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KocMunyeckue nyum: oTkpbiTue

B Hauyane XX Beka Obli0 OOHapyXeHO, 4YTO CYLWECTBYET WUCTOYHMK WOHM3aALUMUN,
npuBOOALLMNA K MedSIeHHOW pa3psake anekTpockona.

B 1912 rogy Buktop [ecc npoBen ceputd TOYHbIX W3MEPEHUN UIMEHEHUS
MHTEHCMBHOCTU WOHU3ALMN C BbICOTOM W HAOEXHO YCTAHOBWUIT KOCMMUYECKOEe

NnponcxoxageHne NCToHHUKa. X
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KocMuyeckue nyun

— 00BbeKT U MHCTPYMEHT UccrnenoBaHusA
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Prize share: 1/2 CeC" PO\Ne”

1936 1950

"for his discovery “for his development of

of the positron" the photographic method
of studying nuclear
processes and his
discoveries regarding
mesons made with this
method”

HoBbIM KaHan nHgopmaumm o BceneHHoU
[TpoucxoxgeHne (MCTOYHUKU) KOCMUYECKUX HYacCTuLl
KJ1 — ecTecTBeHHble YCKOPUTENN YacTuL, — n3yvyeHne pursmnkn arieMeHTapHbIX YacTtul

), Y
Emilio Gino Segre ““Owen Chamberlain

Prize share: 1/2 Prize share: 1/2

1959

"“for their discovery
of the antiproton"

+ MHOXECTBO APYrMX OTKPbITUA B
dm3nke arnemMeHTapHbIX YacTul,
KOTOPbIE XOTb U HE ObININ OTMEYEHbI
HI, 3anoxunun ocHoBbl DPOY wu
npuBenu K cosgaHuto CtaHgapTHOM
Moaenu B3auMOOENCTBUN 3rieMeH-
TapHbIX YacTuL,.
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KocMu4yeckue nyun

Primary Cosmic
Rays

Meters
50 000

Muonic Cascade: o od¥
hadronic component <
and neutrinos

[lepBUYHbIE KOCMMYECKME JyYM B3aUMOOEWCTBYIOT C
aTMoCcdepon 1N MOBEPXHOCTU 3eMIN NPAKTUYECKN He

AOOCTUINaloT.

Je=s N = heavy B
o= . Ha ypoBHE MOpS OCHOBHON COCTaB
744 ! K= Kaon BTOPUYHbIX YacTul, — MIOOHbI (70%) u
Y S n+ = Pion 0
20 000.. - - . aneKkTpoHbl (30%).
n = ncutron
P’ = proton - | 2.
- CpenHun notok ~1 vactuual/gm?-c.
; e+ = positron
10 000 ! 7= gamma
' .. rays
’ + = muon
! + MeToabl M3yYeHWS KOCMUYECKMX YaCTULL;
5000 1
' — opbuTanbHble CTaHUWUK;
P v!
Sea .' Electromagnetic — al3poCTaThil,
level : Cascade
: — Ha3eMHble YCTaHOBKW;

Hadron Cascade:
nuclear fragments and
hadronic component
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KocMunyeckue nyum: cnekrtp

Energies and rates of the cosmic-ray particles
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OCHOBHOWM COCTaB KOCMMWYECKUX nyyen — NpoToHbl (~90%),
a-4yacTtuubl (~8%), sapa bonee TsKenbIX 3areMeHToB (~1%) un
ONeKTPOHbl (~1%). B o4yeHb ManbiX OO0MAX MNPUCYTCTBYIOT
dpOTOHbI M aHTUYaCTULbI (MO3UTPOHbI, AaHTUMNPOTOHDI).

OHEpPreTn4Yecknin CNeEKTP KOCMUYECKNX YaCcTuUL, NPOCTUPaETCS
Ha MHoro nopsgkoB, Ao 10%° aB = 16 [Ix.

CTOYHMKOM YacTuL, MarblX 3HEprun GBnAOTCS 3Be3bl
(3BE3OHLIV BETEDP).

[anakTn4eckne KOCMUYECKME fy4n B OCHOBHOM 0OpasytoTcs
Mpwv B3pbiBax CBEPXHOBbIX.



KocMu4yeckue ny4dm: cnekrtp

U3-3a Hannuma MarHUTHbIX Morewn
ranaktMyeckoro macwrtaba, He Bce
3apshKeHHble YacTULlbl MOFyT NOKUHYTb
npepenbl TOW ranakTUKW, rOe OHU
obpa3oBanucs.

MoaToMy 3apsiKeHHble KOCMMW4eCcKue
nyuynm npepenbHO BbICOKUX 3HEPrum,
cCKkopee BCEro MMerT BHeranaktuyec-
KOe NpoucxoxaeHue.

YT00ObLI 4OCTUTHYTL 3€MMN, OHU MPOXO-
OAT KOCMOJIOrm4yeckue pacCTtossHUSA.




OueHouYyHasa 3apava
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k~1/2 — YyacTuubl He NeTaT
CTPOro nonepek nong
R ~1Knk - TonuwmHa aAmMcka

rariakTukKu

B ~ 10~° Txn — ranaktnyeckoe
MarHuTHoe norne

E~5x1018 3B
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KocMunyeckue nyum: cnekrtp

Energies and rates of the cosmic-ray particles
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OCHOBHOWM COCTaB KOCMMWYECKUX nyyen — NpoToHbl (~90%),
a-4yacTtuubl (~8%), sapa bonee TsKenbIX 3areMeHToB (~1%) un
ONeKTPOHbl (~1%). B o4yeHb ManbiX OO0MAX MNPUCYTCTBYIOT
dpOTOHbI M aHTUYaCTULbI (MO3UTPOHbI, AaHTUMNPOTOHDI).

