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Lecture 5: Dark Energy and Gravitational Waves
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® Introduction Today 14 billion years

Life on garth ” oy Q
THE UNIVERSE, THEN ey o Ry

Solar system form . e e
Dark Energy ~ 0 :
Neutrinos Dark Earliest visible galaxie y— 700 million years
10% = STy
pammyy  Recombination Atoms form \——4=1400,000'y
Relic radiation decouples (CMB ,;; S )
Photons T :
15 % Matter domination
Onset of gravitational collapse
Nucleosynthesis — 3 minutes —
Atoms Light elements created - D, He, Li e 0 U o ¢
12% Nuclear fusion begins - 0.01 seconds —
13.7 BILLION YEARS AGO Tina -
(Universe 380,000 years old) Quark-hadron transition

Protons and neutrons formed

Electroweak transition

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

-
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Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down




® Introduction

THE UNIVERSE, THEN AND NOwW

Dark Energy ~ 0

Neutrinos Dark Atoms
10 % Matter 4.9%
63%
Dark
Photons Matter
15% 26.8%
Atoms
12%
13.7 BILLION YEARS AGO TODAY
(Universe 380,000 years old)

959% of the cosmic
matter/energy is a
mystery.
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SNe Ia 27% dark matter
5% atoms 3 Expanding universe

The current universe is accelerating!

Dark energy is pushing galaxies apart.




Cosmic Tue oF War

The gravity of dark matter tries to pull
the universe together, while dark energy
tries to push it apart. Dark matter
dominated the early universe, but dark
energy began to dominate about five
billion years ago. As the universe gets
larger, cark energy’s domination
increases.
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Edward Witten

IAS, Princeton

‘Most embarrassing observation in physics’ —
that’s the only quick thing | can say about dark .
enerqgy that’s also true.” y
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® Some basic concepts in cosmology

Cosmological principle: the Universe looks the same whoever and wherever you are.

) . FHZEI  FHAGRE L (B5H)
Homogeneity and iSotropy i {2 &bk - 528 FRWE ik -

Our large-scale Universe possesses two important properties, homogeneity and isotropy.

Homogeneity 1s the statement that the Universe looks the same at each point,
while isotropy states that the Universe looks the same n all directions.

The expansion of the Universe

. /\o s )‘em
Redshift z: 2= S 2=

where A and Abs are the wavelengths of light at the points of emission (the galaxy) and observation (us), v is a speed of a nearhy object.
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Hubble's law v=Hyr

Ho is known as Hubble's constant.

Velocity (km s™')
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Big Bang Inthe distant past everything in the Universe was much closer together. Indeed, trace the history
back far enough and everything comes together. The initial explosion is known as the Big Bang,

A model of the evolution of the Universe from such S 7 T 7 7
a beginning is known as the Big Bang Cosmology. // // // // //
/s _/J  /J /J
A
Comoving COOl’dinates carried along with the expansion. /“/ /j // J[ Jj
/  J  /J  / /
y A A A A 4 Time

r'=a(t)Z real distance r and comoving distance x

a(t) is known as the scale factor of the Universe. a(to) = 1 at present time t = ty. #
a(t) 1 a(t) = 1 a=ary  The larger the redshift z
a(ty) l+z 2= 0 2=z means the earlier the event.

The Friedmann equation

. . Y p ¥ 7] ' : . 2 "
Newtonian gravity =~ p - GMm _ dnGorm y— _GMm _ _4nGprim
r2 3 B 3
1 2 4 . 1 4
U=T+V = —2~m'f"2 - —g Gprim — U = §mc'z2:1:2 — nga2m2m

a\> 817G  k : :
(a) — T3 P2 <¢—  [riedmann equation where k = —2U/maz?




The fluid equation

The first law of thermodynamics dE + pdV = TdS (an expanding volume V of unit comoving radius)
dm dE da 4n . d
E=m=—a3 — =4 2 _____a3_£
37 i P T %
Assuming a reversible expansion dS =0 and % — 4ma? %‘tf

b+ 33 (p + p) —0 <a— fludequation  Continuity equation

The equation of state ~ w = p/p

The acceleration equation

a o 3
p<-—3p

(g) _ 87G k
a) 37 a2 a 4G > 4
. () il (1,

Positive acceleration clearly requires

w=p/p<-1/3

= Negative pressure P of dark energy



The Geometry of the Universe
A summary of possible geometries.

curvature | geometry | angles of | circumference | type of
triangle of circle Universe
k>0 spherical > 180° c < 2nr Closed
k=10 flat 180° c=2nr Flat
k<0 hyperbolic | < 180° c > 2nr Open
k=-2U/mx?=0 A flat universe can have zero total energy.
a
The Hubble parameter H = -
a
a\’ 8rG &k g2 - 871G
- = —00 P —5 —_— = —_—p — —
a 3 a? 3
The densit t N
e density parameter  Q(¢) = p
C
871G k k
= —
=73raz —— %l am

The Hubble constant
Ho = 100h km s~ 1 Mpc—1
h~ 0.7

B 3H?
- 871G

the critical density
pe(to) = 1.88h% x 107 kgm ™3

Q4+ QU =1 S


https://en.wikipedia.org/wiki/Zero-energy_universe
https://en.wikipedia.org/wiki/Zero-energy_universe

The Cosmological Constant A

87G kA a 4nGG | A
g2 = - =+ = - === \p+3p |+ 5
3 a 3 a 3 3
Open Universe:

Q4+ 0 _ Kk Q4 = pa/pe Flat Universe:

i —1= a’H? A C : .

PA = —— losed Universe:

8nG

0<O4+0y <1.
ND+Q=1.
Q4+ Qa>1.

