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A gravitacio szerepe az ismert Univerzum osszetételében
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Heavy Elements
0.03%

Neutrinos:
0.3%

Free Hydrogen
and Helium:
4%

Dark Matter:
25%

Dark Energy:
70%




Ido- és tavolsagskalak az Univerzumban, melyeken a gravitacio meghatarozé
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Az altalanos relativitaselmélet, mint gravitaciéelmélet

1. az anyag megwmondja a tériddnek, 2. A téridd megmondja az anyagnak,
hogyaw gorbitljon (Binstein egyenlet) hogyan mozogjon (geodetikus egyenlet)
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Uj effektusok, uj fogalmak

r

Uj (gyenge-tér) effektusok a Naprendszerben:
- Merkur perihélium-precesszioja
- gravitacios fényelhajlas (Napfogyatkozas)
- gravitacios voroseltolddas / idédilatacio (GPS)
- Shapiro-késés / radarvisszhang

Uj fogalmak:

- fekete lyuk
csillagfejl6désbél M < 20M,
kdzepes tomegl 20My <M< 10°M,
szupernagy tomegu

- féreglyuk
EP=EPR, kapcsolat a
kvantumelméletekkel?

- gravitacios (mikro)lencsézés
LHC nem lat szuperszimmetriat
- a sotét anyag nem WIMP
MACHO megfigyelések (Nagy Magellan felhd)
- a soOtét anyag legfeljebb 10%-a
o szarmazhat csillagfejl6desbdl

o S0-16 - kozepes tomegu, elsddleges fekete

® S0-19

: sis® lyukakbal all-e a sotét anyag?
Gatoctio cenor SHD S (dedikalt megfigyelési program sziikséges) - gravitacios sugarzas

.




Miként észlelhetjuk a fekete lyukakat?

John Archibald Wheeler:

A készul6 Gravitacios hullamok c. film részlete, rendezi
Molnar H. Boglarka



A Tejutrendszer kozepén talalhaté szupernagy tomegi fekete lyuk

Altaldwos relatividselmélet: gravitdceis = gorbilet

hatalmas gbrbilet > fekete Lyuk
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Az égbolt (kozeli) szupernehéz fekete lyukakban

Supermassive black hole spin-flip during the inspiral
L. A. Gergely, P. L. Biermann, L. |. Caramete, Class. Quantum Grav. 27 (2010) 194009

Figure 1. Aitoff projection in galactic coordinates of 5895 NED SMBH candidate sources.
The sample is complete in a sensitivity sense; in order to derive densities one needs a volume
correction. The color code {online only ) is orange, green, blue, red, black corresponding to masses
above 10° Mg, 10° Mg, 107 M, 10° Mg, 10° Mg, respectively. With the exception of the less
numerous first range (orange), representing compact star clusters, the rest are SMBHs.



Hogyan lathatjuk még a fekete lyukakat? Akkrécio és jet-ek
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A fekete lyuk:

» Elhajlitja az akkrécios
korong fényét

« Keét képet mutatja

THE ’

SCIENCE
OF
INTERSTELLAR

AP THORNI

OPEN ACCESS

IOP Publishing Classical and Quantum Gravity
Class. Quantum Grav. 32 (2015) 065001 (41pp) doi:10.1088/0264-9381/32/6/065001

Gravitational lensing by spinning black

holes in astrophysics, and in the movie
Interstellar

Oliver James'"", Eugénie von Tunzelmann',
Paul Franklin' and Kip S Thorne?



Utkoz6 feketelyuk-kettds gravitaciés lencsézése




Utkoz6 feketelyuk-kettésok jelei a jet-ek elektromagneses spektrumaban
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A spinning supermassive black hole binary model consistent with VLBI observations of the S5 1928+738 jet
E. Kun, K. E . Gabanyi, M. Karouzos, S. Britzen, L. A. Gergely, MNRAS 445, 1370-1382 (2014)



Nagyenergias neutrindk feketelyuk-kettosok utkozésébol

A nagyenergias neutrind-kibocsatas olyan energetikus proton—proton utkdzések kovetkezménye, melyekben a
protonok kinetikus energlaja a plon -keltési energia foIott van.
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Figure 2. The radio maps of PKS 0723 —008 over 12 epochs, represented on logarithmic scale with base 10. They were produced by processing the available
VLBA visibilities provided by the MOJAVE team. Iso-flux density contours are in per cent of the peak flux density marked in the left upper corner of the maps.
They increase by factors of 1, except the last two epochs (marked by stars), where the contours increase by factors of 2. In the middle, the integrated flux
density of the source at 15 GHz is represented as a function of the time. The time of the corresponding neutrino detection (ID5) is indicated by a red vertical
line.

