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OSNOVA

l Předpověd’ a zavrženı́ černých
děr

l Umı́rajı́cı́ hvězdy a gravitačnı́
kolaps

l Pátránı́ ve vesmı́ru

l „Motory“ v centrech galaxiı́

l Symfonie černých děr

l Vypařovánı́ černých děr

l Svět pod horizontem
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PŘEDPOVĚDI – TEMNÉ HVĚZDY

l filozofové přı́rody 18. stoletı́: světlo se
skládá z korpuskulı́

l John Michell (27. 11. 1783): temné hvězdy,
kritický obvod pro Slunce 18 km,
rg = 3 km, světlo zpomalováno jako
vržený kámen

l Pierre Simon Laplace (1796): Le Système
du monde, v třetı́m vydánı́ 1808 vypuštěno
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OBECNÁ TEORIE RELATIVITY

l Einstein na zasedánı́ Pruské akademie
věd (25. 11. 1915): nový nástroj k
výpočtům – OTR

Gravitace je důsledkem zakřivenı́
prostoročasu!

l Karl Schwarzschild (13. ledna 1916):
prostoročas vně sférické nerotujı́cı́ hvězdy,
kritický poloměr stejný jako Michellův

ředitel hvězdáren
v Göttingen a

Potsdami
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OBECNÁ TEORIE RELATIVITY

l Einstein na zasedánı́ Pruské akademie
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OHYB SVĚTLA A RUDÝ POSUV

l zpomalenı́ chodu hodin v
gravitačnı́m poli

l „ohýbánı́“ – změna směru
světelných paprsků, fotonová
orbita

l změna vlnové délky vysı́laných
signálů – rudý posuv
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světelných paprsků, fotonová
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GRAVITAČNÍ ČOČKY
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ŽIVOT HVĚZD

l zdroj energie: termonukleárnı́
reakce

l Hans Bethe (1938): p-p cyklus,
C-N cyklus, NC 1967
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l zdroj energie: termonukleárnı́
reakce

l Hans Bethe (1938): p-p cyklus,
C-N cyklus, NC 1967

7



PROTON-PROTONOVÝ A CNO CYKLUS
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BÍLÍ TRPASLÍCI

l Einstein 1939: „Základnı́m výsledkem tohoto výzkumu je jasné
pochopenı́ proč Schwarzschildovy singularity nemohou existovat ve
fyzikálnı́ realitě...“

l hvězda konstantnı́ hustoty: při r = 1,125 rg nekonečný tlak ⇐⇒ za
určitých podmı́nek gravitace překoná všechny ostatnı́ sı́ly

l bı́lı́ trpaslı́ci – Sı́rius B: M = 1,05M�, hustota 4 tuny/cm3 (Bessel
1844, Clark 1862)
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CHANDRASEKHAROVA MEZ

l Subrahmanyan Chandrasekhar
1930–1931: rovnováhu udržuje
degenerovaný elektronový plyn, NC
1983 s Williamem Fowlerem

bı́lý trpaslı́k nemůže mı́t hmotnost
většı́ než M = 1,4M�

l Arthur Eddington 11. 1 1935:
„Domnı́vám se, že by měl existovat
přı́rodnı́ zákon, který by zabránil
hvězdám, aby se chovaly tak
absurdnı́m způsobem!“
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bı́lý trpaslı́k nemůže mı́t hmotnost
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NEUTRONOVÉ HVĚZDY

l James Chadwick (1932): experimentálnı́ objev
neutronu

l Fritz Zwicky, 30-tá léta: představa neutronové
hvězdy, poloměr okolo 10 km, hustota
1013 − 1015 g·cm3, centrálnı́ teplota 109K

l Walter Baade (Göttingen, Hamburg, Mount
Wilson): pozorovánı́ velmi zářivých nov 1010×
zářivějšı́ch než Slunce – supernovy

l Antony Hewish a Jocelyn Bell (1967): pulsary,
perioda rotace 0,0016− 4 s, NC 1974 s Martinem
Ryleem

l Joseph Taylor a Russell Hulse (1974): binárnı́
pulsar PSR1913+16, perioda rotace 0,0059 s,
zkracovánı́ periody oběhu o 76·10−6 s/rok,
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NEUTRONOVÉ HVĚZDY
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neutronu
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through a multichannel spectrometer equipped with square-law detectors.
A bank of digital signal averagers accumulates estimates of a pulsar’s peri-
odic waveform in each spectral channel, using a pre-computed digital
ephemeris and circuitry synchronized with the observatory’s master clock. A
programmable synthesizer, its output frequency adjusted once a second in a
phase-continuous manner, compensates for changing Doppler shifts caused
by accelerations of the pulsar and the telescope. Average profiles are
recorded once every few minutes, together with appropriate time tags. A