OHEpPreTn4Yecknin CNeEKTP KOCMUYECKNX YaCcTuUL, NPOCTUPaETCS
Ha MHoro nopsgkoB, Ao 10%° aB = 16 [Ix.

CTOYHMKOM YacTuL, MarblX 3HEprun GBnAOTCS 3Be3bl
(3BE3OHLIV BETEDP).

[anakTn4eckne KOCMUYECKME fy4n B OCHOBHOM 0OpasytoTcs
Mpwv B3pbiBax CBEPXHOBbIX.

CTOYHMKN 4YacCTuL, CBEPXBbLICOKMX OSHEPrnnM HaOEXHO He
YCTaHOBIMEHbI (MPEAnoIoXUTENBHO KBa3aphl).

MakcumarnbHas HabnropgaemMasti 3HEpPrnss  KOCMUYECKUX
YacTul orpaHmdmBaeTcs adpdoektom [pensmHa-3auenmHa-
KysabmuHa (GZK). 9



!

y Ao 40 Km, 4TO
earMCTpUpoBaTb NepBUYHbLIE
JecKue YyacTulbl.
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Bnaroaaps apktuieckomy nonsipHoMy BUXpPIO, LLap MOXeT HaxoAMTbCA B BO3Ayxe
AECATKN CYTOK, fieTast Mo KpyroBon TpaeKTopmun BOKPYr KOXHOrO nomnioca. $i



kcrnepumeHT COEPA Ha o3epe
bankan. Kocmuyeckmne vactuubl
BbICOKMX  3QHeprum  cosgaroT
nMBeHb B aTMOCdepe.
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Annapatypa Ha aspocTare i COEPA-2 AR o
PErVCTPUPYET  YEPEHKOBCKUM - Lo s il
CBET JIMBHSA, OTPaXEHHbIM OT | Sy ] .-:f..D , — |
Cp e e
CHera Ha MOBEePXHOCTU 3eMIn. b o ympasnenuA” S <
nutaHus (1kM), pe3epBHbIN e
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KocMuyeckue ny4ym Ha semne

Kocmudeckue ny4dum (csepx-)
BbICOKMX 3Heprun cosgarT
NMBEHb, KOTOPbLIW, OOCTUras
YPOBHSA 3eMJIN MOXET UMETb
rnornepeyHyro nowagb SO

HECKONbKUX KBagparHbIX
KUNOMeTpoB!
Peructpauus
YepeHKOBCKOro ceeta
Teneckonamu

K
B

YepeHkoBckue /

NeTeKTopbl

l

CyeTumnkn

[enrepa
N3mepeHne Tpekos

3apAXEeHHbIX4YaCcTUL,

[Nnsa HageXXHoro n3mepeHus
SHEpPrMn wn HanpaeneHusd
NepBUYHOW YacTuLbl OETEK-
TOPbl AOSMKHbI MOKPbIBATb
OonbLUYIO TEPPUTOPUIO.

<+—— [lepBoe B3anmogencTene ~10Km

~+—— Kackag (nMBeHb) BTOPUYHBIX YacTuL

Pernctpauus
HekoTopble YacTuubl aTMocepHo
<>—— JMBHA JOCTuralT drnoopecLeHumm

YPOBHA 3eMI1

Peructpauus 4yactuy
CUMHTUNNALMNOHHBIMU
cYeTYnKamm

Peructpauunsa pagmoBosH
MOOHbI HU3KOM SHEPTUK MPOHUKAKOT
Ha HeOOob LLYtO rNyBuHY

MIOOHbI BLICOKOW 3HEPrv MPUHMKAOT
rnyboKo noJ noBEPXHOCTb

12



Kocmuueckue nyun: TAUTA

TyHKMHCKas gonuvHa, Heganeko ot VIpkytcka u 03. | TAIGA-Muon
Bavkan.

Pernctpauusa KOCMUYECKUX fnyyYen B ONTUYECKOM
OovanasoHe  (YepeHKOBCKOE  M3nyyeHune) wu
3apsiKeHHasi KOMMOHEHTa INUBHSA (ANEKTPOHbI U
MIOOHbI).

HI'Y (nabopatopus E.KpaByeHko) yyacTByeT B
SKCNepUMEHTE.

VpKyTCK

Wenexos,

TRV SRR 12 1 9 O O 9 0 A DL l..ﬂ'ly

Tunka Grande |



KocMmuyeckue nyum. Plerre Auger

OOuH 13 KPYyMHENLLMX SKCMEPUMEHTOB MO U3YYEHUIO KOCMUYECKMX Nyyen — obcepBaTopus nm. MNMbepa Oxe
(Pierre Auger). PacnonoxeHa B Bpasunum (Auger South, 3000 km?) n B Konopago (Auger North10000 km?)

Q[P
A OcHoBHas 3agava — perucrpauys
Q 0'? KOCMMUYECKNX YaCTULL

Pierre Auger Observatory: CBEPXBBICOKMX 3Hepru (>10°3B).
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ecKkue nyuym Ha opouTe DAMPE

2015. China

PAMELA’ 2006- 2?316\"
Russia, Italy, Ger '

2015, Japan

Calorimetric

CALET Electron "

Telescope |

on the International Sp!ée Stati




Kocmuyeckue nyym Ha opoute

OcHoBHOM 3apjaden AMS saBnsieTcs OeTtanbHoe U3yyYyeHue napameTpoB (MOTOK, CMEKTP) aHTM4acTuu
(MO3NTPOHOB, aHTUMPOTOHOB), MOUCK Bone TsXKenbIX aHTUSAep (aHTUrenumn) 1 TEMHOW MaTepumn.

