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A short introduction to gravitational waves
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@ A short introduction to gravitational waves
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A short introduction to gravitational waves

Spacetime dynamics

@ Special relativity : metric tensor g = fixed bilinear form on the vector space
~ R* associated with the spacetime affine space

o General relativity : metric tensor g = field of bilinear forms : g = g(p)

Eric Gourgoulhon (LUTH) Dense matter and gravitational wave astrophysics IPN, Orsay, 19 January 2009



A short introduction to gravitational waves
Spacetime dynamics

@ Special relativity : metric tensor g = fixed bilinear form on the vector space
~ R* associated with the spacetime affine space
o General relativity : metric tensor g = field of bilinear forms : g = g(p)

8rG
Einstein equation : | R — ng = LT
ct

@ R = Ricci tensor = symmetric bilinear form = trace of curvature tensor
(Riemann tensor) : “R ~ g d°g + g 0g 0g"

o R = Trace(R)
o T = energy-momentum tensor of matter = symmetric bilinear form such
that
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A short introduction to gravitational waves
Spacetime dynamics

@ Special relativity : metric tensor g = fixed bilinear form on the vector space
~ R* associated with the spacetime affine space
o General relativity : metric tensor g = field of bilinear forms : g = g(p)

8rG
Einstein equation : | R — ng = LT
ct

@ R = Ricci tensor = symmetric bilinear form = trace of curvature tensor
(Riemann tensor) : “R ~ g d°g + g 0g 0g"
R = Trace(R)
T = energy-momentum tensor of matter = symmetric bilinear form such
that
o F =T(u,u) is the energy density of matter as measured by an observer O of
4-velocity 4
e p; = —T'(u,€;) component ¢ of the matter momentum density as measured
by O in the direction €;
o S;; =T(€&;,€;) component i of the force exerted by matter on the unit
surface normal to €;
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A short introduction to gravitational waves

Comparing Newtonian and relativistic gravitation theories

Newtonian gravitation :

fundamental equation : Poisson
equation for the gravitational potential
P :

AP = 4AnGp

@ scalar equation
@ linear equation

@ elliptic equation
(= instantaneous propagation)

@ only source : mass density p
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A short introduction to gravitational waves

Comparing Newtonian and relativistic gravitation theories

Newtonian gravitation : . . .
S fundamental equation : Einstein

fundamental equation : Poisson equation for the metric tensor g :
equation for the gravitational potential
D : 1 8
A® = 47Gp R(g)-5R(9)g=—75T
o scalar equation e tensorial equation (10 scalar
@ linear equation equat-|ons) _
& dllfsifie coueifen @ non-linear equation
(= instantaneous propagation) @ propagation at finite speed (c)
e only source : mass density p @ source : energy-momentum of

matter and electromagnetic field
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A short introduction to gravitational waves

Comparing Newtonian and relativistic gravitation theories

Relativistic gravitation :
Newtonian gravitation :

fundamental equation : Einstein

fundamental equation : Poisson equation for the metric tensor g :
equation for the gravitational potential
D : 1 8
A® = 47Gp R(g)-5R(9)g=—75T
o scalar equation e tensorial equation (10 scalar
@ linear equation equat-|ons) .
& dllfsifie coueifen @ non-linear equation
(= instantaneous propagation) @ propagation at finite speed (c)
e only source : mass density p @ source : energy-momentum of

matter and electromagnetic field

Remark : for a weak gravitational field, one of the 10 components of Einstein
equation reduces to the Poisson equation (and the other 9 reduced to 0 = 0).

Eric Gourgoulhon (LUTH) Dense matter and gravitational wave astrophysics IPN, Orsay, 19 January 2009 5/32



A short introduction to gravitational waves

What is a strong gravitational field ?

Relativity parameter or compacity parameter of a self-gravitating body of mass M
and mean radius R :
GM N ‘Egrav‘ N ‘(I)surf| N V2

esc

2R Mc? c? c?

[

@ Fg.y : gravitational potential energy?
o dg,.r : gravitational potential at the surface of the body

@ Ve : escape velocity from the body’s surface?

