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Astronomia XX| wieku — czarne dziury,
ciemna energia, ciemna materia




Plan prezentacji:

Astronomia fal elektromagnetycznych
Astronomia fal grawitacyjnych
Astronomia neutrinowa

Planety pozastoneczne
Ewolucja gwiazd — gwiazdy neutronowe, czarne dziury
Kosmologia — ciemna enercia. ciemna materia



Rola atmosfery Ziemi w obserwacjach astronomicznych
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Obserwatoria kosmiczne (pozatmosferyczne)
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Hubble Space Telescope

Srednica 2.4m

Ogniskowa 57.6 m
24 kwietnia 1990 umieszczony na orbicie (545 km nad Ziemig) Focal ratio f/24

Powierchnia 4.5 m?

JWST primary
mirror

Hubble primary
mirror




Hubble Space Telescope

Jan. 28, 2004

Jan. 26, 2004

Jan. 24, 2004
A pillar of gas and dust in the Carina Nebula Saturn's southern aurora.



https://en.wikipedia.org/wiki/Carina_Nebula

Hubble Space Telecope

Stars forming in the Eagle Nebula Star cluster Pismis 24 with nebula



https://en.wikipedia.org/wiki/Eagle_Nebula
https://en.wikipedia.org/wiki/Pismis_24
https://en.wikipedia.org/wiki/NGC_6357

Hubble Frontier Field Abell 2744 Hubble Space Telescope « ACS « WFC3
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Gromada galaktyk
(zdjecie wykonane przez teleskop Hubble’a)
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James Webb Space Telescope

Spectral Intensity

Major Components

0.

Radiation Transmitted by the Atmosphere

% 1 10 70
Downgoing Solar Radiation Upgoing Thermal Radiation
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: o A A Oxygen and Ozone
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N A n
& Rayleigh Scattering
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Wavelength (um)

Diameter
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Collecting area

6.5 m (21 ft)
131.4 m (431 ft)
25 m? (270 sq ft)



James Webb Space Telescope

Great Parls Exhilbltlion
Telescope
lens atthe =yme scalke )
Paris, Fanoe | 1900
i@

Yeries Obsavatory
{23 redrachor

tthe same sobe)
Williams Eay,

Spectroscoplc

Tedes Coope
Wisconsin | 1893 ) He e, Chinaa
. o | 2003
H osoboer
[ Loo=) Hale [ 200 )
MtWilkson, MtPalomar,
Caltormda Calfamia
1917} {1348
i Hioh b y-Eb erty
[1973.1938} (1333-}

Fultl Mirror Rl esoops
Maount Haopk ins, Arizona

BTA-S [Large
Altazrimuth Tdescope)
Telenchukosicy, Russia
11975}

Texas | 13’3!'

Large Zenlth Telescope
Erfish Columibia, Canada

Large Sky Ares
MLt -0 Ject Flber

Large Binoccular Teles copes

Mount Graham,
Anrona {2005)

— o -
! -
4 L
=t
—
:—c:_;.—:'__
4

Gran Tdescople e

Caim i as

La Pakma, Mauna Kza,Hawa
Can any idnnds, 11993719940}
Spalr

GEmilnl HNorth Sl b
Mauna Kea, Td escope Thirty Meter Tdesompe
Hawal {1999} MaunakKesa, Mauna =a,Hawal {manned 20232}
Southern Afrlcan Haweall| 1999}

Larg e Telescope
Sutherind,
South Alfrica

(20404}

b GeEminl South

° Geara Pachdn
Ohile {200

e

Large Synoptlc
Survey Tdescope o
El Peiflan, Chils
| pla nned 3020

2003}
Kq:ler 1 :
L2 point  Earth-tral %
14} solar -:|1:' 4 L Erarar V
|20:05} i 3 Eunspesn Extrenmsy N
‘...l. g Lairge Tebes Cope Hﬂ_""!_:
o Arm arones, -
i wery Lﬂcﬁ:lc—xnpe : Chie {planned 2022} @ me scale
- Cemo Paranal, Chile i1 i ! r
L Hu bbb Enn-ce I I : E Lk m
[1998-2000} F
James Webb Telescope
Space Tdescope lﬂ'l‘-' E-!l"" /"J
Earth-Sun L2 point -
|pianned 2018} 'IHGI T

Mapellan Telescopes
Las Campanas,
Chille [2000y2:002 |

e
.