C 2011 no 2023 rogbl petektop AMS
3apermnctpmpoBan >220 x 10° 3apsKeHHbIX
yacTul,

Cpean HMX

— 3.9 x 10° no3nTpOHOB;

— 1.1 x 10° aHTMNPOTOHOB;

— 7 Agep aHTUAenTepus;

— 2 BO3MOXHbIX cCOObITUSA aHTUrenusa!

[TnaHupyetrca nNpoaomknte paboTy [OeTek-
Topa oo 2030 roga. Ecnu pesynbraTbl Mo
aHTUreNuI0 NOATBEPAATCH, UX BydeT TpyaHO
OObACHUTL B  paMKax CyLIECTBYHOLLUUX
Moaenemn.
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HentpuHo

B Hauane XX BeKka cyuTanocb, 4YTO [(B-pacnan saep MAOET 3a CYeT ABYX4aCTUYHOro
nepexoga m — p + e, a 3Ha4YUT ANEKTPOH AOIMKEH ObITb MOHOXPOMATUYHBLIM.

OpHako B 1914 rogy [x. UeoBuk akcnepumMmeHTaribHO Mnokasarn, 4YTo npu [B-pacnage
QHEPrna arekTpoHa MMEET HernpepbiBHOE pacnpenereHume.

B 1930 B. T[llaynu npeononoxun, 4to npu [(-pacnage
UCMYyCKaeTca elle oaHa nerkaa HeuTpanbHaa 4actuua,
KOTOPYKD OH HasBan HeUTpuHO. Torga peakuma [(B-pacnaga
HEWUTPOHA 3anuLleTca Kak

n-opt+e +v,

B HacTosilee BpeMs SKCrepUMEHTaNbHO NOATBEPXOEHO CYLLECTBOBAHME TPEX TUMOB
(@HTU-) HEUTPUHO: V,, Vv, U V.
17



HenTpuHO. 3KCNepuMeHT

B 1953 roaoy, wucnonb3yda peakTop KakK WCTOYHMK (Torda €ewe rurnoTeTUYecKmx)
aHTuHenTpnHo C.Cowan un F.Reines Ha4yanu skcnepuMeHT (npoekt «llonTeprencrty»)
No 3KCcrnepuMeHTanbHOMY OOHapyXeHUI aHTUHEUTPUHO NPU MNOMOLUM peaKkunm

obpaTHoro [3-pacnaga

p+v,on+e”

© University of California (CCOW&I’\S yMep B 1974 FO,D,y)

Regents

Frederick Reines




ConHue KaKk UICTOYHUK HEUTPUHO

+ Density (kg/m3)

AcTodHMKOM SHeprun 3Be3g Tuna ConHue sBnsercs
TEPMOSIAEPHOE «ropeHme» Bopgopoda (dbyaem noapoOHO
obcyxpatb no3gHee). B pesynbrate obpasyetcs
OFPOMHOE KONMMUYECTBO HEUTPUHO, KOTOPbIE M3-3a2 OYEHb
cnaboro B3aMMOLEWCTBUS C BeLLeCTBOM (NMpaKkTUYecKW)
BbecnpensaTcTBeHHO nokuaatoT CornHue.

~ {.'*‘ BN Ny

Temperature (millions of K)

PacuyeTbl nokasbiBaloT (paccMOTPUM
nosgHee), 4YTO T[OTOK COSTHEYHbIX
HEUTPUHO Ha 3emrne CcocTaBnsaAeT

nopsiaka 70 x 10° yactuu/cm?/c.
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HeﬁTpMHO OoT ConHua :.‘-"*X'(.)')'IMCTQI?'IK, tOx. Aakora, CLI.IA”A'

~1.5 kunoMeTpa noAd 3emnen-

4

oOkcnepumeHT P. Jasuca (1967...)

v, + 37Cl- 37Ar+e”

C,Cl, 615 TOHH NepxropaTUNeHa
] I T [ N I [ ]




w o [lpobnema conHeYHbIX HEUTPUHO

1 SNU = 1 B3anmogencteue B cek. Ha 1036 atomos.
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1970

1974

1978

1982

1986

1990

Pesynbtatel unamepeHun P. [daBuca B
akcriepumeHTe Homestake 3a 25 ner.
Bcero Obino 3apernctpuposaHo 2200
atomoB  3’Ar, 4TO  COOTBETCTBYET
cpeaHeMY MOTOKY HEUTPUHO 2.56 + 0.23
SNU npu oxngaemom 3HadyeHun 8 SNU.

Korpa Bce MbICNUMbIE TPOBEPKUA U
NnepenpoBepPKN He BbIABUNKN npobrnem B
SKCMEPUMEHTE, HacTano Bpems 3aay-
MaTbCsl O NPaBUITbHOCTN TEOPUMN...

1994

Year

21



www [pobnema conHeYHbIX HEUTPUHO

arXiv:hep-ph/0412068
Teopua ConHua He wMorna ©ObiTb .
P v” - - _ o120 B
HenpasuribHoW TAK cunbHo (B Tpu 2 gi-ﬂzma g

pasa).

' 10.88:0.06

CyLLecTBYeT TPU TUNa HENTPUHO, HO

aKcnepuMmeHT [JaBuca 4yBCTBUTENEH aabfu-]e’sﬂ s 0.3040.02
TOIMbKO K OQHOMY TUNY HEUTPUHO.