Earth  Sun  white dwarf neutron star black hole
=]10710 10°¢ 10-3 0.2 1

if = 2> 0.1, general relativity must be employed to describe the body
(compact object)

3 GM?
5 R

2for a spherically symmetric body : vesc =

Lfor a homogeneous ball : Egrav = —

S
o
E
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A short introduction to gravitational waves
Gravitational waves

Linearization of Einstein equation in weak field : g = n + h,
1 = Minkowski metric3

— 167G
= wave equation : |(Jh = — ey ¥ (Lorenz gauge)

A
102 F
2ot 9x2  Oy? 022

— 1
with 0 = — h=h- ihn and h = Trace(h).

observer B

3 = diag(—1,1,1,1) en Cartesian coordinates
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A short introduction to gravitational waves
Gravitational wave emission

@ For a weakly relativistic source : quadrupole formula :

- 2G 1 - r
TT k l kl
hij (ﬁ,il?) = |:Fi Fj — Fijl: :| Qij (t — C)

cir

o 1 : distance to the source
> the > )
o P =6;; —x'x? /r” : transverse projector

° Qij(t) 1:/ p(t, &) (ﬂﬂ -

S 3 -
- méij) d”@ : mass quadrupole
source

W=

o GW luminosity :

5 6
L~0—32=2 (E)
G c

e s : asymmetry factor (s = O fpr spherical symmetry)
e == GM/(czR) . compacity parameter
e v : characteristic velocity of matter in the source

NB: c®/G ~ 4102 W!
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A short introduction to gravitational waves

Numerical integration of Einstein equation

EEme——

(BT

L
e

Numerical code constructed on the library
Langage Objet pour la RElativité NumériquE (LORENE)
(http ://www.lorene.obspm.fr)

[Bonazzola, Gourgoulhon, Grandclément & Novak, Phys. Rev. D 70, 104007 (2004)]
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A short introduction to gravitational waves

Gravitational waves

gravitational waves = perturbations in
spacetime curvature

@ reveal the dynamics of spacetime

@ are generated by acceleration of
matter

o far from the sources, propagate with
the velocity of light

o NB : electromagnetic waves
(radio waves, IR, optical, UV, X and
gamma) are perturbations of the
electromagnetic field which
propagate within spacetime,
whereas gravitational waves are
waves of spacetime itself

Bi-dimensional spacelike section of a
spacetime generated by a binary system of
black holes
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A short introduction to gravitational waves

Detection of gravitational waves

LIGO : USA, Louisiana
LIGO : USA, Washington

o

VIRGO : France/ltaly (Pisa

& it T ant e &

Interferometers VIRGO
(3 km) and LIGO (4 km)
are currently acquiring
data.
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A short introduction to gravitational waves

sensitivity curve

— Oct 2007

E- —— May 2008
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A short introduction to gravitational waves
Event rates

Binary coalescences :

NS-NS BH-NS BH-BH
predicted rate™  [yr=1Ly] 5107° 210°° 41077
observed rate®®  [yr~'Li)] | <4102 <2107% <2107°
detection range  LIGO S5®) | 30 Mpc 50 Mpc 80 Mpc

Lo = 1019L, (blue solar luminosity) ; our galaxy : ~ 1.7 L1

(1) [Kalogera, Belczynski, Kim, O'Shaughnessy & Willems, Phys. Rep. 442, 75 (2007)]

2) from 1st year of LIGO S5 data, Nov. 2005 - Nov. 2006 [Abbott et al., arXiv :0901.0302
(2009)]

Core collapse supernovae :

rate ~ 2 1072 yr= 1L,
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Gravitational signal from binary neutron stars

Outline

@ Gravitational signal from binary neutron stars
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Gravitational signal from binary neutron stars

Gravitational radiation from a binary system

Masses : M7 and Mo
o2 \311/5

. (A[lj\fg)g

h : = |77
Chirp mass : M L\'ﬁ VA

Orbital period : P
Distance to the binary : d
Inclination angle : ¢

GW for a circular orbit at the 0-PN level
(from quadrupole formula) :

P

1 s (20\P t
hy = @(GM) / (P) cos? sin 47Tﬁ + o

2 2r\2/? t
_ 5/3 2. :
hy = c4d(GM) / ( ) (14 cos”i) cos (47r + <,00>
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Gravitational signal from binary neutron stars

Chirp signal
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[Boyle et al., PRD 78, 104020 (2008)]

Eric Gourgoulhon (LUTH) Dense matter and gravitational wave astrophysics IPN, Orsay, 19 January 2009 16 / 32


http://link.aps.org/doi/10.1103/PhysRevD.78.104020

Gravitational signal from binary neutron stars
A panel of different EOS

3 nuclear matter EOS :

e BPAL12 : phenomenological soft
extreme of nucleonic EOS [Bombacci et
al. 1995]