A flat-spectrum candidate for a track-type high-energy neutrino emission event, the case of blazar PKS 0723-008
E. Kun, P. L. Biermann, L. A. Gergely, MNRAS 466, L34—-L38 (2017)



Cumulative shift of periastron time (s)

Gravitacios hullamok létezésének indirekt bizonyitéka: a Hulse-Taylor pulzar
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A letezo6 fizikai elIméletek egyik
legpontosabb igazolasa:
40s valtozas 30 év alatt!! (4x108)




Utkoz6 feketelyuk-kettds gravitacios sugarzasa
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Mi torténik, ha a gravitaciés sugarzas a Foldre ér?

gifs.com

Szerencsére nincs a kozelliinkben feketelyuk-kettds!!




A gravitaciés hullam tranzverzalis, 2 polarizaciéban, fénysebességgel terjed

www. einstein-online.info



Masodik generacios interferometrikus gravitacioshullam-detektorok halézata
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Szegedi Gravitaciéelméleti csoport LIGO tevékenysége

1. Gravitdelés hulldmok kReresése
PyCBC csoportban résztvevé intézetek:

Amerikai Egyesiilt Allamok:

* NASA Gravitational Astrophysics Laboratory
* (alifornia Institute of Technology
 Syracuse University

* Abilene Christian University Németorszag: Albert Einstein Institute, Hannover
Egyesiilt Kiralysag: Cardiff University Magyarorszag: Szegedi Tudomanyegyetem

Thpail Mérton (SZTE)

az Advanced LIGO mdsodilk wmérést Lddszaka (O2) sordn
hlrom wérést adatsor

PYCRBC elemzéséért felelt,

melybil az egyik adatsor

gravitelbés hulldwmot tartalmazott |




Szegedi Gravitaciéelméleti csoport LIGO tevékenysége

2. qravitdctos hulldmok wmodellezése és
feketelyuk-kettosik dinamikdja:
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A gravitacids hullamok els6 kozvetlen kimutatasa: GW150914

GW150914:FACTSHEET

BACKGROUND IMAGES: TI

“FREQUENCY TRACE (TOP) AND TIME-SERIES
(BOTTOM) IN THE TWO LIGO DETECTORS; SIMULATION OF BLACK HOLE
HORIZONS (MIDDLE-TOP), BEST FIT WAVEFORM (MIDDLE-BOTTOM)

first direct detection of gravitational waves (GW) and first direct observation
of a black hole binary

duration from 30 Hz
# cycles from 30 Hz

~ 200 ms
~10

observed by LIGO L1, H1
source type black hole (BH) binary
date 14 Sept 2015
time 09:50:45 UTC
0.75 to 1.9 Gly

likely distance

redshift

230 to 570 Mpc
0.054 to 0.136

signal-to-noise ratio
false alarm prob.

false alarm rate

24
< 1 in 5 million

<1 in 200,000 yr

peak GW strain

peak displacement of

interferometers arms

frequency/wavelength
at peak GW strain

peak speed of BHs
peak GW luminosity
radiated GW energy

1x10?%

+0.002 fm

150 Hz, 2000 km

~06c
3.6 x 10% erg s
2.5-3.5 Mo

remnant ringdown freq.

remnant damping time
180 km, 3.5 x 10° km?

remnant size, area
consistent with
general relativity?

graviton mass bound

~ 250 Hz

~4ms

passes all tests
performed

<1.2x10%2eV

coalescence rate of
binary black holes

2 to 400 Gpc3yr!

online trigger latency

~ 3 min

# offline analysis pipelines 5

CPU hours consumed

papers on Feb 11, 2016

# researchers

~ 50 million (=20,000
PCs run for 100 days)

13

~1000, 80 institutions

in 15 countries

Source Masses Mo
total mass 60 to 70
primary BH 32 to 41
secondary BH 25 to 33
remnant BH 58 to 67
mass ratio 0.6to1
primary BH spin <0.7
secondary BH spin <0.9
remnant BH spin 0.57 to 0.72
[J)
T signal arrival time arrived in L1 7 ms
8 % delay before H1
6 g likely sky position Southern Hemisphere
49 likely orientation face-on/off
N
2 F resolved to ~600 sq. deg.
IS
02

Detector noise introduces errors in measurement. Parameter ranges correspond to 90% credible bounds.
Acronyms: L1=LIGO Livingston, H1=LIGO Hanford; Gly=giga lightyear=9.46 x 10'2 km; Mpc=mega
parsec=3.2 million lightyear, Gpc=103Mpc, fm=femtometer=10-'® m, Me=1 solar mass=2 x 10 kg
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A gravitacids hullamok els6 kozvetlen kimutatasa: GW150914

Phys. Rev. Lett. 116, 061102 (2016)
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Honnan is jott a GW150914 gravitaciés hullam? (230-500 Mpc)

Tejutrendszer ~ 30 kpc Laniakea szuperklaszter ~ 160 Mpc

ifgo szupercsoport ~ 33 Mpc

£ \./."r_cjo Claaster Mo

M8/ Grouwp
)0.000 v




Honnan is jott a GW150914 gravitacios hullam? (230-500 Mpc)