Comoving Distance dc

2—

Consider a photon traveling along the r directiontous. ~ ds* = —c*dt* + &’ (t)dr* =0 =dr =

dt da . dz'
d, =r=fdr=—cf;=—cfa2H =C~£H(Z')

Angular Diameter Distance (physical distance) d 4

d,(z)= ;ﬂﬁ i Ax = a(t)rA6 (flat universe)

Z

c . d
44(2) = alt)r = 1+z»{H(z')

Luminosity distance di. d,(z2)=(1+z)r(z) =c(1+ Z)f

1
H(z'")

a(t)

AB

az'

=< dt

IAX

(flat universe)




Cosmological Dynamics

m Einstein equation

m Energy-momentum tensor for isotropic perfect fluid

m Continuity equation T",., = 0 (for constant w)

p’:

1

2

(Einstein, Nov. 25, 1915)

guwR = 81G1,,

T, =

|
e T

—~3(p+P)H = p = —3(1+ w)p-

When w is constant

- t2/3(1+w) p X a

—3(1+4w)

R —

Dark Energy Equation of State parameter w determines Cosmic Evolution

T ' T T T
~~ y
ﬁ'> 361 W (:) = I DE
@o/ : pl)l'.'
2 ;
‘B 40 :
= ! :
L . . -
o radiation matter :
2 [ p,~a" p, ~a’
a_)‘ -44 - r m _
= : :
o [dark energy
e0 -3(1s+w) W
Q ~da :
S aghPee / \ N -
| A
= 0 -1
Cosmological constant: W = -1 Log [1+Z] _Log[aO""a(t)]

—

Cosmological constant A: w=-1 >

matter w =0— poca”

3

radiation w =1/3 = pox a™

p =constant

P —

Radiation dominates at early

times (small a), then Matter,
and finally Dark Energy.

R ——

N



ACDM model il = Action

Friedmann—Lemaitre—Robertson—Walker (FLRW) spacetime

ds* = —di* + d(1) [] — ;,-2 + 1 (d6? + sin’ 9d¢2)] G Newton’s constant
o o a scale factor or radius
‘ 1'afe e ‘ curvature | H= a/a Hubble parameter
| ) p energy density
i | i P pressure
H*=8nG (p,;prr) /3 —k/a k=1. 0. -1 closed. flat. open
— - 2132 = 2
1= Qy + Qup — k / (a2H2) (=8nGpl 3H
For the flat universe of k=0: OQom+Opm+ Qpeg = 1 (Qm=Qom+ Qpm)

where Qom~ 5%, Qpm~ 27% and Qpg~ 68%




® Dark Energy
® Equation of state of Dark Energy w = p/ p

What is the value of the equation of state w for Dark Energy?

Does w vary with time? <%0 dynamical” dark energy

B —
Sullivan et al. (2011) o _ 7310
DE ° -0.015 +0.24 .
WMAP7 £0.091 w=-=1.1375355 (95%; Planck+WP+BAO),
w=—-1.069", -
[ — ——
.................. 1 LU
-0.5 BAO+WMAP7 - -05 | -
_1.0” -10 b — —
. =
i -15
~15F ; 4
: With all systematics .'
SNLS3 -20
Y i . i s ‘ !
0.0 0.1 0.2 0.3 0.4 0.5 0.021 0.022 0.023

Qp h?



CPL < Data fitting of w(z) >

lb( Z) — wo + Wy ; i - From [Nesseris and L. Perivolaropoulos, JCAP
0701, 018 (2007)]
2 2
1.5 1.5

Gold €y ,,=0.20 1| SNLS % ,=0.20 ODEP () ,,=0.20

w>-1\non-phantom phase

w=-1 : the phantom
divide line

0.6 1.2 1.8 0.6 1.2 1.8
7 7 w<-1:phantom phase
SN gold data set SNLS data set Shaded reo;
[Riess ef al. [Supernova Search  [Astier ef al. [The SNLS aded tegion
Team Collaboration], Collaboration], Astron. shows ]-0 CITOT.
Astrophys. J. 607, 665 (2004)] Astrophys. 447, 31 (2006)]

Cosmic microwave background radiation (CMB) data
[Spergel er al. [WMAP Collaboration], Astrophys. J. Suppl. 170, 377 (2007)]

+ SDSS baryon acoustic peak (BAO) data
[Eisenstein ef al. [SDSS Collaboration], Astrophys. J. 633, 560 (2005)]

* For most observational probes (except the SNLS
data), a low g, prior (0.2 < Qg < 0.25) leads to e
an increased probability (mild trend) for the phantom w<-1 — w>-1

= |W(2) Increases with z

crossing.

Qom : Current density parameter of matter phantom crossin g




Physics Landscape Away From
The High Energy Frontier

Edward Witten
CERN
May 11, 2009

A discovery that the acceleration parameter
w IS not quite -1 would have almost as big
an Impact as the original discovery of dark
energy.
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® Dynamical Dark Energy models

Two main approaches to Dark Energy

E—

G py — SWGTMV (Einstein equations)

T

Modified Gravit Modified Matter
f(R) gravity Quintessence
Scalar-tensor K-essence
DGP Quintom or —]
Nonsense

——

—> The simplest model: cosmological constant A —p> ACDM
-~ IpE _
G,Ll-l/ — SWGTZTLLI/ - 1,.\‘(]!“/ WDE ==

FDE

R - % g R+Ag, =8xGT""" +TPY+T""

— |

uyv

The standard cosmology is based upon Dynamical DE
GR and is consistent with observations




Comments on the ACDM model:

Cosmological , o
= 8nG(Fuw +T,,,
constant: | "G (T + Ta”)
“"biggest blunder” = Dark energy 7DE — _/\g,,,,,,. ¥
- a 8rG
. 3Hp —47 4
This corresponds to the energy scale pp = S 10 GeV
7-{- /
If this originates from vacuum energy in particle physics, Pvac ~ my = 107° GeV*
obs
(S —=10""°°  Adifference of 120 orders of magnitude
P
Cosmological constant problem
Q1: Why so small? Fine-tuning problem &1

(known even before the discovery of dark energy)

Q2: Why now? PR~ Py Coincidence problem %7




Quintessence

I ——

A slowly rolling (nearly) homogeneous scalar field can accelerate the universe

¢ +3HY = -V’

Dynamical

2 ()

Rolling scalar field dark energy is called “quintessence”

Some quintessence potentials

——

PNGB aka Axion (Frieman et al)

Exponential (Wetterich, Peebles & Ratra)

Exponential with prefactor (AA & Skordis)

Inverse Power Law (Ratra & Peebles, Stemhardt etal) |77 (¢p) = 1, ( - )

Vip) =V,(cos(p/A)+1)

Vip)=V,e

V@)=V, (x(@-B) + ™

(0

m

N2




...they cover a variety of behavior.

-0.5 .
—PNGB
---EXP

-0.6| — T
—AS

0.7

-0-8 (11 - b} =

a = “cosmic scale factor” = time




Remarks on Modified Matter Theories:

Quintessence £ = (1/2)(9¢)> -V(¢) —-l=w<=1

Phantom £ =—(1/2)(8¢)> —V(¢)
the kinetic energy of the scalar field 1s negative .
p  —¢2/2— V()
T o —9%/2+V(9)
However, it is clearly problematic  “The phantom of the OPERA”
due to the UV quantum instability.

