisi HAaBKOJIO
30pl HU3BKOI CBITHOCTI, BUSBJICHHH OJWH-€IMHHUA pa3 3a JOIMOMOTOI0 JIIH3H
Elinmreiina.

BumiproBaHHsI MacH KapJIMKa 32 JI0NOMOr 010 Teopil BiTHOCHOCTI
Eiinmreiina
Y 2017 pomi acTpoHOMH 3asBWJIH, IO BHKOPUCTAIN METOJ, OMHMCAHHUI
EitnmeiiHom y #oro 3arajibHiil Teopii BIAHOCHOCTI, /i1 BUMIPIOBaHHS MacH
Outoro kapnwka — 00'€kTa, SKUH BMIIIye Macy 3ipkd Ha piBHI 00'emy,
nopiBHsSHHOTO 13 3emiero. binmuii kapiauk sBiase co0OI0 3MEHIICHE SO
KOJIUCH JIIF0YO1 31pKH, siKa BTpaTHjIa CBOi 30BHIIIHI IIApH — Ta XK JIOJISI YeKae 1
Ha Hame CoOHIle, KOJM BOHO OiblIe HE 3MOKE€ BUKOPUCTOBYBATU SACPHHIMA
CUHTE3 JUIsI CTBOPEHHS KIHETHYHOI eHeprii. 3 MepioJUYHICTIO B IIICTh POKIB
KOMaHJa acTpoHoMiB min kepiBHuuTBoM Kaiinmama Caxy 3 HaykoBoro
IHCTUTYTY KOCMIYHHMX TEJIECKOMIB BHUKOPHCTOBYBaJIa KOCMIYHHMM TEJIECKOII
“T'ab0n™ Ay BUBYEHHS IIOCTOrO HaiOmmwkdoro no CoHIs OUIOTO Kapimka
Stein 2051 B.° V Toif uac sk Ginuil KapiauK pyXxaBcs depe3 IONe 30py IO
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across the line of sight toward a more distant star, located almost
directly behind the white dwarf, the astronomers could measure the
changing amounts of light that the white dwarf deflected from the
star. The application of Einstein’s theory of how gravity bends light
then showed that Stein 2051 B has a mass about 68 percent of the
sun’s.

Buoyed by their recent success in using microlensing to detect
exoplanets, the astronomers engaged in this effort have turned their
attention (using the time that they are granted to use the Hubble
Space Telescope) toward Proxima Centauri, the red dwarf star closest
to the sun and possessor of its recently found exoplanet, Proxima b.
Determining the mass of this star will allow a more accurate
measurement of the mass of its planet (see Chapter 4). Because
Proxima Centauri has a much larger size and a much smaller mass
than Stein 2051 B does, detecting and measuring the deflection
created by the star’s gravitational force poses a much greater
challenge than the already impressive detection of the same effect
from a white dwarf. Einstein showed that the amount of deflection
produced by an object depends on the object’s masa divided by its
radius. This mass-over-radius ratio favors Stein 2015 B, which has
5.5 times Proxima Centauri’s mass but only (of its size, by a factor of
55. The team using the Hubble Space Telescope must therefore seek
to measure impressively small angles of the deflection of light rays. If
they succeed, they will have achieved the first use of the gravitational
deflection of light to measure the mass of an exoplanet detected by
other means.

8
TWO MINOR METHODS FOR FINDING EXOPLANETS

As we described in previous chapters, astronomers have found
exoplanets with four major techniques—transit and radial-velocity
observations, gravitational lensing, and direct imaging. They have
also used a fifth method, the exact timing of pulsar radio emission, to
discover a few unusual and anomalous pulsar planets. In the interest

OUThIII BIIJTATCHOI 31pKH, PO3TAIIOBAaHOI Maike Oe3MocepeHhO 3a HUM,
aCTPOHOMHM 3MOTJIM BUMIPATH 3MiHY KUIBKOCTI CBITJIa, iK€ OLIMH Kapiiuk
BinOMBaB Bif 3ipku. Ha ocHOBI Teopii EitHmTeiHa m1010 TOTO, SIK rpaBiTaIlis
BUKPUBIISE CBITJIO, OYJI0 BCTaHOBIIEHO, 1110 Stein 2051 B mae macy 6au3bko 68
% Big macu CoHtsl.

HaTxHeHHI HemoJaBHIM YCIIXOM Yy BUKOPHUCTaHHI MIKPOJIIH3YBaHHS
IUIT BHUSIBIICHHSI C€K30IUIAHET, aCTPOHOMH, 3BEpHYJIHM CBOK yBary (mia 4ac
KOPUCTYBaHHS KOCMIUHUM TeneckonioM “I'a66m”) ma Ilpoxcumy LleHTaBpa,
YEpPBOHOTO Kapiuka, HaiOmmxdoro a0 CoHIM, SKUH Mae HEIoJaBHO
3HalizieHy ek3orutanety — [Ipokcumy b. Busnauenns macu 1iei 30pi 103BOJTUTH
TOYHIIIE BUMIpATH Macy ii muanetn (auB. po3ain 4). Ockinbku IIpokcuma
IlentaBpa € HabaraTo OiTBIIOIO 32 PO3MIPOM 1 3HAYHO MEHIIOK 32 MAacolo,
HDK Stein 2051 B, BusIBICHHS Ta BUMIPIOBAHHS BIIXWJICHHS, CIPUIMHEHOTO
rpaBiTalliifHOIO CUIIOIO 31pKH, € Ha0araTo CKJIaJHIIIMM 3aBJaHHIM, TIOPIBHSHO
3 Bpa)KalouuM BUSBJICHHSIM TaKOTO X edeKTy Bij Oioro kapiavka. ERHIITEITH
BCTAHOBUB, IO KUIBKICTh BIIXWJICHHS, SIK€ CTBOPIOE O0'€KT, 3aJICXKHUTHh BiJl
Woro Macw, mojiieHoi Ha #oro paniyc. Take CIBBIIHOIIEHHS MacHu [0
paniycy € Ha kopucth Stein 2015 B, maca sikoro B 5,5 pasiB Oinblia 3a macy
[Ipoxcumu llenraBpa, a po3mip — nume B 55 pasiB. ToMy koMaHpma, sika
BUKOPUCTOBYE KOCMIuHHMI Teneckonm “['ab0a”, HamaraeTbCsi BHUMIPSATH
Bpakaroue Majli KyTH BIIXWJICHHS CBITJIOBUX MPOMEHIB. SIKIO iM BIACThCA 11€
3pOoOUTH, BOHM BIIEpILE BUKOPUCTAIOTH I'paBiTalliifHe BIIXWUJICHHS CBITJIA JUIA
BHMIPIOBaHHSI MacH €K30IIJIAHETH, BUSBJICHOI IHIIUMHU CITOCOOAMH.

8
JAPYTI'OPAJHI METO/JAU NOIIYKY EK30IIVIAHET
VYV momnepenHix po3aigax MU 3a3Hadalid, 10 aCTPOHOMH BiJIKPHBAIOTH
eK30IUIAaHETH 3aB/SKM BHMIPIOBAHHIO paiajibHOI IIBUAKOCTI, TPaH3HTY,
IpaBiTaIliiHOMY JIIH3YBAaHHIO Ta TMPSMOMY CIOCTEpEXKEHHIO. BOHM Takox
3aCTOCYBANM II'SITHA MiXiJ — TOYHUH XPOHOMETPAXX PaJioNylibCcapiB — JUIS
BIIKPUTTS HETHUNOBUX ITyJAbCAPHUX IUIaHET. [ TOBHOI KapTHHH BapTo
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of completeness, we should now add four more search methods, two
of which have so far proven unsuccessful, while the other two—
orbital brightness modulation and starlight polarization—have
actually provided us with a few more exoplanets. This will bring the
number of successful techniques to seven, with at least two more
awaiting the crown of consummation.
Radio Observations: A Fine Idea Fails

Radio astronomy, which sprang quickly from technological advances
introduced during the Second World War, has added immensely to
our store of astronomical knowledge. A variety of objects and events,
ranging from the earliest moments of the universe to the most
extreme individual explosions and weirdest astronomical situations,
have created the long-wavelength radiation that has allowed radio
astronomers to peer into the heart of the cosmos. On a more mundane
level, many of the sun’s planets, most notably Jupiter, as well as
many active stars, radiate strongly in the radio domain, typically with
transitory intense bursts of radio waves. If Jupiter-like planets around
stars close to the sun emit as much of this radiation as our Jupiter
does, radio observations offer the chance to find them directly,
without recourse to subtle approaches such as the radial-velocity and
transit techniques. However, because specialized large arrays of radio
dishes would be required to achieve these detections, a lack of
funding has so far prevented this approach from bearing fruit.

Another approach in applying radio-astronomy techniques to
the search for exoplanets has been under way for years, but likewise
without success. If the Milky Way contains civilizations whose stage
of development roughly mimics our own, they, too, might employ
radio waves for their localized radio and television communications,
for radar systems, and even, as we have occasionally done, to signal
their existence to the cosmos. Although funding for SETI, the generic
term for the search for extraterrestrial intelligence, has often been
scarce (or, in the case of efforts financed by the United States
government, eliminated by statute in 1994 and never again

3a3HAYUTH 1€ YOTUPH MITXOIM, ABa 3 SKHUX MOKU 110 HE MPUHECIU YCHIXY,
TONI K 1HINI — MOZXYJALIS ABOOPOITAIbHOI SCKPABOCTI Ta MOJSIpU3ALL
30pSIHOTO CBITJIAa — JIO3BOJIUJIM HAaM BIJKPUTH 1€ KiTbKa €K30IUIaHeT. Takum
YMHOM, KIJIBKICTh YCHIIIHUX MiAXOJIB 3pOCTE 10 CEMH, 1 MPUHANMHI I JABOE
OYIKYIOTh CBOET peatizartii.