Tennis murt atthe same scake

dant Magdlan Telescope
Las Campanas Otsenatony,
Chilke | planned 2 020}

Dverwhamingly Large Tdescope
o maoe ke d)
Arzcibo radia telescops at the sam = scale

Ensk=tbal courtat the same scale




Jak dalekie obiekty kosmiczne mozna zobaczyc teleskopami optycznymi ?
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Chandra X-ray Observatory

Wystrzelone 23 lipca 1999
A=(0.12-12) nm

Solar Array (2) Sunshade Door

Spacecraft
Module

X-ray flare from Sagittarius A*,
supermassive black hole in the Milky Way

Aspect Camera
Stray Light Shade

High Resolution J AV
Camera ————— | JBWO
(HRC) N S

Integrated
Science High Resolution
Instrument Mirror Assembly
Module Transmission Thrusters (4) (HRMA)
(ISIM) Gratings (2) (105Lbs)
CCD Imaging Lo B . .
Spectrometer Antenna (2) Cygnus X-1, first strong black hole discovered

(ACIS)


https://en.wikipedia.org/wiki/X-ray
https://en.wikipedia.org/wiki/Sagittarius_A*
https://en.wikipedia.org/wiki/Supermassive_black_hole
https://en.wikipedia.org/wiki/Milky_Way
https://en.wikipedia.org/wiki/Cygnus_X-1

Spitzer Space Telescope

Wystrzelony 25 sierpiert 2003
Diameter 0.85 m (2.8 ft)ll
Focal length 10.2 m (33 ft)

Wavelengths infrared, 3.6—160 um

g

" - IRAC-MIPS Composite

" Visible

MIPS

Star Formation in Henize 206 Spitzer Space Telescope * IRAC * MIPS

NASA / JPL-Caltech / V. Gorjian (JPL)

Visible: R.C. Smith ([NOAO)
ssc2004-04a



https://en.wikipedia.org/wiki/Spitzer_Space_Telescope#cite_note-spitfacts-1
https://en.wikipedia.org/wiki/Infrared
https://en.wikipedia.org/wiki/Micrometre
https://en.wikipedia.org/wiki/Andromeda_Galaxy

Co to s3 fale grawitacyjne

Fala to zaburzenie, ktore sie propaguje.

Co jest zaburzane w
wyniku propagacji fali

grawitacyjnej?

Czasoprzestrzen!

Réwnania Einsteina

G, = 8mMG/c*T,,

John Wheeler: Materia méwi czasoprzestrzeni jak sie zakrzywia,

Grawitacja wedtug Newtona

Sun

F — (;MSunMEmTh f

Es E-S

Zrodfa fal grawitacyjnych

Zlewanie Wybuchy gwiazd
uktadow supernowych
podwajnych .

gwiazd —

np. gwiazd

neutronowych,

czarnych dziur

.LSuU

Rotujgce gwiazdy
neutronowe —
pulsary

Stochastyczne
promieniowanie tia
""" | powstate po
= wielkim wybuchu

Casey Reed, Penn State



;LIO Hanford-

.LIGO Livingston
Operational X o

Under Construction

Planned

ational Wave Observatories : \; = NeH

itational Wave Detector
(KAGRA)

Kamioka Grav

GEO600 s ol
LIGO Hanford




Sources

wave period

log(frequency) -16

Detectors

The Gravitational Wave Spectrum

Quantum fluctuations in early universe

age of
universe

Binary Supermassive Black

Holes in

galactic nuclei

<

>

Compact Binaries in our
Galaxy & beyond

Compact objects
captured by
Supermassive Black
Holes

hours sec

il

— ]

-14

A———
Cosmic microwave

background
polarization

~12

v

Rotating NS,
Supernovae
—

ms

+2
Space Terrestrial
Interferometers  interferometers

Strain (10°%%)

Frequency (Hz)

1.0
0.5+
0.0

-0.5¢

1.0
0.5f
0.0

-0.51
-1.0f7

0.5F
0.0

-0.5f

Hanford, Washlngton (Hl)

Livingston, Louisiana (L1)

T

iy W\W\A W

l—nw-.

T

é*w M

= LI cbsarved
H1 cbaarved (hifed, inverted)
X T

w,.\/\_/\/‘

‘Iva\,

! 1.0 i

Reconsuced (wavelaet)
_— sl \.-.!m_ Mervglate)

Murvadcal relativity HH

MNurrerical relativity \ B
Recorsruaad (wavelet)
_— R 'Ul\.tlll_ ermplate)

ol W’“W\ A h/\,\mr/w\,mwu

J‘MW\W WW‘W%

[— ln'uu.-ll

— RSOl

0.30

0.35
Time (s)

0.40 0.45

0.30 0.35

Time (s)

0.40 0,45

o N &2 O o

Normalized amplitude



Wieloaspektowe obserwacje z falami Wykryte sygnaty fal grawitacyjnych
g ra Wita Cyj ny m i GW150914

Erw - LVT151012

g Zlanie gwiazd neutronowych GW151226
i
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GW170814 i
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Fale grawitacyjne
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sygnat fali grawitacyjnej pochodzacy ze ﬂ
zlewania sie dwdch gwiazd
neutronowych

FEEFEFBPBEBPERER
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Nagroda Nobla z Fizyki w 2017r
za detekcje fal grawitacyjnych

Ray Weiss
(doswiadczalnik)

Barry Barish
(menedzer)

Kip Thorne
(astrofizyk) ..

