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Menu:

1st . General Introduction
v ?
o
v _
2nd . Core-collapse supernova theory:
how to solve “numerically”
the space-time evolution of dying stars

3rd. GW signatuges from core-collapse
supernovae: what.we can learn from
future GW observation ?



Bottom-line : Story about .... ?
“Core-Collapse Supernova (CCSN) Is explosion of massive stars (> ~9 M)
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v Origin of explosion asymmetry
‘1 / Origin of heavy elements “@osion Mecha@
v Origin of explosion energy (~ 10°! erg = 1 Bethe)




Bottom-line : Story about .... ?

“Core-Collapse Supernova (CCSN) Is explosion of massive stars (> ~9 M)
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Tanaka &t al. (2012)

v Origin of explosion asymmetry I

v Origin of heavy elements “ xplosion Mechanism
v Origin of explosion energy (~ 10°! erg = 1 Bethe)

Not clear... over 50 years !
(lecture by Foglizzo)




DelLanev et al. (2010)
Why “Multi-Messenger” observations ?.. .- g
v Conventionally, “Astronomy” means electromagnetic-wave (EM) -t
observation.

Blue Giant (Red Giant: x 100)

12 Hours ~da
102 cm v

iron core
Neutrino

x 20 000

\ 04,

Observable only after shock-breakout 8
x100  10° cm

Neutrino
1 06 C m Live messengerin the c:ntral engine !

From E. Mueller heutron star




DeLan(_ev et al. (2010)

Why “Multi-Messenger” observations ?. .- = ao *.
DN = SN,

-

v Conventionally, “Astronomy” means electromagnetic-wave (EM)

observation. ....__
Multidimensionality b
Phof (origin of anisotropy)

Signal Prediction
7/

N

Exp. Mechanism (— Neutrino signals

. (Lecture by Mirizzi)
nami o
UEMMECHEITIES | 50 Gravitational wave(GW)

/ Dynamics  analysis fy v oo
v'A Final goal of this field...

=Clarify the formation mechanism of

( )

Vigamuti-messenger observables
eutrinos, multi-wavelength EM waves)

(nucleosynhesis, lecture by Diehl !)




Gravitational wave (GW) homework from ...?
Einstein’s theory of General relativity (1915) [ Faa™ 70

GWs : a ripple of space-time
propagate at the speed of light

First announcement by LIGO ( Interferometer Gravitational Wave Observatory)

T x4 2016, Feb,12' 2 am (JST) GWs from merging

@\« x & BHs (G\W150914) Il!

‘ Second announcement
GW151226, third (GW1701204)

Credit; LIGO




Gravitational wave (GW) ?

Einstein’s theory of General relativity (1915)

GWs : a ripple of space-time
propagate at the speed of light

v/ How to generate GW

Electromagn
charge

Dynamical motion of
electric-magnetic (EM) fie

= Electro-magnetic we

688 Sitzung der physikalisch-mathematischen Klasse vom 22, Juni 1916

Néherungsweise Integration der Feldgleichungen
der Gravitation.

Von A. EiNsTEIN.

Bei der Behandlung der meisten speziellen (nicht prinzipiellen) Probleme
auf dem Gebiete der Gravitationstheorie kann man sich damit begniigen.
die g,, in erster Niherung zu berechnen. Dabei bedient man sich mit
Vorteil der imaginfiren Zeitvariable x, = it aus denselben Griinden wie
in der speziellen Relativititstheorie. Unter »erster Niherung« ist dahei
verstanden, daBi die durch die Gleichung

g, = —0,,+7,, (1)



Basics of Gravitational-wave (GW) emission (1/3)

Naive analogy with Electromagnetics: Quizl: "leading term of EM emission” ?!

Ans: Electric dipole radiation !

d — E m;T;

particles

harticles 7
Lgipole = 0 (because B

Next-order emission in EM; Magnetic dipole radiation from electric current.

Matter-current dipole moment:
magnetic dipole momeut

o= E X X M,v;

’ 2 l ’ 2
m — / Md’r = > / (x x J)d’x
) 2 |

particles i

d?u
777 = 0 (ang. momentum conservation) = No dipole emissions from matter motions

a2
=> — (Quadrupole (>) matter moments ) leads to Gravitational-wave (GW emission) !