—1>w

K-essence £ =~”L(¢, X), X = (1/2)0,00"¢

—1<w<1 Or —-1==  butno crossing of w= -1
Quintom=Quintessencet+Phantom=Hessence <%» ‘Nonsense!”’

@ Modified

Is there a gravity theory with phantom Gravity
crossing without the stability problem? & Theory

(with the phantom crossing of w=-1)




® Modified gravity theories

Function f(R) causes accelerating expansion.

= Field equation (F =df/dR

)

1 A
[ Ry — §f9uu —(VuVy = guwV7V)y)

l.e.

1 v .
Ry — ERQW/ = 87 (T,u.zz + T

-7 1

3Tl P

HV_)

_ ) .
T =¢—= |(1 = F)Ryu — —(R — f)gju

+ (VYo = g VAV F| 8

f(R)=R-2A & the ACDM model



f(R) gravity:
The conditions for the cosmological viability of f(R) models

1. f, r >0 - To avoid ghosts

2(n+l)

2. f .RR > U - f(R)=R- H T model does not satisfy this condition.

® The mass M of a scalar-field degree of freedom needs to be
positive for the consistency with local gravitv constraints (LGC).

M? ~ 1/3f rr > 0 <50  not a tachyon

®This condition is also required for the stability of perturbations.

3. f(R)— R—2A for R> R

For the presence of the matter era and for the consistency with LGC.

« Realization of the A CDM-like behavior in the large
curvature regime

4. The presence of a stable late-time de Sitter point

R | | R
f.RR(T:_.Z)<1_ at = f.R:_2

fr | | f

0 <

Others: constraints from the equivalence principle and solar-system




TABLE 1. Explicit forms of f(R) in (i) Hu-Sawicki, (ii) Starobinsky, (iii) Tsujikawa, and (iv) the

exponential gravity models. @
Y fih A
model f(R) Constant parameters
. c1 Rus(R/Rus)?
(i) R— LWsEURSE ey, ez, p(> 0), Rus(> 0)
(i) ||R+ ARs (1 n g"s,) —1|| A 0), n(>0), Rg
(i) R — pRr tanh (£) u(>0), Rr(> 0)
(iv) R — BRg (1 — e F/EE) B, Rg
For example: E. V. Linder, Phys. Rev. D 80, 123528 (2009)
(iv) the exponential gravity P. Zhang, Phys. Rev. D 73, 123504 (2006)

S. Tsujikawa, Phys. Rev. D 77, 023507 (2008).
f(R)=R—BR, (1 — e ¥/R)

AT} ’ L L3 ‘.‘ L3
Cosmological evolution in exponential gravity,”

K. Bamba, CQG and C.C. Lee, JCAP 1008, 021 (2010);
“"Observational constraints on exponential gravity,”

L. Yang, C.C. Lee, L.W. Luo, CQG, PRDS82, 103515 (2010).
E——
1. When 3 < /% F(R) = 1 — pe ®% > 0.

2. When 8 > 0 and R, > 0, f"(R) = F'(R) = (B/R,)e ®/F > 0
3. f(R)— R — —fR, = constant for R/R, > 1
4, When 3>1,0<m(R=Rg) <1  where m=Rf"(R)/f'(R) = RF'(R)/F(R)



The action of f(R) gravity with matter:

S=[d'x\|-gfR) +S,

1
FG,, = RT5™) = =g, (FR - )+ V,V,F — g,,OF

where G, = Ry, —(1/2) g R is the Einstein tensor, F(R) = df(R)/dR, V, is the covariant
derivative operator associated with g,,, O = ¢""V .V, is the covariant d’Alembertian for a
scalar field, and T,E'J“‘“’e” is the contribution to the energy-momentum tensor from all perfect

fluids of matter.

The Friedmann equations:
3FH*=kK’p\ + % (FR— f)—3HF,

—OFH=k?(py + Pu) + E — HE Pm +3Hp, =0

The dark energy equation of state:

wpg=Ppe/ppE,
PDEZ% %(FR—f)—3HF—I—3(1—F)H2‘ ,
ML poe + 3H (ppg + Ppg) =0

-—%(FR—f) +F+2HF —(1-F) (2H+3H2)] ,




(1) Hu-Sawicki (i1) Starobinsky

W. Hu and I. Sawicki, Phys. Rev. D 76, 064004 (2007) A. A. Starobinsky, JETP Lett. 86, 157 (2007)
T apa - H. Motohashi, A. A. Starobinsky and J. Yokoyama,
i | arXiv:1002.1141 [astro-ph.CO].
09
-0.92 I I I
; n=2 A=095 ——
i -0.94 n=3 A=0.73 ------- I
1 T ———————— -0.96 :. n=4 A=061 «------- A
098 - ACDM ——- ||
_1.1-_ _ ;8 -1.00 -
) ) ) | ) ) ) | ) ) ) | ) ) ) .
T T — -102 + -
(b) P4 - .
0095 7 4104 L =
] 106 | -
< -1 - - ) -1.08 ] ] ]
P : § 0 1 2 3 4
| Z
Lo - - Evolution of wpg for Anin for n = 2,3, and 4.
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
2 4 6 8

FIG. 3: Evolution of the effective equation of state forp = 1,4
for several values of the cosmological field amplitude today,
fro. The effective equation of state crosses the phantom di-
vide wegs = —1 at a redshift that decreases with increasing P
leading potentially to a relatively unique observational signa-
ture of these models.



(iv) the exponential gravity |E V. Linder, Phys. Rev. D 80, 123528 (2009)'

_0.8 I ! 1 l 1 ] 1 I 1 Ll 1 I 1 ' 1

L] 1 L] ] L] 1 L] ] L 1 I l L] L] l 8-0-

S Y~ 251 S TR SR SN (S T SN TR [T S SN S S T S PN SR SN I ST SR S N SN S S S S S S
0.2 0.4 0.6 0.8 1 I 8.0 9.0 A 2.0 S.0
a A 5
FIG. 3 (col_or opline). The effective dark energy equation of N redshift z = 1 / a—1
state evolution is shown for various values of c. As ¢ gets large,
the expansion history becomes indistinguishable from ACDM.



Several Remarks on f(R):

a. In {(R) gravity, the phantom phase of w<-1 1s allowed without the
stability problem unlike the phantom model.

b. In the past (z>0), the phantom crossing is a generic feature in the
popular viable {(R) gravity theories.