1.3 miliardow lat temu ...

"i‘Czarna dziura#1 . |
36X bardziej masywna niz

. “*+"Czarna dziura #2/

29X ba_rdziej masywna niz Storice

> .

Pierwsza bezposrednia detekgji fali grawitacyjnej

|&d Selected for a Viewpoint in Physics s
PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

Observation of Gravitational Waves from a Binary Black Hole Merger

PRL 116, 061102 (2016)

B. P. Abbott et al.”
(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)
On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave

Observatory simultancously observed a transient gravitational-wave signal. The signal sweeps upwards in
GW150914 frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 107", It matches the waveform

1 T T 1
Inspiral Merger Ring-
down

*Niezwykle czuty detektor

f ( *Doskonate modele wykrywalnych
) 9 c [ —

*Wyrafinowane metody analizy
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T 05 N -
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o0 .‘ -

£ U’ ‘ nie byto gwarancji, ze detektory
- el i U w LIGO wykryja fale grawitacyjne !
1.0 |

— Numerical relativity
B Reconstructed (template)
L !

W wyniku zlania 3 masy sforicarzostaty
zamienione na fale'grawitacyjne
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LIGO - A GIGANTIC INTERFEROMETER

GRAVITATIONAL WAVE BLACK HOLE SPACETIME

MIRROR The Llight MIRROR

waves bounce

- @
and return:

A "beam splitter” splits the
light and sends out two
identical beams along the

4 km long arms.

A gravitational wave affects the

interferometer’s arms differently;
Laser light is sent into - : when one extends the other contracts
the instrument to . 8 as they are passed by the peaks and
measure changes in o~ troughs of the gravitational waves.
the length of the two

arms. _' ) Normally, the light returns unchang-

ed to the beam splitter from both
arms and the light waves cancel
each other out.
LIGHT WAVES
CANCEL EACH
- ><X><) I OTHER OUT
BEAM SPLITTER LIGHT DETECTOR
If the arms are disturbed by a

GRS ; : LIGHT WAVES HIT
gravitational wave, the light waves = W THE LIGIIT BEFERTOR
will have travelled different distan-

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




Neutrino

ELEMENTARY
PARTICLES

pr+pt—=2H+e" + V. P77 % Lk pt+e +pF—=2H+ Vv,

J -

107° %
84,927 2H+ p* »3He +y —He + p*—=“%He + eﬁ
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SHe + *He » 'Be + Y =0
"Be 99,9 %

Be + e = 'Li + V, ‘Be +pt =B +Yy
3He + 3He — *He +$ ‘Li + p* = *He + “He 8B — 8Be* + e* + V.
[ oIl
r 8Be* = “He + “He

Solar neutrinos (proton—proton chain) in the Standard Solar Model

A neutrino (denoted by the Greek letter v) is a fermion (an elementary particle with half-integer
spin) that interacts only via the weak subatomic force and gravity. The mass of the neutrino is much
smaller than that of the other known elementary particles. The majority of neutrinos in the vicinity
of the Earth are from nuclear reactions in the Sun, about 65 billion (6.5x101°) solar neutrinos per
second pass through every square centimeter perpendicular to the direction of the Sun.

Neutrinos can be created in several ways, including in beta decay of atomic nuclei or hadrons,
nuclear reactions such as those that take place in the core of a star, supernovae, and when
accelerated particle beams or cosmic rays hit atoms. The neutrinowas postulated first by Wolfgang
Pauli in 1930 to explain how beta decay could conserve energy, momentum, and angular momentum
(spin). For each neutrino, there also exists a corresponding antiparticle, called an antineutrino, which
also has no electric charge and half-integer spin. They are distinguished from the neutrinos by having
opposite signs of lepton number and chirality