PaniocnocrepesxeHHs1: 4OMYy B/aJia iiest 3a3HAa€ MOPa3Ku?
PanmioacTpoHOMIs, KOTpa CTPIMKO PO3BUHYJACS 3aBISKA TEXHOJOTIYHOMY
nporpecy, 3ampoBapKeHOMY miJ yac Jpyroi cBiToBoi BiiiHM, HaJ3BUYAiHO
MOMOBHUJIA HAIly CKAapOHWYKY acTPOHOMIUYHUX 3HaHb. Hu3ka 00'ekTiB Ta
MOJIH, Bil MOYAaTKOBUX CTaliil pO3BUTKY BCECBITY 10 MOTYKHUX MOOJUHOKUX
BHOYXiB 1 HAWIWBHIMINX AaCTPOHOMIYHHMX SBHUII, CTBOPWJIH JOBTOXBUJIHOBE
BUIIPOMIHIOBAaHHS, KOTPE JO03BOJMJIO paaioacTpOHOMaM 3a3UPHYTH B came
ocepass Kocmocy. INoBopsium Oinbin mposzaiuyno, Oarato miaHeT CoHsSYHOL
cucremy, ocobmuBo HOmiTep, a TakoX YUMaNo AIIOYUX 31POK, 1HTEHCUBHO
TeHEPYIOTh PaJIIOBUIIPOMIHIOBAHHS B pajliofianasoHi, K MPaBUiIO, Y BUTIISIII
KOPOTKOYaCHUX 1IHTEHCHBHHUX CIUIECKIB pajioXBwib. SKio cxoxi Ha FOmitep
IJIaHETH 00EPTAIOTHCS HABKOJIO 31pOK, OJn3bkux 10 COHIIS, 1 BUTIPOMIHIOIOTh
TaKy > KUIbKICTb IIbOTO BHUIPOMIiHIOBaHHSA, K 1 Ham HOmitep, TO
paziocTIOCTepEKEHHS Ja€ MOXKJIMBICTh 3HAWUTH iX 0€3 3aJydeHHS TOAATKOBUX
MIIXOMAIB, TaKMX SK METOJA paaialibHOI IIBHUAKOCTI Ta TpaH3uT. OJHAK,
OCKIJTBKM I IIBOTO TOTPIOHI CIemiagi3oBaHl BEJIWKI MacHBH PaJiOaHTEH,
Opax ¢iHaHCYBaHHS MOKH LI0 3aBaXa€ IIbOMY MiAXO0ly TIPUHOCUTH IO IH.

[Hmmit migxig peamizyeTbcsl BXKE HE MEPIIMA piK, ajle TaKk caMo
0e3pesynbTaTHo. Skmo ramaktuka Yymanpkuit [llnsx mictuth 1muBimizanii,
PIBEHb PO3BUTKY SKHUX MPHUOJM3HO BIAMOBITAE HANIOMY, BOHHU TE€X MOXYTh
BUKOPHUCTOBYBATH PaliOXBWIII JUI JJOKAJIBHOTO Pajio- i TEJIEBI31HOTO 3B'I3KY,
paIioNIOKAIITHUX CHCTEM 1 HaBiTh, JJIS CIIOBIIICHHS PO CBOE ICHYBaHHS Y
kocmoc. Xoua (inancyBanHs npoekty SETI, 3arampHOro TepMiHy UIs
MOIIYKY TMO3a3eMHUX (OpM KHUTTS, 4acTo Oyno mizepHuM (abo y BHMAAKy
nporpaMm, mo ¢inancyBamucs ypsgom Cnomydenux Illrarie, ane Oynm
cKacoBaHi 3akoHOM y 1994 pomi i Gimblme HIKOIM He PO3IVISAIHCH),
aCTPOHOMAaM BJAJIOCS 3aBEPIIUTU HHU3KY JOCIIDKEHb, B XOJl SIKHX BOHHU
BHBYAJIM HEOO ab0 CHpsIMOBYBaJIM CBOIO yBary Ha MeBHi 3ipku. [Iporsrom
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proposed)’, SETI-oriented astronomers have completed a variety of
investigations that either surveyed the sky or directed their attention
toward particular stars. Over the course of more than four years, one
of the largest of these enterprises used the several dozen radio dishes
in the Allen Telescope Array, located at the Hat Creek Observatory in
northern California, to hunt for narrow-band radio signals arriving
from the directions of more than 9,000 stars, including more than
2,000 stars in the Kepler catalog.2 As one would surmise from this
project’s lack of publicity, this search found nothing suggestive of a
civilization employing radio waves as we do. Let us, therefore, turn
our attention to two methods that have provided low-key, modestly
successful approaches to the detection of exoplanets.
Orbital Brightness Modulation

As astronomers steadily improved their ability to find exoplanets
through their transits, they recognized a useful sidelight to their most
successful detection method. Transit observations can reveal only the
small minority of planetary systems whose orientation carries one or
more planets directly across our line of sight to a star. But what
happens if a planet’s orbit takes it nearly, but not exactly, along this
path?

In most cases, nothing detectable will occur. However, if a
large planet orbits close to its star, the amount of starlight reflected in
our direction by the planet will change in synchrony with the planet’s
orbital motion. Even though the planet’s reflected light adds only a
tiny amount to the stellar output, its contribution may prove
detectable because it varies periodically as the planet moves in orbit.
When the planet passes almost directly between our line of sight and
its star, that contribution falls to a minimum; half an orbit later, it
reaches its maximum value. Searches for planets that monitor the
brightnesses of stars to detect planetary transits can also disclose
nearly transiting planets—if they have close-in orbits, are sufficiently
large, and reflect most of the starlight that reaches them.

Planetary detection by this “orbital brightness modulation”

OUThIl HDK YOTHPHOX POKIB OJHE 3 HAHOUIBIIMX TaKUX YCTAHOB
BUKOPHUCTOBYBAJIO KiJbKa JECATKIB paJiOaHTEH Ha TeJIeCKOom AJuieHa,
po3ramoBaHoMmy B pazgioo0cepBaTtopii Xat-Kpik Ha miBHoui KamidopHii, mis
MOJIIOBaHHS Ha BY3bKOIaNa3oHHI PaJiOCHTHAIM, IO HAIXOAWIH 3 OOKYy
outemr HiXK 9 000 3ipok, BkItovaroun moHay 2 000 3ipok 3 BXiJHOTO KaTajaory
“Kermrepa”.” 3Baalod Ha HEJOCTATHIO MyONIYHICTh IHOTO MPOEKTY, MU HE
3HAWIUIM HIYOTO, IO BKa3yBajo O Ha MMBiII3AIIO, sKa 0 BUKOPHUCTOBYBaIA
panmioXBWiIl Tak camo, sk MH. TOX, 3BepHEMO yBary Ha JBa METOIH, SKi
3a0e3nevymin HEe3HayHi, TMOMIPKOBAHO YCHINIHI MIAXOAW JIS BUSBJICHHS
eK30ILJIaHeT.

Monysinist opOiTaabHOI ACKPABOCTI

OCKiINbKM aCTPOHOMH TIOCTIHHO BJIOCKOHATIOBAJIM CBOi HABUYKH IOIIYKY
€K30IUIAHET 3aBJAKU iXHIM TPaH3UTaM, BOHHM 3pO3yMUIH, 110 MOXYThb J10JIaTH
e OAMH JOMOMDKHHUHI QakTop. 3a JONOMOro0 TpPaH3UTY, BUCHI MOXKYTb
BUSBUTH JIMIIE HE3HAUYHY MEHINICTh IIJJAHETHUX CHUCTeM, opOiTa SKHX
CIPSIMOBY€E OZHY a00 KiJIbKa IUIAHET NPSAMO Yepe3 Halle MoJe 30py J0 30pi.
Btim, mo BinOynmeTbes, SKIIO TPAEKTOpis OPOITH IUIAHETH MPOXOAUTHME
Maibke, aje He 30BCIM IIUM IUIIXOM?

31e01IbIIOr0  HIYOrO0 CYTTEBOrO HE BijOyBaeTbes. OmHak, SKIIO
IUTaHeTa BEJIMKHX PO3MIpiB 00epTaeThesi OJIM3BKO 7O CBOET 31PKH, KIJIBKICTbH
30pSIHOTO CBiTJIa, BiIOMTOTO B Ham OiK IJIaHETOIO, Oyae 3MIHIOBATHCS
CHHXPOHHO 3 OpOITaJbHUM PYXOM IIaHeTd. HaBiTh SKIIO BiOHWTE CBITIO
IUIAHETH CKJIAZa€ JIMIIE HE3HAYHY YacTHHY 30pSHOrO CBITJA, HOro BKIIAM
MO>KE€ BUSBUTHUCS IMOMITHUM, OCKUIBKH BOHO MEPIOAMYHO 3MIHIOETHCS ITiJT Yac
pyxy mianetu no opOiti. Konu mianera mpoxoauThs Mmaibke 0e3mocepeaHbo
MIX TOJIEM 30pY Ta BJIACHOIO 31pKOI0, TO BKJIAJl CATAa€ MiHIMYMY; Ha MOJIOBHHI
opOITH BIH JOCATA€E CBOTO MaKCUMAaJIbHOTO 3HAa4Y€HHS. MOHITOPHHT CBITHOCTI
31pOK TaKOX JI03BOJISIE BUSBUTU OJNM3bKi IO TPAH3UTY IUIAHETH - TOOTO Ti, 1110
MarTh OpOITH 3 OJIM3BKUM PO3TAIIYBaHHSM, TOCTATHIA pO3Mip 1 BiIOMBAIOTh
OLTBIIIY YAaCTUHY 30PSIHOTO CBITJIa, SIKE O HUX JIOCSTAE.

