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AnHOTaUS

C.BauHnukos. BbIBO,IL YpaBHEHUA ABUXKEHUA MaTepHaJIbHOfI TOYKHM IIO FeOILe3Hq€CKOfI us
ycjioBudA 3aHYJICHUA KOBapHaHTHOﬁ JUBEPIEeHIINN TE€H30pa IHEPruu-uMIryJjabCca

1 ‘CoxpaHeHne’ 3HEPruu-mMMILYJIbCa N I'eoe3mIecKne

[Toka MBI He HaILIH JJOOPOBOJILIIA, KOTOPBI ObI paccKa3aJl HaM, KaK BBIBECTH ypaBHeHUs! DHHIITEHA
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(HampuMep, 13 BapUaInnoOHHOTO IpuHIuia ['nibbepra), HO 9TO MOKHO IOCMOTPETH B yIeOHUKAX (€CTh
B JIJI, s noceutan Xpumiosnaa). Kak Mbl mOHsIM B mpoInibii pa3 Ha npumepax [IBaprimmibna n
Opuamana, CBI3b BAPUAIMOHHOTO MpUHIHIA [ msbepra ¢ ypaBHeHUsIME DUHINITEiHA BOBCE HE TPH-
BHAJIbHA M3-3a BHEHHTErPaJIbHbIX wieHoB (cM. Wald, mocianHeiit B mponuibiii pa3). [lostomy peasbho
He TaK YK HY?KHO ‘BBIBOJUTL 9TOT (PyHIaMEHTAIbHERIIUN 3aKOH IPUPOJIbI. DTOT 3aKOH CYMeJIH OT-
KPBITh BEJIMKHE JIFOJIM ¥ €r0 MOXKHO HPHUHATH 3a MOCTYJAT. A TOTOM CPABHUBATH €0 CJIEJCTBUS C
9KCIIEPUMEHTOM.

Tyt g X041y 0OCYIUTH TOJBKO OJHO BayKHOE CJIEJCTBHE: JBUZKEHUE ITPOOHBIX YACTHIL IO Te0Ie3N-
geckuM. i 9TOro ycraHoBUM CBA3b PABEHCTBA
T“’C = 0 ¢ ypaBHeHUsME DIHIITEHHA.

MOKHO YUCTO MEXaHUUIECKH IIPOBEPUTH, UTO

1
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(R" =3

gikR);k‘ =0.
D10 cJeJcTBUE TaK HasbiBaeMoro ToxkjecrsBa buanku. B JIJI u B GosbiinHCcTBE APYrUX yIeOHUKOB
tak u gejnaercs (xorsa B JLJI psy momenToB B Bbikiajkax omyiieH). Orciona n u3 ([Il) mosyuaem
T = 0.

ik

Onnaxo, yciosue (R* — % g*R) ;. = 0 MOKHO BbIBECTH GOJIEE MBANTHO U3 BAPUAIMOHHOIO IPUHII-
a. B 9ToM BBIBOIE €CTh Psijl IOYIUTEIbHBIX MOMEHTOB /I ToHuMaHus dpusuku. [lonpodbyem cienars
9TO B CJEIYIONNI pa3, a MOKa IMPUMeM yCJIOBUE Tﬁf = 0 na Bepy. YT00OBI HE OBLIO JIOTUYECKON 1Ty TaHU-
b1, 3aMeqy, ato JIJI BeiBOIAT Tﬁf = 0 B maparpade 94, npemmecryroriem §95, rie nossisercs (),
HO TaM B §94, yYUTHIBAETCS, YTO YPABHEHUS JIBUKEHUs BBIIOJHEHbI. A HaM KakK pa3 HaJo0 J0Ka3aTb,
qro u3 ([Il) cieayor ypaBHeHUsT IBUZKEHMS.

