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oy BONpoOCca

* YTO Takoe TeMHas MaTtepus, 1 N3 Yero oHa MorJia ool
COCTOSATL?

o Kakylo pOJIb UrPAaeT TeEMHaa MaTepus B
SHEepreTnyeckoM dbanaHce BecenieHHon”?

e KaK y4yeHble VLLYT MPOosABAEHNA TEMHOW MATEPU B
KOCMOCE, Mo, 3eMNEeN 1 Ha bonbLLoM agpOHHOM
KoJinangepe”?




| paBUTALMOHHbIE CBUOETENBCTBA
CYyLLUEeCTBOBaAHMA TEMHOW MaTePUA

FRITZ ZWICKY

Swiss Astrophysicist

Helped to invent
Schmidt Telescope

Helped to discover
neutron stars

Virial theorem of unseen

matter: today known as
“dark matter”

Supernovae as yardstick
for deep space
measurements

BrnepBble BBET TEPMUHDI
- CBepxHOBaA U HEUTPOHHbIE 3BEé€3abl °* TémHaA matepuA (CKpbiTaAa macca)

* paBUTALMOHHDbIE JIUH3bI FanakTnyeckuii knactep Koma (1934r.)
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PoTaLlOHHbIE KPK/BblE 3BE3N

rpaBmMTaLUnA

L

NGC 6503
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[110THOCTb
TEMHOU
MaTepumn B
COJTHEYHOU
cucrteme

npeHebpex i
Distance from Sun [AU]

W L4Q414141414;Q44141414¥L

o

Radius (kpc)

ConHe4yHaAa cucrtema [anakTuka

* B HacToALLlee BpemMA N3BECTHbI ThiCAYM
POTAUMOHHbIX KPUBbIX U BCE OHU
CBMOETENbCTBYIOT B MOMb3Yy CyLLEeCTBOBAHWUA
MaccCbl B rasio ralakTuky OecATUKpaTHO
npesbllaloLen maccy 383 B guUcCKe

TemHasn
MaTepua
cocpenoToye
Ha Ha
ranakTunyecku
X MmacwTtabax



observed

expected
from
T=w.__ luminous disk

TR

10 R (kpc)

L - M33 rotation curve

* CnunpanbHble ranakTuku
COCTOAT N3 LLeHTpasIbHOro Agpa u
O4YeHb TOHKOrro ancka u
OKPY>XEHbI NPUBNN3UTENBHO
cdhepnyecknm rano n3 TEMHOU
maTepun. CKOpoCTb ABUXKEHUA
yacTtuy rano ~ 300 kKm/cek

 [1nockne poTauoHHbIE
KpuBble cnnpanbHbIX
raflakTuK ABMAAKTCA NMPAMbIM
CBMOETENbCTBOM HaNMM4ynA
60MbLWOro KoinyecTea
TEMHOWN MaTepum




| paBUTALMOHHbIE JTIMH3bI
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CBETa B INMoaBNTauOHHOM T10J1E

ObpasoBaHVs BUPTYasIbHOIO M300padkeHs YOa/IEHHOW ranakTkn 3a
CYET OTKJIOHEHWS CBETOBbLIX JIy4EN TEMHOW MaTeEPUEN HaxXOOALLEWCH

MEXOY ranakTKon 1 HaboaTeem



HabntoaeHne TeEMHOW MaTepui

Bullet knactep: PacnpeneneHne macc peKOHCTPYUPOBaHHbIX N3
CUNBbHOro 1 ¢naboro rpaBUTaLMOHHOIO JIMH3UPOBAaHUA NOKa3aHo
CUHUM, PEHTIEHOBCKOE N3NyYeHne ropavyero rasa, Habnwgaemoe
Teneckonom Yanapa nokasaHbl KpacHbIM LIBETOM.

Camoe npamoe HabniwpaTtenbHOE
nokasaTtenbctBo ucxogut oT Bullet
Knactepa. B 6onbwunHCTBE pPervMoHOB
TeEMHaA W BuaMmaA MaTepun HaxoOATCA

., BMe€CTe Un3-3a X rpaBnTalnMoOHHOTO

nputAaxxeHnAa. B Bullet knactepe oHu
pPas3oWwncb M3-3a MNPOLWSIbIX CTONIKHOBEHUN

_ . Mexpay [OBYMA HeGONblMMK  KiacTepamu.