=0 s
A 4TO eCcnn HEUTPUHO MOTYT MEHSATb HO e Ga * Do
CBOV TWM, MOKa netsT or ConHua k= 197X9X  198X-0X 199X-200X 200X...
3emne? Theory ™ "Be W P—P. pep Experiments m

' m CNO Uncertainlies

CpaBHeHMe pes3ynbTatoB U3MEPEHUA MOTOKA COSIHEYHLIX HEUTPUHO C TEOPETUYECKUMU pacyeTamu
J.N.Bahcall. BoamoXHOCTb pernctpupoBatb BCe TuMNbl HEUTPUHO B 3kcrnepumeHte SNO N03BOMUIO
OKOHYaTemNbHO PELUNTb «NPOobremy ConHevHbIX HeuTpuHO» B 2001 rogy => ocumnniaumm HEMTPUHO. 29



HeTtekTopbl HenTpnHo: KAMIOKANDE

[lepBas Bepcusa 3KCNEPUMEHTaA Hadana
paboTty B KOHLE 80-bIX.

okcnepumeHT KamiokaNDE npeactaenaer
cobon uuctepHy avameTtpom 39 1 BbICOTOM
41 MeTp 3arnoSfIHEHHYK CBEPXYMCTOW BOAOM
(50000 TOHH) M pasmellueHHyto Ha 1000
METpPOB Mo 3emMnen AOnga 3awutbl  OT
KOCMMUYECKNX NYYEWN.

[lp pacceaHUn HEUTPUHO Ha INeKTPOHe
NPOUCXOOUT WMOHU3aLUSA, SNEKTPOH, B CBOHO
oyepenb, Npu OBMXKEHUN B BOAE NPOU3BOAUT
YepPeHKOBCKOE U3ny4yeHue.

________ UepeHKoBCknKU cBeT pernctpupyercda >10000
P o . dooToyMHOXUTENAMW. 3MepsaeTca aHeprus

---------------- ; oot & -add

3 24% 1 HanpasneHne HENTPUHO.

- .
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L
& 3at
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HetekTopbl HenTpnHo: KAMIOKANDE

Super-Kamiokande

Super-Kamiokande

-

P A
0 500 1000 1500 2000

Times (ns)

Times (ns)

JkcnepumeHT KAMIOKANDE (AnoHusA) 25




The Sun in Neutrinos

Super-K,
1500 days,¢
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Bonbu.loe MarennaHOBo O6naKo KaanIKOBa;I
ranaKmKa cny'n-mx Mnequro nym___. G




Eonbu.loe MarennaHOBo O6na|<o
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CBepxHoBas SN1987A

NepBoOe HabnoaeHne (aHTU-) HEUTPUHO an b
acTpo13nyeckoro nponcxoxaeHus! vt
- 30}
by E
KAMIOKANDE 2 =20 |- d
NUM 9 L% :
gsgm 13;?72 10 r | B i _; _"I?a-:_kgr:n;n;]-ivel
RS PFETS e &
TOTAL ENERGY 198MeV D-|5.|:| —3||:| él SIEI Eull:l SR
TOTAL RE. 51(0) Relative time
MAX PE. 4 (0)
THRES PE. 0.2(1.0) 1
Q : a
o ©
° o 12 yactmy 3a
d [ 13 ceKkyHA
(o) i & =
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CBepxHoBas SN1987A

23 QeBpana 1987 B 7:35 GMT petektop B,
Kamiokande (AnoHusa) B TedeHue 13 cCeKkyHq (ov) 30

3apeructpupoBan 11 aHTUHEUTPUHO OT BCMbILLKA
cBepxHoBon 1987A B bonbwom MarennaHoBom
Obnake. OoHOBpeMEeHHO ObIIO 3aperncTpupoBaHo
8 aHTMHenTpunHo getektopom IMB (CLUA) n ewe 5
— HenTpuHHou obcepBatopmen bakcaH (CCCP).

R;éymovnkdv ‘Dau\v/is Jr. Masa’roshl kb'shiba
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"for pioneering contributions
to astrophysics, in particular
for the detection of cosmic

neutrinos"

30




HentpuHHan obcepBaTopus IceCube

Hauano ctpountensctBa— 2005r.

ICECUBE

SoutH PaLE NEUTRING OESERVATTRY

-« .-~ -~ C 2010 roga — pabora B MnosnHom
-’ obbewme.

50 m e e T e

[loMmMmMO acTpomMU3nKK, MHOIO
BaXXHbIX pesynsratos no ®OY.

Amundsen-Scott South
Pole Station, Antarctica:

IceCube Laboratory 86 strings of DOMs,

] set 125 meters apart
Data is collected here and P

sent by satellite to the data
warehouse at UW-Madison

Kapta HENTPUHHBIX CODOLITUIN CBEpPX-
T BbICOKMX 3HEprun no HabnwogeHnam

o Ak netektopa IceCube.
60 DOMs
on each
string
E &
| S
' DOMs | g
; 11 are 17 { =
! 1 meters S
- apart ‘a =
Digital Optical | 1 i o
Module (DOM) 2450 m ||[ |H|| Z
5,160 DOMs —
deployed in the ice o
LQ

Antarctic bedrock

a [°] ICRS (epoch=J2000) 31



HeMTpMHHaﬂ obcepBaTopumsa: IceCube

+75° ———

; .- : KapTta pacnpeneneHna HeMTPUHHbIX

L _________ Y P o SRR COObITUN AnA ceBepHOW YacTu Heba.

| '. e KpyXkamu oTMeudeHbl Tpu Haubornee

-.sz 05064056 ‘M7z O\ «ApKMEe» KaHaupata B TOYeYHble
O NG‘@”“ NCTOYHUKMN.

.................................................................................................

24h | oh

—log ¢ (P1oca)
T LOG o 10 oca
i : 3 Signal 3 Total

[ Background ¢ Data

arxXi1v:2211.09972

80 1

Obrnactb Heba BOKpyr Haubornee «spPKOro»
NCTOYHMKA (OTMEYEHHOro KpPecTMKOM) BOMn3u
ranaktmkn NGC1068 (oTmeyeHa 3Be340MU).