Fig. 4: Pulse profiles obtained on April 24, 1992 during a five-minute observation of PSR
1913 + 16. The characteristic double-peaked shape, clearly seen in the de-dispersed profile at
the bottom, is also discernible in the 32 individual spectral channels.
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BINÁRNÍ PULSAR J0737-3039

l objev v roce 2003, T = 2,4 h, ω̇ = 16,88± 0,09◦/year,
l splynutı́ asi za 85 miliónů let

18 Mi
hael Kramer
Fig. 4. (left) Shift in the periastron passage of the DNS PSR B1913+16 plotted asa fun
tion of time, resulting from orbital energy loss due to the emission of gravita-tional radiation. The agreement between the data, now spanning almost 30 yr, andthe predi
ted 
urve due to gravitational quadrupole wave emission is now better than0.5%. Figure provided by Joel Weisberg and Joe Taylor. (right) \Mass-mass" diagramshowing the observational 
onstraints on the masses of the neutron stars in the double-pulsar system J0737{3039. The shaded regions are those whi
h are ex
luded by theKeplerian mass fun
tions of the two pulsars. Further 
onstraints are shown as pairs oflines en
losing permitted regions as predi
ted by general relativity: (a) the measure-ment of _! gives the total system massmA+mB = 2:59 M�; (b) the measurement of themass ratio R = mA=mB = 1:07; (
) the measurement of the gravitational redshift/timedilation parameter 
; (d) the measurement of the two Shapiro delay parameters r ands. Inset is an enlarged view of the small square en
ompassing the interse
tion of thethree tightest 
onstraints, representing the area allowed by general relativity and thepresent measurements.general relativity is the 
orre
t theory of gravitation, the deviation from thepredi
ted value and the measured proper motion, �, 
an be used to 
ompute thene
essary 
orre
tion and hen
e the distan
e to the pulsar, d = 1:02� 0:05 kp
[41℄.5.3 Tests Using Pro�le Stru
ture DataIn addition to the use of pulsars as 
lo
ks, strong gravity e�e
ts 
an also betested using pulse stru
ture data, namely the e�e
ts of \geodeti
 pre
ession" inthe DNSs PSR B1913+16 and PSR B1534+14. In both 
ases, the pulsar spinaxis appears to be misalignedwith the orbital angular momentumve
tor. In su
ha 
ase, general relativity predi
ts a relativisti
 spin-orbit 
oupling, analogousto spin-orbit 
oupling in atomi
 physi
s. The pulsar spin pre
esses about thetotal angular momentum, 
hanging the relative orientation of the pulsar towards
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PSR B1133+16Average profileFig. 1. (left) A pulsar is a rotating, highly magnetised neutron star. A radio beam
entred on the magneti
 axis is 
reated at some height above the surfa
e. The tiltbetween the rotation and magneti
 axes makes the pulsar in e�e
t a 
osmi
 lighthousewhen the beam sweeps around in spa
e. (right) Individual pulses vary in shapes andstrength (top) average pro�les are stable (bottom). The typi
al pulse width is only�4% of the period.metres, resulting in brightness temperatures of up to 1037 K [11℄. Su
h valuesrequire a 
oherent emission me
hanism whi
h, despite 35 years of intensive re-sear
h, is still unidenti�ed. However, we seem to have some basi
 understanding,in whi
h the magnetized rotating neutron star indu
es an ele
tri
 quadrupole�eld whi
h is strong enough to pull out 
harges from the stellar surfa
e (theele
tri
al for
e ex
eeds the gravitational for
e by a fa
tor of � 1012!). The mag-neti
 �eld for
es the resulting dense plasma to 
o-rotate with the pulsar. Thismagnetosphere 
an only extend up to a distan
e where the 
o-rotation velo
-ity rea
hes the speed of light1. This distan
e de�nes the so-
alled light 
ylinderwhi
h separates the magneti
 �eld lines into two distin
t groups, i.e. open and
losed �eld lines. The plasma on the 
losed �eld lines is trapped and 
o-rotateswith the pulsar forever. In 
ontrast, plasma on the open �eld lines 
an rea
hhighly relativisti
 velo
ities and 
an leave the magnetosphere, 
reating the ob-served radio beam at a distan
e of a few tens to hundreds of km above the pulsarsurfa
e (e.g. [12℄, see Fig. 1).1 Stri
tly speaking, the Alfv�en velo
ity will determine the 
o-rotational properties ofthe magnetosphere.
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NEVYHNUTELNOST KOLAPSU

l Lev Davidovič Landau (Nature, 1938): hvězdy
jako Slunce ve svém středu neutronová jádra,
účinnost přeměn energie 10 %, NC 1962

l Robert Oppenheimer, George Volkoff: L.
nezapočetl jaderné sı́ly, existuje maximálnı́
hmotnost n. hvězd asi 1,4− 3M�, u známých
blı́zko 1,4M�, se Snyderem studuje kolaps;
přerušeno válkou

l John Archibald Wheeler, Harrison, Wakano
(1956): stavová rovnice n. hvězd, studium kolapsu

l Kolik hmoty se odvrhne do okolı́?