ONeKTpoMarHUTHbIE B3auMMOOEenCcTBUA

“MeXAay 4YacTumuamm rasa npumBeno K

KOHLEeHTpauun rasa B61M3M MecTa
coyaapeHus.

PeHTreHoBCcKMe HabnogeHnA nokKasbiBatoT,
- YTO OOJIbLUYIO YacCTb CBETALLENCA MaTepun
" CKOHLUEHTpUpOBaHa B LUEHTPe KnacTepa.

rpaBI/ITaLI,I/IOHHOG JINMH3INPOBAHWMA

-nNoKas3blBaeT, YTO TeMHaA MaTepuA
-HaxoOuTcA 3a npepeniamnm LeHTpanbHOro

permoHa. B oTnunume oOT ranakTnyeckumx
KPMBbIX BpaWeHUA, 3TV OokKasaTeNnbCcTBa He
3aBUCUT OT peTtanen HbIOTOHOBCKOW
rpaBmTaunm, HanpAMYy nopgnepXuead
rmnoTesy TEMHON MaTepun.



Obpa3oBaHMe KPYNMHOMACLUTAOHbIX CTRYKTYP
BO BceneHHou

222736 g
o

CHa4ana npoucxoout obpazoBaHe CTPYKTYP U3 TEMHOM MaTepumn, a MoTOM B
rpaBUTaLMOHHOM NOTeHUMane o6pa3oBaHHbIM TEMHOW MaTepren NPOUCXoanT
KOHLEHTPAaLMs 0ObI4HOM MaTEP



KOCMONOMMYECKME MPOABIIEHNA TEMHOW

MaTEepPNK
KpuBnaHa BcesnieHHom

3H? p
crip = ——— = — ()= Qarr + €2
IO t 87TG pcm’t M A

H-nocTosgHHas Xab6a perit = 1.05-107° GeV/em?

(G-NOCTOSIHHAS BCEMUPHOIO TArOTEHNS

(0 =1.0240.02

Q Parallel light beams converge

a Spherical space
If the universe is closed, If the universe is flat, If the universe is open,
light rays from opposite light rays from opposite light rays from opposite
sides of a hot spot bend sides of a hot spot do not sides of a hot spot bend
toward each other ... bend atall ... away from each other ...

- = R s e ae———
A Parallel light beams remain parallel

b Flat space

A —_— N | L .-

Parallel light be: liverge
rallel light beams diverg ... and as a result, the hot ... and so the hot spot ... and as a result, the hot

¢ Hyperbolic space e spot appears to us to be appears to us with its true spot appears to us to be
larger than it actually is. size. smaller than it actually is.




KOCMOJI0MMYeCKIMe NPosABJIEHNS
MaTepunn

YCKOPEHHOE pacLumpeHmne BeceneHHoW

Possible models of the expanding universe

r Decelerating universe -1 Coasting universe Accelerating universe

Future

® High-Z SN Search Team

¢ Supernova Cosmology Project

Present

EMHOU

By determining the rate of expansion of the universe we live in, — 0,=0.3,Q,=0.7

astronomers are able to better estimate the age of the cosmos. If |

the universe is decelerating, it is likely to be young. Butifit is »e , o — 0,~0.3,Q,=0.0

coasting or accelerating - expanding faster as a repuisive force
pushes galaxies apart - it is probably older.

Dark Matter + Dark Energy
affect the expansion of the universe

Qm Qv Open

0.3 0.7 Open (low density)
(accelerating)
0.3 0.0

1.0 0.0

. Closed
\__(high density)

Relative size of the universe

10
Billions of Years




KOCMOJI0MMYEeCKNE NposaBIEHNS
TEMHOWN MaTepnn

Hannyywmm dont gaHHbIX
MO CBEPXHOBbLIM C
BEPOATHOCTLIO 68 %-99%
B MJIOCKOCTU

expands forevet

ol ey

Flat
x‘\ p— 0
Universe

Q _ O 28 +0.09 +0.05
M = °

—-0.08 -0.04

Q _072 +0.08 +0.04
A — Ve

—-0.09 -0.05




KOCMOOrM4YecKme nNpoaBieHs
TEMHOW MaTeEPUK

t eeal S / 130XPOHHbIE KPVBbIE
et g o Bo3pacTa BceneHHom
B MJ/IOCKOCTW

11.5 Gyr

Hannyydwmnm puT faeTt ans BPEMEH
>KN3HW BceneHHow

14.4%1(0.651" ) Gyr




PenMKTOBOE MVKPOBOJTHOBOE
N3JIy4eHmne

Pasno)xeHwe no yrioBbIM
PenukToBoe nanydyeHne T ~ 2.7K° rapMOHVKaMm

Planck TT spectrum
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OHepreTnyecknmn basiaHc
BceneHHou