BusiBjieHHss mUiaHeTr 3a  JIOMOMOTOK0  ““MOIyJAIii  OpOiTaJIbHOI

37



approach has furnished only half a dozen entries in the thousands
long list of exoplanets. The prime examples of these, Kepler-70 b and
Kepler-70 c, orbit the star Kepler-70, about 4,000 light years away.
As could be expected, with the exception of the planets detected
around pulsars, these two planets rank among the closest to their
parent stars, orbiting at 0.0060 and 0.0076 AU. Kepler-70 b
completes each orbit in 346 minutes (thus more than four times each
day), while Kepler-70 c takes 494 minutes for each orbit. The planets
have minimum masses equal to 44 percent and 66 percent of the
Earth’s, and their diameters are estimated at 76 percent and
87 percent of our planet’s. Their reflected light has thus shown them
to be rather incredible objects: Earthlike planets orbiting their star at a
distance less than !/ 100 AU.

Kepler-70, far from being a sunlike star, is a “subdwarf,” a
star that has already passed through its red-giant phase (see
Chapter 9), has shed its rarefied outer atmosphere, and is now slowly
contracting and cooling toward its eventual white-dwarf phase. With
a surface temperature almost five times the sun’s, Kepler-70 radiates
about 23 times more energy per second than the sun does. As we
might expect from the laws of physics, the star’s two known planets
have surface temperatures at the top end of the exoplanet scale.
Indeed, Kepler-70 b, the inner planet, which receives almost a million
times more energy per second from its star than we do from the sun,
has a surface temperature estimated at 7,150 K— hotter than the
surface of the sun itself!’

To endure such temperatures, and to have survived the
heightened output from the star’s previous red-giant phase, these
planets must be tough. Kepler-70 b and Kepler-70 ¢ each consist of
an FEarth-mass amount of material capable of surviving at
temperatures of many thousands of degrees. We may reasonably
speculate that these planets consist largely of iron and other metals,
such as nickel and zinc. Astronomers must attempt to explain how
these planets, like many of those found via the radial-velocity

SICKPaBOCT1” BIAKPHWJIO JIMIIIE MiBACCATKA 00'€KTIB y 0araTOTHCIYHOMY CIHCKY
ex3omuianer. SlckpaBumu npukiazamu € Kepler-70 b i Kepler-70 ¢, mo
obepratoTbcst HaBKouo 30pi Kepler-70, sika 3HaXOIUTHCS Ha BiACTaH1 OJIM3bKO
4000 cBiTIOBHX pOKiB Bim Hac. He aAMBHO, 10 mi JBI TUIAHETH € OJHUMU 3
HaWOIMKYMX 710 CBOiX OAThKIBCHKHX 31pOK, oOepTarounch Ha BiacTani 0,0060 i
0,0076 a.o. Bix Hux. Kepler-70 b 3aBepurye obept 3a 346 XBUJIHMH, TOAL 5K
Kepler-70 ¢ BuTpadae Ha KoxkeH o0epT 494 xBunwHH. MiHiMalbHa Maca
TIaHeT cTaHoBUTH 44 % 1 66 % Big Macu 3emii, a IXHi AiaMeTpH JTOPiBHIOIOThH
76 % 1 87 % Big miaMeTpy HAmIOi IUIAHETH. TaKUM YHWHOM, CBITIIO, IO
BiIOMBA€TBHCA BiA HHUX, I[IOKa3ajgo0, IO BOHM € JOCHUTH JUBOBIKHHUMH
o0'ekTamu: 3eMJIeTIOTI0HI IJIAHETH, 10 00EPTAIOTHCA HABKOJIO CBOET 3IpKU HA
BizcTani MeHme '/ 100 Q.0.

Kepler-70 maneko He coHlenoaiOHa 30ps, a pajiie “cyOkapiauk”, 30ps,
KOTpa BXe Mpoiinuia ¢asy 4yepBOHOro riranta (auB. po3naun 9), moz0ynacs
po3pipKeHoi 30BHINIHBOI arMocdepu 1 Temep MOBIIBHO CTUCKAETHCA Ta
OXOJIOJDKYETBCSL IO CBOET KiHIEBOI (pa3u Oinmoro kapiuka. Ilpu temmepartypi
MOBEPXHI, IO Maibke B II'ATh pasiB NepeBullnye coHsuHy, Kermiep-70
BUIIPOMIHIOE MPUOAM3HO B 23 pas3u Oiunblue eHeprii 3a cekyHay, Hix CoHIe.
Buxonsuu 13 3akoHiB (i3UKH, IBI IUIAHETH, IO 00epTarOThCA HaBKoio Kepler-
70, MarOTh MaKCUMAaJIbHYy TEMIIEpaTypy MOBEPXHI 3a IIKAJIOK EK30IUIaHET.
Hiticno, Kemep-70 b, mnanera, sika OTpUMYE BiJl CBO€i 3ipKHM Malxke B
MUTBHOH pa3iB OibIIEe eHeprii B CeKyHy, HIX MH oTpuMyemo Big COHIISL, Ma€e
TeMIIepaTypy MOBEPXHi, siKa omiHoeTbes B 7 150 K — rapsiginre, Hi>k TOBEpXHS
camoro Comnius!’®

[[{o6 BUTpuMMATH Taki TeMIEpaTypd Ta BUUIITH IMiJ 4Yac IiIBHUIIEHOI
MOTY>KHOCTI TONepeHboi (pa3u 4epBOHOTO TiraHTra, Il IUIAHETH MalOTh OyTH
nyxe minauMu. Kepler-70 b 1 Kepler-70 ¢ cknagaroThesi 3 pe4OBUHU 36MHOT
MacH, 3/aTHOI ICHyBaTH NpHU TeMIeparypax y Kidbka THCSY TrpamyciB. Mu
MOXXEMO OOIPYHTOBAaHO CTBEp/DKYBAaTH, IO IIi TUIAHETH CKJIAIAIOThCS
31e0UIBIIOTO 13 3a7Ti3a Ta IHITUX METaNIB, TAKUX SK HIKENb 1 TUHK. ACTPOHOMU
MOBUHHI TIOSCHHUTH, SIK ITUIAHETH, 3HAWJEHI 3a JOMOMOTrOI0 paiaabHOT
IIBUAKOCTI, 00€pTarOThCs TaK OJIM3BKO 10 BIAcHUX 3ipok. Yu copmyBamucs
BOHH Ha [IUX TIOPIBHSHO HEBEJIMKUX BIJICTaHSIX, YU MMEPEMICTHIIUCS BCEPEAUHY
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method, have come to orbit so close to their stars: Did they form at
these comparatively tiny distances, or migrate inward after they had
formed?
Starlight Polarization

For completeness, we should cite a final successful method (final for
now, at any rate) of planet detection, one that employs the
polarization of light. We may think of light waves as made of
massless particles, called photons, that can travel through empty
space, vibrating as they go in directions perpendicular to their
direction of travel. (Sound waves, by contrast, consist of alternate
zones of compression and rarefaction along their direction of travel
through a medium such as air or water.) The perpendicular vibrations
of light can be described in terms of two mutually exclusive
components, such as “up and down” versus “side to side,” or
“vibrating clockwise” versus “vibrating counterclockwise” (future
generations will surely wonder what “clockwise” and its opposite
may have meant, but for now the terms usually provoke recognition).
If we generate light with only one polarization component—up and
down, for instance, but not side to side, we can also create
polarization filters that will either allow or block that component,
depending on our goal. Edwin Land, the founder of the Polaroid
Corporation, manufactured the first commercially successful
polarization filters; he applied his innovation to create better
sunglasses and (sadly, without success within the automobile
industry) headlights that would emit polarized light and
complementary filters that would reduce the glare from the headlights
of oncoming cars. Today astronomers routinely employ polarization
as one of their tools for analyzing the radiation from distant objects:
Ordinary starlight shows little or none of it, whereas the radiation
from complex objects, such as stellar masers and radio galaxies, often
arrives with significant polarization. Even the universal cosmic
background radiation, left over from the first few minutes following
the big bang that began the universe, shows some polarization.