C. However, the tendency seems to be opposite to the data, 1.e., the crossing

1s from non-phantom (w>-1) to phantom phase (w<-1) in f(R), whereas the
data indicates that 1t 1s from phantom to non-phantom phase, as z increases.

d. In the Future: Z<O “"Generic feature of future crossing of phantom divide in viable f(R) gravity models,”
K. Bamba, CQG and C.C. Lee, JCAP1011, 001 (2010).

1 ) 1 = 1+Whoe 1+W
W *Weiet ' . A — At
L) | I () d (iii) 1 (iv)
Rk 8 -
at i

2k
Ol g

‘-
aoos} . . /\

4

1 1 L
0 ‘,/\ "
:\-5’ -
.2-
4t 1 -~ I\
J \/ L0005 E
d e \‘i-
(LS— -t

N
2
4 L 1 L 1 L R 1 L L u1 a 9‘5 - “ * :- - ol 1 1 1 1 1
g 0% 09 05 48 s A7 - ™ 09 045 o8 - b 0 A8 4 B W o 4% A8 Qs 98 A4 A7
Z Z z Z

FIG. 1. Future evolutions of 1 4 wpg as functions of the redshift » in (1) Hu-Sawicki model for
p=1,¢; =2 and ¢ = 1, (ii) Starobinsky model for n = 2 and A = 1.5, (1) Tsujikawa model for
i =1 and (iv) the exponential gravity model for 8 = 1.8, respectively. The thin solid lines show

1 + wpp = 0 (cosmological constant).



® 'Teleparallel Dark Energy

S——

Teleparallel gravity:

T —

T

Alternative Gravitational Theory

Einstein's unified field theory:

“"Riemannian Geometry with Maintaining the
Notion of Distant Parallelism”
(Teleparallelism, Einstein 1928)

. F, = hASAL |
Torsion scalar (Einstein 1929) , = hAs ALl
33 pm— }l A :a Afs

-6 ='§'3x+i33—33‘

Teleparallel Lagrangian is equivalent to
the Riemann scalar (Lanczos 1929)

"

Generalization: New General Relativity (NGR)
(Hayashi & Shirafuji 1979)

L ——

1

e — |

Ersstris: Rignaxs-Geometric mit Aufrechterhaltung d. Begriffes d. Fernparalielismos 214

RieMANN-Geometrie mit Aufrechterhaltung des Begriffes
des Fernparallelismus.

Von A. EINsTEIN.

l)ie Ripvasxxsche Geometrie hat in der allgemeinen Relativititstheorie zu
ciner physikalischen Beschreibung des Gravitationsfeldes gefuhrt, sie liefert
aber keine Begriffe, die dem elektromagnetischen Felde zugeordnet werden
konnen. Deshalb ist das Bestreben der Theoretiker darauf gerichtet, natiir-
liche Verallgemeinerungen oder Erginzungen der Rienaxxschen Geometrie auf-
sufinden, welche begriffsreicher sind als diese, in der Hoffnung, zu einem
logischen Gebiude zu gelangen, das alle physikalischen Feldbegriffe untex
einem einzigen Gesichtspunkte vereinigt. Solche Bestrebungen haben mich 2l
ciner Theorie gefihrt., welche ohne jeden Versuch einer physikalischen Deu-
tung mitgeteilt werden moge, weil sie schon wegen der Natiirlichkeit der ein-
gefilhrten Begriffe ein gewisses Interesse beanspruchen kann.

Die Rirxasssche Geometrie ist dadurch charakterisiert, dab dic infini-
tesimale Umgebung jedes Punktes P eine euklidische Metrik aufweist, sowie
dadurch. daf die Betrige zweier Linienelemente, welche den infinitesimalen
Umgebungen zweler endlich voneinander entfernter Punkte P und Q angehdren,
miteinander vergleichbar sind. Dagegen fellt der Begriff der Parallelitiit
solcher zwei Linienclemente; der Richtungsbegriff existiert nicht fir das End-
liche. Die im folgenden dargelegte Theorie ist dadurch charakterisiert. daf
sie neben der Ripmaxsschen Metrik den der »Richtung« bzw. Richtungsgleich-
lLeit oder des »Parallelismuse fir das Endliche einfubrt. Dem entspricht es,
daB nehen den Invarianten und Tensoren der Rizxaxxschen Geometrie neue
Invarianten und Tensoren auftreten.

1
— ((L, b, C)



Curvature vs Torsion

A general spacetime can, in principle, present two different proper-
ties — curvature and torsion

TORSION AND CURVATURE

CURVATURE TORSION

Consider the parallel transport of a vector around a closed curve Consider now the parallel transport of two vectors
2 |
If, when returning to the initial point, there is an angular deficit, the surface is said to be curved If, when parallel transported one along the other, they do not close a parallelogram
J the surface is said to present torsion
The curvature of the surface is proportional to this angular deficit |

The torsion of the surface is proportional to the gap — or distance deficit

Ex | General Relativity

Ex | Teleparallel Gravity

> \é > 7

s "/\5

- - )
. n .
'{/ }\ \ \\
{ ™
. e, N
e, ¥ \
v

| g

- . )
! -
u \}‘ With torsion / —
Tordign-free Y4 /



TELE-PARALLEL GEOMETRY

(L4, g)

N
N

MinkowskKi

Riemann Vy

Qﬁ cs




Teleparallel gravity:

Teleparallelism
The torsion 7%, and contorsion K*” , tensors are defined by
N A o s - . . wA .
T*, =e) (C)#,E:;,4 — 'C),,e;:) , < Weitzenbock connection I, = €} 9,¢))
1 . . .
- LV — LV _ VL ! Hv ' ! g
K" =—5 (", - T",-T,") . A_I’e"“'@“*&‘
- e, 1s the orthonormal tetrad component
vierbeins : parallel vector fields
T = SP uu,Tp/Jl/ g#z/ — TlAB 6: ezlf2 €A -€B = TIAB
1 nap = diag(1,—1,—1,—1
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quadratic form in terms of torsion tensor

Teleparallel gravity: S = [ d%ze L




Teleparallel Equivalent of General Relativity (TEGR)

S=[d'xe| —+L, « =

| Scalar field
. mlnlmally coupled to

. Teleparallel Grawty

1 ”

Scalar field
non-minimally coupled to e

Teleparallel Gravity

~ “scalar-teleparallel theory”

a simple extension of TEGR

Teleparallel Dark Energy

not eq.

