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Pokśivenĩ svŋt 

Å zakŚiven² prostoru 

Å zakŚiven² ļasu 

Å zakŚiven² ļasoprostoru 

1916: vznik OTR 



GravitaĽn² vlny 

Å nenulovĨ kvadrup·lovĨ moment 

Å dva mody sklonŊn® o 45Á 

Å vln² se s§m prostoroļas 
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Zdroje gravitaĽn²ch vln 

Å podvojn® zdroje (BH-BH; BH-NS, NS-NS), f ~ 1 kHz 

Å z§bleskov® zdroje (gravitaļn² kolaps, supernovy, ...) 

Å seismick® projevy hvŊzd (magnetary, NS) 

Å periodick® sign§ly (rotace osovŊ nesymetrickĨch objektŢ - NS) 

Å stochastick® sign§ly (z prvn²ch okamģikŢ existence vesm²ru) 

Å reliktn² gravitaļn² vlny  





Spojen² dvou Ľernĩch dŋr, numerick§ simulace 



Detekce gravitaĽn²ch vln 

1916: Albert Einstein ï pŚedpovŊŅ vln 

1966: Joseph Weber ï prvn² pokusy o detekci 

1993: Russel Hulse a Joseph Taylor ï PSR 1913+16 

2002: LIGO  

2025: LISA Ÿ NGO 

A. Einstein (1879ï1955) J. Weber (1919ï2000) 

Russel Hulse (1950) 

Joseph Taylor (1941) 



1966 ð Weberovy v§lce 

d = 66 cm 

l = 153 cm 

m = 1.4 tuny 

f = 1 660 Hz 

L = 1 000 km (Mariland ï Aragon) 

hlin²k 



PSR 1913+16 

Russel Hulse (1950) Joseph Taylor (1941) 

Å st§ļen² periastra 4Á za rok !!! 

Å relativistickĨ DopplerŢv jev  

Å ļervenĨ gravitaļn² posuv 

Å dilatace ļasu zpŢsoben§ obŊhem  

Å st§ļen² svŊtelnĨch paprskŢ  

Å zkracov§n² periody (vyzaŚov§n² gravitaļn²ch vln) 

M1 = 1,44 MS 

M2 = 1,39 MS 

PR = 0,059 s 

PO = 7h 45 min 

d = 700 000 km 

Å 1974 Arecibo 

Å 1993 R. Hulse, J. Taylor ï Nobelova cena 



Detektory 

Detektor Um²stŊn² Velikost Provoz 

MARK 2 USA (Pasadena) 40 m 1991 

TAMA 300 Japonsko (Tokyo) 300 m 1999 

GEO 600 NŊmecko 

(Hannover) 

600 m 2000 

LIGO  USA (Hanford, 

Livingstone) 

4 km 2002ï2010 

2014 Advanced 

VIRGO It§lie (Pisa) 3 km 2007 

2015 Advanced 

LISA obŊģn§ dr§ha 

kolem Slunce 

5 000 000 km 2015? 

nebude 

NGO obŊģn§ dr§ha 

kolem Slunce 

1 000 000 km 2025 



LIGO ð Laser  Interferometry Gravitational-Wave Observatory  



LIGO ð Laser  Interferometry Gravitational-Wave Observatory  

Å l = 4 km 

Å d = 120 cm 

Å dl = 10ï18 m 

Å p = 1,3Ĭ10ī6 Pa  

Å h = 10ï22 

Å f = 40 Hz ï 2000 Hz 

Å laser: Nd:Yag, 10 W 

Å ¼plnĨ provoz: 2002 

 

Handford (Washington,  CALTECH), Livingston (Lousiana, MIT) 

 



LIGO ð Laser  Interferometry Gravitational-Wave Observatory  



LIGO ð Laser  Interferometry Gravitational-Wave Observatory  



VIRGO Cascina,  

10 km od mŊsteļka Pisa, It§lie,  

ramena 3 km 

filtr 



LISA 



LISA ð reakce interferometru na obŋ polarizace 



LISA 



NGO 
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Probl®my standardn²ho modelu 

Å  probl®m poļ§teļn² singularity 

Å  probl®m PlanckovĨch ġk§l 

Å  probl®m plochosti Vesm²ru 

Å  probl®m horizontu 

Å  probl®m baryonov® asymetrie 

Å  probl®m magnetickĨch monop·lŢ 

Å  probl®m poļ§teļn²ch fluktuac² nutnĨch  

 k tvorbŊ galaxi² 

lP = (hG/c3)1/2 ~ 10-35 m 

tP = (hG/c5)1/2 ~ 10-43 s 

mP = (hc/G)1/2 ~ 10-8 kg 

EP = (hc5/G)1/2 ~ 1019 GeV  

         ~ 109 J 

dr/r ~10-59!!  