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

Inflation

Quantumr
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

NASA/WMAP Science Team

Osrobbanas Sotét Korszak elkezdédik a kb. innen érkezett
(13,7 milliard év) innen feny nem, gyorsulo tagulas ~z=0,1 (1,3 milliard év)
de gravitacios hulldam ~z=0,4 (1700 Mpc)  a Foldon kialakul
erkezhet hozzank!! az oxigénne[ telitett [é’gédr
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A gravitacios hullamok masodik kozvetlen kimutatasa: GW151226

GW151226:FACTSHEET

Phys. Rev. Lett.
116, 241103 (2016)
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BACKGROUND IMAGES: TIME-FREQUENCY TRACE (TOP) AND
SIGNAL-TO-NOISESRATIO TIME-SERIES (BOTTOM) IN THE TWO
LIGO DETECTORS; EXAMPLE WAVEFORM (MIDDLE)

observed by LIGO L1, H1 duration from 35 Hz ~1s
source type black hole (BH) binary # cycles from 35 Hz ~55
L 2epec A signal arrival time arrived in H1 1 ms after
time 03:38:53 UTC delay L1
distance 250 to 620 Mpc peak GW strain ~3.4x102%
redshift 0.05 to 0.13 peak displacement of
. ~ +0.7 am
interferometers arms
signal-to-noise ratio 13

false alarm prob.

~ 1 in 10 million

frequency/wavelength
at peak GW strain

420 Hz, 710 km

Source Masses Mo
peak speed of BHs ~0.6c
total mass 20 to 28
peak GW luminosity 2to4x10% ergs’
primary BH 11 to 23
radiated GW energy 0.8-1.1 Mo
secondary BH 5to 10
remnant ringdown freq. ~ 750 Hz
remnant BH 19 to 27
o > 0.28 remnant damping time ~1.3ms
spin of one of the >0.2 remnant size, area 60 km, 3.5 x 10* km?
black holes ’ , i
ine tri t ~ 67
remnant BH spin 0.7 to 0.8 oniine trigger fatency s
resolved to ~850 sq. deg. # offline analysis pipelines 2

Mo=1 solar mass=2 x 103°kg

Parameter ranges correspond to 90% credible bounds. Acronyms: L1/H1=LIGO
Livingston/Hanford; Mpc=mega parsec=3.2 million lightyear, am=attometer=10"% m,




A gravitaciéos hullamok harmadik kozvetlen kimutatasa: GW170104

GW1/7/0104:FACTSHE

Hikelihood

Background Images: time-freq
{middle bottom),

trace (top), H1 and L1 time series and v
binary black hole model (middle top), residuals between data and best-fit mod
reconstructed waveforms from wavelet and binary black hole analyses (bottom)

Phys. Rev. Lett.
118, 221101 (2017)

Frequency [Hz]

Strain [10_2] ]

Residual

Normalized Amplitude observed by LIGO L1, H1 duration from30Hz  ~0.25t00.31s
0 1 2 3 4 3 -
i ROUTES type black hole (BH) binary # of cycles from 30 Hz ~14to 16
g T signal arrival time dela S
512 J time 10:11:58.6 UTC u Y 3 ms before L1
256 signal-to-noise ratio 13 credible region sky area 1200 sq. deg.
false alarm rate < 1in 70,000 years
128 peak GW strain ~5x 102
probability of
64 astrophysical origin > 0.99997 peak displacement of e tan
1.6 to 4.3 bilfon interferometer arm
32 distance X Iight-'years - I
512 TP S it et 160 to 199 Hz
Livingston redshift 0.10 to 0.25 GW strain
256 total mass 46 to 57 M, wavelength at peak
GW strain 1510 to 1880 km
128 primary BH mass 25 to 40 M,
ANS 1.8 to 3.8 x 10%
64 secondary BH mass 13t025 M, peak GW luminosity erg s’
133 mass ratio 0.36 to 0.94 radiated GW energy 1.3t0o 2.6 M,
0.5 E remnant BH mass 4410 54 M, remnant ringdown freq. 297 to 373 Hz
0.0 remnant BH spin 039t 0.7 remnant damping time 25t03.2ms
] remnant size
—0.5 3 (affactive mciln) 123 to 150 km consistent with general passes all tests
] ) .. relativity? performed
—1.0 4 Hanford Livingston Model remnant area 1.9 to 2.8 x 105 km? iton oks
1 P $ 7.7 x10% eV/&
0.5 3 " ; combined bound
] effective spin parameter  -0.42 to 0.09
0.0 E effective precession dhcorstritbd ) evid.ence for one
_0'5 E T T T T T T T T T T T T T T T T T T T T T T T T spin parameter dlspemlon °f Gw'
0.50 0.52 0.54 0.56 0.58 0.60 0.62 Parameter ranges correspond to 90% credible intervals.