https://en.wikipedia.org/wiki/Proton%E2%80%93proton_chain_reaction
https://en.wikipedia.org/wiki/Nu_(letter)
https://en.wikipedia.org/wiki/Fermion
https://en.wikipedia.org/wiki/Elementary_particle
https://en.wikipedia.org/wiki/Spin-1/2
https://en.wikipedia.org/wiki/Weak_interaction
https://en.wikipedia.org/wiki/Gravity
https://en.wikipedia.org/wiki/Mass
https://en.wikipedia.org/wiki/Solar_neutrino
https://en.wikipedia.org/wiki/Beta_decay
https://en.wikipedia.org/wiki/Atomic_nuclei
https://en.wikipedia.org/wiki/Hadron
https://en.wikipedia.org/wiki/Nuclear_reaction
https://en.wikipedia.org/wiki/Star
https://en.wikipedia.org/wiki/Supernova
https://en.wikipedia.org/wiki/Cosmic_ray
https://en.wikipedia.org/wiki/Wolfgang_Pauli
https://en.wikipedia.org/wiki/Beta_decay
https://en.wikipedia.org/wiki/Conservation_of_energy
https://en.wikipedia.org/wiki/Conservation_of_momentum
https://en.wikipedia.org/wiki/Conservation_of_angular_momentum
https://en.wikipedia.org/wiki/Spin_(physics)
https://en.wikipedia.org/wiki/Antiparticle
https://en.wikipedia.org/wiki/Lepton_number
https://en.wikipedia.org/wiki/Chirality_(physics)

'|cecube' Neutrino Observatory [ ' To distinguish neutrinos from a background of cosmic ray

muons, the Earth is used as a filter, with only neutrinos
able to pass through the planet unchecked.

Buried a mile deep in the Antarctic ice, the IceCube Neutrino
Observatory delivers a new kind of astronomy. IceCube
occupies a cubic kilometer of deep ice, transforming
the polar ice cap into a detector capable of sampling the
high-energy neutrinos that emanate from some of the most
distant and violent phenomena in the cosmos - colliding black Surface
holes, galaxies with super violent cores and mysterious gamma |_
ray bursts. Like ghostly messengers, high-energy neutrinos
traverse huge distances, passing through stars, planets, magnetic
fields and entire galaxies without skipping a beat.

One Kilometer

|- 1360 meters

L2350 meters

Slightly larger than a basketball, the optical sensors at the
heart of IceCube are on of
and fiber-optic cables. Deployed deep in the ice like beads
on a necklace, the sensors work like light
bulbs in reverse. They can capture light -
even the faint and fleeting Cherenkov light
traced by muons -
convert it to
electricity,
amplify it and
turn it into an
Atrail of Cherenkov light is created when a neutrino, on very optical signal
rare occasions, crashes head-on into another particle such : that is sent to
as a proton or neutron. From the wreckage of those collisions the surface
emerges a muon which creates a fleeting trail of blue light on | where it can be

The inside of the MiniBooNE

a path identical to that of the originating neutrino, allowing
scientists to follow it back to a point of origin.

stored, read
and interpreted.

Dan Brennan/UW-Madison News Graphic

neutrino detector



https://en.wikipedia.org/wiki/MiniBooNE

Sudbury Neutrino Observatory

. SNO can be thought of as a type of telescope, though it bears little resemblance to the image
;\ most of us associate with that word. It consists of an 18-meter-wide stainless steel geodesic
" sphere inside of which is an acrylic vessel filled with 1,000 tons of heavy water (deuterium oxide).
Honeycombing the sphere are 9,522 ultra-sensitive light-sensors called photomultiplier tubes.
A . . When neutrinos passing through the heavy water interact with deuterium nuclei, faint flashes
g of light, called Cerenkov radiation, are emitted. The photomultiplier tubes detect these light
| flashes and convert them into electronic signals that scientists can analyse.
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NEUTRINOS FROM
THE SUN

Electron-neutrinos
are produced in the
Sun center.

SNO

SUDBURY NEUTRINO OBSERVATORY (SNO)

ONTARIO, CANADA
PROTECTING ROCK WL
Both electron neutrinos

alone and all three types of 2100m
neutrinos together give sig-
nals in the heavy water tank.

»- CHERENKOV 8 3

" RADIATION ‘




Astronomia neutrinowa

SN 1987A was a supernova in the outskirts of the Tarantula Nebula, in the Large Magellanic Cloud (a nearby dwarf galaxy).

It occurred approximately 51.4 kiloparsecs (168,000 ly) from Earth.l4l This was close enough that it was easily visible to the naked eye

and it could be seen from the Southern Hemisphere. It was the closest observed supernova since SN 1604,

which occurred in the Milky Way itself. The light from the new supernova reached Earth on February 23, 1987.55!

As the first supernova discovered in 1987, it was labeled “1987A”. Its brightness peaked in May, with an apparent magnitude of about 3

, and slowly declined in the following months. It was the first opportunity for modern astronomers to study the development

of a supernova in great detail, and its observations have provided much insight into core-collapse supernovae.