TTICIIS CBOTO YTBOPEHHSI?
IMoasipu3anisi 30psiHOTO CBiTJIa

HaocTtanok BapTO HaBECTH OCTaHHINM YCHIIIHUA METO (TTOKH 110, MPUHANMHI,
OCTaHHI) BUSBJICHHS IUIAHET — METOJA, LI0 BUKOPUCTOBYE MOJSPU3ALIIO
cBiTaa. YBIMO, IO CBITJIOBI XBHJII CKJIAJalOThCA 3 0€3MacOBHX YaCTHHOK, TaK
3BaHUX (OTOHIB, IO MOXYTh pyXaTUCA Kpi3b IOPOXKHIA MPOCTIp,
KOJINBAIOYHCh Y HANIPSMKAX, NEPICHANKYISIPHAX 0 HAPSMKY iXHBOTO PyXY.
(3ByKOBI XBWIJI, HaBMAaKH, CKJIANAIOTHCA 3 TOYEPrOBHX 30H CTUCHEHHS 1
PO3pIIDKEHHST B3JIOBX HANPSIMKY IXHBOTO pPyXy 4Yepe3 CepelloBHIIE,
HanpuKia, noBiTps abo Boay). IlepneHIuKyIApHI KOJIMBAaHHS CBITIa MOXKHA
ONMCATH 3a JIOMIOMOTOI0 JIBOX B3a€MOBHKIIIOUHHMX €JIEMEHTIB, TaKUX SIK
“Bropy-BHM3” Ha mpotuBary “3 Ooky B O0ik”, a0o “KoiuBaHHSA 3a
TOJIMHHUKOBOIO CTPUIKOIO” HA MPOTHBATY ‘“KOJMBAHHS MPOTH T'OJWHHUKOBOT
cTpinku” (MaiOyTHI MOKOJIIHHS MEBHO OyAyTh rajaT, L0 MOIJIO O3HAYaTH
“3a TOOMHHUKOBOIO CTPUIKOIO” Ta MOr0 aHTHUIOJ, aje Hapasi Il TepMiHH
3a3BUYail BUKJIMKAIOTH BIII3HABAHICTH). SIKIIO MU T€HEPYEMO CBITJIO JUIIE 3
OJIHUM KOMITOHEHTOM TOJIsIpH3allii, HanpuKiaa, “Bropy-BHH3”, a HE “3 OOKy B
01K”, MM 3MOXKEMO CTBOPUTH NOJSIpU3aLiiiHi (UIBTPH, SIKI B 3aJIEXKHOCTI Bij
HaIoi METH, MPOIYCKaTUMYTh a00 OJOKYBaTUMYTh 1€ KOMIOHEHT. EnBiH
Jlenn, 3acHoBHUK kopropauii “Iloisipoin”, BUTOTOBUB mepili KOMEpIiiHO
yCcHiImHl  nmojspu3aniiai  GiasTpu. BiH 3acTocyBaB CBOIO PO3POOKY ISt
BUTOTOBJICHHA OUIBII SKICHUX COHIIE3aXMCHHUX OKYJSpIB 1, Ha jKajb, 0e3
0COONMBOTO yCHiXy B aBTOMOOUIBHIA MpOMHUCIOBOCTI — dap, sKi
BUINIPOMiHIOBAIM O TOJSIpU30BaHE CBITIO, Ta JOAATKOBUX (UIBTPIB, SKi
3MEHITyBau O BiAOIUCKH Bix ¢ap 3ycTpiyHUX aBTOMOOLTIB. HUHI acTpoHOME
peryiasipHO BHKOPHCTOBYIOTh MOJSPU3ALII0 SK OAWH 3 IHCTPYMEHTIB IS
aHaI3y BUIPOMIHIOBAHHS BIJJICHUX OO'€KTIB. Y 3BHYAHOMY 30PSHOMY
CBITJII moysipu3amii Maike HeMmae, TOIl SK BHUIPOMIHIOBAHHS CKJIQJIHUX
00'€KTIB, TakMX SK 30psSHI Ma3epu Ta paTiOTATAKTUKH, 37e01IbIIOro
XapaKTepU3yeThCsl 3HAYHOIO Mosisgpu3aiiero. HaBiTh yHiBepcasibHe KOCMiyHE
(hoHOBE BHUIIPOMIHIOBAHHS, 3AJUIIKH SIKOTO 30€periucs 3 MEepIIuX XBWIMH
nicna Benukoro Bubyxy, mo nokinaB moyatok BcecBity, 1eMOHCTpye MeBHY
TTOJISIPHU3AITIFO.
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When a planetary atmosphere reflects the light from its star, it
often increases the degree of the starlight’s polarization, in an amount
that depends on the angle at which the starlight strikes the planet, as
seen by a particular observer. In theory, this effect could be used to
detect planets by analyzing the changing amount of polarization in
the combined light of the star and of the much smaller amount of
light reflected from a planet. In practice, this has not yet occurred for
actual discoveries, although in the case of the star HD 189733 and its
exoplanet (HD 189733 b), astronomers have observed this
polarization effect, the result of a planet that had already been
detected by the transit method. HD 189733 b, only about 63 light
years away, draws attention for other reasons: It ranks as the closest
hot Jupiter that undergoes a transit, the first planet to have its transit
detected in x-rays, and the first whose atmosphere has been found to
contain a thin haze-layer rich in microscopic dust particles.*

Although orbital brightness modulation and planet-induced
polarization offer specialized avenues toward a better understanding
of some exoplanets, most of us will remain content with this brief
summary of their role in planet detection. Before we examine a far
more fascinating aspect of exoplanets—the possibility that some of
them teem with life—we ought to take a tour through a “rogues
gallery” of the most intriguing planets detected so far.

Komu armocdepa mmanetn BigOMBae CBITJIO BiJ CBOET 31pKH, BOHA

4acTo 301IbIIIY€E CTYNiHb NOJSPU3ALIl 30pSHOTO CBITJIA B 3aJIC)KHOCTI BiJl KyTa,
miJ SIKUM BOHO TOTpAIUIsiE HA TUIAHETY, SIKIIO TUBUTHCA 3 TOYKUA 30Dy
KOHKPETHOTO crocTepiraya. TeopeTuyHO, Ha OCHOBI IBOTO e(eKTy MOXKHa
Oy70 O BUSBIISITH TIJIAHETH, aHATI3YIOUN 3MIHY MOJSPHU3aIlil B KOMOIHOBAHOMY
CBITJII 30pi Ta 3HAYHO MEHIIOI KiJTBKOCTI CBITJIa, BIZOWTOrO Bij riaHetu. Ha
MPaKTHIN MOAIOH] BIAKPUTTS 1€ HE 3yCTpidanucs, xoda y Bunaaky 3ipku HD
189733 ra ii exzomnanetu (HD 189733 b) actponomu cnioctepiraiu moaioHmii
edekT moJspu3aiii, COPUUYMHCHWHA IUIAHETOIO, 5Ky BXXE OyJO BHSIBJICHO
Tpan3utHuM Meroaom. HD 189733 b, Bigmanena Bix Hac jume Ha 63
CBITJIOBUX POKH, TpPHUBEPTAE yBary 3 IHmMUX npuyuH. lle HaitOmmk4da 10
KOmitepa rapsua maHeTa, SKa 3a3Hae€ TPaAH3UTy, Teplia IUIAHETa,
MIPOXO/KEHHS K01 OYyJl0 BHUSBIICHO B PEHTTCHIBCHKHMX IMPOMEHSX, 1 TepIa,
yusg atMocdepa MICTHUTh TOHKHM CEpPIaHKOBUM IIap 3 MiKPOCKOIIYHUX
YaCTUHOK ITHITY.
Xoua MopmymALis OpOITadbHOI SCKPAaBOCTI Ta 1HAYKOBaHAa IIJIAHETOIO
MOJISIpHU3aIlis MPOMOHYIOTh OKPeMi NIIAXU IS KPaIIoTo PO3YMIHHS JESIKUX
€K30IUIaHET, OIIBIIICTE 13 HAC 3aJ0BOJILHUTHCS JIMIIE CTUCINM OIIMCOM IXHBOI
poyli 'y BHUSABJICHHI IUIaHeT. llepm HIK MU pO3IJISTHEMO Kyad OLIbII
3aXOIUTMBUN aCTIEKT €K30IUIAHET — MOXJIMBICTh TOTO, IO ACSKI 3 HUX KHIIATh
KUTTSAM, — MH TIOBHHHI 3IIHCHUTH EKCKypCII0 TO ‘“rajepei mMOTaHiiB’ —
HAHOUIBII IHTPUTYIOYUX IIJIAHET, BUSBIIEHUX HA CHOTOJIHIIIHIN JICHb.
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Chapter 2. Characteristics of the scientific vocabulary and its translation in
Donald Goldsmith's book Exoplanets: Hidden Worlds and the Quest for
Extraterrestrial Life

2.1. Exoworlds of Donald Goldsmith

Astronomy is a field that has gained considerable prestige and is characterized by its
interdisciplinary nature, embodying the collective knowledge of the natural sciences. As
demonstrated by D. Valls-Gabaud and A. Boksenberg (2011), the broad appeal and practical
applications of astrology have been thoroughly documented throughout history. Within scientific
discourse, astronomy isn’t considered an isolated science, but rather a discipline that has made a
comprehensive contribution to the development of society (Ibid, p 4).

As posited by M. Holovko and I. Kriachko (2018), the development of astronomy was
driven by two pivotal innovations since the 16th century. The development of the telescope and
the subsequent establishment of the capability for spacecraft launch represent the two most
significant milestones (Ibid, p. 215). As follows from the cited work, the field has evolved
significantly, developing distinct scientific disciplines including astrophysics, astrometry,
cosmology, celestial mechanics and stellar astronomy (Ibid, p. 55). It should be assumed that the
synergy of the above-mentioned disciplines with cutting-edge technology is helping astronomers
and scientists better understand the Milky Way galaxy and hidden worlds. This continuous
technological and scientific progress reflects the universal human desire to explore our
environment, a desire that has been present since ancient times (Ibid, p. 215).

In the contemporary era of accelerated scientific advancement, there is a growing
cognizance of the pervasive integration of science into our daily lives. According to L.
Christensen (2007), effective communication between organizations and society is of paramount
importance in both the scientific and social fields. Science communication's main purpose is to
draw public attention to science, give feedback on its achievements and promote integration into
life (Ibid, p. 3). This phenomenon may be conceptualized as a scientific bridge that facilitates
communication and cooperation between the scientific community and the public at large (Ibid,
p. 3).

