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Le. 570 —L.e. 495
filozbfus, matematikus

Az 6kori gorogok vilagképe

Téetele:

Pitagorasz kimondta, hogy a Fild gomb alaki !



Az okori természetfelfogas

empedoklész Rozmogenikus elmélete
. 4 Rlasszikus dsszetevbvel
(a 4 elem megnevezés
Platbn-til szdrmazik):

- Levego (meleg és nedves, Zeusz)
wmodern megfeleldje a ghz

Le. 490 - i.e. 430 ) , . , )
- Fold (hideg és szaraz, Héra)

Platon wmodern megfeleldje a szildrd anyag

- Viz (hideg és nedves,
Nestis = Perszephoné)
wmodern megfeleldje a folyadéie

le 427 - ie 3457 - Tuz (meleg és szdaraz,
Aldoneusz= Hdaoész)
wmodern megfeleldje a plazma, hd




Gravitacioelmélet (?) az 6korban

Arisztotelész

L.e 384 -Le 322
Platon taw[t\/dnga

az elsd mindent Gtfogs
nyugati filozsfiai rendszer
megalkotsja

(fizika, biolsgia, zooldgia,
wetafizika, logika, etika,
esztétika, kiltészet, szinhdz,
zene, retorika, nyelvészet,
politika, leorméngzds)

Nagy (Makedén,) Sdndor
tanitomestere (i.e. 343 utdn)

Emplricista (a vildgot csak érzékszerveinken
keresztitl érthetjite meg)

Azt gondolta, hogy a testek természetes allapota a
nyugalom. Nines mozgds ok néliitl.

Bevezetl a lendiilet fogalmat. €z megmarad, miutdn
elengedjitk az eldobott kivet, tehdt egyenes palydn
mozog tovabb.

(ez igg nwew Lgaz, a pa’tLga egy parabola.)

Azt gowndolta, a nehezebb testek gyorsabban esnek.
(Ez sem Lgaz, Arisztotelész wgoma’m 1000 évig
hibdsan gondoltik.)

Az Univerzum Rizepe a Fold kozepe. Az Lsmert
égitestek szférdkon kRertngenek.

A nehéz elemek (fold, viz) természetitknél fogva
esnek a Rozpont felé, Lefelé.

A Ronnyie elemer (tiz, Levegs) természetitknél fogva
lgyekeznek felfelé, a Hold szférdja felé.




A Fold vonzza a testeket

Brahmagupta
598 - 665

Al-Blrunt

973 Uzbegisztin -
1048 Afganisztin

Hindu matematikus és csillagdsz

Algebra, analizis, geometrial, trigonometrial
eredmények 2 Rinyvben, bizonyitisok nélkicl

A Hold fényességviltozasaibil Levezett, hogy a Holo
Rozelebb van a Napnal

A nullat szammd Lép’ce’ci eld, mellyel miveletek
végezhetbk (Rordbban csak valami hidnydt fejezte ki)

A Folad gomb alaki és vonzza a testeket!

A Fold sajat tengelye kil forog

Afrika nem végtelen déli irdnyban

A VirdgoRnak 3,4,5,6,2 szirma lehet, # vag Y9 nem
A hangsebesség kisebb a fénysebességnél

A Fold természete a dolgok vonzasa és megtartasal



1473 - 1543
matematikus,
esillagdsz

NICOLAI CO

PERNICI TORINENSIS
lllllllllllllllllllll

Habesinh i
Sfrodiofe le@tor Motus ftell: 4
quim erraticarum cum ex ueteribus, tum etiam

o thes refti N
wis infupera¢ admirabiibs hypochetibo -

quibus cofdem ad quoduis tempus quim facilli
me calculare poteris. Igitur eme, lege,fruere,

Asapirgams SAis datm,

Norimberg apudloh, Petreium,
Anno  m. B, xLiih

1514 elott nem sokkal: Commentariolus (40 oldal)
- a Heliocentrikus vildgkép elst Leirdsa
- barGtainak Rildte szét
- 1533-ban Johann Albrecht widmannstetter elbadta
Rémdban
- VIl Kelemen papa és néhdny pitspsk olvasta,
érdeklodését fejezte ki
1539: Georg Joachim Rheticus a tanitvinya lesz,
kozdsew Lrnak egy kinyvet: Narratio Prima
1543, fomive: Nicolai Copernict Torinensts:
De revolutionibus orblum coelestivum

Posztuldtumat:

1. Az égitestek nem azonos pont Riril keringenek

2. A Fbld kozéppontja a Hold szférdjanak is kozpontja

3. Az bsszes szféra a Nap Riviil forog, mely az univerzum

kézepéhez Lgen kibzel Gll

A Fold-Nap tavolsdg igen kicst a csillagok tévolsdgihoz mérten

5.  Acsillagok mozdulatlanok, Latszélagos mozgdsukat a Folol wapt
forgdsa adja

&. A Fild egy napkiriili szférdn kering, de a Foldnek masféle
mozgasa ts van

F. A Fold Nap-kérili wmozghsa az oka a bolygsk idészakos
visszafelé haladdsdnak

*



Johannes Kepler

1571 — 1630

matematiieus,

esillagdsz, asztrolégus,
természetfilozofus,

az égi mechanika
megalkots]a,

a 1. sz.-i tudomdnyos
forradalom kulcsszerepldje

Optikal munkibssio:
Kepler tdvesd (refraktor)

¢ |

Refracting Telescope (Kepler)

A bolygdmozgds torvényel

P? years = a® AU (MM,V\IR“,I::
et S ,, L .an " Astronomla nova,
/ N / i A\ ’ ’
| émnlhs:“ gy ) n”“‘:a? HQVVM,DV\ILOCS Ml/(—V\IdL,

4 epitomeof

R rd
P= ! bi
on semimncior e Copermoaw Astrowomgj)

C

A platont formék hatdrozzdk meg a & iswmert bongo

Ai‘ud

Naptol mért
tavolsagat

1604-£s SZUPErNOVa
megfigyelése
(arisztotelészi tanok cdfolata)



Galileo Galilei

1564 — 142

matematikus,
esillagidsz

modern tudomdny atyja,
1@[ taldlmdbny ok,

a tarsadalom elitél,
tudomdnyos forradalom

Optikal munkibssig: Galilel thveso

%ﬂ<\/© .. (refraktor)

1&10: felfedezi
a_Jupiter

4 nagy holdjdt
(Zeusz kedvesel): |0

Europa Y
i Merkar

=
Ganymedes ™

: 2002 végéig 40 jupiter-
4,0 Callisto holdat fedeztek fel.



