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11 dpbeBpaJig 3TOro0 rojia ObLJI0 TOPKECTBEHHO
00ObSABJIEHO O IIePBOIi B UCTOPUN IIPSMOIii
perucTpaliuy rpaBUTAINOHHBIX BOJIH Ha
JIa3epHOM MHTepdepoMeTpe IpaBUTAIIIOHHO!
obcepsatopun (LIGO, USA).

PezyibTarbl padoThl OBLIA B TOT 2Ke JieHb
onyosmmkoBanbl B Phys. Rev. Letters.



Hepeiko crpammBaloT, Kakoe 13 OTKPBITHIA
BayKHee: OTKpPbITIe 0030Ha XWUITCA MJIN
IPaBUTAIMIOHHBIX BOJIH.

"Ecan y Tebg cipoirieHo OyJIeT: 9To HOoJIe3He:
COJIHIIE MJIN Mecdll! - OTBETCTBYIi: MecdIl.
60 cosHIle cBeTUT JHEM, KOT/ia 1 Oe3 Toro
CBeTJIO;, a MecsIl - Houblo. Ho, ¢ apyroii
CTOPOHBI: COJIHIIE JIydYIlle T€M, YTO CBETUT
11 TPeeT; a MecdlIl TOJIbKO CBETUT, U TO JINIIb
B siyHHyio Houb! " (Ko3bma IIpyTKOB).



OTKpbiTuEe 6030Ha XUITCA ITOCTABIIO
3aBePINAOIIYI0 TOUKY B YCTaHOBJIEHUN
cOpaBeaJINBOCTHI 3JEKTPO-CJ1aboii Teopun,
a OTKPBITHE I'PABUTAIINOHHBLIX BOJIH HE TOJIbK
SIBIJIOCH TIepBoii rmpoBepkoit OTO msa
CHJIBHBIX IIOJIeii 1 mepBbIM HaOJIIOJIeHueM
ITMEHHO YepHBIX JIbIP, HO eIlle OTKPhLJIO
HOBOe OKHO BO Bcejiennyro!

BoJjiee Toro, obHapy>kKeHHOe, MOKa

e INHCTBEHHOEe, COOBLITIE y2Ke MOPOIAIJIO
HOBBIE 3araJikii, 9To JeJaeT ero ocoOeHHO
THTEPECHBIM.



Ob6a OTKPBLITUS ObLIN OXKIJIAEMBI.

bozon Xurcca nposiBjigdiicsas B KBaAaHTOBbIX
IIONpaBKax K 3JIEKTPOCJIAdbIM IIPOIIEeCCaM,
KOTOpble ObLI U3MepeHbI Ha ONbITe.
EddekT nziaydenns rpaBuTaliioOHHbIX BOJIH
HabJII0JaJicd B YBeJIMYEHNN IIepuoaa
BpallleHsd JBOMHOI'O IIyJIbcapa B
npekpacaom corjiacuu ¢ OTO, npaBaa, JIAIIIL
NJIA cJ1a0bIX HoJIeil



Yro ke Takoe OTO = obmias Teopus
OTHOCHUTEJILHOCTI?! DTO Teopusd
rpaBUTAIIIA C Y9eTOM KOHEYHOTO BpeMeHn
pacOopocTpaHeHus CUTHAaJIa, OYeHb I0X0XKa
Ha jekrponunaMuky. B ajgekTpojaunHnaMuke
3aps co34aeT JeKTpudeckKoe I10J1e,

a JIBIDKeHNe 3apsajgoB - MarauTHoe. KEcimnm
JBUZKeHNe 3apsiJIOB paBHOMEPHOe, TO HITYero
0oJiee He npoucxoautT. Ho ecim 3apsiji
JBUTATH C IepeMEeHHOI CKOPOCTbhIO, TO I0JIe
OTOPBETCS OT HEro M MOOEXKUT 3JIEKTPOMAaTrHI
BoJsiHa. BoJsmna moxKeT 6exkaTh B IIyCTOTE, B
BaKyyMe, IepekaduBas I B H.
PeBosmonmuonnast njgesi: acpupa Her .



B rpaBmranmmm poJib 3apgjia urpaeTr macca
(TouHee, 3Heprusi). JIBukeHue macchl c
3MEHSIONIEMCH YCKOPEHMEM IIPUBOINT K TaF
»Ke OTPBIBY MOJISI I O€2KUT IPaBUTAIIIOHHAS
BOJIHA 1 TOXKE CO CKOPOCTBIO CBeETA.

Ho cuia rpasurammn B 1018 pas ciaee
jeKTpudecTtBa. MBI He YyBCTByeM 3TOii
CIJIBI, T.K. 3apda/Ibl SKPAHUPYIOTCS 3apPs1aML
ITPOTUBOMOJIOXKHOI0 3HaKa, a BOT
OTPUIIATEILHO MACCHI/9HEPIUN HET.