l J. A. Wheeler (1967): „zamrzlé hvězdy“ =⇒ černé
dı́ry

l Wolfgang Rindler (50-tá léta): horizont
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jako Slunce ve svém středu neutronová jádra,
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nezapočetl jaderné sı́ly, existuje maximálnı́
hmotnost n. hvězd asi 1,4− 3M�, u známých
blı́zko 1,4M�, se Snyderem studuje kolaps;
přerušeno válkou

l John Archibald Wheeler, Harrison, Wakano
(1956): stavová rovnice n. hvězd, studium kolapsu

l Kolik hmoty se odvrhne do okolı́?

l J. A. Wheeler (1967): „zamrzlé hvězdy“ =⇒ černé
dı́ry

l Wolfgang Rindler (50-tá léta): horizont
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ČERNÁ DÍRA NEMÁ VLASY

l Vitalij Lazarevič Ginzburg (1964): kolapsem zmizı́
magnetické pole, NC 2003

l Zeldovič, Novikov, Doroškevič: horizont sférický
l Werner Israel (8. 2. 1967): nesférický kolaps může

mı́t dva důsledky – bud’ nevznikne ČD nebo
vznikne přesně sférická ČD

l Priceova věta (1968): co se může vyzářit, se
opravdu vyzářı́ (elmag., grav. vlnami)

l Wheeler: černá dı́ra nemá vlasy (téměř!), nelze
určit, z čeho vznikla

l Zákony zachovánı́: hmotnost, moment hybnosti,
el. náboj

l Obecný důkaz: Brandon Carter, Stephen
Hawking, Werner Israel
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ROTUJÍCÍ ČERNÉ DÍRY

l Roy Kerr (1964): řešenı́ pro prostoročas v okolı́
rotujı́cı́ hvězdy

l Brandon Carter (70-tá léta): Kerrovo řešenı́
popisuje všechny možné rotujı́cı́ ČD

l limitnı́ rotace: horizont rotuje maximálně, rychlostı́
c, pro Slunce 62µs, jinak horizont rozmetán

l Roger Penrose (1969): lze odčerpávat rotačnı́
energii, 48x účinnějšı́ než fúze

l rotujı́cı́ nabitá ČD může mı́t i magnetické pole

l Ted Newman (1965): obecné řešenı́ nabité černé
dı́ry

l ČD může i pulzovat (zvlněnı́ prostoročasu),
pulzace stabilnı́
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l Ted Newman (1965): obecné řešenı́ nabité černé
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TRAJEKTORIE ČÁSTIC V POLI KERROVY ČD
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PÁTRÁNÍ VE VESMÍRU

l ČD o obvodu 50 km ve vzdálenosti 4 ly pod
úhlem 10−7 ′′ (vlas z Měsı́ce); izolovanou ČD
nezaznamenáme ani jako gr. čočku

l Zeldovič a Novikov, Salpeter (1964): okolı́ ČD
v binárnı́ch systémech zdrojem RTG zářenı́

l Ricardo Giacconi – NC 2002, Uhuru (1970),
Einstein (1978), Chandra (1999)

l Cygnus X-1: hvězda 20− 35M� a průvodce
HDE226868 min. 6M�, 6 000 ly, 2. nejjasnějšı́
RTG zdroj

l RXJ1242: rozmetánı́ hvězdy v souhvězdı́
Panny, 700 miliónů ly

Chandra

XMM-Newton
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l ČD o obvodu 50 km ve vzdálenosti 4 ly pod
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nezaznamenáme ani jako gr. čočku
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Panny, 700 miliónů ly
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MAGNETICKÁ AKRECE

Nevyřešené problémy:

l přeměna mechanické energie na teplo

l přesunu momentu hybnosti od vnitřnı́ch částı́ akrečnı́ho disku smě-
rem k jeho okrajům

l možný scénář: magnetické sı́ly???

l GRO J1655–40 (květen 2005 Chandra X-ray), dvojhvězda vzdálená
3,2 kpc, ČD (7M�) a hvězda (2,3M�) obı́hajı́ s periodou 2,6 dne

l proudy řı́dkého vysoce ionizovaného plynu tzv. vı́tr směrem ven,
chladný (ne tepelná energie)
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l možný scénář: magnetické sı́ly???
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OBŘÍ ČERNÉ DÍRY

l Karl Jansky (1935): rádiový šum z centra Galaxie;
dokonce silnějšı́ než ze Slunce

l Grote Reber (1939): radioamatér, na dvorku své
matky, zdroje Cyg A, Cas A – 1. pozorovánı́
černých děr