We believe that astronomy is a highly regarded field in the realm of science
communication. It encompasses a vast scientific domain, characterized by its visual appeal and a
scope that extends far beyond our daily lives, stimulating profound reflection (Ibid, p. 6). L.
Christensen (2007) emphasizes that subjects such as black holes, extraterrestrial life and
exoplanets can captivate young people and stimulate new scientific research (p. 64). The latter
deserve particular consideration, as the exploration of extrasolar planets provides a means to
address the long-standing question of whether life can exist beyond our own. To undertake a
more comprehensive examination of the subject of exoplanets, we have selected the scientific
work of astrophysicist and popular science author Donald Goldsmith, entitled Exoplanets:
Hidden Worlds and the Quest for Extraterrestrial Life (2018).

As stated on the social cataloging website Goodreads, D. Goldsmith is the president of
Interstellar Media. He has been recognised with awards for his contributions to the education and
understanding of astronomy (Goldsmith (Author of Exoplanets)., 2025). As demonstrated in the
referenced publication, before he popularized astronomy, Donald Goldsmith was a faculty
member at Stony Brook University and has written many popular science books. Origins (2004),
co-authored with N. deGrasse Tyson for the PBS series, is one of his most notable examples of
his prolific output. Donald Goldsmith has authored more voluminous works than any other
contemporary writer in this field, including Exoplanets (2018), The Runaway Universe (2000),
and Supernova (1986). His professional expertise is valued within the scientific community, as
evidenced by his regular publications in such reputable journals as Scientific American and
Discover (Goldsmith (Author of Exoplanets)., 2025).
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The author's book Exoplanets: Hidden Worlds and the Search for Extraterrestrial Life
(2018) was first published on 10 September 2018 by Harvard University Press. It is evident that
the author discusses the discovery of thousands of exoplanets and the subsequent expansion of
our understanding of these planets. Furthermore, the possibility of finding life beyond Earth is
addressed. In the course of our research, we noted that Donald Goldsmith's book addressed not
only the aforementioned aspects, but also the search techniques by which the exoplanets already
known to us were found.

Exoplanets: Hidden Worlds and the Quest for Extraterrestrial Life (2018) was the subject
of a significant number of reviews, garnering a rating of 3.94 on the social cataloging website
Goodreads (Goldsmith, 2018). For instance, J. Tarter, Chair Emeritus of SETI Research at the
SETI Institute, has provided her insights on the subject of reading the book. She emphasized that
Goldsmith's approach is to promote close interaction with systems and their discoverers
(Exoplanets — Harvard University Press, 2025). As the cited work suggests, this offers readers a
comprehensive understanding of their current knowledge and future prospects. D. Sobel regards
D. Goldsmith as a distinguished astronomer and a talented narrator who illustrates how
extraterrestrial worlds may be revealed to humans (Exoplanets — Harvard University Press,
2025). Utilising expertise and captivating language, he chronicles the pursuit of planets in other
star systems.

In conclusion, it can be asserted that the contemporary writer Donald Goldsmith, as a
prominent populariser of astronomy, contributed to the development of public awareness by
writing a book which fundamentally altered people's views and perceptions of extrasolar planets
and hidden worlds, offering detailed accounts of the methods employed in their discovery.

2.2. Lexico-semantic features of idiostyle in Donald Goldsmith’s book Exoplanets: Hidden
Worlds and the Quest for Extraterrestrial Life

In the context of linguistic research, the issue of the author's idiostyle is a salient one
(Marchuk/Lysak 2021, 92). As V. Voloshuk (2008) notes, the linguistic means used by authors
to create texts serve to characterize them as individuals and are an integral part of their work.
The term idiostyle, in its definition, is described as the manifestation of the author's worldview
and moral values (Hirniak 2022, p.97). It involves the formulation of the author's ideas with
aesthetic intention, orienting them toward a specific category of readers (Ibid, p. 97-98).

Style, a term initially introduced in ancient rhetoric and subsequently formalized by
Aristotle, established guidelines for the art of oratory to persuade an audience (Zaluzhna/Roller
2022, p. 91). Researchers who employ a modern linguistic approach to the study of idiostyle
concentrate on the author's linguistic personality in cultural and historical contexts (Ibid, p. 91).
As follows from the cited work, intralinguistic motivations may evolve based on era and genre
(Ibid, p. 91).

In the domain of contemporary linguistic terminology, the distinctive linguistic
characteristics of an author's work — referred to as the individual style, idiostyle, or idiolect —
exhibit a lack of clear and definitive distinctions (Povorozniuk 2016, p. 276). Despite being a
subject of study among researchers, these characteristics remain ambiguous. According to L.
Stravytska (2009), idiolect refers to individual speech features, while idiostyle pertains to unique
stylistic elements in an author's works (p. 11). It is emphasized that understanding these terms
requires consideration of external factors beyond language alone (Ibid, p. 6). In the course of our
research, we used the term idiostyle. Contemporary linguists define this term as equivalent to
individual style (Povorozniuk 2016, p. 276), which is defined as a writer's expression of traits or
aspects of their own personality, views, and interests (Robinson 1984, p. 148).

Thus, the research indicates that Donald Goldsmith's contributions as a prominent
popularizer of astronomy are characterized by a distinct idiostyle, which differs from other texts
in terms of syntax and the presentation of materials. During the composition of the book, the
author employed a broad array of astronomical terminology, a subject that plays a pivotal role in
Goldsmith's oeuvre.
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I. Kuznetsova (2022, p. 90) identifies three basic criteria that underpin the development
and improvement of terminology in the relevant field, particularly in the field of astronomy. The
following criteria are to be considered: technological advancements, the integration of scientific
and technological progress into societal domains, and the emergence of cutting-edge information
networks (Ibid, p. 90).

Terminology is the discipline of studying and compiling specialized terms in accordance
with its principles, foundations and methodology (Cabré 1992, p. 14). As M. Cabré (1992)
contends, terminology first began to emerge during the 1930s, evolving from an amateurish
context to a scientific one. As follows from the cited work, the socio-political ramifications of
this transition have gained global recognition, with implications that resonate at both national
and international scales (Ibid, p. 14). The author emphasizes that, as with other scientific fields,
terminology is defined by concepts borrowed from them (Ibid, p. 38). It is important to note that
an interdisciplinary subject, such as terminology, does not merely consist of concepts drawn
from various disciplines (Ibid, p. 38). Instead, it selectively chooses specific concepts and
elements to form its own object of study and field of expertise (Ibid, p. 38). By doing so,
terminology establishes itself as a distinct discipline.

Relying on this, we generated a continuous sample of 126 lexical items, each of which
was divided into eight lexico-semantic groups in order to facilitate a more complete analysis of
Donald Goldsmith's idiostyle:

The general astronomical terminology constitutes a comprehensive inventory of the most
pervasive terms and concepts employed within the domains of astronomy and space exploration.
The following examples are provided to illustrate the lexico-semantic group under discussion:
(1-s) But the Earth’s atmosphere absorbs infrared radiation over a wide range of frequencies
and wavelengths, making infrared study of the cosmos a difficult undertaking from ground-based
observatories (Goldsmith, 2018, p. 65). — (1-t) Ilpome, ammocghepa 3emni nocrunae
iHghpauepeoHe GUNPOMIHIOBAHHA 6 WUPOKOMY OXONJIEHHI 4acmom i 008ICUH XGUTb, U0 POOUMb
BUBUEHHSI KOCMOCY 8 IHhpauepeoHomy 0ianasoni 6Kpau CKIAOHUM 3A60AHHAM OJi HA3EMHUX
meneckonis (transl. — Samvelian K.V.). Within this passage, Donald Goldsmith employs general
astronomical terminology in the context of the atmosphere, which can be defined as the gaseous
shell of a planet held in place by gravitational forces. The translation technique of the established
equivalent was utilised to translate the term into Ukrainian, rendering it as ammocgepa.

(2-s) Astronomers have now concluded that two mysterious, invisible, and entirely
disparate entities — dark matter and dark energy — permeate and dominate the universe in mass
and energy terms (Goldsmith, 2018, p. 10). — (2-t) Acmporomu Oitwinu 6ucHosKy, wo 08a
MAEMHUYI, He3pUMI Ma aOCOTIOMHO HEe3ANeHCHI 0OUH 80 0OHO20 YIMBOPEHHS — MEMHA Mamepis
ma memHa enepzia —npouusyomo i 0oMiHyioms y Bceceimi 3 mouku 30py macu ma euepeii
(transl. — Samvelian K.V.). At the same time, two examples of general astronomical terms can be
observed: dark matter and dark energy. The established equivalent technique was used to
translate the mentioned terminology, rendering it into Ukrainian as memna mamepis and memna
enepaisi.