* TemnepaTypHble PAYyKTyaLMm MUKPOBOJIHOBOIO OHAa
* B3pbIBbl CBEPXHOBbIX

CBoboaHble BoOgOpOd U rennn

0.3%
HenTtpuHo

TaX>Xénble 3/1IeMeHTbl

0.5%
3BE3 bl

TéMHaa aHeprus

Halwle 3HaHue KacaeTca nuwb Mmanoun YacTtm BeceneHHon,
04HaKO BO3MOXHO HaM U3BECTHbI 99% (50%)
3JIEMEHTAPHbIX YacTuL,



Mass is a form
of enerqy'

ObLasda Teopust OTHOCUTESIBHOCTU
N TemMHasa aHeprms

1 1 S7ls

R = 30w R = =5 T o R = 50,0R + g =

t A N

TeH30p Purudn TEH30P SHEePrn-UMMybca MaTepuin KOCMOMOMMYECKAS MOCTOSHHAS

1

CKansgpHasa KpMBM3Ha

KocMo1ornmyeckasi MoCTosIHHAs eCTh [TpMBOOUT K aHTUrpPaBUTaLAN, YTO
BaKyyYMHas SHEPrng = A4 NOPOXKOAET YCKOPEHHOE PaCLUMNPEHNE
BcenenHon
Y1obbl nonydntb ~ 70 % BKIaga B SHEPreTndeckumn banaHc

BceneHHon A nomkHa 6bimb nopaaxa 105 3B..

«ECTeCTBEHHOE» 3Ha4YeHne KOCI\/IOJ‘IOFI/M?ZCKOVI NOCTOAHHOW ~MPlanck r? '
NPWBESIO Obl K BakyyMHOW aHeprin B 10 3 pa3 bobLLEN



TeMHaa matepusa B ranio [ anaktnku

CrvpasnbHas raiakTka T e

Bo3MOXXHbIV Npodusib
TEMHOV MaTepUn B raso

™~ rano

Pa3mep rasio B HECKOJIbKO pa3
NPEBbLILLAET BUONMbIN Pa3MEP ranakTukm

[[ano npennonoXXMTeENlbHO COCTOUT 3 YacTuL, ABUrAtOLLMXCHA C BobluMMK (ropsivas
TEMHAA MaTepus) Wi mManbiMy  (XONoOHas TEMHaAA MaTepurst) CKopocTaMU. OHu
rpaBUTALUVIOHHO 3anepTbl B npegenax [anakTukn 1 He MOIyT MOTEPSATb SHEPrMto Ha
n3nydeHmne. ObpasoBaHVe KPYNMHOMACLUTAOHbIX CTRPYKTYP CBUOETENIbCTBYET B MOJIb3Y

XOJIOOHOW TEMHOW MaTepun v ~ 300 Km/cek



MneyHbi NyTb

. * | Milky Way Galaxy

Brommas 4actb

. Wapossie 3se3aHbIe CKONNEHUS "

Rotation

CrnnpasnbHble pykaBa

Cygnus arm

Sagittarius arm Centaurus arm

Orion (local) arm

MAaedHbin NyTb - TUNUYHAA CchnupasibHag
rafakTuka, npegcrtasngder cobon OWNCK
pasMepomMm okono 20 Kllc, ¢ ueHTpasibHbIM
CHEPUHECKM AOPOM Pa3MePOM OKOJ10 2 Klc.
COJHLE PacnoJIOXKEHO B CMNMPasibHOM PyKaBe
e OpKWOH Ha paccToaHun ~ 8 KI'lc oT LueHTpa