Paccemorpum HenpepbIBHYIO cpety ¢ HyJieBbIM JjiaBjieauneM P = (. @akTudecku — 3T0 HADOP IbLIU-
HOK C IJIQJIKUM DACIpeIe/IeHueM CKOpocTeil (YTOObI MBLIMHKN KAKOEe-TO KOHEIHOE BPEMs HE CTAJIKU-
BaJsinch). HempepbiBayIo cpejly paccMarpuBaTh yJI0OHEH, 9eM IIPOCTO COBOKYITHOCTb MATE€PUAJIbHBIX
TOYEK: yAaéTcst n3bexKaTh BBEJEHUs JIe/bTa~-PYHKIII 0T KoopauHaT. B j1i000M ciiydae u CILIONIHAA
cpella, 1 MaTepuasibHasl TOYKa — 9TO ujeajm3anuu. Kaxkaast oTmesnbHas YKUKas YacTUIA TaKOni
CILJIONITHOW CPEJIbl B TPABUTAIIMOHHOM IT0JIe Oy/IeT JIBUTaThCAd KaK CBOOO/IHAS MaTepHaJibHad TOYKA B
TOM 2Ke roJie. Haii/iém 3aKOH 9TOro JIBUKEHUSI.



[IycTh KOOpAMHATEL YacTUIbl 2, & BeKTOp ckopocTh u' = dx'/ds (4-sBekrop!). B criomnoii cpese,
KaK Mbl YCJIOBUJIACH, U’ 00pa3yeT IIaJIKOe BEKTOPHOE II0JIe, IPUUIEM U3 OIIPEIEICHIS CKOPOCTU

giuu® =1 .
BospMéM KOBapHaHTHYIO IPOU3BOHYIO, IIOMHS, 9TO Jik.m = 0 U3 IPEJBLAYIINX 3aHATHII,

k

OTKYZa
ukukm =0. (2)

OTH CBOHCTBa OTHOCATCA K BHYTPEHHHUM, YHCTO MATEMaTHYeCKHM CBOHCTBaM BEKTOpa u', T.e. OHH
BEPHBI IIPU JIFOOOM JIBUKEHUU YacTUIl. 1yTh HUXKE PACCMOTPUM CBOHCTBA CKOPOCTH IIPU JIBUKECHUU
10 TeOE3UICCKIM.

DJIeMeHT KOOPAMHATHOIO 00bEMa, eCTh

d*r = dzdxtda?da? |

a dusnueckoro dtdV = /—gda'dr'dx*dx®. Tlycrsb ckangpHoe 1ojie p olpejieieHo TaK, 4To dbusuye-
cKag III0THOCTH ecThb pu’, (Torna KoopauHaTHas WIOTHOCTD pu’y/—g), a moTok Maccot — pu® (pu®y/—g
cooTBeTcTBEeHHO), v = 1,2, 3. [lomuepkay, 9T0 B OT/In9Ire OT MHOIUX aBTOPOB, 1 0603HAYAIO Yepe3 p
TOJIBKO IJIOTHOCTh MACChl (MJIH, HATIPHMED, IMJIOTHOCTh OAPUOHHOIO 3apsi/ia), & He IJIOTHOCTH SHeprum!
MuoxuTens 1 6e3 TpaBuTanum, 310 npocto Jlopenn-dakTop. IIpn HAIMIIN rPABUTAIN 3TO CIIE 1
3aMe/[JIeHe BPEMEHH B I'DABUTAIIMOHHOM TOJIe. Y PaBHEHHE HEPA3PBIBHOCTHU, T.€. 3aKOH COXPAHEHUSI
MaCChl, KOTOPBIii B HHIOTOHOBCKOM CJIy4ae ObLT
dp

EﬂLV(/JV):O,

Telnepb JOJIZKHO BBIIVIAJIETL KaK
k _
(pu V—9g )Jf =0,

a 9TO SKBUBAJIEHTHO KOBAPHAHTHOII JmBepreHnun B 4-mMupe:
k
(pu”) =0

— MOXKHO IIPOCTO MOKA3aTh, IIOYEMY 9TO TaK U3 CBOUCTB ¢ (cMm. jrob6oit yuebuuk no OTO).
B srom cityuae ecrectBenna dhopma T€H30pa SHEPTUU-UMITYJIHCA

Tzk — puzuk

00 0 xak ‘Jlopent-daxTop’ B HEPTUN KaK-

— T.e. IJIOTHOCTH Hepruu ecTh pu’u’ (OJMH MHOKUTENb U
JIOH 9acTHIlBI, BTOPOil KakK B IJIOTHOCTH ), MOTOK 3Heprun pu’u®, mioTHocTs umiyabea pu®u’, moTok
mmiyibea putu’. Koopaunarusle miornoct coorsercreyior T,/ —g.