Acronyms:
L1/H1=LIGO Livingston/Hanford, am=attometer=10""¥ m, M,=1 solar mass=2 x 10¥°kg

Time from Wed Jan 04 10:11:58 UTC 2017 [s]



A gravitaciés hullamok negyedik kozvetlen kimutatasa: GW170608

arXiv:1711.05578 (2017)
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observed by

source type
date

time of merger
signal-to-noise ratio

false alarm rate
distance

redshift

total mass

primary BH mass
secondary BH mass
mass ratio

remnant BH mass
remnant BH spin

remnant size
(effective radius)

remnant area

effective spin
parameter

effective precession
spin parameter

peak GW luminosity
radiated GW energy

H, L

black hole (BH) binary

08 June 2017
02:01:16 UTC

13

<1in 3000 years

0.7 to 1.5 billion
light-years

0.04 t0 0.1
18t0 24 M,
9to 19 M,
5t09 M,
03t01.0
17t0 23 M,
0.64 t00.72

47 to 63 km
2.7 t0 5.0 x 104 km?

-0.01t0 0.30

unconstrained

1.81t0 3.9 x 10%6 erg s

0.68 t0 0.91 M,¢?

Images: time-frequency traces (top),
mass distributions (bottom right)
GW-=gravitational wave, M,=1 solar mass=2x10%° kg,
am=attometer (10-'® m), H/L=LIGO Hanford/Livingston
Parameter ranges are 90% credible intervals.
190% credible region
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A gravitaciés hullamok otodik kozvetlen kimutatasa: GW170814

- O
Phys. Rev. Lett. U o 1 4 gt
119, 141101 (2017)
observed by H1, L1, V1 duration from30Hz  ~026t0 0285
source type black hole (BH) binary | ¢ = les from 30 Hz ~15t016
date 14 207 _
Aug credible region sky area 60 deg?
time 10:30:43 UTC {with V1) /
online trigger latency ~30s credible region sky area 1160 deg?
_ g2 at-11.8 ms before H1 {without V1)
signal arrival time delay
and 14 ms before V1 Intitude, longityde
- i 45° 5, 73 W
signal-to-noise ratio 18 (at time of arrival)
. . . in direction of
Hanford Livingston Virgo false alarm rate sky location Eridanus constellation
1l . . - I . . . . . . - E e |
: I‘| . robability of noise 0.3% *RA, Dec 03*11%, -44°57"
B | R 1 f"d"gwma'mk Peak GW strain (102) P
A dtanca || 1/iaa ben on.t1 P '
NI T Y O Nght years peak stretching 'of
A TR . redshift —0.07 to0.14 5 ~#12,1208
P P A 1\ interferometer arm
S Red A wWﬂ'\_:' total mass 53 to 59 M, (HT, L1, V1)
3.0
45.8 primary BH mass 2Bto36 M, freglsancy ot peak 155 to 203 Hz
= 256 40 2 GW strain
2 3. scondary B mass A S wavelength at pask 4480 151930 km
B " -
g 5 mass ratio 0.6t 1.0 e
g : N 3210 4.2 x 1056
=3 k GW luminosi
& 1572 remnant BH mass 51to 56 M, peal ty g s
5% remnant BH spin 0.65t00.77 radiated GW energy 2.4 to 3.1 M,&
- c
a remnant size remnant ringdown freq. 312to0 345 Hz
p 139 to 153 km
E (effective radius) P ) S R -
remnant I o
g g remnant area 2.4 to 2.9 x 10° km? Wiy e
- g . i consistent with general passes all tests
% I ctive spin parameter -0.06 to 0.18 relativity? £ i
g Ffecf:ive precession unconstrained ! evid.encn for L
§ | ; . ; ; . H ; : ; ; . . ; il ; Spin parsmetar dispersion of GWs
046 04 050 052 054 0.5 146 048 050 052 06+ 056 046 0D4% 050 052 06+ 0.5 Parameter ranges comespond to 90% credible intervels.

Time [s] Time [s] Time [s]

L1/H1=LIGO Livingston/Hanford, V1=Virgo, am=attometer=10"" m, M =1 solar mass=2 x 10%kg
Background Images (H1, L1, V1 from left to right): time-frequency trace ftop), sky maps imiddle), and time
series with reconstructed waveforms from modeled and un-modeled searches (bottom)

* Maximum a Posteriori estimates




A harmadik detektor szerepe a lokalizaciéban

" Rapid LIGOkocalization % ™

- Rapid LIGO and Virgo localization —~__
B !*_Ref_i'n'e'd localization - /¢




A gravitacios hullamok hatodik kozvetlen kimutatasa: GW170817

Frequency (Hz)