Molecutar cloud-Hll region
Star-forming complexes

General HI (neutral hydrogen) and older stars

Known spiral arms

Hypothetical spiral arms




MneyHbi NyTb

—500

-1

— total — dm
luminous disk

inner ring

outer ing * CKOpPOCTb BpaLleHnA 3eMn BOKPYr

ConHua - 30 km/cek

e CkopocTb BpaleHmna ConHua BoKpyr

ueHTpa lanaktnkm -220 KMm/cek

 CKOpPOCTb 3a CHET NMPUTAXEHNA BNONMOW

matepumn - 175 Km/cek

S * [1lnoTHOCTL TM B panoHe ConHua - 0.3 rC-)B/
R [kpc] CM

N
o
o

rot. velocity [km s

w
o
o

CrajnkvBawuuecs CnupaibHbIe
rajaktuku Apm 271

Bupg cboky Bupg, ceepxy



YTO eCcTb TEMHaA MaTepus”

TemMHaAa maTtepuAa coenaHa mas:
® Makpo 00beKTOB - v

MACHOs
@ HoBbIX HeunTpanbHbIX

Bo3moXkHble KaHmeLE MACHOs
- . MHa4ye Mbl Obl BUOEN SPKUA CBET
. MO0 OH Obl CBETUICA
- - MO0 OHW Obl BO3HUKJIN N3
CKOMJIEHMN OBbIYHBIX 3BE3[, KOTOPbLIE HE HADMIOOAETCH B rasio
- , TaK Kak OHW BO3HUKAOT 13 B3PbIBOB CBEPXHOBbIX, YTO
NPVBOOUT K BbIDPOCY TSXKEbIX 3/IEMEHTOB
(3BE3OblI C MACCOW HEQOCTATOYHOW A1 TOro, YTOoObl AOCTVYbL (Pasbl
CBEPXHOBBIX) - B MOJ1I0AbIX raniakTuKax, HoO BOSHUKHOBEHWE BeslbIX
KaPJIMKOB COMPOBOXOAETCHA 0bpa3oBaHEM BOMbLLOMO KOJIMYECTBA Mesiis, YTO HE
HablrooaeTcs
(3BE30b! B AeCsATb pa3 MeHbLle CosHua) - ,
NoKa HET CBUAOETESNBCTB O TOM, YTO VX MMEETCH TaKOE KOJSIMYECTBO, YTODbI MOJTYHUTb
HY>XHOE KOJIMYECTBO TEMHOW MaTEPVN B HALLEW FaU1aKTUKE
obpasoBaBLUMECH B paHHeN BceneHHow - ,
HET JOCTATOYHbIX OCHOBAHWI MoslaraTb, YTO X UMEETCH B HY>KHOM KOJINYECTBE



HYTO eCTb TEMHaA MaTepus”

TemMHaAa maTtepuAa coenaHa mas:
® Makpo obbekToB - MACHOSs
@ HoBbIX HeUTpasibHbIX ‘-IaCTI/ILl,‘/

N S R R e HacTnua TEMHON MaTepumn OoMKHa

g:;:.jf_*’_\é;_ggiz' S ObITb HENTPanbHON, CTabUNbHOW, cnabo
LoDt 7 n/vinu rpaBUTaLMOHHO

B3aMMOOENCTBYIOLLEN

B nocnenHem cny4yae nx HasbiBaloT

WIMPs - weakly interacting massive
* HacTuubl TM He y4acTBYIOT  particles

B CbHBIX « WIMPs ponyckatoT JeTeKTupoBaHue
B3a/MOAEMCTBUAX 1 He MeToAamm hM3nKKM YacTmy

NCNYyCKaloT CBET. B CTaHOapTHOM MOOENIN HET TakKou
* B cuny 310ro oHn He moryT yacTuUbl (3a UCKTIOYEHNEM BO3MOXHO
06pa3oBbiBaTb KOMMAaKTHbIX TAXESIOro NPABOro HEMTPMHO)

0O0BEKTOB



CtaHpapTHaa Mopenb

Three Generations
of Matter (Fermions)

mass— | 3 MeV 1.24 GeV 172.5 GeV
23 3 t
Ya C Y2
charm top

85 MeV

-3 S -1/ b
Y5 Y3
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Y T V. 3 4

electron muon tau
heutrino neutrino heutrino
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KaHOnaaTbl Ha POJib YacTuL
TEMHOW MaTEPUN 1 HOBas (DN3NKa