Units of measurement are defined as the standardised criteria for quantifying the amount
of an item. During the translation process, the following terms from the specified lexico-
semantic group were identified and translated:

(3-s) As could be expected, with the exception of the planets detected around pulsars,
these two planets rank among the closest to their parent stars, orbiting at 0.0060 and 0.0076 AU
(Goldsmith, 2018, p. 71). — (3-t) He ousrno, wo yi 06i nianemu € OOHUMU 3 HAUOIUNCHUX OO
C80IX MamepuHcoKux 3ipok, obepmarouucy Ha siocmani 0,0060 i 0,0076 a.o. 6i0 nux (transl. —
Samvelian K.V.). As can be seen, the emphasis is placed on the astronomical unit (AU), which is
a unit of measurement employed within the field of astronomy for the purpose of expressing
distances within the solar system. The term has been translated as acmponomiuna oounuys (a.o.)
through the implementation of the established equivalent technique.
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(4-s) A journey from the solar system to the galactic center would carry us across 8
kiloparsecs, or about 26,000 light years (Goldsmith, 2018, p. 12). — (4-t) Iloodopooc 6i0
Consaunoi cucmemu 00 yewmpy earaxmuxu mpuseaia 6 8 Kinonapcek, abo oOauzvko 26 000
ceéimnosux pokie (transl. — Samvelian K.V.). Several units of measurement were also
discovered, including the [light year and the kiloparsec. In accordance with established
equivalent technique, these terms were rendered in the Ukrainian translation as ceimuosuii pik
and xinonapcex.

Chemical elements are defined as types of atoms that possess an equal number of protons
in their nucleus. The following examples are provided to illustrate the lexico-semantic group
under consideration:

(5-s) All stars shine from nuclear fusion in their cores, where they fuse hydrogen nuclei
(protons) into helium nuclei (Goldsmith, 2018, p. 67). — (5-t) Csimuicme 3ipox eunuxac
BHACNIOOK 0ePHO20 CUHmMe3) 8 IXHIX Haopax, e 8i00ysacmbcsa 31umms s0ep 600HI0 (NPOMOHIB)
y s0pa ezenito (transl. — Samvelian K.V.). As shown, the established equivalent translation
technique was utilised for two chemical elements, namely hydrogen and helium, as was the case
in previous instances. In the Ukrainian translation, the following terms were translated as odenw
and eexnitl.

(6-s) We may reasonably speculate that these planets consist largely of iron and other
metals, such as nickel and zinc (Goldsmith, 2018, p. 88). — (6-t) Mu mooscemo obrpyHmosaro
cmeepodicysamu, wo yi niaHemu CKIa0aomvcsa 30e0i1buioeo i3 3aai3a ma HWUxX Memanis,
maxux sk Hikeay [ yunk (transl. — Samvelian K.V.). In the course of translating Exoplanets:
Hidden Worlds and the Quest for Extraterrestrial Life (2018), the following chemical elements
were encountered: iron, nickel, and zinc. Given that these terms are recognised by Ukrainian
dictionaries and language, the technique of the established equivalent was employed, resulting in
the translation of these elements as 3azizo, Hikeas and yuuk.

Astronomical instruments, ets. are defined as significant and distinctive devices (e.g.
telescopes, spacecraft and satellites) that facilitate the observation and documentation of
astronomical data. This group also encompasses observatories and branches of astronomy that
are employed for the scientific study of celestial phenomena and objects in space. During the
course of the study, the following observations were made with regard to several examples of
telescopes, devices and observatories:

(7-s) The Hubble Space Telescope also incorporates a coronagraphic system, but it
functions well below the optimum possible for a spaceborne telescope of its size (Goldsmith,
2018, p. 70). — (7-t) Kocmiunuit meneckon “I'abon” maxoosic mae KopoHoepagiuny cucmemy,
ane 60HA (YYHKYIOHYE HA PIBHI, 3HAUHO HUNCUOMY 3d ONMUMAILHO MOMCIUBUL 0N KOCMIUHO20
meneckona maxoco posmipy (transl. — Samvelian K.V.). Here, we are examining one of the most
frequently mentioned telescopes, which was named after the scientist E. Hubble. As in the
previous cases, the technique of established equivalent was employed, given that the name of the
telescope is recognised in both dictionaries and the target language. It is important to note that in
the Ukrainian translation, the word “/'a66x” is enclosed in quotation marks. This is due to the
fact that, according to the rules of the Ukrainian language, proper names are to be enclosed in
quotation marks and capitalized.

(8-s) More than a dozen institutions in the United States and Canada created the Gemini
Planet Imager, or GPI, to work with the Gemini South Telescope (Goldsmith, 2018, p. 72). — (8-
t) binvwe Oecamxa incmumymie y CLIA ma Kanaoi cmeopunu npucmpin Gemini Planet
Imager (GPI), ona pobomu 3 meneckonom “brausntoxu-Ilieoens” (transl. — Samvelian K.V.). In
this instance, our focus will be on the Gemini Planet Imager (GPI), as we employed the
borrowing and amplification technique in lieu of the conventional established equivalent
technique. We have maintained the English-language name in the translation and incorporated
the word npucmpiui to enhance the clarity of the text for the target audience.

(9-s) Some infrared wavelengths and frequencies can penetrate at least part of the
atmosphere and reach giant telescopes sited at high altitudes, of which the Mauna Kea
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Observatory in Hawaii stands tallest at 4,205 meters (13,796 feet) (Goldsmith, 2018, p. 65). —
(9-t) /lesxi ingpauepsoni xeuni ma uacmomu MONCYMb NPOHUKAMU O00AU Hepe3 UYACMUHY
ammocgepu i docseamu HA038UYALUHO 8EIUKUX MENeCKONI8, PO3MAULOEAHUX HA 3HAYHIT 8UCOMI,
30Kkpema, acmponomiuna obcepeamopia Mayna-Kea na ocmposi I'asai € naueuworo - 4 205
mempig (13 796 ¢hymis) (transl. — Samvelian K.V.). The Mauna Kea Observatory is a prominent
astronomical observatory, renowned for its advanced telescopes that facilitate the search for
extrasolar planets. Here, the translation was undertaken utilising the established equivalent
technique, resulting in the rendering of the name as o6cepsamopiss Mayna-Kea.

Electromagnetic radiation may be defined as a type of radiation that occurs as
electromagnetic waves. During the translation process of the book Exoplanets: Hidden Worlds
and the Quest for Extraterrestrial Life (2018), we encountered a variety of electromagnetic
radiation types. A more thorough examination of the following example is warranted:

(10-s) The basic physics behind the quest for exoplanets includes the laws that govern
gravitational attraction and celestial dynamics; Einstein’s general theory of relativity, ... and
the spectroscopic analysis of light waves and their x-ray, ultraviolet, infrared, millimeter-wave,
and radio cousins (Goldsmith, 2018, p. 8). — (10-t) bazosa ¢hizuxa, wo nexcumv 6 OCHO8I
HOULYKY eK30NIaHem, 8KII0UAE 3aKOHU epagimayitinoco mAXCIHHA Ma OUHAMIKU HeDeCHUX A6ulY,
3aeanvHy meopito 8ionocHocmi EtiHuumetina, ... a makoxc cnekmpoCKONiYHull aHais ceimaoeux
X6Uib, GKIIOYAIOYU PEHMZ2EeHIBCbKe, Yyavmpadgionemose, ingpauepeone GuUNpOMIHIOCAHHA,
Mminimemposi xeuni ma padioxeuni (transl. — Samvelian K.V.). As indicated, Donald Goldsmith
employs five types of electromagnetic radiation: X-rays, ultraviolet, infrared, millimeter-waves
and radio cousins. To translate these terms, the established equivalent translation technique was
employed, with amplification by the incorporation of the word sunpomintosanus to enhance the
comprehensibility of the text.

Search techniques are integral to Donald Goldsmith's book; as was previously observed,
the author provides a comprehensive account of the methods by which exoplanets are detected.
The following examples illustrate the range of search techniques employed:

(11-s) Astronomers have employed four fundamentally different approaches in their
successful searches for exoplanets: radial-velocity measurements, transits, gravitational
lensing, and direct observation (Goldsmith, 2018, p. 64). — (11-t) 3aona pezyromamuenux
NOWLYKI@  eK30NaHem aCmMpOHOMU 3A0isiu  YOmupu @GYHOAMEeHmMAaibHo pIi3Hi  NiOXOOU:
BUMIPIOGAHHA PAOdIANbHOI WIEUOKOCMI, MPAH3UM (RPOXO0XHCEHH), Zpasimayiiine 1iH3y8aHHA
ma npame cnocmepeicenna (transl. — Samvelian K.V.). Each of the four search techniques
(radial-velocity measurements, transits, gravitational lensing, and direct observation) was
identified and translated utilising the established equivalent technique, given the presence of
these terms in both dictionaries and the target language. Consequently, in the Ukrainian
translation, the terms would be rendered as sumiprosanns padianvhoi weuokocmi, mpanzum
(npoxoodawcents), epagimayitine 1iH3Y8aAHHA T NPSAME CHOCMEPEHCEHHSL.

In addition to the aforementioned six lexico-semantic groups, this study has also
examined cosmonyms and astronyms. It should be noted that, by their nature, these are not terms,
but rather proper names. However, they are closely related to the former.

Proper names, otherwise referred to as onyms, are of significant historical and cultural
importance. They have been utilized in various eras and across different nations to individualize
and distinguish a wide array of objects (Yashchuk, 2021, p. 38). As follows from the cited work,
proper names are more than just ways to share information about historical figures, ethnic
groups, cultures, and lifestyles. They also identify particular objects in reality (Ibid, p. 38). D.
Yashchuk (2021) posits that the study of proper names falls within the domain of onomastics,
encompassing their etymology, evolution, and application in both historical and contemporary
contexts. The investigation of homonyms in language and speech is an integral facet of
onomastics. Proper names, in particular, occupy a distinct position in language, functioning as
unique identifiers and reflecting a variety of aspects of human existence.
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As D. Yashchuk (2021) asserts, there are several different types of proper names. These
include anthroponyms (personal names), zoonyms (animal names), toponyms (place names),
cosmonyms and astronyms (names of heavenly bodies), chrononyms (names related to time)
among others (Ibid, p. 39). In the course of our investigation into the field of astronomical
terminology as explored in Donald Goldsmith's book Exoplanets: Hidden Worlds and the Quest
for Extraterrestrial Life (2018), we have conducted a thorough examination of cosmonyms and
astronyms, which have been identified as an integral component of scientific texts in the field of
astronomy.