Scalar field
non-minimally coupled to GR

~ Sscalar-tensor theory

a simple extension of GR

. . ¢ 2 r -
am (‘[)s,‘/l(,l') —+ £ R(\,’)“) —V () + Lm:|




Teleparallel dark energy:

CQG, C.C. Lee, E. N. Saridakis,Y.P. Wu, " "Teleparallel dark energy,”
Phys. Lett. B704, 384 (2011) [arXiv:1109.1092 [hep-th]];

CQG, C.C. Lee, E.Saridakis, ""Observational constraints on teleparallel dark energy,”
JCAP 1201, 002 (2012) [arXiv:1110.0913 [astro-ph.CO].

— -

S = /(14;176 T) —+ - (C)“C)C—)'L (I) + 6T<P“> -V ((f)) -} Em

2 “ 2 Ganonical T potential

o

non-minimal coupling to T

. . K2
Friedmann equations:  H® = = (qu s Pm)a

. &2




1

The torsion energy density and pressure: pe = =¢% + V(o) — 3¢H?¢?,

Equation of state:

V

V() 8)“'25

WpDE = Wg¢ =

O
S

2
po = 502~ V(9) + 46H o + € (3H? +2H) ¢
Po
ps

¢ =—0.25, A =40 and Vo ~ 10712

.
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Teleparallel Dark Energy with V=0

J.A. Gu, C.C. Lee, CQG, Teleparallel dark energy with purely non-minimal
coupling to gravity,” PLB718, 722 (2013) [arXi1v:1204.4048 [astro-ph.CO]].

] *' 1 N | :
S = /(/].r e {— + = (() 0" p + ETH7) + Lo, No potential

2K

e Non-minimal term alone can drive cosmic acceleration;
need no potential, no non-canonical kinetic term

(in contrast to conventional  DE models: quintessence, k-essence, ...).

Field equations: ¢ +3Ho +66H0 =0

)

) (1 ILT-) .
H* = (—> = — (ps + Pm + Pr)
a 3

‘)

. R~ ,
H = —— (P T Do+ pm T 4p,/3)

| .. o We consider £< 0
Py = 507 — 3EH7 O, to guarantee positive p,
and for having negative p,

p—

|

1 ;92 9 9 ) d , 5L
P 3()- - :;&:]1-(")- + _)_i—([[()">

2 (i
— t

Eff. EoS: +1 -1 NA




Behavior of w with various initial conditions (IC)

W W o, present time
0.5 . 1 T

0\' - &=-0.35
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Dark energy appears to be the dominant component of the
physical Universe, yet there is no persuasive theoretical
explanation. The acceleration of the Universe is, along with
dark matter, the observed phenomenon which most directly
demonstrates that our fundamental theories of particles and
gravity are either incorrect or incomplete. Most experts believe
that nothing short of a revolution in our understanding of
fundamental physics will be required to achieve a full
understanding of the cosmic acceleration. For these reasons,
the nature of dark energy ranks among the very most
compelling of all outstanding problems in physical science. It
demands an ambitious observational program to determine the
dark energy properties as soon as possible.

Q Type Ia Supernovae (SNIa) Q Baryon Acoustic Oscillation (BAO)
Q Weak Lensing (WL) Q Galaxy Cluster (CL)


http://www.nsf.gov/mps/ast/detf.jsp
http://www.nsf.gov/mps/ast/detf.jsp

~ Four Major Observational Techniques

Weak W
Lensing B



4 methods, 4 stages.

Finished (now) Near-future (~2018) Distant future (~2025)

D(z), H(z),g(z) 0.1% accuracy

5% accuracy 1% accuracy FoM x10

FoM x3 ~20000 deg?

Baryon Acoustic SDSS BOSS Subaru PFS(1400deg?) LSST
Oscillation (BAO) Wiggle Z DESI SKA

VIPERS HETDEX Euclid

WFIRST

Type la supernovae CFHTLS SNLS LSST
(SN) WFIRST
Cluster counts (CL) SDSS SPT eROSITA

RSCS ACT

ROSAT
Weak lensing (WL) CFHTLS Subaru HSC (1400deg?) Euclid

DES (5000deg?) WEIRST



® Gravitational Waves 5| 3%
Sept. 15, 2015

——

Hanford, Washington (H1)

GW150914

Livingston, Louisiana (L1)

time shifted by 0.007 seconds

-

M == L1 observed -
H1 cbserved (shifted, inverted)

Strain (10™4%)

=1.0

L —— Numerical relativity
Reconstructed (wavelet)

B Reconstructed (template)

H —— Numerical relativity -
Reconstructed (wavelet)

B Reconstructed (template)

0.5F T
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— Residual
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1.3 billion light year away (10''m)
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@ Initial masses: 36

@ Energy output: 3
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Normalized amplitude

SUART AR SR  EY VTR ld @ Chirp: 35 Hz to 250 Hz
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@ Final mass: 62 'gM.
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May 2, 2016 (San Francisco)

T — —

SPECIAL BREAKTHROUGH PRIZE IN
FUNDAMENTAL PHYSICS AWARDED

$3 million prize shared between LIGO founders Ronald W. P. Drever,
Kip S. Thorne and Rainer Weiss + 1012 contributors to the discovery

Rainer Weiss
Professor Emeritus in Physics, Massachusetts Institute of Technology, USA
Ronald W P Drever

Professor of Physics, Emeritus, California Institute of Technology, USA
Kip S Thorne

Feynman Professor of Theoretical Physics, Emeritus, California Institute of Technology, USA

RAINER WEISS RONALD W. P. DREVER

Massachusetts Institute of Technology,
USA

_ KIP S. THORNE
California Institate of Technology,

N California Institute of Technology,
32z USA




May 2, 2016 (San Francisco)

T — —

SPECIAL BREAKTHROUGH PRIZE IN
FUNDAMENTAL PHYSICS AWARDED

$3 million prize shared between LIGO founders Ronald W. P. Drever,
Kip S. Thorne and Rainer Weiss + 1012 contributors to the discovery

r .