Baxkmoe orsimane OTO cBg3aHO ¢ IIPUHITATIO!
SKBHUBAJIEHTHOCTH: YCKOPEHHsI BcexX TeJl B
IPaBUTAIIMIOHHOM 10Jie oJimHaKoBbI (1. asun
WNnes diinimreiina: pa3 Bce ABU2KEHUS SKBUB
X MOKHO OIICATh KaK N3MEHEHIE IeOMeTPI
npocTpaHcTBa. Macca/3Heprust ICKpUBJIsIeT
IIPOCTPAHCTBO 1 BCE TeJja TaM CBOOOAHO I1a,/1a
10 TeoAe3MYeCKUM (JIMHUSM C MIHUMAJIbHBIN
MHTEPBAJIOM).

['aycc: reomeTpuio HaJI0 HPOBEPATH SKCIIEPU!
Bce npekpacHo npoBepeHo AJ1sl CJIA0bIX I10J1€
KOI'J1a reoMeTpus JIMIIb HEMHOI'O OTJINYaeTCs
OT NIKOJIbHOI 3BKJINJIOBOIM.



I'paBuTaIimonHas BOJHA 3TO Deryiiee n3MeHe
reoMeTpun, OIPpUBOAMIIEe B YaACTHOCTU K U3Me¢
paccTogHIIT MexK /1y JIIOObIMI o0 beKTamMu. H:
3TOM IOCTPOEHA njes JIa3epHOoro nHrepdepo
(I'epuenmreiin, ITycrosoiit, 19627)



HauboJjiee cuiibHble IpaBUTAINOHHBI I10JIs
reHepupyIoTcd IPU OLICTOPM JIBUKEHIU TeJl
MaJIEHbKOI'0 pa3Mepa, HO OOJIbIIIOIl MAacChI.
Pekopacmensbl 31ech - YepHBIE JIbIPHI.

Tpu pexxuma: craimoHapHbIi, CIIMPAJIbLHDII
1 CJINHUE.

Y10 usMmepeHo m pesyJibTaTbl, CM.HUXKE

10



1. Cay4aiiHo i II0Be3JI0 NN TAKNX YePHbIX
JbIP MHOIO?

2. Ecjau MHOro, TO BeJINKOJIeIHbIEe HePCIIeKTY
3aJ1e3Th B IIyOuHbI BcejienHoii

3. Orkyna B3sanch Y/l ¢ TakuMu rpoMaHbI

Maccamu’?
4. JIBoliHBIX 3B€3/] MHOI'O, HO P KOJLJIaIICe
3Be3/bl IOJIy4YaloT O0JIbIIIYIO CKOPOCTDH U Pa3.
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Panee Bce okHa B aCTPOHOMUU OBLIIU 3JIEKTPC
cHavaJia JIMIIb CBEeT, Teepb Bce AJIMHY BOJIH:
paauo, ndppakpacue, yjabTpaduosier, raMmmMa

11 BCe BBINIe, BBINIe W BbIlie. A Telepb

ere 1 KocMmieckne Jjydm u HeiitpuHo. Ul

HaKOHell, I'PABUTAIIMIOHHBIE BOJIHDI

12



On February 11, LIGO (Laser Interferom-
eter Gravitational wave Observatory) col-
laborations announced discovery of grav-
itational waves from a coalescing binary
systems of black holes.

The shape of the signal is in perfect agree-
ment with the theory of BH interactions in
the strong (Schwarzschild) sefl-fields, so it
can be considered as a first direct proof of
BH existence. All previous data was about
weak fields.

Rumors about 7 or 8 more events (!7).

13



This discovery opens a new era of gravita-
tional waves telescopes which will presum-
ably allow to observe several (many) such
catastrophic events per year and with on-
set of operation of VIRGO (Italy) and KA-
GRA (The Kami- oka Gravitational Wave
Detector, Japan) the direction to source
can be reliably established and studied by
optical and other electromagnetic telescopes
New discoveries are imminent.
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Already Fermi has possibly registered gamm
ray signal from the BH coalescence observed
by LIGO (?777).

It would be good to have a detector in
Southern hemisphere or in utmost North-
ern part in our hemisphere (Alaska, Russia,
Arctica??) for more precise determination
of the direction.
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Results, PRL, 116, 061102, 12/02/2016

TABLE I. Source parameters for GW150914. We report
median values with 90% credible intervals that include statistical
errors, and systematic errors from averaging the results of
different waveform models. Masses are given in the source
frame; to convert to the detector frame multiply by (1 + z)
[90]. The source redshift assumes standard cosmology [91].