Galileo Galilei

D AL 0 (50 AZ ingamozgds torvénye (T2 ~ inga hossz)
GALILEO GALILEI LINCEO

MATEMATICO SOPRAORDINARIO
DELLO $TVDIO DI PISA.
E Filifofo, ¢ Matematico primaria del
SERENISSIMO

GR.DVCA DITOSCANA.

4 rd
)
Az ekrvivalencia-elv:
Douc nei congreffi di quatero giornate fi difcoere
fopra due
MASSIMI SISTEMI DEL. MONDO
‘IOIJ,MAI(_O.L(_OFERN)CA.\'O,

Proponcndsindestrminasamense e rsgions Filfifcle, ¢ Natwra
taxte per F'vwa, guanis per Faltrs parte .

CON PRI

s Q=
IN FIORENZA, Per Gio:Bacila Lasdini MDCXXXIL
CON ZIGKNZA DF SYPERJOM,

qalilet-homérd
MAGNE DVX. (felhajtderd + hbtdgulds):

rentiam illam, qua homi-

1es inter aC animantia Cetera

reperitur,ctfilonge maximame

bifta, quipfos

rutfum homines inter fefe difcriminat,pa-

rum abeffe dixerithaud abfurde foreaffe -

dicauerit. Quantum millenario numero.

fuperacur vnitas? At nihilo minus vulgari

‘proucrbio iadtatur: Vnsum hominem valere

millenos alios, wbi millening valeant wnum.

Difcrimen auté iftud3 diverfis ingeniorum

habiliaubus dependet- quod ed reduco,ve

quis fic Philofophus, aut nec- Philofophus:
quandoquidem Philofopl
Pprium corum, qui €o i

A communi frcevulgifepa-

1at, idgs fublimiore humiliorcue gradu, ni-

§ Erpe ilusipfus nurrimenavaricta-

faprarely us aciem oculorum intendit, is

1quos altius atcollicur,




Isaac Newton

1642 — 1726/ 7

Angol
természetfilozofius,
matematikus

A tudomanijos
forvadalom 5 alakja

Philosophiae Naturalis Principia Mathematica (1687)
A Rlasszikus mechanika megalapozisa

Newton mozgbstdr/ényel

Newton univerzilis graviticelotor/énye

Kepler planetlris mozgds torvényeinek levezetése

' PHILOSOPHIA

ll NATURALIS |
PRINCIPT Al

MATHEMATICA.

| |Amore 75 NEIFTON, Triw. . Castab, S, Mathefoos |
‘ I Profcfloce Lacafiam, & Societacs Regali Sodali l i

IMPRIMA TUR:
S PEPYS RgSe. PRESES
Teli 4. 1856 !

!

!

!I LONDINI

| 1Jella Scnraer Regic 3¢ Typn Tofepli Streater. Pooliat aped |
! phares Bbdbogolis.  dsew MDCLXXXVI |

- Atudomdanytorténet egyik legfontosabb mitve
- Altala kidolgozott kRalkulust haszndlt fel



Isaac Newton

optileai munkissig

o ) OPTICKS:
FCV\IgtOYCS, szinekre bontis ‘ TREATISE |

EFLEXIO RIIR ACT!
I IN lLL\l( d COLO! ‘

1L G HT.

| Two Turn'xsss ‘\
l

SPECIES Nl ;\!.-\GSITL'D!-'

‘ Curvilinear Figu

Minden féwgtérésew aLaPuLo’ tavesd
a Rildnbszb szinek jelenléte miatt
kRromatilkus abberdclét mutat

Newtow tavesd (1668)
(elsd sikeres titkros tavesd)




Newton gravitaciéelméletének sikere és korlatai

Pro:

Az Lsweert jelenségeket (égitestek
mozgasa, tomegvonzis a Foloow)
egyetlen logikat rendszerbe
rendezte

Meg)jbsolta a Neptunusz Létezezését
azZ Urdnusz mozgasanak
elemzésébbl (Le Verrier)

qyenge gravitdcidbaw és lassic
mozghisok esetén (foldi viszowgoka
Rozt) remdkividl pontos

Bgyszeriv: egyetlen skaldrmezo

Kowtra:

FelteszlL az éter Létezését

A bolygok mozgasat nem
teljesen pontosan adja meg
(perihéliumvindorlis értéke)

Foldt \/Lszowgol’e kozt semt
teljesen pontos, ha GPS-t
szeretnénk hasznalnt

A gravitdceis terjedési sebesséoe
végtelen (pillanatszeric
kolesonhatas)



Csokkend erbsség

Gravitacié a modern fizikaban: a 4 kolcsonhatas egyike

1. Erds kolcsonhatas (magerd6k)
2. Elektromagnesesség
3. Gyenge kolcsonhatas (radioaktiv bomlas)

Kvantalt kolcsonhatasok sik téridében

4. Gravitacio

gorbult téridében

(;/’ ;
ik




Az ismert Univerzum osszetétele

COMPOSITION OF THE COSMOS

- Heavy Elements
0.03%

Neutrinos:
0.3%

Free Hydrogen
and Helium:
4%

Dark Matter:
25%

Dark Energy:
70%




Ido- és tavolsagskalak az Univerzumban

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

.

5 A A T AR A B amxm:

i e RaRT

Quant
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years

NASA/WMAP Science Team

- V' 4 . r
gravitacio >
—
- ' e——- Co it € ot G L Ariwm Bt 12 Pissans Conrdam.
Rt b o e ek Lae gonr sttt nd ol Wy e sulac e ederewrhle wwyvire

e el pralmion ™ A o -



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)

2. o .3
| 831G 7 d ;l‘.“ — _r*,, dx® dx

4 uv

gnd representing
space- time

Fundamental Thesrses of Py 102

Exact Solutions of Exaiitgil:, asct:i-l’f’l;nes U8 i :;?&Tswm
Einstein’s Field Equations o A e Bemard Whiting Edktors
2 General Relativity T 450 et ), KX
JERRY B. GRIFFITHS : MaS§§nd; . ‘."v;‘-,—‘ .
JIRf PODOLSKY y e et } T A
ol srama Motion in General
. , N
CORNBLIDS HOENSELAERS Relatwlty k\ ,g_
EDUARD HERLT > P
uuuuuuuuuuuuuuuuuu
CAMBRIDGE MONOGRAPHS . ONMATHEMATICAL PHYSICS
ON MATHMEMATICAL PHYSICS




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

hatalmas gorbulet > fekete lyukak

0-18
(o]

Keck/UCLA Galactic
Center Group

" Keck/UCLA
Galactic Center Group

1995-2008




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.