FOR DETECTION OF GRAVITATIONAL WAVES
100 YEARS AFTER ALBERT EINSTEIN
y PREDICTED THEIR EXISTENCE l

LOpening new horizons in astronomy and physics

RAINER WEISS RONALD W. P. DREVER KIP S. THORNE

Massachusetts Institute of |(‘\hl\l"l”},{}. Calitornia Institute of l\'l\h””l”l,'.\.
USA USA

California Institute of Technology,
USA




2016 Gruber Cosmology Prize

May 4, 2016, New Haven, CT USD: 0.5 million

. ’. % ‘ |
t?:l :

Ronald W. P. Drever Kip Thorne Rainer Weiss

‘

pursuing a vision to observe the universe In
gravitational waves, leading to a first detection

N P




THE SHAW PRIZE #li% X ¢

The Shaw Prize in Astronom #H:Mav 31. 2016

US%1.2 million

V.

or conceiving and designing the Laser Interferometer Gravitational-Wave ‘
Observatory (LIGO), whose recent direct detection of gravitational waves opens
a new window in astronomy, with the first remarkable discovery being the merger
kof a pair of stellar mass black holes. A

RAINER WEISS RONALD W. P. DREVER KIP S. THORNE

Massachusetts Institute of Tec h"(\lﬂg'\. Calitornia Institate of lk'k‘hn”l”l:.\.
USA USA

California Institute of Technology,
USA
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RAINER WEISS

RONALD W. P. DREVER KIP S. THORNEF
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Smithsonian, American Ingenuity Award
Dec. 2016

Rainer Weiss, Kip Thorne, Barry Barish and Ronald Drever

Scientists whose work led to the detection of gravitational waves



http://www.smithsonianmag.com/innovation/wave-catchers-ligo-team-winner-smithsonian-ingenuity-awards-2016-physical-sciences-180961124/
http://www.smithsonianmag.com/innovation/wave-catchers-ligo-team-winner-smithsonian-ingenuity-awards-2016-physical-sciences-180961124/

2016 Nobel Prize in Physics?

RAINER WEISS RONALD W. P. DREVER KIP S. THORNE

\‘ul\\-l\ h”"l'“\ I"\“(‘l'l‘ ol l('\ hnnlng\. ( ll'l'("”'\' In\(””[‘- ol IL'LIH‘HIUL'.\.
USA USA

California Institute of Technology,
USA



http://www.smithsonianmag.com/innovation/wave-catchers-ligo-team-winner-smithsonian-ingenuity-awards-2016-physical-sciences-180961124/
http://www.smithsonianmag.com/innovation/wave-catchers-ligo-team-winner-smithsonian-ingenuity-awards-2016-physical-sciences-180961124/

2016 Nobel Prize in Physics?

Barish became the principal investigator of the Laser
Interferometer Gravitational-wave Observatory (LIGO) in.
11994 and director in 1997. He led the effort through the
approval of funding by the NSF National Science Board in:
1994, the construction and commissioning of the LIGO
interferometers in Livingston, LA and Hanford, WA in 1997.

’ ‘ Y

But some influential physicists, including previous Nobel
laureates, say the prize, which can be split three ways at
most, should include somebody else: Barry Barish.

RAINER WEISS RONALD W. P. DREVER KIP S. THORNE

MANECHICHS MBIRLEION 1 ECHROOER Calif 5) California Institute of Technology
USA USA i R sy

ornia Institate of Technology,



http://www.smithsonianmag.com/innovation/wave-catchers-ligo-team-winner-smithsonian-ingenuity-awards-2016-physical-sciences-180961124/
http://www.smithsonianmag.com/innovation/wave-catchers-ligo-team-winner-smithsonian-ingenuity-awards-2016-physical-sciences-180961124/
http://www.ligo.caltech.edu/
http://www.ligo.caltech.edu/

2017 Nobel Prize in Physics?

Oct. 2017 gBarish became the principal investigator of the Laser

Interferometer Gravitational-wave Observatory (LIGO) in
11994 and director in 1997. He led the effort through the
approval of funding by the NSF National Science Board in:
11994, the construction and commissioning of the LIGO
interferometers in Livingston, LA and Hanford, WA in 1997.

But some influential physicists, including previous Nobel
laureates, say the prize, which can be split three ways at
most, should include somebody else: Barry Barish.

RAINER WEISS RONALD W. P. DREVER KIP S. THORNE

Massachusetts Institute of Technology, o : :
: ) California Institute of Technology,
USA US A USA i

California Institate of Technology,

deceased at age 86
(Oct. 26, 1931-Mar. 7, 2017)

T — ——



http://www.smithsonianmag.com/innovation/wave-catchers-ligo-team-winner-smithsonian-ingenuity-awards-2016-physical-sciences-180961124/
http://www.smithsonianmag.com/innovation/wave-catchers-ligo-team-winner-smithsonian-ingenuity-awards-2016-physical-sciences-180961124/
http://www.ligo.caltech.edu/
http://www.ligo.caltech.edu/

2017 Nobel Prize in Physics?

OCt 20 I 7 gBariSh became the principal investigator of the Laser%

glnterfemmeter Gravitational-wave Observatory (LIGO) m
11994 and director in 1997. He led the effort through the
approval of funding by the NSF National Science Board in:
11994, the construction and commissioning of the LIGO
interferometers in Livingston, LA and Hanford, WA in 1997.

— — Y

But some influential physicists, including previous Nobel
laureates, say the prize, which can be split three ways at
most, should include somebody else: Barry Barish.

ainer Weiss ~ Kip Thorne Barry Barish
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LIGO Interferometer Concept
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LIGO Interferometer Concept

® Laser used to measure = Arms in LIGO are 4km

relative lengths of two = Measure difference in length
orthogonal arms to one part in 102! or 10-18
meters

...causing the
interference pattern
to change at the
photodiode

v I
s As a wave

passes, the

arm lengths
change in
different
ways....

TVA =
Beam \

splitter Test-masses

/f

photodiode
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LIGO Livingston Observatory




LIGO Hanford Observatory
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|2 Selected for a Viewpoint in Physics —
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

S

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 102! 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
than 5.16. The source lies at a luminosity distance of 4104”180 Mpc corresponding to a redshift z 0.091”8_'3;;‘.
In the source frame, the initial black hole masses are 367 M, and 297 M ., and the final black hole mass is
621} M, with 30_+8§ M ,c? 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.