The Dictionary of Ukrainian Onomastic Terminology (2024) asserts that the word
cosmonym is derived from the Greek word kosmos, which signifies order or world (p. 31). The
dictionary's authors, O. Karpenko and V. Neklesova, define a cosmonym as a proper name
employed to denote celestial bodies, including planets, nebulae and satellites (Ibid, p. 31). The
following examples illustrate the range of cosmonyms employed in the book Exoplanets: Hidden
Worlds and the Quest for Extraterrestrial Life (2018):

(12-s) Next in discovery came the star’s directly imaged exoplanet, Beta Pictoris b, which
currently qualifies as the directly imaged exoplanet with the smallest orbit around its star
(Goldsmith, 2018, p. 71). — (12-t) Hacmynuoto 6yna eiokpuma bema Kusonucuys b, sxa napasi
K8aNiQiKyemvpcs AK eK30n1anema 3 HAUMeHulow opoimorw Haskono ceoci 3ipku (transl. —
Samvelian K.V.). In this particular instance, the cosmonym is Beta Pictoris b, an exoplanet that
was discovered by astronomers and which orbits its star, Beta Pictoris. Given that the exoplanet
is located in the constellation of Pictor, it was decided to translate it in a more traditional manner
as bema JKusonucys b, employing the established equivalent technique.

(13-s) The sole remedy for this problem available in Einstein’s time arose in the few
minutes of a total solar eclipse, when the moon blocks the light from the sun’s disk (Goldsmith,
2018, p. 75). — (13-t) €ounuii cnocid supiwenns yiei npobaemu, gioomuti 3a vacie Etinumetina,
BUHUKAG 30 KLIbKA XBUIUH NOBHO20 COHAUHO20 3amemHeHHs, kKoau Micayb 610Kysas ceimio 6io
consunozo ducka (transl. — Samvelian K.V.). It is evident that the celestial body under discussion
is the moon, Earth's sole natural satellite. In order to translate this term into Ukrainian, the
established equivalent technique was employed; in the Ukrainian version, this term would be
translated as Micays. According to the Ukrainian language rules, it is necessary to capitalize
proper names.

On the other hand, the term astronym is derived from the Greek word astér, which

signifies a star (Karpenko/Neklesova, 2024, p. 20). Emphasising that an astronym is a subtype of
cosmonym, they define astronym as a proper name for stars (Ibid, p. 20).
(14-s) In the final years of the past decade, astronomers employed an advanced adaptive-optics
system on two telescopes at the Mauna Kea Observatory, one of the 10-meter Keck twins and the
8. I-meter Gemini North instrument, to study infrared radiation from the vicinity of the star HR
8799 (Goldsmith, 2018, p. 72). — (14-t) B ocmarHi poku MuHyno2o 0ecamunimms acmpoHOMU
BUKOPUCTNOBYBANU NEPed08y CUCMEMY A0anmueHoi OnmuKu 3a OONOMO20I0 080X MeNecKONnie
acmponomiunoi obcepsamopii Mayna-Kea — decsimumemposi meneckonu-oauzuioku Kexa ma
socomumempoguil  meneckon  bnausnioku-Ilieniv ~ — 01 6uBYeHHA  iHGpauepeoHo2o
sunpominioeants 0osxoaa 30pi HR 8799 (transl. — Samvelian K.V.). The astronym HR 8799 is a
star located in the constellation of Pegasus. The translation technique of borrowing was
employed, as there is no clearly defined equivalent of this star's name in the Ukrainian language.

In conclusion, it is imperative to emphasise that Donald Goldsmith's book Exoplanets:
Hidden Worlds and the Quest for Extraterrestrial Life (2018) is replete with a plethora of
astronomical terminology. Following a detailed calculation of the percentage of each lexico-
semantic group, we can report that general astronomical terminology accounts for 28% of the
total, units of measurement and chemical elements account for 6%, electromagnetic radiation
accounts for 5%, astronomical instruments, etc. account for 14%, cosmonyms account for 17%,
astronyms account for 14% and search techniques account for 10%.
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2.3. Specifics of translating cosmonyms and astronyms as an integral part of Donald
Goldsmith’s work

As demonstrated in the preceding parts, the employment of cosmonyms and astronyms is
of paramount importance in Donald Goldsmith's Exoplanet: Hidden Worlds and the Search for
Extraterrestrial Life (2018). By using the proper names of planets, satellites, stars, etc. the author
provides a comprehensive overview of all celestial bodies known to man in our solar system and
beyond, including recently discovered objects that have not yet received wide recognition.
Utilising cosmonyms and astronyms is indicative of the establishment of an idiostyle, thereby
engendering a multifaceted onomic space that governs the operation of a distinct scientific
vocabulary. The following examples are provided to illustrate the concepts of cosmonyms and
astronyms under consideration:

(15-s) The infrared radiation from these planets typically arises from the slow
contraction of the planets’ interiors, as occurs for Jupiter or Saturn in the sun’s planetary
system (Goldsmith, 2018, p. 66). — (15-t) Ingppauepsone eunpominrosanns yux nianem 3a36udati
BUHUKAE BHACNIOOK NOBIILHO2O0 CMUCHEHHA IXHIX Haop, AK ye 6i0dysacmuvcsa 3 KOnimepom yu
Camypnom y Conaunivi cucmemi (transl. — Samvelian K.V.). It is notable that this example
permits the observation of two cosmonyms: Jupiter and Saturn, which are regarded as the largest
planets in the solar system, occupying the fifth and sixth positions from the sun, respectively.
Hence, the employment of the established equivalent technique is imperative, given the presence
of these terms within both the dictionaries and the target language. Consequently, in the
Ukrainian language, Jupiter and Saturn will be translated as fOnimep and Camypm.

(16-s) The astronomers found four giant planets around HR 8799, each with
approximately five to seven times Jupiter’s mass, at distances that range from 15 to 68 AU—
reminiscent of Saturn’s orbit around the sun at a distance of 9.5 AU, Uranus’s at 19.2 AU, and
Neptune’s at 30 AU (Goldsmith, 2018, p. 72). — (16-t) Acmponomu sussuiu womupu niaHemu-
eieanmu Haexono HR 8799, kooxcna 3 axux npubausHo 6 n'amv-cim pazié nepesuwyyc macy
IOnimepa, na éiocmani 6io 15 do 68 a.o. - giocmans, wjo Hazadye obepmanns CamypHa HABKOIO0
Conys na siocmani 9,5 a.o., ¥Ypana na siocmani 19,2 a.o. ma Henmyna na éiocmani 30 a.o.
(transl. — Samvelian K.V.). Within the confines of this particular example, the utilisation of two
additional cosmonyms, namely Neptune and Uranus, can be ascertained. The giant planets in
question have been observed to be in seventh and eighth position relative to the sun. In a manner
consistent with the preceding example, the translation of the cosmonyms was executed through
the utilisation of the technique of the established equivalent, resulting in their rendering in
Ukrainian as Henmyn and Ypan.

(17-s) Kepler-70 b completes each orbit in 346 minutes (thus more than four times each
day), while Kepler-70 c takes 494 minutes for each orbit (Goldsmith, 2018, p. 88). — (17-t)
Kepler-70 b 3asepuiye obepm 3a 346 xeunun, mooi sx Kepler-70 ¢ sumpauae na xoxcen obepm
494 xeununu (transl. — Samvelian K.V.). The present example concerns two exoplanets, Kepler-
70 b and Kepler-70 c, which are orbiting their star, Kepler-70. Since the names of these
exoplanets have not yet entered mainstream usage in the target language, the technique of
borrowing has been employed.

(18-s) In practice, this has not yet occurred for actual discoveries, although in the case of
the star HD 189733 and its exoplanet (HD 189733 b), astronomers have observed this
polarization effect, the result of a planet that had already been detected by the transit method
(Goldsmith, 2018, p. 90). — (18-t) Ha npaxmuyi nodioui giokpummsi we He 3yCMpiuanucs, xoua y
sunaoxy 3ipku HD 189733 ma ii exzonranemu (HD 189733 b) acmponomu cnocmepieanu
nOOIOHUU ehekm noaapuszayii, cnpudUHeHUull NIaHemoro, AKy 6xce OVI0 UAENEHO MPAHIUMHUM
memooom (transl. —Samvelian K.V.). As is evident, the cosmonym is an exoplanet, namely HD
189733 b, which is in orbit around its star, HD 189733. As was the case in the previous instance,
the technique of borrowing was employed in order to translate the cosmonym.

(19-s) Like the sun, OGLE-2016-BLG-1195Lb and its star (which carries the same
designation without the “b”) lie within the disk of the Milky Way, in this case 13,000 light years
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from Earth (Goldsmith, 2018, p. 81). — (19-t) I1o0i6Ho 0o Conys, OGLE-2016-BLG-1195Lb ma
i 30ps (aka mae make i no3navenHs oes nimepu “b”’) nescamo y oucky eanakmuxu Yymayvruii
LInsx, 6 oanomy eunaoxy na eiocmani 13000 ceimnosux poxis 6i0 3emni (transl. — Samvelian
K.V.). The cosmonym OGLE-2016-BLG-1195Lb is an exoplanet that, according to the research
of Donald Goldsmith, exhibits characteristics analogous to those of Earth. The translation of the
exoplanet was conducted by means of the technique of borrowing, as the name of the cosmonym
has not yet been standardised in the Ukrainian language.