22; ‘ A‘m.m 1 e AkmalPR : n,p,e,u with 2-body
2, SQSB60 GlendNH3 E (/—\rgonne A18) and 3-b0dy (Urbana
' - UIX) nucleon interactions [Akmal,
e ] Pandharipande & Ravenhall 1998]
s e / 13sm ] ® GlendNVH3 : n,p,e,uu with hyperons
= 1250 /7\] 1 for p > 2ppuc [Glendenning 1985]
|1 1 3 strange matter EOS :
MPE2T 1 MIT bag model
“r 1 eSQSB56 : myc* = 200 MeV,
025 ‘9 ‘ 1‘0 ‘ 1‘1 }‘i[kn]é BRE 14 15 0= 0.2, B =56 MeV/fm3

eSQSB60 : myc® =0, a =0,
B = 60 MeV /fm?

eSQSB40 : myc® = 100 MeV,
a = 0.6, B =40 MeV /fm?
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Gravitational signal from binary neutron stars

Inspiralling sequences for different EOS

Mass-shedding limit

Binding energy along the sequence :
for My = My = 1.35 M and GlendNH3,

0,025 /T T T T T T T T T =
AkmalPR and BPLA12 EOS : ZZ Sasee0
L SQSB56 B
—— GlendNH3
—— BPALI2
T T T = AkmalPR
R 003 -+ 3PN (Blanchet 2002)| |
_ = | |
Eol 9 2
< e
0.035 3 i
S
3 1
| N )
LN N -
et ] Ny T
0.04 o
_ 1 . 1 . | . | S .
Tl 1 600 800 1000 12 1400
:‘ f(;W[HZ]

-10

] [Bejger, Gondek-Rosiriska, Gourgoulhon, Haensel,
Taniguchi & Zdunik, A&A 431, 297 (2005)]
[Limousin, Gondek-Rosiriska & Gourgoulhon, PRD 71,
064012 (2005)]

10

2 [im]
0

[Gondek-Rosiriska, Bejger, Bulik, Gourgoulhon,
] Haensel, Limousin, Taniguchi & Zdunik, ASR 39, 271
—20 0 R0 (2007)]

-10
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Gravitational signal from bin

The merger
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http://link.aps.org/doi/10.1103/PhysRevD.73.064027

Gravitational signal from binary neutron stars

The merger

Larger mass : prompt black hole formation

EOS : Akmal, Pandharipande & Ravenhall (1998), M

= M, = 1.5 M,

[Shibata & Taniguchi, PRD 73, 064027 (2006)]
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Gravitational signal from binary neutron stars

Gravitational wave signal

05| —
=k
- 0 "
~ 1 EOS:APR,
o= E My = My = 1.3 M,
05 = 1 2 ®
C ] 100 M
S A 10 2R—
\/R% + R%,
Bo = 2531 km

[Shibata & Taniguchi, PRD 73,
064027 (2006)]
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Gravitational signal from binary neutron stars
GW Fourier spectrum

dE/df (erg/Hz)

1051

1050

1049

1048

f (kHz)

«— EOS: APR
M1 = M2 =13 M@ (SOlId)
M; = My = 1.4 Mg (dashed)
dotted line : 2-PN

Myt - total mass for prompt black hole
formation

dpick at f ~2—-3 kHz = Mot < Myt
No pick = prompt BH formation = soft
EOS

FPS EOS : Mcrit =2.5 Msol

SLy EOS : My = 2.7 Mgq

APR EOS : My = 2.9 Mg

In addition, the frequency of the pick
depends on the EOS

[Shibata, PRL 94, 201101 (2005)]

[Shibata & Taniguchi, PRD 73, 064027 (2006)]
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Gravitational signal from black hole-neutron star binaries

Outline

© Gravitational signal from black hole-neutron star binaries
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Gravitational signal from black hole-neutron star binaries

Black hole-neutron star binaries

The most favorable binary coalescence for VIRGO / LIGO ?

Sources of short gamma-ray burst ?