2 MNpaBble TAXENble HEUTPUHO - BOSMOXHO CYLLECTBYIOT B
npuponae, eCfiv HEUTPUHO ABMAETCA aHTUYaCcTULEN camMOou
cebe - eAMHCTBEHHAA YyacTuua n3 CtaHgapTHOW Moaenu

& CynepcMMeTpUYHbIe YacTuLbl (HEUTPaSIMHO, CHENTPUHO)
- €CNIN CynepcuMMETPUA CYLLECTBYET B npupoae

% AKCWMOH (aKCK1HO) - TrMNoTeTUYecKue nérkne o4yeHb cnabo
B3aMMOOENCTBYIOWME YaCcTuULbl, OTBETCTBEHHbIE 3a CP

? HapyLleHne
u 2 [paBUTUHO - NAPTHEP rpaHNTHa B cyneprpaBnTaumnm
& Taxkénbin poTOH
8 JIErknin HOBbIN MOYTU CTEPUSTBHBIA XUTTCOBCKMI GO30H



3—=2 SIMP

MOoyKHO N R

WIMP

3aPErVCTPMPOBATL [
4acTULYy TEMHOW e Bl

axmo I
istenic

Ma I e I/I I/I ‘ - neutrino N
| ‘-
-5 - B
gravitino g,

wimpzilla

ueV. .~ keV = GeV l\'!m-[ ]

—d

-18-15-12 -9 6 -3 0 3 6 9 12 I5 I8

log,y(myyy / GeV)

Ecnn ato WIMP, TO e€ MOXXHO OBHapYy>XUTb cpeacteamu (PuU3nKu
9NIeMEHTapHbIX 4YacTuuy. Ecnm 9TO Nuwb rpaBUTaULMOHHO
B3ammMmoagencTeyouwaAa 4vacrtmua, To OOHapy>XeHWe CUNbHO
3aTpyaHeEHO.



CynepcnMmmeTpu

e HoBbIV BUO CUMMETPUN MEXAY
yacTumuamum ¢ UuenbiM CrIMHOM —
6o30HaMn 1 YacTuuamum C
nonyuesnbiM CrIMHOM - oepMrOHaMI

* Kakmag yactuna uMeeT TIKEIOTro
[IapTHEPA OTIIMYAIOIIIETOCS JIUIIIb
3HAaYEeHUEM CITiHa Ha 1/2

=51 persy mmetric

KBapK ¢4—4q CKBapK

k 'shadow " particles_ﬂ -
| [ — 1
NEenTOoH _ CNEenToH
W - W
W- ~ BUHO
* «CynepnapTHépbl» TAXEnee 6030H 4 — 4
OObIYHbIX YacTUL, U NOTOMY 7.6 ~
-6030H g— g
noKa He poXXaatoTcA Ha y rNIIOVHO
rNIFOOH —
YSEPUF €PfeprpasuTaumm T oT
BKNOYaeT B cebA Bce (POTOH H — H XUrFCUHO
M3BECTHbIe YacTuULibl 1 UG Q- G
B3aMMOOENCTBUA rpaBuT

rpaBmMTO




CynepcMMETPUNYHAA TEMHAA MaTepu4

- CynepyacTuubl poXkagarTcaA napamm
- JleryaniaA cynep4yacTtuua - ctabusbHa

* Jleryanwana cynepyactumua oomkHa bbiTb

HeuTpasbHa - HaUNyyWnn KaHguoaT ecTb yacTtumua cynepyacTtuua
HEUTpannHo (POTUHO UM XUTTCUHO)

« OHa morna 6bl BEIDKUTb CO BPEMEHN

bonblioro B3pbiBa 1 obpaszoBaTtb TEMHYIO

MaTepuio Bo BceneHHoM

XO — Nll;i/ + NlQZ + N13H? -+ N14H20

+ + + )

dOTNHO 3VHO XUTCUHO XUTCUHO

HeUTpasIMHO - Tskénaa (~ 100 macc NpoToHa), HerTpasibHas,
cTabusibHas cnaboB3aMOOENCTBYIOLLAS YacTuLa