l 1951: prvnı́ rádiová galaxie (Ryle, opt. identifikace
Baade), zářenı́ z gigantických laloků na obou
stranách

l Maarten Schmidt (5. 2. 1963): kvasar 3C273,
z = 0,16, velmi daleko, výkon 100× většı́ než
galaxie z prostoru „světelného měsı́ce“

l nejpravděpodobnějšı́ vysvětlenı́: obrovská rotujı́cı́
černá dı́ra + akrečnı́ disk (Donald Lynden-Bell
1969)
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l Grote Reber (1939): radioamatér, na dvorku své
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„MOTORY“ V CENTRECH GALAXIÍ

l zdroj energie v akr. disku: třenı́, η 5 40%

l „krmenı́“ roztáčı́ ČD na maximálnı́ otáčky

l vznik výtrysků: Blandfordův-Znajekův proces

l Aktivnı́ galaktická jádra, u kvazarů intenzivnějšı́ „krmenı́“, přezářı́
okolı́; významný vliv rotace

l M87 v Panně: vzdálenost 50 milliónů ly, kolimace 10◦ na
100 miliónů ly

l v centru našı́ Galaxie ČD M = 3·106M�
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100 miliónů ly

l v centru našı́ Galaxie ČD M = 3·106M�



„MOTORY“ V CENTRECH GALAXIÍ
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100 miliónů ly
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l zdroj energie v akr. disku: třenı́, η 5 40%
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l zdroj energie v akr. disku: třenı́, η 5 40%
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SYMFONIE ČERNÝCH DĚR

l splinutı́ černých děr: simulace, vyzařovány
gravitačnı́ vlny; splynutı́ horizontů;
doznı́vánı́

l urychlujı́ přibližovánı́ černých děr,
zaznamenávajı́ historii splynutı́, tvar dráhy,
rotaci, vzdálenost od Země,nezkresleny
mezihvězdnou hmotou; nelinearita

l pro černé dı́ry s M = 10M� ve vzd.
miliardy ly sı́la vln 10−21 (supernovy v
Galaxii)

l LIGO II, Virgo by mělo dosáhnout 10−23,
LISA méně než 10−24



SYMFONIE ČERNÝCH DĚR
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VYPAŘOVÁNÍ ČERNÝCH DĚR

l Stephen Hawking (1970): zákon růstu
plochy horizontu

l 2. věta termodynamická: ČD by mohla mı́t
entropii, ale nezářı́, entropie

l Hawking (1974): ČD vyzařujı́, ztrácejı́
energii

l entropie ČD dána logaritmem počtu
způsobů jejı́ho vzniku, při M = 10M� asi
1079, vhozenı́m do ČD se entropie v okolı́
zmenšı́, ale celkem vzroste, podobně při
vypařovánı́

l doba života úměrná M3, pro M = 2M�
asi 1067 let; problém prvotnı́ch
(primordiálnı́ch) ČD, γ-zářenı́
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SVĚT POD HORIZONTEM

l podle OTR za singularitou nic neexistuje

l hledánı́ kvantové gravitace (J. A. Wheeler)

l Roger Penrose (1964): každá černá dı́ra
musı́ obsahovat singularity

l i singularita může „stárnout“

l kvantová gravitace: oddělı́ prostor a čas,
pravděpodobnosti křivosti a topologie

l Penrose (1969): hypotéza kosmické
cenzury
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Mezi všemi výtvory lidského ducha – od
jednorožců a chimér až po vodı́kovou bombu
– je skutečně tı́m nejfantastičtějšı́m obraz
černé dı́ry, oddělené od ostatnı́ho prostoru
hranicı́, kterou nic nemůže proniknout, dı́ry,
jejı́ž silné gravitačnı́ pole ve svém smrtelném
sevřenı́ zachytı́ i světlo, dı́ry, která zakřivuje
prostor a brzdı́ čas. Zdálo by se, že podobně
jako jednorožci a chiméry patřı́ černé dı́ry
spı́š do vědeckofantastických románů nebo
dávných mýtů než do reálného vesmı́ru. A
přesto zákony současné fyziky skutečně
vyžadujı́, aby černé dı́ry existovaly. Je možné,
že jen v našı́ Galaxii je jich hned několik
miliónů.

Kip S. Thorne
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Teorie černých děr byla vytvořena
dřı́ve, než byly známy jakékoli
experimentálnı́ výsledky
naznačujı́cı́, že černé dı́ry
skutečně existujı́. Neznám ve
vědě jiný přı́klad tak dalekosáhlé
úspěšné extrapolace učiněné jen
na základě teoretických úvah.
Ukazuje to na neobyčejnou sı́lu a
hloubku Einsteinovy teorie.

Stephen Hawking
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Vytvořeno programem PdfLATEX (FoilTEX), poslednı́ úpravy: 5. července 2007
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