=]

trou noir— étoile & neutrons
~ M =7.0 Mg M=1.4Mgg
= 54 I L 1
L =5 0 5 10
X

[Grandclément, PRD 74, 124002 (2006)]
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Gravitational signal from black hole-neutron star binaries

Black hole-neutron star merger

EOS : polyt. y =2, M/R = 0.145, mass ratio 3 (A), 2 (B) and 1 (C)
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Gravitational signal from black hole-neutron star binaries

Gravitational wave signal

EOS : polyt. v = 2, mass ratio 3
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[Shibata & Taniguchi, PRD 77, 084015 (2008)]
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Gravitational signal from black hole-neutron star binaries
GW Fourier spectrum

EOS : polyt. v = 2, mass ratio 3

1 =] T T
NS’s radius —
dependence disruption
S olp | W
- F
. - B 12km
Mass is - A {32km
the same | ¢ *17"*71;“1
001 ‘ 1 1 I 1 Er1 |
100 OOSh'bt Taniguchi
Ibata- I aniguchi
() f (Hz) PRD 2008g

[Shibata & Taniguchi, PRD 77, 084015 (2008)]

Eric Gourgoulhon (LUTH) Dense matter and gravitational wave astrophysics IPN, Orsay, 19 January 2009 27 / 32


http://link.aps.org/doi/10.1103/PhysRevD.77.084015

Other types of gravitational radiation from neutron stars

Outline

@ Other types of gravitational radiation from neutron stars
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Other types of gravitational radiation from neutron stars

Neutron star formation in core-collapse supernovae

& g e e g b | RARAARARE T )
s E s1IAI007 | siiasors { @ EOS:
g 1f 3 ol ] red : Shen (1998)
- 1t : blue : Lattimer &
5 Op 1 1 Swesty (1991)
=] B 2 @ Progenitor mass :
= ER ] s11 = 11 Mg,
Rodnnnedinndindinnnd jobond i o b s15 = 15 M@,
0 10 20 30 40 0 10 20
520 = 20 M@,

A A L B Sl Wi e g 540 = 40 My,

20A2009 . :
5 ] @ Rotation profile :

Al = uniform,

A2 = moderately
differential, A3 =
strongly differential

el et e it L T el i o T/|W|:01l=
4 L 10 20 small, 015 = large
[Dimmelmeier, Ott, Marek & Janka, PRD 78, 064056 (2008)]

h (10 lat 10 kpc]
o
[=}
e
. =2
=
e

I BT O A I O
'
o

LI O 0 1o

Eric Gourgoulhon (LUTH) Dense matter and gravitational wave astrophysics IPN, Orsay, 19 January 2009


http://link.aps.org/doi/10.1103/PhysRevD.78.064056

Other types of gravitational radiation from neutron stars

Neutron star formation in core-collapse supernovae

h [1042] at 10 kpc]
s e il oo o

h [10421 at 10 kpc]

s40A1007

s40A3013 A

=}
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=
Do
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(2%
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S
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[Dimmelmeier, Ott, Marek & J

anka, PRD 78, 064056 (2008)]

EOS :

red : Shen (1998)
blue : Lattimer &
Swesty (1991)

@ Progenitor mass :

s11 = 11 My,
s15 = 15 Mo,
520 = 20 Mo,
s40 = 40 M,

@ Rotation profile :

Al = uniform,

A2 = moderately
differential, A3 =
strongly differential

o T/[W|:01=

small, O15 = large
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Other types of gravitational radiation from neutron stars

Phase-transition-induced mini-collapse of neutron stars

17F

ITRTETIN:

model CAS

W
AL B DL L

o 14 /7 Phase transition from hadronic matter to
= s 3 deconfined quark matter in the core
N 1 = compact hybrid quark star
12 E
1E é
Bonnn b b b b 8
0 6

t [ms]

[Abdikamalov, Dimmelmeier, Rezzolla & Miller, arXiv :0806.1700]
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Other types of gravitational radiation from neutron stars

GW signal

Waveform Fourier spectrum
0‘6,”‘“““ HARRR R LR AR AR LAY RS S I
F model CAS ] r i model CAS
04— —
—_ f ] 4 B
ol I W |
S ool A M A | 1 : 7
& f U U | ] o= 1
o -02F T
= 04F 4 7
»0.6i ,: A 4
FRERRNRETE IRRERENAT SRRRRRRNNY ENURRRNURY RNRERARNTE FRRRERERTY I B e Loy
0 3 6 1.5 2.0 2.5 3.0
t [ms] fIkHz)
Detectable by VIRGO/LIGO in the Galaxy, needs 3rd generation of detectors at

20 Mpc (Virgo cluster)

[Abdikamalov, Dimmelmeier, Rezzolla & Miller, arXiv :0806.1700]
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