60 ¥

40 - +

#Events

CrlpaBa MOKa3aHO pacnpenesrieHne no yny

mMexay HanpaeBneHvem Ha NGC1068 w E —|_‘¥’_

BOCCTaHOBIIEHHOE HamnpaBneHne HENTPUHHBIX
CO6b|TM|/| 41.2 41.0 J?S [dig]() 404 40.2 0 1 - 3 4
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BAIKAL-GVD




HentpuHHaa obcepBaTtopua BAIKAL-GVD
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HeMTpMHHaﬂ obcepBaTopusa BAIKAL-GVD
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[ paBUTaLUMOHHbIE BOJHbI

[o 2015 roga fpaBUTaLMOHHbIE BOMHbLI OCTABaNMUCh NOCAEAHUM  (PyHOAMEHTalbHbLIM .
npeackasaHnem OTO, HenoaTBePXKXOEHHBIM NPAMbIMU U3MEPEHUSAMMU. "38't



GRAVITATIONAL WAVES: e 1916 >
TIMELINE TO DISCOVERY

existence of gravitational waves as
part of his general theory of
relativity. Many researchers doubt
that they exist at all, believing them
to be a mathematical quirk .

== 1962 S 1957

- —
[ \ HORIZONTAL
\ / SEISMOMETER Russian scientists Physicists Felix Pirani, Hermann Bondi,
Y < ME Gertsenshtein and Richard Feynman predict that
N - / and VI Pustovoit gravitational waves might be detected by a
\ E [ published a paper ‘sticky bead argument’. The idea being that
| u z J proposing if a gravitational wave passed through a stick
| 2 < | ‘interferometers’ as with a bead on it, it would cause the bead to
| 3 | - VACUUM a way to detect move back and forth and heat up both the

gravitational waves. bead and stick with the friction generated.

POCKEL EFFECT
SLOW PHASE S_tllf'li& s

.
COMNTROLLER Y POCKEL EFFECT

Ny  ROBILATOR B 1962 r. coBetckne dunsukum B.U. [lyctoBont
n M.E. l'epueHLWwITENH BNepBble NpeanoXxmnu
MOew perncTtpaumn rpaBUTauMOHHbLIX BOJSH

MULTIPLE PASS

HORIZOMTAL HIGHPASS

- Ha OCHOBE OMTUYECKOro WHTepdepomeTpa

SEISMOMETER

hoto Tna MankenbCcoHa.

LOW-
PASS CORRELATOR OSCILLATOR
FILTER

TO RECORDERS AMD SIGMAL PROCESSING EQUIPMENT I_IepBaﬂ OL'IeH Ka quCTBMTeﬂ bHOCTM
Fig. V-20. Proposed antenna. Al/l == 1 0_14 amn 1 0_17
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The Family of Wave Forms

longitudinal pressure wave

wavelength

_— —
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> — - — —

ampmade

compression rarefaction compression

wave cross-sections (rotated)

wavelength

e e
-
“
-
»
b
=08

transverse gravitational wave
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1916 »

Albert Einstein first proposes the
existence of gravitational waves as
part of his general theory of
relativity. Many researchers doubt
that they exist at all, believing them

@A
to be a mathematical quirk .

€+ 1969 <= 1967 <1962 S 1957

Joseph Weber claims Rainer Weiss (one of LIGO's Russian scientists Physicists Felix Pirani, Hermann Bondi,

to have detected co-founders) proposes a method that ME Gertsenshtein and Richard Feynman predict that
gravitational waves would use laser beams to measure the and VI Pustovoit gravitational waves might be detected by a
using a device called stretching and squashing of space published a paper ‘sticky bead argument’. The idea being that
a resonant bar caused by a passing gravitational wave. proposing if a gravitational wave passed through a stick
detector, but no one They were working independently of ‘interferometers' as with a bead on it, it would cause the bead to
can replicate his ME Gertsenshtein and VI Pustovoit, who a way to detect move back and forth and heat up both the
resiilts proposed something similar in 1962. gravitational waves. bead and stick with the friction generated.

1974» (1978 )

Rainer Weiss meets physicist Kip Russell Hulse and Joseph They noticed that, rather than remaining
Thorne and convinces Thorne that ~ Taylor provide the first in a stable orbit, they were moving closer

GRAVITATIONAL WAVES:
TIMELINE TO DISCOVERY

a laser-based instrument would experimental evidence for together (because they were losing

give them the best chance of the existence of gravitational energy by emitting gravitational waves)
finding gravitational waves. They waves by observing two & at exactly the rate predicted by Einstein’s
start working on the project that neutron stars orbiting each . theory. The discovery earned Hulse and
would become LIGO. other (a binary system). Taylor the 1993 Nobel Prize in physics.

R. Hulse J. Taylor obHapyXunn nepBoe yKa3daHWE Ha MOTEPI JHEPrUMn 3a CYET
N3Ny4yeHnsa rpaBUMTaLMOHHbLIX BOMH B 4BONHON CUCTEME HEUTPOHHbLIX 3BE3[.
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< Earth

[ paBUTALMNOHHbIE BOJIHbLI

//m TecHasa gBonHasa cuctemMa HEUTPOHHbIX 3Be3M, O4Ha U3 KOTOPbIX —
paguo-nynbcap PSR 1913 + 16. [3-3a GbicTporo BpalleHUd
cucTtema TepsEeT IHEPruo Ha U3nyyYeHme rpaBUTaLMOHHbIX BOSTH.