Basics of Gravitational-wave (GW) emission (2/3)
(e.g., “Gravitation”, Misner, Thorne, Wheeler, 1973)

. . . 0 2
Einstein equations Note Ry, (: Curmture%@ (_) Ry
ll..hl. (.: "T"W

ox
DJF_.‘_.; o — -

Minkowski metric
Weak-field approx,

. 2G 1 d°
TT _ TTy, 1
i (F) ="t paplii 0= 0)

gl=lfs] Mass quadrupole moment T ——

| GM R? GMv?
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Basics of Gravitational-wave (GW) emission (3/3)
v GWs have two polarization states (+, x modes)

v why “two” ?: g,, (symmetric tensor)
= 47)(5 = 10 - 4 (choice of the gauge freedom: h*V,v=0 )

- 4 (choice of the coordinates) =

v Indirect proof of GWSs: Hulse- Taylor pulsar
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Short History: 15t generations of Laser-interferometers

v/ Start Observation ~ 1999 (TAMA of NAOJ)
v 6 interferometers by 4 projects -> International Newtorks
v' Observational range (binary NS, )->~20 Mpc:Event rate ~0.01/yr

| LIGO (USA) 7
4kml :52 F-I-Zkrn X
d,w:. -

P =
=3 .

' TAMA (JPN)
e Daseline 300m |

' GEO (GER-UK)
———. \ —~ _baseline 600m
VIRGO (ITA-FRA)
baseline 3km




v/ 2" generations of Laser-interferometers

v International network of LIGO-Virgo (LVC) is working.
-> First joint GW detection of BH-BH merger (Abbott et al. (2017), PRL)
v/ Obs. Range > 200 Mpc -> Event rate ~ 10/ yr |

:_ : a'i_!lr-. ED - %
e Akm x 2 (0r3)

' KAGRA (JPN) |
_ baseline 3km |

A= T e —
o\ gy b i

" GEO-HF (GER-UK)
baseline 600m

indige

" Adv.VIRGO (ITA-FRA)
baseline 3km




m THE KAGRA PROJECT

3*- About 300 collaborators
|* Over 30 Japanese institutes, over 40 international institutes

mioka vitational Wave
Detector



v GW amplitudes by an order-of-magnitude estimation
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G~ 6x1078cgs. c ~ 3x10%m/s
Mass(M) : 600000 ton
Length : 300 m

LSS
% 1 Frequency: 2/s

Koji Murofushi, = | / Observer distance(r): ? m

Medalist Hamigier i Quiz: How much is your “h” ?

“Can we observe the GWs ??
“h” Is a strain. [AL —hxL J




Can we observe the GW emission from the rotating building ?
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Can we observe the GW emission from the rotating building ?

1075, SenS|t|V|ty curves of laser interferometrs

v Detectable GW amplitude by LIGO-class detectors:

g |
h=10"°! “h = AL/L” is dimensionless strain

~ Size of nuclei (5 fm) / distance between Fukuoka and Kyoto (600 km)
~ Size of atom (0.1 nm) / distance from Earth and Sun (1.5 hundred million km)

(3dvanced 116D}
(advanced Vifgsz

|—aLIGO
—adVirgo
| KAGRA

~ Can measure the change of the galaxy (0.1 million light year) with accuracy of 1 m !




More mass ! More velocity ! : Astrophysical GW sources

e GMv?
Ground-based detectors
-16
1 0 | | 1 i | | | |
sive BH DPF limit - 3
g” 1 0—18 et | HfB
2 ﬁ!'h
=20|_
=
— 5 Foregroun®
=22 \
S 107 DECIGO
© ! Background GWs
et from early universe
10—25 A Gravity-gradient noise |
| . | | | (Ta[restrial ::Ietectur?}
4 2 0 2 4
10 10 10 10 10

From M. Ando Frequency [Hz]



More mass ! More velocity ! : Astrophysical GW sources
GMv?