Fekete lyukak akkrécioj

Maximal spin and energy conversion efficiency in a
symbiotic system of black hole, disc and jet
Z. Kovacs, L. A. Gergely, P. L. Biermann, Mon. Not. R.

Astron. Soc. 416, 991-1009 (2011)
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2 0.8939 0.308
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Fekete lyukak gravitacios lencsézése

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
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Utkoz6 feketelyuk-kettésok jelei a jet-ek elektromagneses spektrumaban

Flux [Jy]

11 I | n
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9 s | | } -
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Time-1995.96 [year]
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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.

0.714 Jy/beam 08 Jy/be 1.02 Jy/beam 1.16 Jy/beam

0 0

1997-08-18 2002-05-29 2 O -0y 200 7-0L-06 2007-04-18

1.11 Jy/beam 1.4 |y/beam

1.52 Jy/beam

2009-01-07

Integrated flux density (m]y)

0

2010-09-17 2011-08-26 2012-05-24 2012-11-0Z

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

cc-by: University of Florida / S. Barke




A gravitacios sugarzas Foldre gyakorolt hatasa

gifs.com

Szerencsére nincs a kozelliinkben feketelyuk-kettds!!




Masodik generacios interferometrikus gravitacioshullam-detektorok halézata

Advanced LIGO, Hanford, USA, 4km Advanced LIGO, Livingston, USA, 4km  Advanced Virgo, Cascina, Italy, 3km
Advanced LIGO

Advanced Virgo

KAGRA, Kamioke, Japan, 3km
KAGRA

: Opening (201819, 3-8 Mpc)

< I Early (201920, 8- 25 Mpc)
= I Mid (202021, 2540 Mpc)

I Late (202122, 40140 Mpc)
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Table 1 Plausible target detector sensitivities. The different phases match those in Figure 1. We quote the
range, the average distance to which a signal could be detected, for a 1.4 M»+1.4 M, binary neutron star
(BNS) system and a 30 M, +30M,, binary black hole (BBH) system.

| GwW151226

LIGO Virgo KAGRA
GW1 701 04 BNS BBH BNS BBH BNS BBH
range/Mpc  range/Mpc  range/Mpc  range/Mpc  range/Mpc  range/Mpc
GW170814 Early 40-80 415-775 20-65 220-615 8-25 80250
- Mid 80-120 775-1110 65-85 615-790 25-40 250-405
Late 120-170  1110-1490 65-115 610-1030 40-140 405-1270
Design 190 1640 125 1130 140 1270
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Strain (1072%)
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Phys. Rev. Lett.
116, 061102 (2016)

Hanford, Washington (H1)

Livingston, Louisiana (L1)

= L1 observed

H1 observed (shifted, inverted)
T T

I — Numerical relativity
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I T

H — Numerical relativity
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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




A lokalis Univerzum feltérképezésének uj médja !

https://pionic.ora/motions-of-thousands-of-galaxies-mapped
https://player.vimeo.com/video/206210825?byline=0&badge=0&portrait=0&title=0&api=1&autoplay=1

Motions Of Thousands Of Galaxies Mapped

The Arch

Laniakea

Southern Wall
Shapley

Perseus-Pisces

The Funnel
Great Attractor

Shapley-Lepus filament Lepus-Funnel filament

Lepus

The cosmic velocity web is represented by surfaces of knots in red and surfaces of filaments in gray. The black lines with
arrows illustrate local velocity flows within filaments and toward knots. The Laniakea Supercluster basin of attraction that
includes our Milky Way galaxy is represented by a blue surface. The region being displayed extends across one billion light

years. Credit: Daniel Pomarede, Yehuda Hoffman, R. Brent Tully and Helene Courtois. Credit: Daniel Pomarede, Yehuda

Hoffman, R. Brent Tully, Helene Courtois



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 gravitaciés hulldam ~z=0,4 (1700 Mpc)  a Foldon kialakul
erkezhet hozzank!! az oxigénne[ telitett [é’gédr




Strain (107%%)
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A gravitacios hullamok masodik kozvetlen kimutatasa: GW151226

GW151226:FACTSHEET

Phys. Rev. Lett.
116, 241103 (2016)

Livingston
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-0.2 0.0 -1.0

-0.6 -0.4
Time (s)

-0.2

0.0

ONPOOHKF

OND_O

Normalized Energy

|
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: GW170814

- 0
Phys. Rev. Lett. ORG R REI= A
119, 141101 (2017)
observed by H1, L1, V1 duration from 30 Hz ~026t00.285
source type black hole (BH) binary | ¢ = les from 30 Hz ~15t016
date 14 Aug 2017 S P et i e 50 dogs
time 10:30:43 UTC (with V1) /
online trigger latency ~30s credible region sky area 1160 deg?
_ _3ga at£1.8 ms before H1 (without V1)
signal arrival time delay
and 14 ms before V1 lntituda, longithda
- i 45° 5, 73 W
signal-to-noise ratio 18 (at time of arrival)
L . . in direction of
Hanford Livingston Virgo false alarm rate sky location Eridanus constellation
1k . . 1 - i . . . . . i i e |
: I‘| . robability of noise 0.3% *RA, Dec 03*11%, -44°57"
N | ] ducing V1 SNR peak Peak GW strain (102) l6.6.5
L — || 1022 bon o '
NI T Y O Nght years peak stretching 'of
[ MI- lu\h,'t\l N redshift 007 to 0.14 interferofneter anm ~#12,12,08
VoA WV "'W""\_,' total mass 53 to 59 M, (HT, L1, V1)
5.0
:-”"ﬁ primary BH mass 281036 M, freplyancy at pask 155 to 203 Hz
= 25 40 2 GW strain
2 +3°g. scondary BH mass A S wavelength at pesk 1480 51930 km
B =
g 5 mass ratio 0.6t 1.0 e
8 : R 32t04.2 % 10%
=] k GW lur
:E ' :3 remnant BH mass 51to 56 M, pas uminosity erg 51
33 2 remnant BH spin 0.65 to 0.77 radiated GW energy 2.4 to 31 M2
=5 .
a remnant size remnant ringdown freq. 312to0 345 Hz
p 139 to 153 km
g (sllimataon raciit) remnant damping ti 31t036
I o,
g g remnant area 2.4 to 2.9 x 10° km? Wiy e
& g 7 4 o b 1h consistent with general passes all tests
7 i c""" 8pin P“""""‘" : ' relativity? performed
g FfecPve precession unconstrained ! e\nd.encn for L
§ » ] ; . R ; Py ; spin parameter dispersion of GWs
o 052 054 056 46 048 050 052 064 056 Farameter ranges correspond to 90% credible intervals.