DOI: 10.1103/PhysRevLett.116.061102

Detection Paper Factoids

“the stat that really struck mg was that in the first 24 hrs., not enly was the
page for your PRL abstract hit 380K times, but the PDF. of the paper was

downloaded from that page 230K times. This is far more hits than any PRL
ever, and the fraction of times that it resulted in a download was unusually ® *
high. ‘Hundreds of thousan‘ds of people actually wanted toyead the whole |
paper! That is just remarkable.” Robert Garistro (PRL editor) e
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first direct detection of gravitational waves (GW) and first direct observation
of a black hole binary

observed by LIGO L1, H1 duration from 30 Hz ~ 200 ms
source type black hole (BH) binary | # cycles from 30 Hz ~10
date 14 Sept 2015 peak GW strain 1 x 1021
time 09:50:45 UTC peak displacement of +0.002 fm
0.75 to 1.9 Gly interferometers arms

likely distance
230 to 570 Mpc frequency/wavelength 150 Hz. 2000 km

at peak GW strain

redshift 0.054 to 0.136
peak speed of BHs ~06¢c
signal-to-noise ratio 24 peak GW luminosity 3.6 x 10 erg s
false alarm prob. < T'in 5 million radiated GW energy 2.5-3.5 Mo
false alarm rate < 1n 200,000 yr remnant ringdown freq. ~ 250 Hz
Source Masses Mo remnant damping time ~ 4 ms
total mass 60 to 70 remnant size, area 180 km, 3.5 x 105 km?
primary BH 32 to 41 consistent with passes all tests
secondary BH 25 to 33 general relativity? performed
remnant BH 58 to 67

graviton mass bound <1.2x10%eV




mass ratio 0.6 to 1
coalescence rate of

binary black holes

2 to 400 Gpc? yr’

primary BH spin < 0.7

secondary BH spin < 0.9 . .
online trigger latency ~ 3 min

remnant BH spin 057 to 0.72

signal arrival time arrived in L1 7 ms
delay before H1 CPU hours consumed

# offline analysis pipelines 5

~ 50 million (=20,000
PCs run for 100 days)

papers on Feb 11, 2016 13

~1000, 80 institutions
in 15 countries

likely sky position Southern Hemisphere

likely orientation face-on/off

resolved to ~600 sq. deg. # researchers

Operational
Under Construction
Planned




LIGO Scientific Collaboration
- 1500+ members, 85+ institutions, 16+ countries
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The GW Detector Network~2020

T den) Do

(‘ Rw‘ ﬁw‘ -

GEO600 7% [
°

F - i
sc'.\-'--‘r“
RGO 798

-

;LIGO Hanford % &

Operational

Under Construction

Planned

Current operating facilities in the global network include the twin LIGO detectors—in Hanford,
Washington, and Livingston, Louisiana—and GEO600 in Germany. The Virgo detector in Italy and the
Kamioka Gravitational Wave Detector (KAGRA) in Japan are undergoing upgrades and are expected to

begin operations in 2016 and 2018, respectively. A sixth observatory is being planned in India.







New Astrophysics

Form and merge in time scales accessible to us

Stellar binary black holes do exist! Predictions previously encompassed [0 — 103] / Gpc3/ yr
Now we exclude lowest end: rate > 1 Gpc?/ yr

Masses (M > 20 My ) are large compared with known stellar mass BHs

Testing GR

Most relativistic binary know today :

. _ .
J0737-3039 Orbital velocity v/c~2 x 10

GW150914 : Highly disturbed black holes Non-linear dynamics

Access to the properties of space-time v/c~ 0.6

Confirms predictions of General Relativity

If Ivfca_w < ci/,vgrawtatlonal.(\j/vaves t?en gef\vza qun‘;ed dispersion LIMIT 90% Confidence
relation. We see no evidence of modified inspira my, < 1.2 x 10722 eV /e




-3 (Einstein, Nov. 25, 1915)
1915 General Relativity (Einstein equations)

Space and Time- Spacetime! Gy = 8nG 1,

Spacetime tells matter how fo move, and matter tells spacetime how to curve  John Wheeler

T ——

When masses move; they wrinkle
the spacetime fabric, making
gther masses.move-...

June 1916 Eienstein - Gravitational Waye™ Explaing [hotas wollue '

Newton’s why things fall

ripple in the curvature of spacetime e S
\ __ 4 \ \\\f/

““. "

The last prediction of General Relativity!
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Big Picture

Gravitational Waves

Source:
~ any accelerating matter

Weak coupling:
Imaging impractical:
(strong sources)

<~ wavelength

e Hard to make & detect
e Hard to obscure

EM Waves

Source:

~any accelerating charge

Strong coupling:

Imaging often practical:
(common sources)

>> wavelength

 Easy to make & detect
e Easy to obscure



The Gravitational Wave Spectrum

. Quantum fluctuations in early universe Y

Binary Supermassive Black
_ Holes in galactic nuclei

U) >
Q : .
O Compact Binaries in our
et
S Galaxy & beyond
O < >
(Vo) Compact objects
captured by Rotating NS,
Supermassive Black Supernovae
Holes PP B
wave period age of ) j
g universe years hours sec ms

— ]

log(frequency) -16 -14 -12 -10 -8 -6 -4 2 0 42

—— +—>» < > < >
Cosmic microwave Pulsar Timing Space Terrestrial
background Interferometers  interferometers
polarization

Detectors

Gravitational Waves are far more radical than Radio or X-rays

Completely new form of radiation!

Frequencies to be opened span 22 decades
fur / ferr ~ 10°¢




Sources Detectors

f(Hz) AMm)
Big bang 108 7 1016 Pulsar timing
106 T CMB fluctuations
Merging B
Black Holes: 10 10 } Space-based interferometers
Big (center of galaxy) 1no
Small (post-supernova) 10 1010 (LISA)
1 T 108
. — Ground-based interferometers
102 T 10° (LIGO/VIRGO/GEO/TAMA)
Spinning |
neutron stars 104 104
...and more! 1




Sources Detectors

LISA (planned)

Pulsar timing
CMB fluctuations

Space-based interferometers
(LISA)

LIGO_(running), Hanford Washington

e e - o CF, [ o S— —_

Ground-based interferometers
(LIGO/VIRGO/GEO/TAMA)




PSR 1913 + 16 -- Timing of pulsars

.........

o)

Neutron Binary System
« separated by 106 miles

*mqy =1.44mge; My =1.39Mg; € = 0.617

Prediction from general relativit
« spiral in by 3 mm/orbit
* rate of change orbital period
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PSR 1913 + 16 -- Timing of pulsars
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Neutron Binary System
« separated by 106 miles

*mqy =1.44mge; My =1.39Mg; € = 0.617

Prediction from general relativity
« spiral in by 3 mm/orbit
* rate of change orbital period
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PSR 1913 + 16 -- Timing of pulsars
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Neutron Binary System
« separated by 106 miles

*mqy =1.44mge; My =1.39Mg; € = 0.617

Prediction from general relativity
« spiral in by 3 mm/orbit

» rate of change orbital period

relative time of closest approach
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Gravitational Waves: 6_L ~ /. ”1'”/' Quadrupole NOT dipOle

V4 7 Spacetime itself is what ** Waves”

Massless, two helicity states s=+2,
l.e. two Transverse-Traceless (TT) tensor polarizations propagating at v=c

e

by= é+(xfrj_}/iyj)+ ﬁx(xiyj-'-ylxj)
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Direct Detecting Gravitational Waves in 19667

Weber Bar (50 Years ago)

"OBSERVATION OF THE THERMAL FLUCTUATIONS OF A GRAVITATIONAL-WAVE DETECTOR”
J. Weber, PRL 1966 (Received 3 October 1966)

Strains as small as a few parts in 10° are observable
for a compressional mode of a large cylinder.

