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Kepleriv zakon (Isaac Newton) Baryon a baryonova hmota
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Elektromagnetické spektrum (1865)
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Detekce neutralniho vodiku

TIDAL INTERACTIONS IN M81 GROUP

Stellar Light Distribution 21 c¢cm HI Distribution
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Gravitaéni ¢ocka a mikroc¢ockovani
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lens i planet
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[red) passes in front of & foreground star, it, too,
background star, it brightens will gravitationally lens the
the light of the background background star for a
star, The gravitational fheld of shorter duration
the foreground star warps ——— 30days ———»
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lens that magnifies light.
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Historie

» lord Kelvin, Henri Poincare, Jacobus Kepteyn, Jan Oort, ...

THE ASTROPHYSICAL JOURNAL

AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND
ASTRONOMICAL PHYSICS

VOLUME 86 OCTOBER 1937 NUMBER 3

ON THE MASSES OF NEBULAE AND OF
CLUSTERS OF NEBULAE

F. ZWICKY

_ sR7
M = T

Abell 1656

Coma cluster (central part)

0 = 5 X 10%Ccm? sec?

We apply this relation to the Coma cluster of nebulae whose radius
is of the order of 2 X 10°light-years. From the observational data

M> 9 X 10%gr  (1gr=64,8mg)

The Coma cluster contains about one thousand nebulae. The aver-
age mass of one of these nebulae is therefore

M > g X 10% gr = 4.5 X 10™ M. (36)

Virialova véta a uréovani hmotnosti

|
(T)=-3 > (Fr-rx)

3GM 3 kpgT 1,
—_—— T — = =
5 R 2 m, 2
Mc!usrer = <VG2>R ] 30 \ T
1 N Ve
_—<y> 120 Velikost lze Lze urcit ze
§ dobre zméfit spekter
\\\\\\ {10
N 0
2000 0 2000
V (km/s)

Coma cluster (dnes):

R =5,2x10°pc =1,7x10° ly (1 pc = 3,26 ly)

sttedni rychlost vzhledem ke stfedu hmotnosti 900 km/s
viridlova hmotnost kupy galaxii M = 2,1x10'> M,
pramérna hmotnost galaxie M = 2100%10° Mg,

Galaxie maji typicky 200 mld. hvézd (dle svitivosti)!

(Slunce je stfedni hvezda) 90 % hmotnosti neni vidét
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SOME PROBLEMS CONCERNING THE STRUCTURE
AND DYNAMICS OF THE GALACTIC SYSTEM AND
THE ELLIPTICAL NEBULAE NGC 3115 AND 4494

J. H. OORT

Vera Rubin a William Kent Ford
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Figure 1| Indications of flat rotation curves in the early 1970s. a, Optically studied rotation of ionized hydrogen in M31 by Rubin and Ford (1970).
b, Five rotation curves of neutral hydrogen in different galaxies by Rogstad and Shostak (1972); R80 indicates the radius within which 80% of the neutral
hydrogen mass is contained. ¢, Rotation curves of three galaxies and the Milky Way by Roberts and Rots (1973). Reproduced from ref. 48, AAS/10OP (a);

ref. 51, AAS/IOP (b); and ref. 49, EDP Sciences (c).
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Problém urceni hmotnosti galaxii a kup galaxii

(1) Virialova hmotnost z rota¢nich kiivek

(2) Ze svitivosti (jednoduché ale nepiesné)

. [0.73

(3) Z unikové rychlosti horkéeho plynu

» Mezigalaktické médium (ICM) je hmotnéj$i neZ samotna
hvézdna hmota (10 — 20 % z celkove hmotnosti)
» Teplota 10°aZz 108 K, hustota 1 — 10 ¢astic v m3

(4) Z pohybu vymrsténich hvézd na okraji galaxii

(5) Z pohybu kulovych hvézdokup nebo trpasli¢ich galaxii
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o Celkova: 1,5x10'2 M,

e Hvézdna hmotnost: 0,2x102 M,

 Temna hmota (DM) 85 % celkové hmotnosti
e Pramér: 129 000 ly

101 |

Coma cluster



Miize to byt plyn?
ytply MiiZe to byt prach?