(20-s) The current record for the most massive planet found by microlensing currently
belongs to an object with the designation OGLE-2011-BLG-0402Lb, detected in 2013
(Goldsmith, 2018, p. 82). — (20-t) Ha oarnuii momerm pexkopo HAUMACUBHIWOI NiaHemu,
3HAUOEHOI 3a OONOMO2010 MIKPONIH3Y8AHHS, HaAlewHcums 00'ekmy nio Hazeoro OGLE-2011-BLG-
0402Lb, suserenomy ¢ 2013 poyi (transl. — Samvelian K.V.). The exoplanet OGLE-2011-BLG-
0402Lb is known to orbit a low-luminosity star and is considered to be among the most massive
exoplanets ever discovered. Translation of the cosmonym into Ukrainian was achieved by means
of the borrowing technique.

(21-s) The great majority of these planets have distances from their stars larger than
Earth’s distance from the sun, with some of these distances ranging to many thousand AU and
even beyond (Goldsmith, 2018, p. 73). — (21-t) Ilepesasicna Oinvwicms nianem 8idoanena 6io
c60ix 3ipok Oinvute, Hidxe 3emns 6i0 CoHuA, npuuomy OesKi 3 yux giocmamell cs2ams 6A2amvox
mucsa4 a.o. ma Hasimo Ointbute (transl. — Samvelian K.V.). Within the domain of astronomy, the
sun is recognised as the central star of the solar system. We have employed the established
equivalent technique in our translation, given that the astronym is recognised by the dictionary
and the target language. Consequently, in the Ukrainian language, sun will be translated as
Conye. It should be noted, however, that the Ukrainian language rules stipulate that the word sun
is to be capitalized due to its status as the proper name of a star.

(22-s) With a surface temperature almost five times the sun’s, Kepler-70 radiates about
23 times more energy per second than the sun does (Goldsmith, 2018, p. 88). — (22-t) IIpu
memnepamypi no8epxHi, wo maudice 8 n'ams pazie nepesuwyye couauny, Kepler-70 sunpominioe
npubausno 6 23 pasu Oinvwe enepeii 3a cexynoy, Hise Conye (transl. — Samvelian K.V.). The
astronym Kepler-70 is a subdwarf star that has already passed through the red giant phase and is
slowly contracting and cooling towards its final white dwarf phase. The translation employed the
technique of borrowing, given that the astronomical term has not yet entered the Ukrainian
lexicon.

(23-s) On the other hand, its star has only about 8 percent of the sun’s mass, making it an
ultracool red dwarf similar to the fascinating red dwarf called TRAPPIST-1 (see Chapter 9)
(Goldsmith, 2018, p. 82). — (23-t) 3 iHwoeo 6oky, 3ipxa nianemu mae auwe o6au3bk0 8 % 6i0
macu Conys, wo pobums ii HAUXOI0OHIULOW Yep8oHO0 30peto, nodiono 0o TRAPPIST-1 (ous.
po3oin 9) (transl. — Samvelian K.V.). As is evident, within the domain of astronomy, TRAPPIST-
I is designated as an ultracold red dwarf star, with a radius slightly larger but a mass much
greater than that of Jupiter. In a manner consistent with the preceding examples, the technique of
borrowing was employed during the translation process.

(24-s) Because Proxima Centauri has a much larger size and a much smaller mass than
Stein 2051 B does, detecting and measuring the deflection created by the star’s gravitational
force poses a much greater challenge than the already impressive detection of the same effect
from a white dwarf (Goldsmith, 2018, p. 83). — (24-t) Ockinexu Ilpoxcuma Ilenmaspa ¢
Habazamo OiNbLWON 30 PO3MIPOM I 3HAUHO MEHULON 3a Macoro, Hixc Stein 2051 B, eusenenns ma
BUMIDIOBAHHSL GIOXUTIEHHS, CNPUYUHEHO20 2PABIMAYILIHOI0 CULOTO 3IPKU, € HADA2AMO CKAAOHIWUM
3a60AHHAM, NOPIGHAHO 3 PANCANOYUM BUABLEHHAM MAK020 JiC eghekmy 6i0 0il020 Kapaukd
(transl. — Samvelian K.V.). Referring to the aforementioned example, there are two astronyms,
Proxima Centauri and Stein 2051 B. As stated by Donald Goldsmith, Proxima Centauri is the
closest red dwarf star to the Sun, with a recently discovered exoplanet, Proxima b. Meanwhile,
Stein 2051 B is the Sun's sixth closest white dwarf. Either star was found using the Hubble Space
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Telescope. In this study, two distinct translation techniques were employed for each astronym.
For Proxima Centauri, the established equivalent technique was utilised, resulting in the
translation of the name into Ukrainian as Ilpoxcuma Llenmaspa. For Stein 2051 B, the borrowing
technique was employed, as the astronym has not yet been recognised by dictionaries or by the
Ukrainian language.

(25-s) But on the bright side once again, the fact that both TRAPPIST-1 and OGLE-
2016-BLG-1195L, each with 8 percent of the sun’s mass, have planets—discovered by entirely
different techniques—implies that planets may well be common around ultracool red dwarf stars
(Goldsmith, 2018, p.82). — (25-t) IIpome, 3 inuwozco 6oky, mou ¢paxm, wo TRAPPIST-1 i OGLE-
2016-BLG-1195L, wmaromv naanemu, 8iOKpumi aOCOMIOMHO PISHUMU CHOCOOAMU, MOXdCE
ciouumu npo me, W0 NAAHEMU MOACYMb ICHY8AMU HABKONO VIbMPAXONOOHUX YEPBOHUX 3IPOK
(transl. — Samvelian K.V.). As is apparent, the focus is now directed towards OGLE-2016-BLG-
1195L, a red dwarf star around which the Earth-like exoplanet OGLE-2016-BLG-1195Lb orbits.
As in the case of the cosmonym OGLE-2016-BLG-1195Lb, the name of the star has been
translated using the borrowing technique.

It is important to note that the process of translating astronomical terminology, as well as
cosmonyms and astronyms, is both valuable and challenging. According to the sample, the most
frequently employed techniques for translating scientific vocabulary are the established
equivalent (107 cases), borrowing (19 cases), and amplification (8 cases).

The translation techniques employed in this study vary in nature and purpose. The
established equivalent technique involves the utilisation of terms recognised by both dictionaries
and the target language. The borrowing technique involves the incorporation of elements from
foreign languages into the target text. The amplification technique entails the introduction of
details that are not present in the source text.
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Conclusions

During our research, we analyzed our chosen topic in detail through various tasks. The
primary task was to undertake a comprehensive study of astronomy as a discipline. It was
determined that the advent of novel technologies had precipitated an evolution in the very fabric
of the discipline itself, marking an arduous and protracted progression from its origins to the
present era. The necessity to disseminate knowledge within this field emerged concurrently with
a series of discoveries facilitated by space observatories and instruments, which have profoundly
influenced our understanding of the Universe and space in general. The advent of science
communication has enabled astrophysicist and popular science author Donald Goldsmith to
disseminate the findings of astronomers concerning extrasolar planets and the prospect of
extraterrestrial life beyond the confines of the Milky Way galaxy to a diverse audience.

A key component of our research is a thorough study of the theoretical underpinnings of
the use of astronomical terminology. A comprehensive analysis of the extant scientific literature
has been undertaken to explore the historical context and structure of the phenomenon under
investigation. Consequently, our grasp of the concept of terminology has undergone significant
enhancement. This enhanced our capacity to analyse the astronomical vocabulary employed by
D. Goldsmith, which was categorised into groups based on their lexico-semantic features. The
outcome of this study has yielded a structured categorisation of the astronomical vocabulary,
encompassing the following classifications: general astronomical terminology, units of
measurement, chemical elements, astronomical instruments, etc., electromagnetic radiation, and
search techniques.

We further identified two other groups of lexical items that play a key role in Donald
Goldsmith's book Exoplanets: Hidden Worlds and the Quest for Extraterrestrial Life. It is
important to note that cosmonyms and astronyms are not themselves terms, but they are closely
related to them. Following a comprehensive review of scientific literature, it was determined that
the phenomena denoting the names of celestial bodies exhibit distinct characteristics. To
translate cosmonyms and astronyms, as well as astronomical terminology used by Donald
Goldsmith, three translation techniques were employed. The most common technique used was
the established equivalent technique, which allowed for more accurate translations. The
techniques of borrowing and amplification, although not the most commonly used, are no less
important in the translation of Donald Goldsmith's book Exoplanets: Hidden Worlds and the
Quest for Extraterrestrial Life.

Further research will continue to concentrate on the specific application of translation
techniques for reproducing astronomical terminology, with particular emphasis on cosmonyms
and astronyms presented by D. Goldsmith.
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Appendix A
Lexico-semantic groups of terms

B General astronomical
terminology

® Units of measurements
® Chemical elements

® Electromagnetic
radiation

B Astronomical
instruments, etc.

» Cosmonyms

Astronyms

Search techniques
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Appendix B

System of translation techniques involved in translation of selected texts from
Exoplanets: Hidden Worlds and the Quest for Extraterrestrial Life
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