[TocMoTpuM Ha 3aK0H ‘coxpanenusa’ s 1
ik
Ty =0.

4 Gepy ‘coxpanenusi’ B KaBbIYKHU, TaK KaK 3TOT 3aKOH HE yUUTBIBACT Iepejiady SHEPrUU-UMITY/IbCa,
IPaBUTAIMOHHOTO 1oJist BerecTBY (em. JIJI u obmmpHyo JuTeparypy O MCEeBIOTEH30pe SHEPru-
UMITYJIbCA TPABUTAIIMOHHOTO 110JIsI, KOTOPbIil 06eCIeunBaCT UCTHHHOE COXPAHEHUE ).
Nmeem
TiF = (pui), = i (pu¥) . + puud (3)
[lepBbIit 4jieH cripaBa MUCYE3aeT 1O 3aKOHY COXPAHEHUS MACChHI (puk);k = (0. Pasbepémcs, aro maér
BTOPOI 4YJICH.



Tawm, tiie p # 0, T.e. Bo Bceit 0bsracTu, riae 3a/1aHo0 ToJie CKOPOCTEl, yeIoBue Tﬁf = 0 maér u¥
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ugu” = (Opu’ + L Ju™ = pu'u” + Tjw/u”™ =0 . (4)
Hamuimem 4-yckopeHue BIOJIb TPAEKTOPUH YaCTHILBL:

o dut _ ou’ dzF

;o _ ou az” k
Y ds ork ds ’

= Opu'u

Biech ToHKOe MecTo — mogbienue Ou'/OxF — 4robpl MMeTh IpaBo B3ATL MPOM3BOIHYIO IO JIHOGOI
KOOp/IMHATE, HY?KHO UMETh 110JIe CKOPOCTell B KaxKJI0il TOUKe ITPOCTPAHCTBa-BPEMEHH, & He U30JIUPO-
BaHHbIe TpaekTopuu. COTIACHO YPABHEHHUIO T'€0/I€3MIECKOI,

ut 4 F;kujuk =0,

u Boipazkenue (4 ozHauaer, 9TO YACTUIBI JIBUKYTCS 10 TeojesndeckuM. VTak, 3aHyseHne 1mocsie]-
Hero wieHa B BbipazkeHnu (B mokasbIBaer, 9TO B MPOM3BOJIBHOM I'PDABUTAIIMOHHOM IIOJI€ (4 YACTHIIHI
JBUKYTCA 110 reojiesndeckuM! U obpaTHO, ecin 9acTUIB BUKYTCSA IO T€0/IE3UIECKIM, TO T’,f =0u
SHEPIUs-UMITYJIbC ‘COXpaHsieTcsi’ MPHU COXpaHeHnn Macchl. [loBTopsito, 6epéMm ‘coxpaHeHne’ B KaBbIU-
K1, TaK KaK Ha CAMOM JIe/Ie COXPAHATHCS JIOJIXKHBI SHEPTUA-UMITYJIbC HE BEIIECTBA, & BEIIEeCTBa ILIIOC
rpaBUTAIMOHHOE I10JI€.

Ham octaércst mokazarh, 4To Tﬁf = 0 cieyer n3 ypaBHEHHUil DifHIITEHA.

Urax BeiBesiem coorHomenne (R*F — % g*R) ., = 0 U3 BapHAIIMOHHOTO MPUHIAIIA.

BozbméMm Masioe BoaMyIenne KOOpIuHAT

Fo=ai
[To obmieit hopmyite ipeoOpa3oBaHmsa TEH30POB

‘ o0zt ox* : on® on’
~ik(~\ __ _mn ~ ik im km
§H@) = g™ (@) g e R gt @) g e g e

Takzke ¢ TOUHOCTDBIO II€PBOI'o IOpdJKa II0 BOZMYIIIEHUIO
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1 Bapualuio glk (HpI/I OJHOM 3HAQYEHUU apryMeEHTa $‘) MOZKHO 3alliuCaTb TaK:

ox™m t9 oxm  Ozn "

5 (x) - (@) = 8g™(2) = g™

BpraBI/IM JaCTHBI€ ITPOMU3BO/IHBIE 110 X 9€PE3 KOBapUaHTHLIE:

n'* . 1 .

Oxm = mnk = 77,];1 - Fﬁmn = n,]jn - _glk(amgnl + 8ngml - algnm)n )
b 2

877i ) ) ) ) 1 ..