4

Ic
i Space-based detectors Ground-based detectors

10

h

Strain [1/Hz"4]

102 10°
Frequency [Hz]




Why even now, dlfflcult to detect GWs from Hulse-Taylor pulsar (1/4)?

PSR1913+16 ‘ mq = (1 4398 + 0. OOOZ)M@
m, = (1.3886 + 0.0002)M,

Period: P =7.75 hours

eccentricity: e = 0.671334(5)

Orbital separation: a
1

ot
a= (G(mﬁnf)P )3 ~1.95x 10* cm
41T
Orbital separation NN EIIERTeRT IRV (olk
= ~ 13
a=r1 +1, d = 6500 pgz 6500 X 3.1 X 103km
=2 X 104 cm

(Center of Mass)

For simplicity, let’s consider a circular orbit (e = 0) !

(1). Positions of the two stars (NSs)
1 — Mo

a cos(wt), 1 = ————asin(wt),
my o My P
—— acos(wt), Yy = ——a sin(wt)
. mo, m-q
(here we used therelations,m;ry =m, r,a =1 +1,,=>1r =——a,r, =
mi+ms, mqi+mo,

: Gm,m mv?  myv3

(2). Kepler’s (third) law: F = a12 2 = le L= :22 VL =Ty, Uy = THhw =
1 2

Glmy +ms) = w?d®




For simplicity, let’s consider a circular orbit (e = 0) !
(1). Positions of the two stars (NSs)

T - .
2 a C()S(th) . Ul — —2(1 Slll(u;t) )

1 Ty

’ X —
‘(3 my + Mo my + mo
’ W
> _
0

a cos(wt), a sin(wt)

> X - Y2
mq + ms mi -+ Mo

(Center of Mass)

Drbital separation: 5
G(my +msy) = w?a’

aET‘1+T‘2

MM

2(mq + mo)
M1

2(my + mo)

‘ ¢ 7 T? T T? ¢ v

) 1Mo 5

mixy + TT?.-QII?S — a’® cos’ (wt) =
my -+ ms

¢ ¢ 772 rr? ¢ ¢
) ) 11162 ) .
= myy; + Mays = a” sin®(wt) =
mi + meo
mims o
= Loo + 1y = —d
1My + M-

a’[1 + cos(2wt)].

a1 — cos(2wt)],

SRS
2(mq + mo)

a’ sin(2wt)

Iy = L,p = M1y + makals =




For simplicity, let’s consider a circular orbit (e = 0) !
(1). Positions of the two stars (NSs)

Mo Mo ,
—————acos(wt), ) = ————asin(wt),
my + Mo my + mo

mq my _

= ——————acos(wt), Yo ————asin(wt)

my + meo my + meo

(Center of Mass)

Drbital separation:

O=1+t1

> ) M1Mo - M1Ms
Mmix] + moxs = a ,
! 2" s @n |+ ms)

: : AARILE ; '
o 02 a2 12 o . 1 e (9
= Mmiyy + Mmays = ——— a” 1 PP > (4 + cos 20) 4 a’[1 — cos(2wt)].

mims o
M + Mo

SRS

;) .
a” sin( 2wt
2(mq + mo) (2u1)

Iy = 1, = mix1yn + Mmalalys =




Why even now, difficult to detect GWSs from Hulse-Taylor
For simplicity, let’s consider a circular orbit (e = 0) !

(4). The GW amplitude _

Ejk(t, xT) ~

r Traceless-transverse

5 COS|2w(t — 1 sin2w(t —r
4G a*w?myms 052wt = )] sinuw(f =)

= —— ——— | sin|2w(t —7r)] —cos|2w(t — )]
(M1 4+ mo)r 0 0

900 Ot c 0 —s c2H, cH, —scH. c 0 s
dr. Jdr;
Rt :)—ijihj{fz 01 0 cHy —Hy —sH, 0 10
ol Jr
O s 0 ¢ ) \seH, —sH, £H. ] \-s 0 ¢

(.'.[_J_TJr Hx 7.‘5H+ C 0 s HX 0
=|cH, —H, —sH, 0 1 o0]=|HEA]O]-

0 0 0 —s 0 ¢ 0 0 0

h? Const
Circular polarization

Quiz:
Seen from equator?