Phys. Rev. Lett.
119, 161101 (2017)
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LIGO-Hanford

observed by
source type

date
time of merger
signal-to-noise ratio

false alarm rate
distance

total mass

primary NS mass
secondary NS mass
mass ratio

radiated GW energy
radius of a 1.4 M, NS

effective spin
parameter

effective precession
spin parameter

GW speed deviation
from speed of light

LIGO-Livingston

H L,V
binary neutron star (NS)

17 August 2017
12:41:04 UTC

324

< 1in 80 000 years

85 to 160 million
light-years

2.73t03.29 M,
1.36 t0 2.26 M,
0.86 to 1.36 M
04t01.0

> 0.025 M, c?
likely = 14 km

-0.01t0 0.17
unconstrained

< few parts in 105

30°

0°
15h 12h
18h
-30°

9h

0 25 50 75
Mpc

inferred duration from 30
Hz to 2048 Hz**

inferred # of GW cycles
from 30 Hz to 2048 Hz**

initial astronomer alert
latency™

HLV sky map alert latency*
HLV sky areat

# of EM observatories that
followed the trigger

also observed in

host galaxy
source RA, Dec
sky location
viewing angle

(without and with host
galaxy identification)

Hubble constant inferred
from host galaxy
identification

~60s

~ 3000

27 min

5 hrs 14 min

28 deg?

=70

gamma-ray, X-ray,

ultraviolet, optical,
infrared, radio

NGC 4993
13h09m48s, -23°22'63"

in Hydra constellation

< 56° and = 28°

62 to 107 km s Mpc™!

Images: time frequency traces (top), GW sky map
(left, HL = light blue, HLV = dark blue,
improved HLV = green,
optical source location = cross-hair)

GW=gravitational wave, EM = electromagnetic,
M,=1 solar mass=2x10% kg,
H/L=LIGO Hanford/Livingston, V=Virgo

Parameter ranges are 90% credible intervals.
*referenced to the time of merger
**maximum likelihood estimate
t90% credible region




GW170817 keletkezése

Before merger After merger

—— y-ray burst

Vierged
neutron stars

Neutron star




GW170817 és a kisér6 gamma-kitorés




GW170817

Binary neutron star merger
A LIGO / Virgo gravitational wave detection with

associated electromagnetic events observed by over

. Distance
7O e = 130 million light years

@ Discovered
17 August 2017

12:41:04 UTC
Q A gravitational wave from a \ Type
binary neutron star merger is detected. N Neutron star merger
Q gravitational wave signal

Two neutron stars, each the size
of a city but with the at least the

mass of the sun, collided with gamma ray burst

each other. A short gamma ray burst is an + 2 seconds
intense beam of gamma ray A gamma ray burst
radiation which is produced is detected.

just after the merger.

GW170817 allows us to
measure the expansion rate of
the universe directly using
gravitational waves for the first
time, and gives us a new way to

infer its age +10 hours 52 minutes

A new bright source of optical

Detecting gravitational waves kilonova light is detected in a galaxy

from a neutron star merger Decaying neutron-rich called NGC 4993, in the

allows us to find out more about material creates a glowing constellation of Hydra.

the structure of these unusual kilonova, producing heavy

objects. metals like gold and +11 hours 36 minutes
platinum. Infrared emission observed.

This multimessenger event +15 hours
provides confirmation that
neutron star mergers can i
produce short gamma ray bursts. radio remnant
13 As material moves away from

detected.
+9 days

Bright ultraviolet emission
the merger it produces a X-ray emission detected.

Thelopser ationtoralilonovs shockwave in the interstellar

allowed us to show that neutron medium - the tenuous material

star mergers could be between stars. This produces

responsible for the production emission which can last for

most of the heavy elements, like VLIS +16 days
gold, in the universe. Radio emission

detected.

Observing both electromagnetic
and gravitational waves from the
event provides compelling
evidence that gravitational
waves travel at the same speed
as light.

GW170817 és
kisérojelenségeinek

felfedezése
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GW170817 és kisérojelenségeinek felfedezése




GW170817 és kisérojelenségeinek felfedezése

&«
Las Cumbres
Observatory

The Fermi satellite detects
a gamma-ray burst from
this area of the sky

hl

The LIGO and
Virgo detectors
triangulate a
gravitational

wave signal LCO FINDS A Size of full moon for
from this area KILONOVA! comparison
of the sky
®
................. KILONOVA
o o

The galaxy NGC 4993




GW170817 maradvanya: kilonéva
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Adapted from data in Arcavi et al. 2017, Nature: 10.1038/nature24291




GW170817: nehéz elemek keletkezése
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GW170817: nehéz elemek keletkezése
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GW170817 kozmoldgiai kovetkezményei

RESEARCH gRIEIa:

: : —— piH, | GW170817)
: : Planck
1 | SHoES
0.04 | | -
1 | :
1 | '
i i 1 d Article Preview
| i Nnature  Accelerated Article Previe
1 |
T 0.03-4 | |
3 ] I
= 1 |
I 1 I LETTER
t : : doi:10.1038/nature2447 1
= . . .
= I | A gravitational-wave standard siren measurement of the Hubble
T 0027 constant
The LIGO Scientific Collaboration and The Virgo Collaboration*, The IM2H Collaboration*, The Dark Energy Camera GW-EM
Collaboration and the DES Collaboration*, The DLT40 Collaboration*, The Las Cumbres Observatory Collaboration*; The
VINROUGE Collaboration* & The MASTER Collaboration®
0.01
0.00 T T T T T T T T 1
50 60 70 80 ao 100 110 120 130 140
Hg (km s Mpc™)
Figure 1 | GW170817 measurement of Ho. Marginalized posterior and minimal 68.3% credible interval from this PDF is
density for Hy (blue curve). Constraints at 1o and 2¢ from Planck®® and Hy= 70_[)jé%‘°km s7!Mpc!. The 68.3% (10) and 95.4% (20) minimal

SHoES? are shown in green and orange. The maximum a posteriori value credible intervalsare indicated by dashed and dotted lines.

1. qravitdciés hulldw forrdsdnak paraméterbecslése
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2. optikai tranziensmeghatdrozésa: a forrfs az NGC 4993
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Lokalis Lorentz-invariancia sértés vizsgalata

PRL 118, 221101 (2017) PHYSICAL REVIEW LETTERS
Moédositott diszperzios reldeld: s
- - _ _ - GW170104: Observation of a 50-Solar-Mass Binary Black Hole Coalescence
EF = pE (_.‘2 + A pu c a>0 at Redshift 0.2
’ - B.P. Abbott ef al."
. . e (LIGO Scientific and Virgo Collaboration)
S. Mirshekari, N. Yunes, and C. M. Will, Phys. Rev. D 85, . (Received 9 May 2017 published 1 June 2017)
024041 (2012).
, . . 10717 £ - : .
Tomeges graviton elméletek: (a = 0, A > 0) 5 | ! !
Multifraktal téridsk: (a = 2.5) s v | N4 :
Dupldn spectilis relativitdselmélet: (@ = 3). 2 % & Y $ Q:
Hovava-Lifsic és extra dimenzidk: (a = 4) _ | | _ ‘
< s T’
Sebesség / energiafiigob 1070} | S =— .
frekvencia / hulldmhossz: [ | | vV 4 <0 ]
- 4 00 05 10 15 20 25 3.0 35 40
vy/c =1+ (a—1)AE*=/2 a

‘ ‘ Elsd GH-RbOL Levezetett kényszer
N. Yunes, K. Yagi, and F. Pretorius, Phys. Rev. D 94, R A S I B e
084002 (2016). )

Lorentz-tnvariancia sértés és graviton tomege %S CLEl) B (Rl G-t

egyszerre vizsgédlhato | /]'g -~ 1.6 x 10'* km.

m, <7.7x 1072 eV/c?




Horndeski

Korlatok a modositott gravitaciéelméletekre

Cy = &

Gy F 0

General Relativity
quintessence /k-essence |42
Brans-Dicke/ f(R) [43][44]
Kinetic Gravity Braiding

quartic/quintic Galileons
Fab Four [15] [16]

de Sitter Horndeski
Gt ¢ |47], Gauss-Bonnet

beyond H.

Derivative Conformal (20)

Disformal Tuning ll
DHOST with A; =0

quartic/quintic GLPV
DHOST with A; # 0

Viable after GW170817

[2] arXiv:1710.05901 [pdf, other]
Dark Energy after GW170817

Non-viable after GW170817

Jose Maria Ezquiaga (1 and 2), Miguel Zumalacarregui (2 and 3) ((1) Madrid IFT, (2) UC Berkeley, (3) Nordita)

Comments: 9 pages, 3 figures

Subjects: Cosmology and Nongalactic Astrophysics (astro-ph.CO): General Relativity and Quantum Cosmology (gr-qc): High Energy Physics -

[3] arXiv:1710.05893 [pdf, other]

Implications of the Neutron Star Merger GW170817 for Cosmological Scalar-Tensor Theories

Jeremy Sakstein, Bhuvnesh Jain
Comments: five pages, two figures

Subjects: Cosmology and Nongalactic Astrophysics (astro-ph.CO); General Relativity and Quantum Cosmology (gr-ge); High Energy Physics -

[4] arXiv:1710.05877 [pdf, ps, other]

Dark Energy after GW170817

Paolo Creminelli, Filippo Vernizzi
Comments: 5 pages

Subjects: Cosmology and Nongalactic Astrophysics (astro-ph.CO): General Relativity and Quantum Cosmology (gr-qc): High Energy Physics -




A hullamok osszehasonlitasa




Forrasok tomegei

Masses in the Stellar Graveyard

In Solar Masses

LIGO-Virgo | Frank Elavsky | Northwestern



Forrasok égi helyzete

GW170104

LVT151012

GW151226

\

GW170817

- GW150914

GW1708 14\ : | . LIGO/Virgo/NASA/Leo Singer

(Milky Way image: Axel Mellinger)