* Horky? « Nebylo by vidét dobfe okoli = > nemozné
o Teplota az 10’ K => rentgenové zateni (0,5 az 4,5 keV)
» V galaxiich nepozorujeme tak velké hmotnosti Cerné diry?
e Studeny?

 neutralni: 21-cm oblast, nepozorujeme tak velké hmotnosti
 ionizovany: svitil by od UV po IR, nepozorujeme tak velké hmotnosti

e Neni vylouceno zcela, ale...
e Pozorovali bychom ve hvézdach
vetsi mnozstvi tézkych prvki (Fe, Ni)
* Mikrocockovani proti blizkym galaxiim
B T statisticky vylucuje tuto moznost

150 | ] ’ . v o7
21 cm HI Distribution 2 NGC 6503 . e Vyzkum gravitacnich vin

| MACHO objekty?
| Massive Compact Halo Objects

o Cerné diry, neutronové hvézdy, hnédi trpaslici,
: nepiidruzene planety, bily trpaslici, ...

e Mikro¢ockovani vyloucilo vétSinu kandidati

| (vyzkum Cernych dér pokracuje)

1 e Nejvetsi podil hmotnosti maji bily trpaslici

Radius (kpc) Modifikace gravitacni teorie?
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_from starlight
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» Kosmologicky model A-CDM a reliktni zafeni
* Mc¢feni svételnych kiivek supernov typu la (prvni objev Temné energie)

« Baryonové akustické oscilace a tvorba struktur ve Vesmiru



Kosmologické modely
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KOSmOlOgiCké modely Friedmann-Lemaitre—Robertson-Walker (FLRW modely)
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Reliktni zareni (G. Gamov, R. A. Alpher, R. C. Hermann)

* 1965 objev A. A. Penzias a R. W. Wilson
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Absolute magnitude (visual)
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Relativni magnituda
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Vesmir stavén zdola nahoru — malé fluktuace v raném Vesmiru jsou zdrojem velkych struktur dnes

1) Reliktni zafeni

2) Supernovy typu la Fotony by rozmetaly baryonovou hmotu a nebyly by galaxie => temna hmota
3) Baryonoveé akustické oscilace

4) Zastoupeni lehkych prvki (byl by vet$i pomér deuterium-vodik)

* Nerovnovaha gravitacniho tlaku vs. tlaku zafeni zpiisobuji zvukové oscilace raného plazmatu

» Plazma obsahuje baryonovou hmotu, temnou hmotu a fotony

* Temna hmota neinteraguje elektromagneticky ale pouze gravitatn¢, BAO vznikaji pouze do reliktniho zateni
* Dnes mozné az 490 Mly velké struktury
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No Big Bang
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* Rozlozeni Temné hmoty pomoci mikro¢kovani a numerickych simulaci
» Srazky nadkup galaxii a rentgenova spektroskopie

« Kandidati na Temnou hmotu a Temnou energii



Mikrocockovani a rozlozeni temné hmoty
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Numerické simulace

Zoom (details)

Large volume (statistics)

Dark matter only (N-body)

Millennium

Dark matter + baryons {hydrodynamical)

Latre/FIRE

- . Sirnbal

Massiveblack-Il

Simulace
VS.
Experiment
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Vylucuje velke mnozstvi hypotetickych teorii s gravitatni modifikaci!
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Co se ukazovalo jako moc sloZité feSeni (Temna hmota), vypada nakonec jako to nejjednodussi feSeni
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Weakly interacting massive particles (WIMPSs)
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Primordial
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Hustota Temné energie dle Standardniho modelu: 10108 g\# Vice-dimenzionalni prostory nebo

Experimentalni hodnota hustoty energie vakua; 10-12 g\ fluktuace super-symetrickych &astic

, o Casimiriv jev Lambiv spektralni posuv
Fluktuace vakua Heisenbergova relace neurcitosti
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Bohr Dirac
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Il . | 11
10.0 4 —— Total noise of interferometer with unsqueezed vacuum state
—— Quantum noise model with unsqueezed vacuum state
—— Total noise with squeezing injected at ¢ = 35°
—— Inferred quantum noise with squeezing injected at ¢ = 35°
—— Quantum noise model with squeezing injected at ¢ = 35°
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