Neutron m

Star

‘ L L L L L L L L B B B
% OTKpbIT C paguo Teneckornom - -
ARECIBO B 1974 roay. B 2 3

a'—al'ifar. E -10 f— —f
:oha/ Way . S : :

. "for the discovery of anewtype 5 -15| E

of pulsar, a discoverythathas @ wE 3

opened up new possibilitiesfor @ i 'peiEkasgiha ORR :

the study of gravitation™ © -25 -

: = = 3

g -30 |- . —

4 N Texp 1

3B 5 =0.9971+0.002 \

- I v

_40 :l I - I L1 1 | I L.l 1 | | Ll llllllllllll

1975 1980 1985 1990 1995 2000 2005

Photo fro B E Pnhoto from the Nob
Four on Foundation archive

Russell A Hulse Joseph H. Taylor Jr. Year 43



GRAVITATIONAL WAVES:
TIMELINE TO DISCOVERY

Rainer Weiss (one of LIGO's

co-founders) proposes a method that
would use laser beams to measure the
stretching and squashing of space
caused by a passing gravitational wave.
detector, but no one They were working independently of
can replicate his ME Gertsenshtein and VI Pustovoit, who
results. proposed something similar in 1962.

1978

Russell Hulse and Joseph
Taylor provide the first
experimental evidence for
the existence of gravitational
waves by observing two
neutron stars orbiting each
other (a binary system).

2007 <2001

Joseph Weber claims
to have detected
gravitational waves
using a device called
a resonant bar

1974 »

Rainer Weiss meets physicist Kip
Thorne and convinces Thorne that
a laser-based instrument would
give them the best chance of
finding gravitational waves. They
start working on the project that
would become LIGO.

The VIRGO laser LIGO begins operations. At the end
interferometer of its run in 2010, as expected, LIGO
based in Italy, had found no evidence of

designed to detect gravitational waves. LIGO had

NEXT PAGE

proved the technology worked -
just needed to be more sensitive.

gravitational waves
begins operation.

1916 »

Albert Einstein first proposes the
existence of gravitational waves as
part of his general theory of
relativity. Many researchers doubt
that they exist at all, believing them
to be a mathematical quirk .

S 1957

Physicists Felix Pirani, Hermann Bondi,

Russian scientists

ME Gertsenshtein and Richard Feynman predict that

and VI Pustovoit gravitational waves might be detected by a
published a paper ‘sticky bead argument’. The idea being that
proposing if a gravitational wave passed through a stick

with a bead on it, it would cause the bead to
move back and forth and heat up both the
head and ctirk with the friction generated.

1984

Kip Thorne, Ronald Drever,
and Rainer Weiss found the
LIGO (Laser Interferometer
Gravitational-wave
Observatory) Project.

419905

Construction begins on LIGO - two L-shaped detectors
with four-kilometre-long arms (one in Washington and one in
Louisiana), along with gravitational wave detectors in Europe (the VIRGO
and GEGOO detectors). The idea being that, when a gravitational wave passes
through, the arms will lengthen and shorten by a fraction - the precise shift
will be measured by lasers travelling along the arms.

‘interferometers'’ as
a way to detect
gravitational waves.

They noticed that, rather than remaining
in a stable orbit, they were moving closer
together (because they were losing
energy by emitting gravitational waves)
at exactly the rate predicted by Einstein’s
theory. The discovery earned Hulse and
Taylor the 1993 Nobel Prize in physics.
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neTe KTO p bl L I G O YyBCTBUTENBLHOCTL K OTHOCUTENbHOMY

U3MEeHeHUI0 ONMUHbLI Nneyvyen ~10-22!

GRAVITATIONAL WAVE BLACK HOLE SPACETIME

MIRROR . The light MIRROR

waves bounce
and return:

A "beam splitter” splits the "“‘ca 3
light and sends out two R o
identical beams along the ~ [1Be naeHTUYHbIe YCTAHOBKM Ha

4 km long arms.

interferometer’s arms differently;
when one extends the other contracts
as they are passed by the peaks and
troughs of the gravitational waves.

' < Normally, the light returns unchang-
‘%l ed to the beam splitter from both
"' arms and the light waves cancel
each other out.

LASER LIGHT WAVES
= CANCEL EACH
OTHER OUT

BEAM SPLITTER  LIGHT DETECTOR

If the arms are disturbed by a
gravitational wave, the light waves & u 'T':P?:sz:;/g%réng
will have travelled different distan-

ces. Light then escapes through the  ggam SPLITTER LIGHT DETECTOR
splitter and hits the detector.

A gravitational wave affects the vy, mane HUM 3000 KM

Laser light is sent into
the instrument to
measure changes in
the length of the two
armes.




2010 =—=p 2011 » 2015

LIGO begins upgrades to become VIRGO upgrade In September, Advanced LIGO
Advanced LIGO. This new facility will commences that begins its first engineering and test
be ten times more sensitive than the will eventually run. Although only operating at

old one, and includes technology improve the less than half its final sensitivity, it
from the UK-German GEO600 sensitivity by a detects its first gravitational wave
detector and from Australia. factor of ten. event on September 14.

K 2015 roay Obin 3aBeplueH oyepeaHon aTtan moaepHu3auum getektopoB LIGO B pe3ynbtaTte 4ero
YyBCTBUTENbHOCTb NOBbIcUIiacb B 10 pa3 n npndnusnnacb K NOPOroBoMy ypoBHIO peructpauum.

B ceHTAOpe 2015 roga Havancsa AByxXHeAerbHbIM CeaHC pPabdboTbl B TECTOBOM pexume AnAd
HaCTPOMKU OOOpyAOBaHUA U MPOrpaMMHOro ooecneyeHus.

Ons TecTpoBaHMA anropMTMOB MOMUCKA CUrHana, B MNOTOK peanbHbIX OaHHbIX Cly4YauHbIM
o6pa3omMm nogmeluMBancs CMOAeNIMPOBaHHbIA CUrHasn, NO3TOMY HUMKTO He YAMUBIANCA, YTO BpeMs
OT BpeMeHU cuctema coobliyana o HangeHHbIX «curHanax». O ToMm, B Kakue MOMEHTbl, U1 KaKue
CUrHanbl nogMelLMBanuchb B AaHHble 3HaNo TONbLKO ABa YenoBekKa...
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2010 =—=p 2011 » 2015

LIGO begins upgrades to become VIRGO upgrade
Advanced LIGO. This new facility will commences that
be ten times more sensitive than the will eventually
old one, and includes technology improve the
from the UK-German GEO600 sensitivity by a

factor of ten.