Å Alan Guth, 1979 
prvn² inflaļn² sc®n§Ś 

Å Andrej Linde, Paul Steinhardt a Andreas Albrecht, 1982 
novĨ inflaļn² sc®n§Ś  

Å Andrej Linde, Vilenkin, 1983 
chaotick§ inflace 

Å Andrej Linde, 1986  
chaotick§ inflace s kvantovĨmi fluktuacemi 

Historie inflaĽn²ho modelu 



Prvn² inflaĽn² sc®n§ś 

Alan H. Guth 

MIT 
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Alan Guth, 1979 



Prvn² inflaĽn² sc®n§ś 

Å konstantn² hustota 

Å exponenci§ln² expanze 

Å Ăz§pornĨ tlakñ 

Å f§zovĨ pŚechod 

Å rozpad faleġn®ho vakua (skal. pol²) 

Å oscilace f kolem minima energie 

Å znovu ohŚ§t² Vesm²ru 

Å vznik hork® pol®vky elem. ļ§stic 

Å standardn² kosmologie zaļ²n§ 



DE @ (kTc)
4 @1056·1060 GeV 

Dt  @ 10ï37 s 

S  @ S0Ĭ1087 

R  @ R0 Ĭ1029  

Po inflaci: r/rc @ 1Ñ10ï58  

Dnes: r/rc @ 1Ñ10ï6 

Tc º 1027 K ? 

t º 10ï35 s ?  

E º 1015 GeV ? 

naruġen² GUT ??  

Zachov§n² energie: energie vzniklĨch ļ§stic @ ï gravitaļn² energie 

Ģivot na dluh: bude splacen aģ na konci Vesm²ru 

Prvn² inflaĽn² sc®n§ś 

Å  probl®m horizontu 

Å  probl®m plochosti 

Å  probl®m monop·lŢ 

Å  z ļeho vznikly vġechny ļ§stice (1090) ? 



Prvn² inflaĽn² sc®n§ś ð pot²Ĥe 

Å nutnost tunelov§n² potenci§lovou bari®rou 

Å pomalĨ vznik bublin, obt²ģn® spojov§n² 

Å vznik§ silnŊ nehomogenn² Vesm²r 

?? JinĨ tvar potenci§lu ?? 



Andrej Linde 

Novĩ inflaĽn² sc®n§ś 

Å ColemanŢv-WeinbergŢv potenci§l pro Higgsovo pole 

Å velmi ploch§ bari®ra 

Å vznik§ m§lo bublin nebo jen jedin§ 

Andrej Linde, Paul Steinhardt a Andreas Albrecht, 1982 



Chaotick§ inflace 

Å Chaotick® poļ§teļn² podm²nky  

Å NepotŚebuje plat· v potenci§lu (netŚeba faleġn® vakuum!) 

Å Postaļ² parabolickĨ potenci§l V = İ mf 2 

Å Poļ§teļn² hodnota f mus² bĨt dosti velk§ (f 0 > 3 mP) 

Å Co zpŢsobuje inflaci? Inflatonov® pole ?? 
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Planck 

Å zrcadlo: 1,9Ĭ1,5 m 

Å hmotnost zrcadla 28 kg!!! 

Å sonda: 4,2Ĭ4,2 m 

Å hmotnost: 1800 kg 

Å ¼hlov® rozliġen²: 5ô 

Å obor: mikrovlny aģ submilimetry 

Å tepeln® rozliġen²: 2 ɛK 

Å ģivotnost: 15 mŊs²cŢ 

Å teplota: ï273,05 ÁC 

Å cena: 700 milionŢ ú 

Å 1 pasivn² chladiļ (vyzaŚov§n²m) 

Å 3 aktivn² chladiļe: 

ü 20 K Jet Propulsion Laboratory, USA 

ü 4 K Rutherford Appleton Laboratory, UK 

ü 0,1 K Institut N®el, Grenoble 



LFI detektor 
FEM (Front End Module) 

BEM (Back End Module) 

OMT (orthomode transducer) 



Planck, po roce (Ľervenec 2010) 



Planck (2013) 



SPT 

ACT 

//upload.wikimedia.org/wikipedia/commons/4/44/South_pole_telescope_nov2009.jpg
//upload.wikimedia.org/wikipedia/commons/c/cb/Atacama_cosmology_telescope_toco.jpg


Parametr Planck 

st§Ś² vesm²ru 13,8×109 let 

trv§n² Velk®ho tŚesku 380 000 let 

Hubblova konstanta 67 km sï1Mpï1 

mnoģstv² atom§rn² l§tky 4,9 % 

mnoģstv² temn® hmoty 26,8 % 

mnoģstv² temn® energie 68,3 % 
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gravitaļn² vlny mohly unikat  

od prvopoļ§teļn²ho obdob² 

inflace 

(poļ§tek plus 

10ï35 sekund) 

poļ§tek plus 

400 000 let 

gravitaļn² vlny 

polarizuj² reliktn² z§Śen² 

poļ§tek plus 

14 miliard let 

nyn² 

svŊtlo 

reliktn² z§Śen² 



Polarizace fluktuac² CMB  



Polarizace fluktuac² CMB  

PŚi mŊŚen² polarizace je moģn® oddŊlit  

tzv. E mody zpŢsoben® fluktuacemi hustoty  

a B mody zpŢsoben® gravitaļn²mi vlnami! 

Á vznik hvŊzd (reionizace) 

Á P symetrie 

Á CPT symetrie 

Á gravitaļn² vlny 

skal§rn² fluktuace (hustota): E m·d 

vektorov® fluktuace (struny, defekty): B m·d  

tenzorov® fluktuace (gr. vlny): E, B m·d 



South Pole Telescope + BICEP2 



BICEP2 (Background Imaging of Cosmic Extragalactic Polarization) 
4 K 

512 TES senzorŢ 

150 GHz 

apertura 26 cm  

st²nŊn² 8 m 

4 GB dat za den 

 



BICEP2 