46 048

a5 052 084 056
Time [s]

h46 D485 050
Time [&]

Time [&]

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 gravitacios hullamok osszehasonlitasa

NWWW\MW#* GW170104
WV\/\/\/W\AW GW170814

0 sec. 1 sec.
time observable by LIGO-Virgo




Forrasok tomegei
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X-Ray Studies
LIGO/VIRGO




Forrasok égi helyzete

GW170104

S V7151012

GW151226

GW150914

GW170814



A harmadik detektor szerepe a lokalizaciéban

" Rapid LIGOkocalization % ™

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




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".



A gravitaciés hullamok elméleti targyalasa

Spin nelkili gravitacios hullamforma
20e=

Kompakt kettésok posztnewtoni kozelitésben:

Ervényesség:
- a horizonttol tavol
- fénysebességnél jéval kisebb sebességeknél

Strain
L5 o

-8 6 -4
Time (s)

Spine§o gravitacios hullamforma
1578

Perturbalt Kepler dinamika:
- altalanos relativitaselmeleti korrekciok 1PN, 2PN, ... :

(befolyasoljak a palya alakjat)
- spinkorrekciok 1.5 PN, 2PN, ...
(mozgatjak a palyasikot is)
- kvadrupdl-korrekciok 2PN, ...
(neutroncsillag allapotegyenletével vagy feketelyuk forgasaval kapcsolatos)

- gravitacios sugarzas 2.5 PN, ...
(energiat, impulzust és impulzusmomentumot visz el a rendszerbdl)

Az altalanos relativitaselméletben 7/ \\ R
a gravitacids sugarzas . /
kétféle polarizaciéban fordul elé: X ', / X
(ezek linearis kombinacicja) \j

(a) (b)

Strain

-8 6 -4
Time (s)




A gravitacié fénysebességgel terjed: gravitaciés hullamok

www.einstein-online.info



Szegedi Gravitaciéelméleti csoport LIGO tevékenysége

LIGO Document M1200248-v32
5 August 2017

The LIGO Scientific Collaboration

LSC Council |

LIGO kollabordceld GH kereséssel |
‘fOQ La UQ,OZ(S csoportjai: — Exffc“sivk%fﬁf:?mee |

’ e 2 ” LSC-Virgo Committees }'—“ o 1SDP5(:ree:aE::50n } r— LSC Service Committees ’
[ Kbto YCSSZCYM- (Burst) eputy Spol esnelrson( . Cadonati)
* Kowmpakt RettostkR (Compact l [ l

’ l Data Analysis Instrument Science ] Education and Public Outreach
Blnary Coalescence) i L : e I = |
L\

2 Szegedi csoport

ennekr része
* Pertodikus (Continous wave)
o Sztochasztikus hattér

Burst Sources Computing and Software Quantum Noise Formal Education
(1.S. Heng, J. Kanner) (P. Brady, P. Couvares) (R. Schnabel (L. Cominsky, A. Henry, W. Katzmann)

= Lasers and Auxiliary Optics Informal Ed./Public Outreach
Detector Characterization (V. Quetschke) (A. Stuver)

(J. Creighton, J. Veitch) (A. Lundgren, J. Mclver)

Compact Binary Sources |

Optics LSC Web Committee
(1. Martin)

Continuous Wave Sources |

e Sour Calibration
(E. Goetz, A. Sintes) i M. Wad

Seismic Isolation and Suspensions

(8. Lantz)
Stochastic Background |
14 (A. Matas, L. Sammut)
L Adv. Interferometer Configurations
(M. Evans)

A CBC csoport kRét ,Offline” elemzd szoftvert hasznil : gstlal és PYcCeBC .

A 2 szoftver RUlonbszd mbdszerrel készitlt, mds mbdon Reresnek gravitdciés hulldmot.
Feladatuk 5 napnyi, mindiét detektor dltal felvett adatsorok elemzése.
Akkor beszélhetiunk detektdldsril, ha mindkét modszervel megtaliljdl a jelet.



Szegedi Gravitaciéelméleti csoport LIGO tevékenysége

PYCBC keresés folyamata

PYCBC keresd szoftver futtatidsa és felitgyelete

a mérést adatsoron (LIGO kollaboractd dltal elérhetd
szuperszhamitogépen, pl.: NSF dltal tdmogatott XSEDE,
Open Science Grid, illetve az AEL Atlas)

Kiszlrendd Ldbszakokat }59'1:‘“ wgo§abb ?GQ‘(:DICWI,SDR ’

figyelembe véve ijra LoejéneR RLgyitjtése és atadasa

elbkészitent a futtatdst az adatwminbséggel foglalikozd
csoportnak

Az adatsor feldolgozisakor a szoftver Riveszi a Lehetséges (mindkét deteRtorban
megjeLewﬁ)jeLekze’c (tg Yy lesz ,vak” az analizls). Ezen, a csak zajoleat tartalmazé
adatsorow javitdsokat hajt végre, megtisztitva azt a nyilvawvals zajforrdsoktol.
Amikor mbr nem javithats az adatsor mindsége, ezt a zart analizist a
kRollabordcls CBC csoportja elott prezentilja a felelbs kutats és a CBC csoport dont
arrél, hogy javithats-e még az adatsor. Ha newm, a hasonls javitdson Atesett teljes
adatsort tartalmazs ,zart dobozt” hiwmi‘gja az adatsorért felelos Rutatd, és
kideriil hogy az adatsor tartalmaz-e gk;avitéciés hulldwot




Szegedi Gravitaciéelméleti csoport LIGO tevékenysége

NNNNNNN

Thpail Mérton (SZTE) és vasith
Mityds (Wigwner) a hannovert Albert
Elnsteln Intézet Obszervicelds
Relativitdselmélet és Kozmoldgia
csoportjdban tett munkaldtogatds
sorén ismerkedtek wmeg a PYCRC

PYCBLC csoportbaw reszt\/e\/o Lwtezetele: szofevervel:

*  Albert Elnsteln lnstitute

(Néwmetorszag) https://github.com/ligo-cbc/pycbc
*  NASA gravitational Astrophysics

Laboratory

(Amerikal Egyesilt Allamok)

* california (nstitute of Technology Az Advanced LIGO mésodik mérést
(Amerikai Egyesiilt Allamok) Ldbszaka (O2) sordn

* Syracuse University Tépai Mdrton

(Amerikai Egyesiilt Allamok) hdrom wérést adatsor

© Szegedi Tudombdnyegyetem PYCBC elemzéséért felelt,
(Magyarorszég) melybdl az egyik adatsor

* cardiff university gravitdciés hulldwmot
(Bgyesilt Kirdlysdig) tartalmazott !