[leTekTnpoBaHe TEMHOWN MaTepnm

[psaMoe AeTekTUpoBaHue KocBeHHOe AeTEKTUPOBAHUE

EGRET -> GLAST

DAMA, Zeplin,

: HEAT, AMSO1 -> PAMELA
CDMS, Edelweiss

BESS -> AMS02

HeT ybeauTenbHOro CBMAETENLCTBA R
Hagexaa Ha cKkopble HObIBblE pe3y/ibTaThbl [ONCKM aHHUAMNALMK TEMHOW MaTepum




|_|OI/ICK ‘—IaCTI/ILI, TEMHOW MaTepU

AHHUTMNALMA -> HOBAaA ) [ T
KOMMNOHEHTAa B [TpAMOe B3-
KOCMUYECKUX JTyyax ) ec

BelleCTBOM




AHHUTNNAUMA TEMHOWN MaTEPUN B raso
[ aNaKTUKN

X ~ q,!
) /* "
X W+, zY
X w—,zY

POXXOEHHbIE KBAPKW, NEeNTOHbl WU
NPOMEXKYTOYHbIE BEKTOPHbIE OO30HbI,
XOPOLLO W3Y4YEHHbIE B MpoLeccax Ha
Konangepax. B KOHEYHOM CYETE
o0bpasyroTcsad MOTOHbI, 3TEKTPOHDI,
NO3UTPOHbI , MPOTOHbI 1 AHTUMPOTOHbI

CurHan TEMHOW MaTepunm MOXXHO
VBUOETb KaK [OOMOJIHUTESIbHbIE
NO3BUTPOHbI, AHTUMPOTOHbLI UK
pacCedHHble MOTOHbI B CMNeKTpax
KOCMUYECKUX JY4YEN C JHepruen
PaBHOW Macce 4YacTul, TEMHOW MaTepu



[ Tonck WIMP oB

WIMP - Weakly Interactive Massive

Particle
AHHUrMNAumAa TM B rano ranakTuku

AMS
HEAT94+95 =

HEATOO
PAMELA ———

BESS 2000 (Y. Asaoka et al.)

BESS 1999 (Y. Asaoka et al.)
BESS-polar 2004 (K. Abe et al.)
CAPRICE 1994 (M. Boezio et al.)
CAPRICE 1998 (M. Boezio et al.)
HEAT-pbar 2000 (A. S. Beach et al.)

PAMELA

10 10
Kinetic energy [GeV]

[T0O3UTPOHBI B KOCMUYECKUX JTy4Yax AHTUMNPOTOHbLI B KOCMUYECKMX

ny4yax
B cnekTpe KOCMMYeCcKux ny4yen HeT npeBbILLEeHNA Haf,

JOOHOM



[ Tonck WIMP oB

B3anmopneunctesme TM ¢ BewwecTBOM

,_.

=
A
I=

XENONI100 (2012)
= observed limit (90% CL)
Expected limit of this run:

+ 1 6 expected
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AWIMP can interact with
liquid xenon to produce an

N N U e [MonyyYeHo orpaHnyeHne Ha Maccy v
G ceyeHue B3anmogencTema yactmy TM ¢
BeLLeCTBOM

Kak B CrekTpe KOCMUYECKUX JTy4eEN, TakK U B peakumm
B3aMMOLOENCTBMA C BELLECTBOM - HET NPEBbILWEHNA HaO POHOM



|_\OI/ICKI/I 4acTULL TEMHOW MaTepumn Ha
KoJ1unangepe

[lpouecc poXXgeHuns
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KaKOB e UTOr?

o TéM'Haﬂ MaTepvls'q - 3aragka, KOTopyt npeacTtonT paspe'Lul/lTb

* 310N M@)KeT 6bITb BCErO L' O,EI,Ha qaCTI/ILI,a a MOXET ObITb

- - .. » XA

HOBBbI CKpHTb,u/I CeKTOp BCeﬂeHHOI/I

o Ecrin Ham n@eeaeT 1 310 WIMP, TO OTBET MOXET ObITh

HageH Q4YeHb CKOPO

e 3arafka TEMHOM SHEPFUM KOHLENTYaibHO ropasio CAOXKHEE

¢ PellieHyie 9TVIX NPOBIEM JIEXUT Ha CTbIKE (OUBVIKN &
. . b . o

SJTEMEHTAPHbIX YaCTULL, aCTPOMU3VIKN 1 KOCMOJIOTAN