Fizikai Nobel-dij 2017

-

© Nobel Media. Ill. N. © Nobel Media. Ill. N. © Nobel Media. Ill. N.
ElImehed ElImehed ElImehed

Rainer Weiss Barry C. Barish Kip S. Thorne
Prize share: 1/2 Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Physics 2017 was divided, one half awarded to
Rainer Weiss, the other half jointly to Barry C. Barish and Kip S.
Thorne "for decisive contributions to the LIGO detector and the
observation of gravitational waves".
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A LIGO Tudomanyos Kollaboracioé

Ital elnyert egyéb kituntetések

2016
Special Breakthrough Prize in Fundamental
Physics

https://breakthroughprize.org/News/32

BREAKTHROUGH BOARD TROPHY EVENTS NOMINATIONS NEWS CONTACTS  Search

SPECIAL BREAKTHROUGH PRIZE IN FUNDAMENTAL
PHYSICS AWARDED FOR DETECTION OF GRAVITATIONAL
WAVES 100 YEARS AFTER ALBERT EINSTEIN PREDICTED
THEIR EXISTENCE

Selection Committee of previous Breakthrough Prize winners recognizes contributors to experiment recording waves from two black holes

colliding over a billion light years away.

$3 million prize shared between LIGO founders Ronald W. P. Drever, Kip S. Thorne and Rainer Weiss and 1012 contributors to the discovery.

Gruber Cosmology Prize
http://gruber.yale.edu/cosmoloqy/2016/ligo-discovery-team

GRUBER

FOUNDAT

HOME NEWS & MEDIA
THE GRUBER PRIZES PROGRAM FOR SCIENCE FELLOW;
FOUNDATION JUSTICE AND AT YALE
WOMEN'S RIGHTS /
BY YEAR GENETICS ~ NEUROSCIENCE  YOUNG SCIENTISTS AWARDS  JU

The LIGO Discovery Team

Laureate Profile

The 2016 Gruber Prize in Cosmology honors Ronald Drever, Kip Thorne, and Rainer Weiss, along with
the entire Laser Interferometer Gravitational-Wave Observatory (LIGO) discovery team and the Virgo
Collaboration for the first detection of gravitational waves. That observation, which came in September
2015, not only validated a key prediction of Einstein’s general theory of relativity but provided a first
foray into the strong-gravity regime of that theory—the part that covers phenomena with the strongest
gravitational effects in the universe.

2017

Royal Astronomical Society RAS Group

Achievement Award 'A’
https://www.ras.org.uk/images/stories/awards/winners/2017/
LIG0%202017%20Group%20Achievement%20Award%20A.pdf

Citation for the 2017 RAS Group Achievement Award ‘A’
The Laser Interferometer Gravitational-Wave Observatory (LIGO) team

The Group Achievement Award in astronomy is given to the Laser Interferometer
Gravitational-Wave Observatory (LIGO) team.

The direct detection of gravitational waves by the LIGO detectors situated in Livingston and
Hanford in the US is an epochal event in physics and astronomy. This extraordinary
achievement is the culmination of many decades of work, including US-based instruments

Rossi Prize of the American Astronomical
Society

A'A AMERICAN ASTRONOMICAL SOCIETY

' s Enhancing and sharing humanity’s scientific understanding of the universe since 1899.

Sgainy |

MEETINGS PUBLISHING poLicY EDUCATION CAREERS MEMBERSHIP DIVISIONS GIVING

https://aas.org/posts/news/ -
2017/01/head-rossi-prize- s
goes-gabriela-gonzélez-ligo-
team

HEAD Rossi Prize Goes to Gabriela Gonzalez & LIGO Team

Wednesday, January 25, 2017 - 13:38

TEEE
Princess of Asturias Award for Technical

and Scientific Research

http://www.fpa.es/en/
princess-of-asturias-awards/
laureates/2017-rainer-weiss-
kip-s-thorne-barry-c-barish-
and-ligo-scientific-
collaboration.html?
especifica=0&idCategoria=0
&anio=2017&especifica=0

RECENT POSTS.

Submitting Manuscripts to the AAS

PRINCESS OF ASTURIAS FOUNDATION  HM THE KING  PRINCESS OF ASTURIAS AWARDS  COMMUNICATION

PRINCESS OF ASTURIAS AWARD
FOR TECHNICAL & SCIENTIFIC
RESEARCH 2017 ==

LIST OF LAUREATES >

RAINER WEISS, KIP S. THORNE, BARRY
C. BARISH AND LIGO SCIENTIFIC
. COLLABORATION

PRINCESS OF ASTURIAS AWARD FOR TECHNICAL & SCIENTIFIC
RESEARCH 2017

LSC)




Ami a GW150914 utan tortent: LIGO India — jovahagyva !