—:mZI,Z—FZ n:'z__llamn anrrL_a nm na
B N = Mo = L1 = 0w = 59" (Ot + Ongimt = Oigum )11
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Jomuoxkum obe crpoku Ha ¢, ¢"™ u c0KuUM:

im, k 1zm Ik

9" N = 599" (Omnt + Ongmt = O )"

. 1 .
+9"" N = 59" 9" (DGt + OnGont = Oium)1"



OJIMHAKOBO TMOYEPKHYTHIE UJIEHBI MOXKHO COKPATHUTh, 3aMeHsds HeMble uHjieKkchl m — [. Torja rmoJy-
YUM

g nfm—gg g* (Ongmi)™ + g n;m—ggk 9" (Ongm)n"

U, OATH MEHSAS B IOC/IEIHEM HjIeHe m — [,

9" = 9" g  (Ongm)™ + 9" 11, (5)

U3 Toro, uro ¢ aBisderca obpaTHONH MATPHUIECH K (up,

gug™ = 8",

nMeemM

(8kgi) g™ + gu(Ohg'™) = 0.,
T.€.

9" (Ongit) = —9u(Ocg™) .
Buaunt B ([,

9" Ongmi) = —gmi(9ng™) ,
a

9" 9" Ongmi) = =9 g (0ng™) = —06,0,9" = —0ng™ .
OTKY/1a
O + O’ = g iy + ¢ 0+ Ong™ "

n

0g™ = O + O’ — Ong™ " = gl + 950 = 0

STO N eCTb Halll I‘JIaBHbeI peBYJIbTaT ceroaHdg:
69" = 0"+t (6)
0 6 i gl = §m
IIATH 2Ke U3 OHpe,HeJIeHI/IH O paTHOI/I ManHHJ:I gzlg = 0; nMeeM

0Gik = —Mhzi — Misk - (7)

Ecim y Hac 1py TakuxX BO3MYIIEHUAX HostydaeTcs 0, = 0, TO ypaBHEHUA 1y.; + 1. = 0 opesens-
I0T BEKTOPHOE 110Jie, KOTOPOoe Ha3bIBAIOT BeKTopoM Kuummnra. [Ipo Hux u npo ¢B#A3b ¢ MPOU3BO/IHOIM
JIu cMOTpHU BJIOYKEHUS.

B cranmapTHbix yaeOHUKAX MOKA3bIBAIOT, YTO Bapualus JjeiicTBus ['mibdbepTa jjid rpaBUTAIMOH-
HOT'O TI0JIS IIPU BapUaIllM METPUKH €CTh

1 .
5SH = %/(Rzk — igikR)ég’k\/—gd4x .

[loacrasus ciona 6g* = n* 4 n¥F 11a crneruanbHoro Kiacca BO3MYIIEHH T, KOTOPBIE MBI TOJIBKO UTO
paccMoTpenn, oyyanM 0S5y = 0, Tak Kak Sy ecTh CKaJIdp U OT MPeodpa30BaHUsT KOOPIUHAT HUKAK
He jo/Ken Mensatbed. [loBropuB Bee paccyxkjienus u3 naparpada JIJI o Terzope sneprun-umiry/ibea
B rpasutain (B uznanun 1967 r. aro §94), rae oHM mOJTYIHIT T’k = 0, ¢ 3amenoii B ux dopmysrax
(94,6) u (94,7) Ty, ma (R, — 2giR)

Kparkuit Habpocok Takoii.

O6o3HAYNM .
G = Rix, — igikR .



Torna
5SH = %/sz(?]k’z + ﬁi;k)\/ —gd4:c .
N3 cummerpun Gy,

5SH = 2%/Gik7]i;k\/ —gd4x .