*  Abilene Christian l/kwi\/crsi’cg
(Amerikal Egyesilt Allamok)



Feketelyuk-kettosok: 2PN konzervativ dinamika

A Rettbs palya- és spindinamikdja 2PN
pontossigig, vezetd rendic spin-phlya,
spin-spin és tbmeg kvaovrupilus - tomeg
monopdlus effektusokkal, dltaldwnos (nem
kv vagy gémbi) palydkon

BowgoLuLt, de zart rendszere elsorendit
kézdnséges differencidlegyentetekrneir ,
melyek az oszkuldls palyaelemek és spin
szbgek fejlodését adjdle wmeg

Spinning compact binary inspiral: Independent
variables and dynamically preserved spin
configurations

L. A. Gergely, Phys. Rev. D 81, 084025 (2010)

Spinning compact binary inspiral. ll. Conservative
angular dynamics

L. A. Gergely, Phys. Rev. D 82, 104031 (2010)




1. alkalmazas: kaméleon palyak (egyenloé tomegekre)

A kaméleon palydkon a lokdlis palyaelemer (newtont értelemben)
elliptikusak a pericentrum kizelében, viszont hiperbolikusak nagyobb
tavolsdgokon

Magyaridzat: az dltaldwos relativitdselmélet erbsebb gravitdeist josol kis
tavolsdgokon a newtonindl

orbit — orbit ——
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FIG. 2 (color online). Chameleon orbits due to 1PN and SO effects for binaries with equal masses and spins (y; = y» = 0.9982). The
curves and initial conditions are as on Fig. 1. On the left (right) panel the spins are antialigned (aligned) with the orbital angular
momentum.

Spinning compact binary dynamics and chameleon orbits
L. A. Gergely and Z. Keresztes, Phys. Rev. D 91, 024012 (2015)



1. alkalmazas: kaméleon palyak (1:30 tomegarany)
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FIG. 3 (color online). Chameleon orbits created by 1PN and SO effects are represented for unequal mass (v = 1/30) spinning binaries.
The same functions as on Fig. 1 are shown for the same initial conditions. The relative direction of the spins and the orbital momentum
are indicated by arrows. The dimensionless spin values are the same y; = y, = 0.9982 in all panels.

Spinning compact binary dynamics and chameleon orbits
L. A. Gergely and Z. Keresztes, Phys. Rev. D 91, 024012 (2015)



2PN szekularis dinamika

Secular precessing compact binary dynamics, spin and orbital angular momentum flip-flops
M.Tapai, Z. Keresztes, L. A. Gergely, LIGO Document P1600207, submitted to Phys. Rev D

- Precesszhld Rettbs 2PN pontossdgig konzervativ szekuldris fejlodése,
rvezetd renoit spiw—PéLga, spin-spin és tomeg kvadrupblus -
monopolus jarulékokieal

- A spin és palyaimpulzusmomentum poliris és azimutalis
szbgeinek, valamint a periasztron argumentumanak fejlddése
elsorendit kozonséges differencidlegyenletek zart rendszere szerint

- Acpillanatnyi dinamikbval ellentétben a szekuldris dinamika
autondm

A phlya alakjdt jellemzd paraméterek (félnagytengely és excentricitds) megmaradnak:

PN SO <SS QM 2PN 0
[ =1 =

2 A2PN szekuldris dinamika egyszeritbb a pillanatnyindl
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2PN szekularis dinamika: Euler szogek

Inklindels:
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2 A2PN szekuldris dinamika egyszeritbb a pillanatnyindl

Pertasztron argumentuma:
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2PN szekularis dinamika: spin szogek

Spin poldr szbgek:
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Spin azimutilis szsgek:
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2 A2PN szekuldris dinamika egyszeritbb a pillanatnyindl



A 2PN szekularis dinamika érvényessége

Secular precessing compact binary dynamics, spin and orbital angular momentum flip-flops
M.Tapai, Z. Keresztes, L. A. Gergely, LIGO Document P1600207, submitted to Phys. Rev D
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2. alkalmazas: A flip-flop effektus vizsgalata

A Risebbik spin az egyik palustil a mdésikig bolyong (wumerikus vizsgdlatok partikuldris esetekre)
C. O. Lousto, J. Healy, Flip-flopping binary black holes, Phys. Rev. Lett. 114, 141101 (2015).

Analitikusan vizsgdlhatjuk az effektust !

(a) Full flip-flop
] k1 (red) _a_nd k2 (blue) n

(¢) Small flip-flop

| (red) and k; (blue) 6

T 1 u
1l 18 1
i 1 u
1 = | e 1 e il
A 0w @ W m W@ @ W W Bl Rl

(d) No flip-flop

[
' i x1 (red) and x2 (blue) i

il SN —

Secular precessing compact binary dynamics, spin and orbital angular momentum flip-flops
M.Tapai, Z. Keresztes, L. A. Gergely, LIGO Document P1600207, publikalasra benyujtva, Phys. Rev D



3. alkalmazas: A spin-flip effektus

* GH kibocsatas miatt a
nagyobbik spin a J iranyaba
__fordul
The spin-flip phenomenon in
supermassive binary black hole
mergers
L. A. Gergely, P. L. Biermann,

Astrophys. J. 697, 1621 (2009)

FIG. 2: (Color online) The number of SMBH encounters with
mass ratios ¢ as function of log, ¢.

Kulcselemek: (i) tipikusan a fekete lyukak tomegei nem azonosak, m,<<m,, igy S,

~ m,? elhanyagolhato, (ii) J iranya megmarad, (iii) S; nagysaga megmarad - spin-
flip



3. alkalmazas: A spin-flip effektus

Table 2: Order of magnitude estimates for the inspiral rate L/L, angular pre-

cessional velocity €2, and tilt velocity & of the vectors L and S; with respect to
J, represented for the three regimes with L > Sy, L =~ Sy and L < S;, charac-
teristic in the domain of mass ratios ¥ = 0.3 = 0.03. The numbers in brackets
represent inverse time scales in seconds™!, calculated for the typical mass ratio
v = 107!, post-Newtonian parameter 107%, 1072 and 107!, respectively and
m = 10°M (then ¢*/Gm =2 x 1073 s71).