LIGO-India Gets Green Light

Following this month's announcement of the first
observation of gravitational waves arriving at the earth
from a cataclysmic event in the distant universe, the
Indian Cabinet, chaired by Prime Minister Shri Narendra
Modi, has granted in-principle approval to the Laser
Interferometer Gravitational-wave Observatory in India
(LIGO-India) Project. The project will build an Advanced
LIGO Observatory in India, a move that will significantly
improve the ability of scientists to pinpoint the sources of
gravitational waves and analyze the signals. Approval was
granted on February 17, 2016.



wave detecto

Mission paves the way for

Elizabeth Gibney

25 February 2016

Megnyitotta

Az utat a
LISA
fellovéséhnez

Ami a GW150914 utan tortent: LISA Pathfinder

PRECISION LAB IN SPACE

Successful test drive for space-based gravitational

LISA Pathfinder has shown that an intricate experiment consisting of two metal
cubes in freefall, isolated from all forces except gravity, can operate in space.

At the heart of Pathfinder are two
free-falling metal cubes, shielded from
all forces except gravity by their housing.

The housing monitors each
cube's position and commands
the craft to move so that the
cube is always at its centre.

Any disturbance to the relative
motion of the cubes affects

the frequency of the laser
bouncing between them.

The cubes float in a vacuum,
surrounded by instruments
that mitigate stray forces.

enamure



A GW150914 utan: az inflacios korszakban sziletett

gravitacios hullamok detektalasanak terve

SCIENTIFIC g
AMERICAN

IENCES MIND HEALTH TECH SUSTAINABILITY EDUCATION VIDED PODCASTS BLOGS 5

SPACE

Hunt for Big Bang Gravitational
Waves Gets $40-Million Boost

The nonprofit Simons Foundation will fund a new observatory to search for signs of
stretching in the very early universe

Gravithelés hulldmok
keresése a kozmikus
mikrohullamid
hattérsuglrzis
polarizhcionak

B-mddusarbsl The Simons Observatory will search for gravitational waves in the cosmic microwave background



« European Gravitational Observatory — Koordinalo intézmeny

« Istituto Nazionale di Fisica Nucleare

« Max-Planck-Gesellschaft zur Férderung der Wissenschaften e. V.,
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Matra: kedvezd szeizmikus adottsagok

EINSTEIN TELESCORE
4 B

e )

bofRCToR fTEnan

- 2 db, egyenként 10 km Rarhosszislgic
detektor

- 3. generficios detektor: foldalattl, hittott
LRearok”

- legalabb 10x érzékenyebb a jelenlegi
detektoroknal

- érzéle.ewgsé@ also kiszobe: 1 Hz

- egyik interferométer 1 + 250 Hz,
masik kettd 10 Hz = 10 kHz
frekvencibra optimalizile

- megvalosulds ~ 2025
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Az Altaldwos relativitdselmélet még pontosablb
tesztelése:
- kizérhatok-e az U] polarizdciok?
- pontosan nulla-e a graviton tomege?
- az univerzum gyorsuls thguldsanak
figgetlen ellendrzése
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A jovo: Einstein teleszkop

- Az Binstein-teleszRop tudomanyos potenciilja vitathatatlan
- mintegy 50 évre a tudombnyos Vilig térképére helyezi a helyszint
- infrastruktirdlis, kulturilis, gazdasbgl hizséerot fejt ki
a régio fejlodésére
EZ EQY BEFEKTETES A JOVORE |
- Az Binstein-teleszRop tudomlnyos Rizosségébe vals magyar
beagyazas és kedvezo adottsagok
(Wigner Kutatdintézet részvétele, 1 1*ucar1q*|da,te sites
mas Magyarorszagow, gravitheiss K, Z..
hulldwok teriletén dolgozs
kutaték kapesolatrendszere,
szeizmikus méréseR) nem elegendiek = Q.
- regiondlis, orszhgos, talAwn Kozép-Buripal 2

9
Latwij
alas

— st b

' 4 ."‘ i
| Listuva T
o L APUBORS

bsszefoghs ! R 5l ARt
- helyi és orszhgos thwmogatihs, B 6 Qhemen
felajanlasok szitkségeser ! oo
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Laser N e

Drag-free spacecraft

Karhosszislg: 1000 km > érzékenység: 0,1 + 10 Hz
Cél: az Osrobbandst Rovetd 280.000 évben Ribocshtott
gravithcibs hulldwmok észlelése

(elektrombgneses hulldmok olyaw thvolrsl nem johetnek)
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NASA moves to rejoin sped-up gravitational wave
mission

By Gowvert Schilling | Sep. 9, 2016 , 3:00 FM

Karhosszuslg: 1-5 millié km (Riltségvetés fitggvénye)
Fold-Hold rendszert Riovetd heliocentrikus palya
2034 2 2029 ?
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The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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A jovo: Big Bang Explorer
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