Primary black hole mass 365M
Secondary black hole mass 29’_L2M o
Final black hole mass 621 M
Final black hole spin 0.67 00
Luminosity distance 4107159 Mpc
Source redshift z 0.09%9 04
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The mass and spin of the final BH, and
the total energy radiated in gravitational
waves are estimated by the fits to numeri-
cal simulations of binary black hole merg-
ers.

The estimated total energy radiated in grav-
itational waves is (3.0 & 0.5)M and a

peak of gravitational-wave luminosity is 3.0j

10°% erg/sec equivalent to 200 M, /sec, more
than whole radiation power of the visible

universe.

Rotational energy (outside the BH) is about
0.3M s - may be in principle extracted.
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FIG. 1. The gravitational-wave event GW 150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35-350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6. 9‘84 ms later at HI; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35-350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW 150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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Inspiral Merger Ring-
down
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FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GWI150914 projected onto HI. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(Rg = 2GM/c?) and the effective relative velocity given by the
post-Newtonian parameter v/c = (GMzf/c*)'/3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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Order of magnitude estimates.
Gravitational radius: rg = 2M/ m%l.
For the Sun: r4 = 3 km.

Virial theorem: V2 = 2 — 19

m%?lR — 2R
_ 3/2
and period T = @ = (252/2 Uny

g
For M = 30Mg and R = rg:
T ~ 0.003sec.
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Two rotating gravitationally bound mas-
sive bodies are known to emit gravitational
waves. If the back reaction is neglected,
the radius of the orbit and the rotation fre-
quency are constant and the GW frequency
is twice the rotation frequency. The lumi-
nosity of the GW radiation is:

10/3
— = Mpy )

2

D M
where M, is the so called chirp mass:
M+ M 3/5
M, — (M1 M3)

(M 4+ M)/’
and
2 My + Mo

orb — 9 3
mPlR

w
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This solution is valid in the adiabatic (in-
spiral) regime when radius drops and fre-
quency rises due to the energy loss induced
by the GW emission. The adiabaticity
condition, R < wyrplt, can be rewritten
as Worp K wgrb, which can be translated

into the lower bound on the radius of the
orbit:

(eff) _ Ma+ Mp
leff) =

2 9
mp;

1.e. In the Newtonian approximation.

R>r
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For R ~ rg:
Worh ~ m%;l/M ~ 10° /sec,

looks reasonable. But energy taken by GW
1S

Etot ~ L/worp = M,
slightly too much.
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When R ~ rg only numerical solution of
nonlinear and non-spherically symmetric GE
equations 1s possible, which 1mpressively

agrees with the data, after fitting the pa-

rameters: My, Mo and distance to BHs.
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Strain (1072%)
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The detector
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Number of photons reaching detector
Accumulated circulated power 100 kW.
1W =107 erg/sec, 1 erg = 1012 ¢V.
because 1g = 1024 GeV = 104! erg.

If E4 =1 eV, then 100 kW /sec corresponds
to No = 10%% /sec.

1 eV photons have XA ~ 107° cm.

During 1 msec the number of photons would
be ~ 1041

The length displacement is measured with
precision 1071% em. For 6L = 10716 cm
the length difference would be AL = 700 L,
because photons run 70 times, so A¢p =
AL/X = 107" and the number of photons
reaching the detector in 1 msec would be
103,

The sensitivity 1s limited by noise.

About noise see M. Maggiore, "Gravita-
tional Waves" Oxfors Univ. Press.
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Energy density of GWs:

2
m o [ b
paw = —t(hep h™).
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Strain:
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Generic transient search
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FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show the
number of candidate events (orange markers) and the mean number of background events (black lines) in the search class where
GW150914 was found as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the
significance of an event in Gaussian standard deviations based on the corresponding noise background. The significance of GW150914
is greater than 5.1¢ and 4.6¢ for the binary coalescence and the generic transient searches, respectively. Left: Along with the primary
search (C3) we also show the results (blue markers) and background (green curve) for an alternative search that treats events
independently of their frequency evolution (C2 + C3). The classes C2 and C3 are defined in the text. Right: The tail in the black-line
background of the binary coalescence search is due to random coincidences of GW150914 in one detector with noise in the other
detector. (This type of event is practically absent in the generic transient search background because they do not pass the time-frequency
consistency requirements used in that search.) The purple curve is the background excluding those coincidences, which is used to assess

the significance of the second strongest event.
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Detector noise curves for Initial and Advanced LIGO as a function of =
frequency. They lie above the bands for space-borne detectors like the
evolved Laser Interferometer Space Antenna (eLISA) and pulsar timing arrays
such as the European Pulsar Timing Array (EPTA). The characteristic strains
of potential astrophysical sources are also shown. To be detectable the
characteristic strain of a signal must be above the noise curve.['5]
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