L > Sl L~ Sl L < Sl
~L/L 2%:2:?7 (~ 10:1:) ‘) 3%2:4;7 (=~ 10-_11 J) ffi;fz (~ 10::)
Q, =% (= 107H) Lo (= 107%4) 2 (21077
i e (21071 EZeil (x107ML) T2y (21077
Osszeolvadasig: 30 million years 300 years few months
Precesszios iddskala: 3000 years 3 years days

I[ranyvaltozas egy
precesszié soran: 2 arcsec (6 x10-4 arcsec/year) 3 arcmin ( /day)



3. alkalmazas: A spin-flip effektus

Tipikus szupernagy
tomegl feketelyuk-
kettésokben a spin-
flip bekovetkezik a

bespiralozas soran!

Supermassive black hole spin-
flip during the inspiral

L. A. Gergely, P. L. Biermann, L.
|. Caramete, Class. Quantum
Grav. 27 (2010) 194009

Ve ‘e,
‘r,
A %4
o Y,
oty

s,
o
<
.,;'
g ™,

4

log vt

Figure 2. The spin-flip angle o.,;, as function of the relative orientation of the spin
and orbital angular momentum a + 3 (a constant during inspiral), and mass ratio v.
For a given mass ratio the spin-flip angle has a maximum shifted from 7 /2 towards the
anti-aligned configurations. The mass ratios v = 1; 1/3; 1/30 and 1/1000 are located
on the logr—! axis at 0; 1.09; 3.40 and 6.91, respectively, confirming the prediction,
that a significant spin-flip will happen in the mass ratio range v < (1/30,1/3). For
mass ratios smaller than 1/100 the spin does not flip at all, as the infalling SMBH acts
as a test particle.



X-alaku radié galaxisok: osszeolvadt feketelyuk-kettosok maradvanyai

On the origin of X-shaped radio galaxies
Gopal-Krishna, P. L. Biermann, L. A. Gergely, P. J. Wiita,
Research in Astron. Astrophys. 12, 127-146 (2012)

Fig.1 Radio contours overlain on X-ray emission for the XRG 3C 433. Reprinted with permission

from Miller & Brandt (2009): copyright AAS.

Spin-flip model: wing formation ceases before the primary lobes begin to form

Desecription Jet direction flips due to re-alignment of the spin of the domunant SMEH , due to 1ts merger
with another SMBH.

Eey ment/evidence + Explains why hotspots are never seen in both lobe pairs.

+ Can explain secondary lobes being larger than primary lobes.
+ Post spin-flip, jets can easily propagate straight outwards.
* Z-symmetry of the wings can be easily understood.
+ The empirically inferred systematic excess of SMBH mass in XRGs (compared to those
in RGs) fits naturally mnto this picture.
+ Can also explain the formation of superdisks.
Does not naturally explain + The correlation of the radio lobe axis with the optical axis of the host elliptical.
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Az altalanos relativitaselméleten is tul?

1. motivdclo:

* A sBtét energia az Univerzum F1%-Gt alkotja

*  Mibenléte nem Lsmert

*  Legegyszeribb valtozata a Rozwolégial Ronstans, de annak
mind dllands jellegét, mind nagysbgbt nehéz magyarbzni

*  Nem csombsodik, egyenletesen tilti ki az Univerzumot

* qyorsuls tagulast okoz

* Csak gravitdcibsan hat Rilesén

=~ olyan wmédositott gravitdciselmélet, amelyben a gyorsuld
tdgulds természetes modon megjelenik, de a modositdsok csak
Lgen nagy Léptékben valnak észlelhetdveé?



Az altalanos relativitaselméleten is tul?

2. motvdceld:

a sotét anyag az Univerzum 24%-4t alkotja

Mibenléte nem tsmert

Eddig javasolt viltozatainak kimutatdsa sikertelen
Csombsodik, galaktikus és Lokdlis csoport halokbawn tombridl
* Csak gravitdciésan hat Rélesén

2 olyan wmédositott gravitdciéelmélet, amelyben a
wmbdositisok csak galaktikus, vagy anndl s nagyobb
Léptékben vilnak észlelhetové?

(pl. skalar-tenzor elméletek, mengehbew a skalar
tomege természetes tldvolsdgskalat ad)



A sotét anyag
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A sotet anyag keresese

SZuperszimme’crihus részecskék keresése (LHC: nem)

Stertl neutrindk keresése (lcecube: nent)

WIMP sptét anyag részecskék keresése (LUX, PandaX-Il, Xemonl00: nem)

Extra dimenzidk keresése (LHC: nem)
MACHO sitét anyag keresése (mikrolencsézés: nwem)

AxLown sptét anyag leresése (Axion Dark Matter Experiment, Center for Experimental
Nuclear Phgsics and Astro'phgsics (CENPA), lewix/ﬂrsL’cg of washington: nem)



Szuperszimmetrikus részecskek keresese (LHC)

https://www.sciencenews.org/article/supersymmetry’s-absence-lhc-puzzles-physicists

Partnered up

Supersymmetry predicts that the known
fundamental particles in physics (top) have
superparticle partners (bottom). For example, the
electron has a partner known as a “selectron,” and the
Higgs boson's partner is the Higgsino. The
superpartners are more massive than their
counterparts (indicated by the size of the spheres).

Supersymmetry

Particles

J

9 " 9
J o W @

Supersymmetric particles
DESIGNUA.

2016 oktober:

2015-16-ban az LHC
semmiLgew wgomét nem
taldlta a szuperszimmetriéwalz

Supersymmetry search

To find supersymmetric particles, LHC scientists search for particular signatures in their data. This
collision, recorded by the ATLAS experiment at the LHC, was selected as a candidate in the search for
supersymmetric particles. In this visualization, rectangles indicate components of the detector, and the
five cones indicate “jets” or sprays of particles produced in the collision. The scientists ultimately didn’t
find any evidence of the new particles.