[Tocse sToro Gepém wWHTErpaJs Mo YacTsM (WM BbIeJIseM JuBepreHTHbil wien). [loBepxHOCTHOI
4acThiO IpeHebperaeM Kak Bcerja (He 3a0yJieM 0 BO3BMOXKHBIX TPY/IHOCTAX ). Ocraérest

0Sy = —2%/G;ini\/—gd4x :

Yro paBHO HYJIIO JIJIsd HalIUX KOOP/IMHATHBIX BOSMyH_[eHI/Iﬁ n u3 IMPOU3BOJILHOCTU ?7i, IIOJHUMad 1N
OIlyCKasl MHAEKCBI, MbI IIOJIY1UM

(RZk_éngR),kIO )

Tora us ypasnenuit Ditnmreiina cpazy umeem T% = 0, 3uauut, ypasuenus DitHmreiina cojiepKar He
TOJIBKO YPaBHEHUS TI0JIdA, HO M YPABHEHUS JIBUZKEHUSI UCTOYHUKOB IO, 9YTO U TPeOyeTcs JT0Ka3aTh.

Ho ocrasiocn erné nposepuTh 3aKOH COXPAHEHUs] MACCHI.

Tertepb MbI UMeeM

T = (puiu) e = u (pu") + puFut, = 0. (8)
T.€.
u' (pu®) s + puFuly = 0

— YMHOXKHUM Ha ;. BTOpOi#l WjeHn 3aHy/JMTCs U3-3a PABEHCTBA ukufm = 0 nox vHOoMepom (2)), uro B

IIPOILIBI Pa3 TPUBUAJILHO JIoKa3au (TojibKo 3amenum Hemoe k na ). Ocraéres (pu®),, = 0 — saxon
COXpaHCHUS MAacCChl.

2 CimBaloniyecss HEiTPOHHBIE 3BE3IbI

[Ipespiyinee JTOKA3aTEIbCTBO JIBUKEHUS ITPOOHBIX YACTHIL 10 T'eO/Ie3UIECKUM TPUHAJICXKUT, 10~
Bujmmomy, 1. JIupaky. B.A.@ok ¢ corpyaaukamu 1mpoBEx OOJIbITyI0 paboTy O BBIBOJE ypaBHEHUit
jemkenns n3 OTO i Test KonedHbIx pazmepos (Mero; PoKa j1Jist OCTPOBHOIO PACIIOIOKEHUST MACC).
CoBpemennble MaluHHbIe PACIETHI IIO3BOJIIOT BO BCEX JIETAJIAX N3YUATD JBUKEHUS PEJIITUBUCTCKUX
38é311 B OTO, maxe ¢ y9éToM U3/1ydeHns IPABUTAIMOHHBIX BOJIH, CM. 3aMETKY HUKE.

Accurate evolutions of inspiralling neutron-star binaries: prompt and delayed collapse to black
hole
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Abstract: Binary neutron-star (BNS) systems represent primary sources for the gravitational-
wave (GW) detectors. We present a systematic investigation in full GR of the dynamics and GW
emission from BNS which inspiral and merge, producing a black hole (BH) surrounded by a torus.
Our results represent the state of the art from several points of view: (i) We use HRSC methods for
the hydrodynamics equations and high-order finite-differencing techniques for the Einstein equations;
(ii) We employ AMR techniques with "moving boxes"; (iii) We use as initial data BNSs in irrotational
quasi-circular orbits; (iv) We exploit the isolated-horizon formalism to measure the properties of the
BHs produced in the merger; (v) Finally, we use two approaches, based either on gauge-invariant
perturbations or on Weyl scalars, to calculate the GWs. These techniques allow us to perform accurate
evolutions on timescales never reported before (ie 30 ms) and to provide the first complete description
of the inspiral and merger of a BNS leading to the prompt or delayed formation of a BH and to its
ringdown. We consider either a polytropic or an ideal fluid EOS and show that already with this



idealized EOSs a very interesting phenomenology emerges. In particular, we show that while high-
mass binaries lead to the prompt formation of a rapidly rotating BH surrounded by a dense torus,
lower-mass binaries give rise to a differentially rotating NS, which undergoes large oscillations and
emits large amounts of GWs. Eventually, also the NS collapses to a rotating BH surrounded by a
torus. Finally, we also show that the use of a non-isentropic EOS leads to significantly different
evolutions, giving rise to a delayed collapse also with high-mass binaries, as well as to a more intense
emission of GWs and to a geometrically thicker torus.

Comments: 33 pages, 29 figures, submitted to Phys. Rev. D; high-resolution figures and animations
can be found at this http URL
numrel .aei.mpg.de/Visualisations/Archive/BinaryNeutronStars/Relativistic_Meudon/index.html —
CCBLIIKA, ITOXO0XKE yKe, He PabOTaeT.
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