@

detector and from Australia.

.
L.

In the ‘Boxing
Day’ binary at \ \
least one of ‘

the black

b
holes was '’ v
spinning . “/

2016 »

In February, the LIGO Scientific
Collaboration announce that they had
indeed detected gravitational waves on
September 14, 2015. The waves had been
created by two black holes, spiralling in
toward each other and merging into a
single black hole.

' @ 42005

In September, Advanced LIGO
begins its first engineering and test
run. Although only operating at
less than half its final sensitivity, it
detects its first gravitational wave
event on September 14.

On December 26, Advanced LIGO
makes a second observation of
gravitational waves. This time from
two black holes, 14 and 8 times the
mass of the Sun, merging into a
more massive spinning single black
hole 21 times the mass of the Sun.

2016 =——)

On June 15, the Boxing Day event is announced. This new
observation indicates that there is a rich population of
binary black holes in the Universe, whose properties are
gradually starting to emerge. Gravitational-wave
astronomy is no longer a field of single detections, but of
regular observations. This discovery transforms the LIGO
detector into a true astronomical observatory.

<2015

LISA Pathfinder is launched - a test
bed mission for the first
space-based gravitational wave
detector. LISA Pathfinder will test
technology for the planned LISA
(Laser Interferometer Space
Antenna) mission.

THE FUTURE

Following Advanced LIGO going on-line in
2017, a third LIGO detector is due for
completion in India in 2024. In the 2030s
more sensitive ground-based detectors are
foreseen, and LISA will be launched. LISA
will extend our capabilities to 'listen’ to new
kinds of dark phenomena in the Universe.
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GW150914 10:50 GMT

MepBoe HagexXHO 3aperMcTpupoBaHHOe cobbiTUe
rpaBUTaLUOHHbLIX BOSIH!

3apeructpuposaHo 10 uMnyrnibCOB OT MOCIeAHUX
NATU 0O6opoTOB

CnusHne p[OBYX 4YepHbIX Ablp € HavanbHbIMU
Maccamu 29 n 36 conHe4yHbIX Macc, Ha pacCTOSAHUMU
400 MnK ot Hac.

B pe3ynbtaTte obpa3oBanachb YepHaa Abipa Maccou
62 COJIHeYHbIX Macc. JHeprus,, 3KBUBarieHTHas
TPEeM CONHeYHbIM Maccam, u3nyuunacb B Buae
rpPaBuTalMoHHbIX BONH 3a 0.2 ceKyHAbI!!!

B 310 Bpema cBeTUMOCTb cuctembl B B Obina
Oonblle CBETUMOCTU Hawen ranaktmkm B OM B
5x101! pas!

Strain (10%") Strain (10%")

Strain (10?7)
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0.0 M/
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0 0 v YW
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L4 /J, | J
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_LIGO Hanford Data Predicted

LIGO Livingston Data Predicted
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LIGO Hanford Data (shifted)

LIGO Livingston Data
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| |
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[ paBUTaUMOHHbLIE BONHLI
2 SR PHYSICAL

REVIEW

LETTERS

PRI, ... ot S Anicles ptiibed ek g~ 12 FEBRUARY 2016

"for decisive contributions to
the LIGO detector and the : ' : !
observation of gravitational

waves" 0/ J o/ /. O‘

4 km
- _A - -

input mirror

power recycling mirror \

laser

K- photo detector

Pablsbed by

American Physical Society” Ey@’a Volume 116, Number 6
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Cumulative Detections

[ paBUTaUMOHHbIE BOJIHbI

01 =3, 02 =8, 03a = 44, O3b = 35, Total =90

0 : C nosbIlWEHNEM YYBCTBUTESNIBHOCTU YCTaHOBOK LIGO
80 | 1 n Virgo (aHanorn4yHbln pgetektop B Wtanuu),
Bl WHTEHCUBHOCTb HabnwgeHnss CcoObITUA  CIUAHUA
KOMMaKTHbIX OOBbEKTOB pacTeT.
o O1 02 | P
50 | ! == O1 O2 mm O3 == O4 =mm O5
a0 - )| 80 100 120+ 165-190 Target
Mpc  Mpc Mpc Mpc 330 Mpc
30 | LIGO i i
20 } 4 30 60-80 80-125 125-230
3 Mpc Mp: Mpc Mpc
Al { | Virgo B - )
0 =t 1 1 1 I 1 1 1 - - L - - - + - 4 - - -
0 100 200 300 400 500 600 700 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
LIGO-G2102395 Time (Days)

B Onmxanmwme HeCKonbKo JIeT nNnaHUpyeTca odepedgHas MoaepHu3auusa (rnoBbilLIEHUE
4yyBCTBUTENBLHOCTU) AeTekTopoB LIGO u VIRGO, a Takke pacluMpeHme cetu npuemMHmKoB. 50
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~ CBepXANUHHbIE rPaBUTALMOHHbIE BOSHbI

<

Mo coBpemMeHHbLIM OLeHKaM, B LeHTpe OOofbLIMHCTBA MACCUBHbLIX rasflakTuK HaxoAAaATCS
cBepXxmMaccuBHble YepHble Ablpbl. [pyu cnMaHMKN ranakTukK LeHTpanbHble cBepxmMaccuBHble Y[
MOTryT oOpa30BbiBaTb ABOMHbIE CUCTEMbI C OONbIUMM NepuoaomM obpalleHus, B pe3ynbraTe 4yero
cucTemMma usny4vyaeT rpaBMTaLMOHHbIE BOJNTHbI B HU3KOYACTOTHOM AnMana3oHe (~10-° ).