Why even now, difficult to detect GWs from Hulse-Taylor pulsar

(4). The GW amplitude
2G' d* 1" (t —r)

r dt?

4G a*w?mims

(mq -+ mo)r

0

cos|2w(t — r)]
sin2w(t —r)]

sin[2w(t —r)] 0
—cos[2w(t —1)] 0

0 0

AGalwimimsl  4Ga? x

G(my + my)/a’

X 1M1 Mo

h

(my + mo)r

(my + mo)r

2Gmy x 2G'mo

ar

1.4 x 3)?

N ad N2 2 % 106 x 2 x 1017

v’ The GW is not that small for ground detectors. Important: The GW amp. increases with time!
v' The GW frequencyis, Period: P =7.75 hours

~ 4 x 107

L Too low to detect by interferometers on the earth!
2&) T O 45mHZ Why did LIGO make it to detect GWs (from BHs) ?



(4). The GW amplitude
2G/ d° 1% (t —
r dt>

Ejk(t,az) ~

1Ga*w*my

(m1 + mo

AGadwdmimeo

(m1 + ma)r

10*
frequency[Hz]

v/ The GW is not that small for ground detectors. Important: The GW amp. increases with time!

2&) — O 45mHZ Why did LIGO make it to detect GWs (from BHs) ?




Success of GR in Hulse-Taylor pulsar (1/5)

(5). The GW luminosity Third time-derivatives of quadrupole moment

5 4 sin[2w(t —r)]  —cos[2w(t —r)] 0
ik _Aatwimamy o _ ST ‘
T (T,m}—i_l_ — COS _.,-,(!—;)] — sin _.;,(!—;)] 0
my + mo ' :
L 0 0 0

| N C
Law = ——( ‘.f""Iﬂ)

[~ 1

2

G [ 4a*wPmym: . o
— ( 1 3) <2 h‘ilr)['j;,;,‘(f — ;)] + 2(_,(_“2[2@‘” B f}])
9C” \ My + My |

32G a'WSmim3  32GT mim3(my + ms)

5¢7 (my + my)? 5¢0 a’

lerg/s]
Quadrupole

(Issacson’s)formula

v Energy loss rate due to GW emission

dEE Gmymes da

e L e
dt 2a?2  at G

<Y -
,° wit

= v Decreasing rate of the orbital separation

(Center of Mass)

da 64G” mima(my + ms)

Drbital separation: dt 505 a>

=1 +r
— v Using the Kepler law,

G(my + ma2) P? = 412%4°
M ar 5 oda 64 x 12G372 myms(my + mo)

. 2G(m Mmo)P— = 127°a0°— =
2a (i +ma) Py T 5¢5 a




Success of General Relativity in Hulse-Taylor pulsar (2/5)

(5). Decrease rate of the orbital spin period (e.g., increase of the orbital frequency)

dP 64 x 6G?12 mims NPUSIPVNET

= T 5 2.( ) &~ 6.3 us/vr
dt D / /

On the other hand, 30-year of observation of the Hulse-Taylor pulsar:
= (—2.423 £0.001) x 1071 ~ —76.5 psec/year| | I

Accuracy of GR prediction confirmed !
0.997 £+ 0.002
32 G .-"H:.l”fg(_.”f} +.__m2 _ 02 2l (confirmed also by

St aP[l — e?)"? 906 perihelion shift of Mercury,
deflection of light by the Sun ...)

32 32N (

Taking “ e = 0.671334(5)” -> MR

(6) Important quantity: The Chirp mass

The GW luminosity; Lg,y Kepler’s law



Success of General Relativity in Hulse-Taylor pulsar (3/5
Quasi-circular Plunge Ringdown

/ inspiral and merger

by 3.5 Post-Newtonian (PN) techniques 0 years {~3oo s ( ')( )fj
(e.g., Blanchet, Living Reviews, 2013, ) A )]

Equation of motion of m, ot

G mg
a; = — ni2
z

i [ 5G2myn e * 2)? (vyvg)es — 2(vyvg)*e] .
“LL HED R Nightmare.. -
Gmes A . 723 ——

"2

(4

{_—_,FJ

1 { [QUSGSm 1 m3

1514,

5ri.