Steril neutrindk keresése (lceCube)

http://icecube.wisc.edu/news/view/438

./‘

If sterile neutrinos exist, lceCube would measure a
disappearance of atmospheric neutrinos that would otherwise
reach the detector on a trajectory through the Earth's core.
Credit: IlceCube Collaboration

A steril neutrindk new hatnak
Rélesén az anyaggal, de
befolydsoljdi, hogy a tobbi
neutrind hogyaw hat kilessn

016 augusztus:
lceCube ('Phgs. Rev. Lett)

Kb 200.000 neutriné esemény
feldolgozbsa utdwn a steril
neutrind hipotézis 99%-os
biztonsdggal elvethetd



WIMP keresése (LUX, PandaX-Il, Xenon100)

https://www.scientificamerican.com/article/physics-confronts-its-heart-of-darkness/ A WIMP-ek tome ge1 és 1000

protontimeg REzotti

Gravitdcibsan és gyengén hatnak
Roleson

LUX Risérlet (Dél-Pakota, sanford
Foldalatti Kutatsintézet)

302 kg hititt, folyékony xewon
titdniwm tartdlyban, besillyesztve
272.500 liter vizbe

WIMP esetén a xenow felvillan, a
viz szerepe mis Rbrwgezeti
téwgezéle kizlrdsa

2014-16 REzZottL mérések eredménye
negativ

Kovetkezd mitszer: LUX-Zemplin,
FO-szeres brzéRenyséy



Extra dimenzidk keresése (LHC)

1606.04084v1 [hep-ph] 13 Jun 2016

arXiv

Bounds on Universal Extra Dimension from LHC Run I and II data

Debajyoti Choudhury! and Kirtiman Ghosh?
Department of Physics and Astrophysics, University of Delhi, Delhi 110007, India
! debagyoti.choudhury@gmail.com, 2kirti.gh@gmail.com

We discuss the collider bounds on minimal Universal Extra Dimension (mUED) model from
LHC Run-I and II data. The phenomenology of mUED is determined by only two parameters
namely, the compactification scale (R™') of the extra dimension and cutoff scale (A) of the theory.
The characteristic feature of mUED is the occurrence of nearly degenerate mass spectrum for the
Kaluza-Klein (KK) particles and hence, soft leptons, soft jets at the collider experiments. The
degree of degeneracy of KK-mass spectrum crucially depends on A. The strongest direct bound on
R~ (~950 GeV for large A) arises from a search for a pair of soft dimuons at the Large Hadron
Collider (LHC) experiment with 8 TeV center-of-mass energy and 20 fb~! integrated luminosity.
However, for small A and hence, small splitting within the first KK-level, the bounds from the
dimuon channel is rather weak. On the other hand, the discovery of 126 GeV Higgs boson demands
small A to prevent the scalar potential form being unbounded from below. We discuss LHC monojet
searches as a probe of low A region of mUED parameter space. We also compute bounds on the

mUED parameter space from 13 TeV multijets results.

Theories with one or more extra space-like dimen-
sion(s) accessible to all or a few of the Standard Model
(SM) fields are of interest for various reasons. For exam-
ple, the ADD [1}[2] (seemingly) and RS [3] models pro-
vide solutions to the long-standing naturalness/hierarchy
problem by postulating the existence of compactified
extra-dimension(s) accessible only to gravity with the
SM fields being confined to a 3-brane embedded in the
extra-dimensional bulk. On the other hand, there are a
class of models wherein some or all of the SM fields can
access the extended space-time manifold [2} (4], whether
fully or partially. Such extra-dimensional scenarios could
lead to a new mechanism of supersymmetry breaking [2],
relax the upper limit of the lightest supersymmetric neu-
tral Higgs mass[5], give a different perspective to the is-
sue of fermion mass hierarchy [6], interpret the Higgs
as a quark composite leading to a electroweak symme-
try breaking (EWSB) without a fundamental scalar or
Yukawa interactions [7], lower the unification scale down
to a few TeVs [8], provide a cosmologically viable candi-
date for dark matter [9,(10], explain the long life time of
proton [11], predict the number of fermion generations to
be an integral multiple of three [12] and give rise to in-
teresting signatures at collider experiments. As a result,
search for the extra dimension(s) is one of the prime goals
of the Large Hadron Collider (LHC) experiment [13,(14].
Our concern here is a specific and particularly interesting
framework, called the Universal Extra Dimension (UED)
scenario.

the context of higher-dimensional theories. The particle
spectrum of mUED contains infinite towers of Kaluza-
Klein (KK) modes (identified by an integer n, called
the KK-number) for each of the SM fields with the zero
modes being identified as the corresponding SM parti-
cles. The key feature of the UED Lagrangian is the con-
servation of the momentum along fifth direction. From
a 4-dimensional perspective, this implies conservation of
the KK-number. However, the additional Z; symmetry
(y > —y), which is required to obtain chiral structure
of the SM fermions, breaks the translational invariance
along the 5th dimension. As a result, KK-number con-
servation breaks down at loop-level, leaving behind only
a conserved KK-parity, defined as (—1)". There are sev-
eral interesting consequences of this discrete symmetry
which, in turn, is an automatic outcome of the S'/Z,
orbifolding. KK-parity ensures the stability of the light-
est KK-particle (LKP), allows only pair production of
level-1 KK-particles at the collider, and prohibits KK-
modes from affecting tree-level EW precision observables.
And, although KK-modes do contribute to standard elec-
troweak processes at higher orders, KK-parity ensures
that, in a loop, they appear only in pairs resulting in a
substantial suppression of such contributions.

Being a higher dimensional theory, mUED is nonrenor-
malizable and should be treated as an effective theory
valid upto a cutoff scale A, expected to be somewhat
larger than R~!. With KK-parity ensuring that one-
loo@ mUED corrections to all electroweak observables

N ] T 2



MACHO keresése (mikrolencsézeés)

THE ASTROPHYSICAL JOURNAL, 542:281-307, 2000 October 10
© 2000. The American Astronomical Society. All rights reserved. Printed in U.S.A.

THE MACHO PROJECT: MICROLENSING RESULTS FROM 5.7 YEARS OF LARGE MAGELLANIC
CLOUD OBSERVATIONS

C. ALcock,!'? R. A. ALLSMAN,® D. R. ALvEs,* T. S. AXELROD,? A. C. BECKER,® D. P. BeNNETT,”'! K. H. CoOK,!*?

N. DALAL,2® A. J. DRAKE, ! K. C. FREEMAN,®> M. GeHA,! K. GRIEST,>*® M. J. LEHNER,® S. L. MARSHALL,?
D. MiNNITL, 10 C. A. NELSON,!'!! B. A. PETERSON,® P. Porowskl,! M. R. PRATT,® P. J. QUInN,!?
C. W. StuBBs,?'5:¢13 W, SUTHERLAND,'* A. B. TOMANEY,® T. VANDEHEL?>® AND D. WELCH!
(THE MACHO COLLABORATION)