“GRAVITATIONAL RADIATION”
J. Weber, PRL 1967 (Received 8 February 1967)

The results of two years of operation of a 1660-cps
gravitational-wave detector are reviewed. The
possibility that some gravitational signals may have
been observed cannot completely be ruled out. New
gravimeter-noise data enable us to place low limits

on gravitational radiation in the vicinity of the earth's
normal modes near one cycle per hour, implying an
energy-density limit over a given detection mode
smaller than that needed to provide a closed universe.

UNIVERSITY OF MARYLAND



Direct Detecting Gravitational Waves 20150914
Laser Interferometer Gravitational wave Observatory: LIGO

AT 215

Photodetector

Bounce laser beams off mirrors
—> measure change in mirror movement as
small as 1/1000 of proton diameter!

Sensitivity needed? (LIGO)
AL~hL ~102'4km

~4x 1016 cm

laser light ~ 10-*cm
atom ~ 108cm
proton ~10B3cm




What will we learn from Gravitational Waves?

> “Warped side of the universe”
- our first glimpses, then in-depth studies

» The nonlinear dynamics of curved spacetime

» Answers to astrophysical & cosmological puzzles:
- How are supernovae powered?

- How are gamma-ray bursts powered?
- What was the energy scale of inflation? ...

e Surprises
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The Gravitation-Wave (GW) Spectrum Classification

Infra- ELF ULF VLF MF HF VHF UHF
Hubble| (Hubble) AdLIGO
& Quasar PTAst CSDT DEAGO| AdVirgo Cavity/waveguide >
CMB Astrometry FAST ASTROD-GW BBO KAGRA Laser interferometer
SKA eLISA/LISA MIGA ET Gauss beam
%
[ 1 1 1 1T 1 1 [ 1 Jlr | | | 1 1 I 11 1T T 1 |
10-18 10-14 1077 101 10? 10° 1012 Hz

* AIGO, AURIGA, EXPLORER, GEO, NAUTILUS, MiniGRAIL, Schenberg.

t OMEGA, gLISA/GEOGRAWI, GADFLI, TIANQIN, ASTROD-EM, LAGRANGE, ALIA,
ALIA-descope.

£+ EPTA, NANOGrav, PPTA, IPTA.



Logyo( Strain [1/VHz])

Strain power spectral density (psd) amplitude vs. frequency
for various GW detectors and GW sources
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Normalized GW spectral energy density Qqw vs. frequency
for GW detector sensitivities and GW sources
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e Future Prospectives [ 0 0O [

Three Kinds of GW Researchers in future

L W T T a—

F P B

Experimentalists (Experimental Astronomers/Physicists):

Working on detectors and data

Multi-Messenger Astronomers:

Working on astrophysics

Theoretical Physicists/Cosmologists:

Working on fundamental and theoretical physics



Advanced LIGO has detected GWs from stellar-mass binary
black hole mergers. We will see a global network of second
generation km-size interferometers for GW detection soon.
Scaling with the achieved detection, third generation detectors
would be to detect more than 100,000 S6-GW events per year.

= LIGO-S6 ‘

(== alIGO-O1-H1
/s allGO-O1-L1 |
== Adv. LIGO design
7 —— Future upgrade .
— KAGRA ‘

* Present aLIGO sensitivity: ~ one 5-0
event per 3 months.

* Goal second generation sensitivity: | | |
100 5-0 events peryear — H*TT— e

* Improved 2" gen.: x2, 800-1000 events/yr : ‘ : :

* First generation sensitivity: Log,( Frequency [Hz] )
several 3-0 events per year = one should look at the past data and
try to search for them with better efforts and methods

* Third generation sensitivity = 100,000 or more 5-0 events per year
Plenty compared to some other branches of physics and astronomy

Logo( Strain [1/VHz])
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Black Holes of Known Mass

70
60
50
v
7
n 40
(T
E 30
- " GW150914
Q X-Ray Studies
(¥p)
20
O o O GW170104
10 —@-0-0 @ ~
0“‘"@’0000009 LVT151012
0 GW151226
Event #2: GWi151226
GW150914 Event #1: GW150914 (Boxing Day) Event #3: GW130104
LVT151012 Type Black Hole 4+ Black Hole Black Hole + Black Hole Black Hole + Black Hole
i} Mass 1 36 solar masses 14 solar masses 31 solar masses
- GW151226 } Mass 2 29 solar masses g solar masses 20 solar masses
Final Mass 62 solar masses 21 solar masses 49 sclor masses
i b Energy 3 solar masses radiated 11 sclar masses rodiated 2 solar masses rodiated
0 sec. 1 sec. Distance 400 Mpe (1.3 billion lyr) 440 Mpe (1.4 billion lyr) 880 Mpe (~3 billion lyr)

time observable by LIGO

Duration

~ 0.2 seconds

~ 1 seeond

~ 0.3 seconds




Another avenue for real-time direct detection is from the PTAs.
The PTA bound on stochastic GW background already excludes
most theoretical models; this may mean we could detect very low
frequency GWs anytime soon with a longer time scale.

Pulsar Timing Arrays (PTAS)
PPTA, NANOGrav, EPTA, IPTA,FAST, SKA

Telescopes go large & NewScientist

Radio astronomy will get a big boost with FAST, the world's most sensitive
radio telescope

FAST
China
Due for completion 2016

100m dishes
are the largest

ARECIBO itis possible
Puerto Rico » to steer

500m

EFFELSBERG
Germany
JODRELL
BANK
UK




Although the prospect of a launch of space GW is only expected in about
20 years, the detection in the low frequency band may have the largest
signal to noise ratios. This will enable the detailed study of black hole co-
evolution with galaxies and with the dark energy issue. LISA Pathfinder has
been launched on December 3, 2015. This will pave the technology road for

GW space missions.
space missions USAL T

A Compilation of GW Mission
Proposals LISA Pathfinder
Launched on December 3, 2015
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In the future, there will also be gravitational wave detectors in space,
like LISA.



Foreground separation and correlation detection method need to be
investigated to achieve the sensitivities 10-1°-10-17 or beyond in Qg to study
the primordial GW background for exploring very early universe and
possibly quantum gravity regimes.
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Search for low-f primordial GW
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