8G3m?2m
+ - -



Success of General Relativity in Hulse-Taylor pulsar (4/5)

/ The Earth
(e.g., Blanchet, Living Reviews Relativity, 17, 2 (2014) )

(f“(r) * 1+ cos?1

r\

h (t)=— cosD(7)

S (T)
C

h (t)=— [ ] costsin@(7)

By observing fGW and fGW The Chirp mass via
By observing h+ and h » The source distance 1, inclination angle

By observing the ring-down phase (quasi-normal mode) The BH mass VI, BH spin,

h(t) = —(t=to)mfr/@ cos[2mfr(t —to) WM+, — {15251 — 1.1568(1 — (-_1.."')‘-3'-'-2‘-"1’-}

f
T

000 4 LAIT(1 — a) 0 ()

oa_n

Damping rate, “a” is parameter (J/M)



Success of General Relativit

v Three evolution phases of binary merger
(see 1)

The chirp GW signal:

The waveforms generally well-modeled
by Post-Newtonian techniques (theory).
(see, Sathyaprakash & Schutz (2011) Living review)

For the “ ” detection:

noise

v The signal-to-noise ratio: SNR or S/N
s(t)

n(t)’
(s|h) :

J< (|h)? > S U/

h (f) :template (= hW/N (Thorne (1987))
(for quasi-periodic signals of N cycles
, €.8., chirp, matched filtering)

S, (f)= spectral noise density

not accurate..

(s1h)~ |

S/N ~

~ 10 s(/)h'(f)

r'd

/
tc~1osyears/v t, "‘300}:5<‘ ')( jf Y,

Quasi-circular
inspiral

in Hulse-Taylor pulsar (5/5

Plunge Ringdown

and merger

Naae

; N,
Inspiral phase:

h, fo\y increases with
time !

Post-Newtonian
techniques

ﬂ
{ JVUV”TW;

' Black hole
Numerical perturbation
relativity methods

3
Better

= === alL.IGO

s s s e

———ET

AdV
KAGRA

Voyager

CE

| IR
selsmlt\\\

——

isolation\f\ = E
\ Better _ I \»"/
j : -

mirrors & suspension— - |

Hfgh laser povie
i

—

T =

100
Frequency (Hz)



Success of Ge

v Three evolution phases q
(see

The chirp GW signal:
The waveforms generall
by Post-Newtonian tech
(see, Sathyaprakash & Schutz (

For the “

noise

v The signal-to-noise rat

S/N ~ @, not accura

n(t)
(s|h)

V< (n|h)? >

~ 10

From S. Kawamura

Matched filter

Signal + Noise

3 MWLWMWMMW 1 g WWWMWW

Lower mass

Higher mass

s1m~J 57

KAGRA

—_— - A+
Voyager

e

CE

i Betté(

selsmlt\\\

isolation’ = =
f B g T o g | ILN—""-
J Better _ | Lo

» mirrors & SUSpETTSI'OT\"‘}‘

s(f) R (1)

h (f) :template (= hW/N (Thorne (1987))
(for quasi-periodic signals of N cycles
, €.g., chirp, matched filtering)

S, (f)= spectral noise density

e R Hfgh Iaser r powe
‘-.______‘__ __J-’/

10

100 1000
Frequency (Hz)



Quiz: Can one expect GW emission from axisymmetric (2D) stars ?

- =fp(R.Z) R? cos? ¢ Rde:dd)zrrfp(R.Z) R* dRdz,

Iyy = //)(R. 7Z) R? sin’ ¢ RAdR dz d¢p = I,,.

[ Xy

//_)( R.Z) R*sin¢ cos¢ RdR dz d¢ = 0.

o

l.. = / p(R.Z):2 RdR dz d¢p =27 [p(i"\’.Z):2 R dR dZ

]_\‘:_ — ]_\u‘ = 0.