Received 2000 January 14 ; accepted 2000 May 15

ABSTRACT

We report on our search for microlensing toward the Large Magellanic Cloud (LMC). Analysis of 5.7
yr of photometry on 11.9 million stars in the LMC reveals 13-17 microlensing events. A detailed treat-
ment of our detection efficiency shows that this is significantly more than the ~2-4 events expected
from lensing by known stellar populations. The timescales (£) of the events range from 34 to 230 days.
We estimate the microlensing optical depth toward the LMC from events with 2 < £ < 400 days to be
7390 = 1.2%34 x 1077, with an additional 20% to 30% of systematic error. The spatial distribution of
events is mildly inconsistent with LMC/LMC disk self-lensing, but is consistent with an extended lens
distribution such as a Milky Way or LMC halo. Interpreted in the context of a Galactic dark matter
halo, consisting partially of compact objects, a maximum-likelihood analysis gives a MACHO halo frac-
tion of 20% for a typical halo model with a 95% confidence interval of 8%-50%. A 100% MACHO
halo is ruled out at the 95% confidence level for all except our most extreme halo model. Interpreted as
a Galactic halo population, the most likely MACHO mass is between 0.15 and 0.9 M, depending on
the halo model, and the total mass in MACHOs out to 50 kpc is found to be 97% x 10'° M, indepen-
dent of the halo model. These results are marginally consistent with our previous results, but are lower
by about a factor of 2. This is mostly due to Poisson noise, because with 3.4 times more exposure and
increased sensitivity to long-timescale events, we did not find the expected factor of ~4 more events. In
addition to a larger data set, this work also includes an improved efficiency determination, improved
likelihood analysis, and more thorough testing of systematic errors, especially with respect to the treat-
ment of potential backgrounds to microlensing. We note that an important source of background are
supernovae (SNe) in galaxies behind the LMC.

Subject headings: dark matter — Galaxy: halo — Galaxy: structure — gravitational lensing —
stars: low-mass, brown dwarfs — white dwarfs

On-line material : Color figures

1. INTRODUCTION

Following the suggestion of Paczynski (1986), several
groups are now engaged in searches for dark matter in the
form of massive compact halo objects (MACHOs) using
gravitational microlensing, and many candidate micro-
lensing events have been reported. Reviews of microlensing
in this context are given by Paczynski (1996) and Roulet &
Mollerach (1996).

Previously (Alcock et al. 1997a), we conducted an
analysis of 2.1 yr of photometry of 8.5 million stars, and
found 6-8 microlensing events, implying an optical depth
toward the LMC of 2924 x 107 for the 8 event sample
and 2.1%5:3 x 1077 for the 6 event sample (Alcock et al.
1996a, 1997a hereafter A96 and A97, respectively). Inter-
preted as ewdence for a MACHO contribution to the Milky
Way dark halo, this implied a MACHO mass out to 50 kpc

A 10 naptsmegnél
REwwgebb
MACHO-R a sotét
anyagnakr csak
10%-4t adhatjik



Axion keresése (Axion Dark Matter Experiment)

http://depts.washington.edu/admx/index.shtml

ABOUT ADMX v COLLABORATION NEWS/EVENTS PUBLICATIONS v

4
}

Dancing in the Dark: BBC Documentary

Scientists genuinely don't know what most of our universe is made of. The atoms we're made from only make up four
per cent. The rest is dark matter and dark energy...




A sotet anyag numerikus szimulacioja

This 3-D map illustrates the large-scale distribution of dark matter, reconstructed from measurements of weak
gravitational lensing by using the Hubble Space Telescope. Image credit: LLNL / NASA.



Mddositott gravitacioelméletek
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Mdédositott gravitacioelméletek
Higher dimensions I l WEP violations |

—a Diff-invar. violations

Extra fields P

Dynamical fields
(SEP violations)

Nondynamical fields Massive gravity Lorentz-violations
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GH-k médositott gravitaciéelméletekben
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Polarizaciok vizsgalata

antennafitggvény; x médus;

* Hulldmforma = ZL

* A Virgo orientdcidja LEnyegesen kitlonbizika 2 LIGO detektorétol
2 az antennafiggvények Rizittl degenerdcitt csokRiRenti

Earth-Based Detector Locations
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Polarizaciok vizsgalata

© Hulldmforma = 2 antennafiggvény; x mbdus;
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* Elbzetes vizsgilat,
s, P Hanford Livingston Virgo
Jatér-modellek tesztelése: o - . ]

1. GgH tisztan vektor mbdus
(Ba Y es-faktor 200-szor)
2. GgHtisztan skaldr médus
(Ba Y es-faktor 1000-szevr
kisebb, mint az Alt. =el.
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3. GHtisztan tenzor mobdus

046 048 050 052 084 056
Time [s]

Phys. Rev. Lett. 119, 141101 (2017)



Hullamforma vizsgalata

|2 Selected for a Viewpoint in Physics
PHYSICAL REVIEW LETTERS

PRL 116, 221101 (2016)
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Tests of General Relativity with GW150914

B.P. Abbott et al.”

(LIGO Scientific and Virgo Collaborations)
(Received 26 March 2016; revised manuscript received 9 May 2016; published 31 May 2016)
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Graviton tomegének vizsgalata

PRL 116, 221101 (2016) PHYSICAL REVIEW LETTERS

S

Tests of General Relativity with GW150914 2> A gH-knak a 2 LIGO

B.P. Abbott et al.”
(LIGO Scientific and Virgo Collaborations)
(Received 26 March 2016; revised manuscript received 9 May 2016; published 31 May 2016)
Tomeges graviton esetén a
diszperzibs veldeis: E* = p*c* + mic?

COMPtOW-MuLLémhossz: /Ig — h/(mgc)

berendezéshez valé érkezést
Ldbkilonbségébsl a
graviton Compton-
hulldwhosszdnak minden
eddiginél pontosabb alss
korlétja : 10 km. |
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2 04
Newtoni potencidl Yukawa-tipusic
Rorvekeist kap: @(r) =GM/[r)[1 —exp(-r/A,)]. 02 |
A GH fhzisa mbdosul: dyg(f) =—(zDc)/[2(1 +2)f] "
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(de LCDM, Rettos diwamihﬁjéru
gyakorolt hatas elhanyagolasaval)

C. M. Will, Phys. Rev. D 57, 2061 (1998).

m, <1.2x 107 eV/c*.




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).
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Tomeges graviton elméletek: (a = 0, A > 0) 5 | ! !
Multifraktal téridsk: (@ = 2.5) s v | N4 :
Dupldn spectilis relativitdselmélet: (@ = 3). 2 % & Y $ Q:
Horava-Lifsic és extra dimenzidk: (a = 4) _ | | _ ‘
< s T’
Sebesség / energiafiigob 1070} | S =— .
frekvencia / ulldmhossz: [ | | vV 4 <0 ]
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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?
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