Onsa permcTpaumm Takmx rpaBUTaLMOHHBLIX BOJIH
Obin NpeanoXxeH meToa NyfbCapHOro TauMUHra
— AONTOBpPEeMEHHOEe OTClIeXXMBaHMUe KOppensuum
B BapuauusiXx BpeMeHM npuxona CUrHanoB OT
CUCTEeMbIl 6ONbLLOIO Yncrna paguo-nynLcapos.
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CBepXanuHHbIe rPaBUTALIMOHHBIE BOSHb!

0.80

‘,

0.60 Predicted
\
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0.0 G ewWE T
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-0.20

B 2020 romy, nocne 12 netr wu3MepeHun c
ucrnonb3oBaHnem 67/ nNynbcapoB, 3KCMNEePUMEHT
NANOGrav aHoHcupoBan nepBoe ykKa3aHue Ha
HabnrgeHne CUrHana oT <CBepXASIMHHbIX
rpaBUTaLMOHHBLIX BOJIH. b

K 2023 roay yxe detbipe PTA 3KcnepwmeHTa
coooLWmnu o CBOUX pesyrbTaTax.

-0.40
0° 30° 60° 90° 120° 150° 180°
Angular separation between pulsars, &ab

Correlation between pulsars, I'(&an)

OocTUrHyTasds TOYHOCTb e€lle He MNOo3BOJNSIeT C « e

HageXHOCTbI0 yTBepXaaTb O HabniogeHun, .?‘Z: .,-e,g
£ / , o ),_ ':: ¥ _‘."}

CKopee fIBNSieTCA AeMOHCTpaunen NPpUMMEeHMMOCT 0 g

AaHHOU MeTOAMKM. RS e TOEERR




Equilateral triangle
200m — 300 m underground

Three detectors / 2 interferometers each
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Laser Interferometer Space Antenna

CoBmecTHbIM NpoeKT NASA u ESA ¢ 2011 ropa.

B 2015 roay NASA BbIWMO U3 NPOEKTA.

Bo3MOXHbIU CpoK peanusaumn— 203X.

T




Relic radiation

.

1016 Hz 10° Hz 10 Hz 10° Hz 10° Hz

Inflation Probe rtiming | Space detectors | IGHOUNGNNICHOIONMBISISIN
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MHorokaHanbHaga actpoHomus: GW1/70817
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o y A . .
&1 17 aerycta 2017 roga B 12:41:044 UTC = W i
.~ obcepBatopuun LIGO n VIRGO 3apernctpupoBanm eam/ 30 E
"" TpaBuTaUMOHHylo BonHy GW170817, mpesnono- N e " [orre-amsa

~ XKMTENbHO OT CMUSIHUS ABYX HENTPOHHbIX 3BE3L. INTEGRAL
R4 LIGO - Virgo —Fememn| -
0 30° . A £ .

/

A 4

frequency (H
counts/s (arb. scale)

Bcero 4epes 1.74+0.05 cekyHabl curHasn 6bin 3apernctpupoBaH
s ramma obcepBatopusamum Fermi n INTEGRAL.

t-tc (s)
=T B onTtuyeckom [guanasoHe nepsBas perucTpaums curHana
Teneckonom Swope 4epes3 10.9 yacoB — ToYHaA UaeHTUUKa-
y-ray uns nctodHmka — ranaktuka NGC 4993 (pacctosiHue 40.7 Mnk).

Fermi. INTEGRAL. Astrosat. IPN. Insiaht-HXMT. Swift, AGILE. CALET. H.E.S.S.. HAWC. Konus-Wind 5 8
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MHorokaHanbHaga actpoHomusa: GW1/70817
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o0 PacctosaHne no NGC 4993: d =~ 40.7 Mnk
3 bse 1S ( ntr
a dtar N\ rer 3agepxka OM curHana: At ~1.74 c
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GW-= ' Cpa3y Ha 14 nopsaaKoB fnyuvlle, YeM fnydillee

npeabiayuiee orpaHu4yeHue!

y-ray
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NGC 4993

d;=40.7 Mpc

arXiv:2012.04810 HSTIACS
. st=11d

,/ [lepBoe HabnogeHne rpaBUTALMOHHbIX
BOJTH OT CINUAHNSA HENTPOHHLIX 3BE3A.

,/ BrniepBble WCTOYHMK rpaBUTaALUOHHOIO
COObITUSA TOYHO NTOKArIN30BaH.

v MepBoe coBmecTHoe HabrniogeHve
COBbLITUS B rpaBUTALMOHHOM M OM
CrneKTpax.

[lepBoe noaTBepXOeHue, 4YTO WUCTOY-
HMKOM MO KpanHen mepe 4vactn SGRB
CcoObITUN SBMNSAETCHA CIIUAHNE HEUTPOH-
HbIX 3BEe3[.




MHorokaHanbHasa aCTpoHOMUSA

Multimessenger astronomy

1. BeCcb 3neKTpomMarHMTHbIU CrnekTp (BceBOsIHOBasi aCTPOHOMMUSA)
2. Kocmuyeckue nyuu (cBepx-)BbICOKUX 3Hepruu (y, e, p, o)
3. HenTtpnHHaa acTpoHoMuUs

4. [paBUTaUMNOHHbIE BOJIHbI

Ona noBbiweHua 3 eKTMBHOCTN, aHanu3 pe3ynbTtatoB HaobniogeHuna B um
y-BCNbILWEK, ONTUKe, MNpPoBOAUTCSA B pexume peanbHOro BpeMeHU U
reHepupyroTca alert-curHanbsi gna BO3MOXHOCTU ornepaTUBHOroO NoAKM4vYeHus
ApYyrmx KaHanos.
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