2 Q Q0 _ 99
. cos“ 6 + 1 hg, +hd, —2hZ
hf{iq‘; hog = ;‘2[(1?% — h?\ cos 0+ D cos2¢p — — ; = sin? 6
hy = — = 2
+ X . cos 6 + 1
FE .J‘E sin # + h‘%L sin 2¢ — h‘TQ;,_ sin@ cos cos ¢ — h_g: sin 6 cos ¢ sin q')]

= — —cos 6 sin2¢ + hy cost cos2p

r2sinf 2

| . -
hy = —— Iy — I;;)sIn" 6.
T s (Lxx 22) + hf_}: sin# sin ¢ — h,% sinf cos ¢,

hQ _ %}'TT
ij = r ij

h, =0.




1St d iscove r ° G W 1 509 14 |s et al. (PRL), 20161102
rEY

Hanford, Washington (H1) Livingston, Louisiana (L1)

Hanford

H = L1 observed =

H1 observed (shifted, inverted)
I I 1 |
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Applications to GW formulae to GW150914

o o [erg/s]
Quadrupole

(Issacson’s)formula

@h,y T =37,V="TwWpex ~05¢C
Murmerical relativity
Reconstructed |

10_4 LPlank

o\

Separation (/

LGWlmaxN

c®

Lplan}( = E ~ KRAES

0.40 0.45

d2d0

MChirp -

MChirp =

(mymy) s Assuming equal mass
(ml +m2)1/5 M ~ 30 M@

3 2
Abbott et al. (PRL), 2016, 116, 061102 L __¢ 3
GW
max 161G max

2 () Gon )] | [oa

4G

]

max

2
2~ C_S Ot*'GWlmax dL hlmax
4G c

= d, ~ 300Mpc




Applications to GW formulae to GW150914

Merger Ring-
down

lerg/s]
Quadrupole

(Issacson’s)formula

Strain (107%%)

-1.0

Murmerical relativity

Reconstructed [template)
[ h

— Black hole separation

m= Black hole relative velocity

paration (R:

Frequency (Hz)

[y
e

0.30 0.35 0.40 0.45

Time (s] 030 035 040
Abbott et al. (PRL), 2016, 116, 061102

342
c’dy

4G

A

max

2
2 CS ( wG‘Wlmax dL hlmax )

C
(mymy)/s Assuming equal mass

(my +m,) /s M~ 30 M@

MChirp =




Applications to GW formulae to GW150914

I T T
Inspiral Merger Ring-
down

Quadrupole

(Issacson’s)formula

| Selected for a Viewpoint in Physics —
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£ The real answers:
Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott et al.

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016: published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 107!, It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater

160

than 5.16. The source lies at a luminosity distance of 4107 /% Mpc corresponding to a redshift z = 0.0977;.
T L W R S,

. i LS 1 2 :
In the source frame, the initial black hole masses are 36_; M., and 29 M ., and the final black hole mass 1s

62 {M . with 3.0°2 M _ ¢ radiated in gravitational waves. All uncertainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct

detection of gravitational waves and the first observation of a binary black hole merger.
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One-sentence summary

15t . General Introduction

v ?
To see the inner-workings of BH/NS forming cites !
v

From the Einstein equations (quadrupole formulae),
to applications how fo extract basic information
of binary parameters (Hulse-Taylor pulsar)

e
The GW astronomy started !
(multimessenger analysis important,
Lectures:G.M*Rinedo, A Bauswein, R.Diehl 1)
2nd . Core-collapse supernova theory:
The space-time evolution of dying stars



The Classical
Useful references: Theory of Fields

Course of Theoretical Physics

1. General relativity: textbook by Landau, Lifshitz Volume 2

2. Concise review of GW physics and detection:

by . Miheln Mapgios o z
£ o
Grawtatlapal g
i s
W@ez T
e %iﬁi‘f' @
3. Brief overview of GW150914 A T e

. . . . . ann: dt-u
Ann. Phys. (Berlin) 529, No. 1-2, 1600209 (2017) / DOI 10.1002/andp. 201600209 p hys | k

The basic physics of the binary black hole merger GW150914

LIGO Scientific and VIRGO Collaborations™**
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