07:35 UT, Kamiokande Il detected 12 antineutrinos; |IMB, 8 antineutrinos; and Baksan, 5 antineutrinos; in a burst lasting less than 13 seconds.

CHANDRA X-RAY HST OPTICAL



https://en.wikipedia.org/wiki/Supernova
https://en.wikipedia.org/wiki/Tarantula_Nebula
https://en.wikipedia.org/wiki/Large_Magellanic_Cloud
https://en.wikipedia.org/wiki/Dwarf_galaxy
https://en.wikipedia.org/wiki/Earth
https://en.wikipedia.org/wiki/SN_1987A#cite_note-hubble_heritage-4
https://en.wikipedia.org/wiki/Naked_eye
https://en.wikipedia.org/wiki/SN_1604
https://en.wikipedia.org/wiki/Milky_Way
https://en.wikipedia.org/wiki/SN_1987A#cite_note-west-5
https://en.wikipedia.org/wiki/Apparent_magnitude
https://en.wikipedia.org/wiki/Astronomy
https://en.wikipedia.org/wiki/Core-collapse_supernova
https://en.wikipedia.org/wiki/Universal_Time
https://en.wikipedia.org/wiki/Kamiokande_II
https://en.wikipedia.org/wiki/Antineutrino
https://en.wikipedia.org/wiki/Irvine-Michigan-Brookhaven_(detector)
https://en.wikipedia.org/wiki/Baksan_Neutrino_Observatory

Planety pozastoneczne

Kosmiczny Teleskop Keplera

Zostat umieszczony na orbicie wokotstonecznej 7 marca 2009 roku, w ramach 10. misji programu Discovery.
Ma aperture 0,95 m, mase 1052,4 kilogramdéw w momencie startu i jest wyposazony w najwiekszg matryce CCD
do tej pory wyniesiong w kosmos, posiadajgcg 95 megapikseli



https://pl.wikipedia.org/wiki/Orbita_heliocentryczna
https://pl.wikipedia.org/wiki/Program_Discovery
https://pl.wikipedia.org/wiki/Apertura
https://pl.wikipedia.org/wiki/Matryca_CCD
https://pl.wikipedia.org/wiki/Megapiksel

Kosmiczny teleskop Keplera
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PSR B1257+12 was discovered by the Polish astronomer Aleksander Wolszczan on 9 February 1990 using the Arecibo radio telescope. It is a millisecond
pulsar, a kind of neutron star, with a rotation period of 6.22 milliseconds (9,650 rpm), and was found to have anomalies in the pulsation period, which led to
investigations as to the cause of the irregular pulses. In 1992 Wolszczan and Dale Frail published a famous paper on the first confirmed discovery of planets

outside our solar system. Using refined methods one more planet was found orbiting this pulsar in 1994.
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Kepler-20 Planets Orbit Close to Their Star

Kepler-90 System | himér‘SolarSystem
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Kepler-90 is a G-type main sequence star located

about 2,545 light-years (780 pc) from Earth in

the constellation of Draco. It is notable for having

a planetary system that has an equal number of observed
planets to the Solar System.

On 14 December 2017, NASA and Google announced the Kepler-90 S}/Steﬁm Planet SiZGS
discovery of an eighth planet, Kepler-90i, in the Kepler-90 g
system
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NEUTRON STARS: CHARACTERISTICS

Czarne dziury i gwiazdy neutronowe

« Extremely dense Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter

» Angular momentum and magnetic fields

Masy czarnych dziur i gwiazd neutronowych —

» Surface

Solid crust
~1 mile thick

+ Superfluid neutrons

» Superconductive protons

Heavy liquid interior
Mostly neutrons,
with other particles

Black hole : Neutron star :
the center is dark the disk radiates
up to the center




Czarne dziury

| Black hole classifications |
Event

Class Mass Size Horizon

Supermassive black hole ~10°-10'° M, ~0.001-400 AU

Intermediate-mass black
hole

Stellar black hole ~10 M, ~30 km T

. Schwarzschild radius
Micro black hole up to “"M,,,0n up to ~¥0.1 mm R=2C}

¢

~10° Ms,n ~10° km = Rearth Singularity
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Expanding universe

This diagram reveals changes in the rate of expansion since the universe's birth 15 billion
years ago. The more shallow the curve, the faster the rate of expansion. The curve changes
noticeably about 7.5 billion years ago, when objects in the universe began flying apart at a
faster rate, Astronomers theorize that the faster expansion rate is due to a mysterious, dark
force that is pushing galaxies apart
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