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Topics

* A brief overview of GR and Cosmology

* Hubble constant and Hubble Tension

* Measurements of distances to GW sources

* Multi-messenger astronomy for Hubble constant

* Future prospects of dark siren measurements
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Equivalence Principle and geometrical nature of the gravity

® |n Newtonian dynamics:

® Gravitational force fg = m,g, where m, is the gravitational mass and g is

gravitational field.

® |nertia force: f; = ma where m; is the inertial mass.

® The motion in gravitational field is the same for all masses, ot different
composition (Galileo’s experiment), and therefore gravitational mass and
inertial masses are the same

® |n freely falling systems, the gravitational force can be cancelled (locally)

® This is similar to the Riemanian geomery: At any point on a curved surface, we
may erect a locally Cartesian coordinate system in which distances obey the
law of Pythagoras.

dHiE 2 SISty SEHI FE 3 2026 73 31
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Why sufficiently small region?

® (Gravitational field is not uniform

® The differential force becomes important as the region becomes larger, and the presence
of the gravitational field cannot be ignored.

® Geometry is the same: the curvature can be ignored only for a ‘suftficiently small’ region.

a o W
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Coordinates and Distances

® Manifold of spacetime can be covered with patches or charts on which coordinates can
be erected.

® General relativity is formulated in a covariant way so that the physical quantities are
invariant under changes of coordinates.

® Distance between two points that are sufficiently close together is geometrically
Invariant.

ds® = gﬂy(x“)dx”dx”, where g is the metric tensor of spacetime

® In aflat spacetime or Minkowski spacetime, we use the symbol 7,4 for the metric, i.e.,

ds* = naﬂdx“dxﬁ = — c%dt* + dx* + dy* + dz°

st BN RF2 5 20264 78 31



Metric tensor and its properties

e The coordinate vector X = Z x”éﬂ, then the length between X and X + dXx is

ds* = dx - dx = Z Z Jdxtdx" Z g,,dx"'dx", where g, =e, - ¢,

UL
°* Anindex appears twice in one term means summation over all possible values of

that index.

* Metric tensor has tfollowing properties

| | nn+1)
e Symmetric —> number of independent components : independent

2

components

* Inverse metric: g, = &)
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Metric tensor in other coordinates

® Transform to a new coordinates x’*(x*):

ox"

dxt = PWp dx'’, where x#(x'") is the inverse transformation.
X

® Since ds?is invariant under such transformation,

2 U -V 0x" ox” IK 7,10 / IK 7,10
ds® =g, dx"dx" =g, W dx"’dx dx'" = g’ _dx"dx
. oxt* ox"
where g = 8 Sk 370

® Any physical quantity does not depend on the choice of the coordinate system: freedom of
choice of coordinates is gauge freedom.

2 2 S0 6{Ste: S F=2 7 2026 73 31
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Gravitational Forces and Affine Connection

® According to the principle of equivalence, there

is a freely-falling coordinate system &% in which

d2§a _

0
dr?

dr* = — naﬂdfadéfﬂ is the proper time.

® Now suppose that we use any other coordinate

system x* which could be any coordinate system
at rest in lab.

0 — d [ 0E% dxH
dr \ ox* dr
3 0&¢ d?xH @25“ dx" dx*

Coxt dr?2 oxHox¥ dr drt

e Multiply this by dx*/0&¢

d*x*

dx" dx"”

0 = - T4

dr? odr  dr

A (
where F/w is the af

F/I _ axﬂ 6250(
MY 0Ea gxHoxV

ine connection defined as

Note that:

2026 78 31
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Covariant and Contravariant Vectors

Let V = Vﬂgﬂ ® Contravariant vector
Under the coordinate change, the e Under the transformation x* — x’*:
basis vectors transform as I’
ox"” VE =V
e, =—r-¢€, ox?
ox ¥ ® The rules of partial differentiation give
ox'*
. . . TH U :
* Contravariant vector is a list of dx = ———dx" — a contravariant vector.
numbgrs that transforms | ® Covariant vector
oppositely to a change of basis P
/o
| | | U', = T U,.
* Covariant vector is a list of olf i ar field, then d¢b/ox* i e ector o
. X
numberS that tranSformS in the IS a SCalar Tield, en IS a COVvVariant vecCtor since
1), ox" 0¢

same way

ox’"  ox'" oxv

5tnl. SO} == 9 2026 78 31¢¥
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Tensors

® From the contravariant and covariant vectors we can immediately generalize to tensors:

3 ox'™ oxP ox"*

T/,M A — K O
g oxk ox'¥ oxe "
® |[nverse of the metric tensor: g’lﬂgﬂy = 53“
o ox” ox™ o ox” ox™ o ox* ox"
S Sww T 0xP dxf’g Suv = 0xP 6x0g ox™m ox" S
ox” ox' ox” ox” p
— ng glm — — 5y
ox?’ ox" oxP ox"

and therefore,
ox”* ox™

oxP 0x°

gP° = g”H as required for a contravariant tensor.

2 2 S0 6{Ste: S F=2 10 2026 73 31
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Transformation of Affine Connection

® |n a coordinate transformation x — x’,

ax//l 82561

0EX ox™ oxV

ox* oxP 0 [ 0x° 0%

oxP 0E* ox™ \ oxV ox°

ox” oxP | 0x® ox° O0°E® .\ ’x° 0L
oxP 0E* | oxV ox"V oxTox®  oxHox"V 0x°
® Therefore.

’ ox* ox® ox° ox*  o*x” '
[ = [” + — [ is not a tensor!
s oxP OxM ox" OxP Ox'M ox"V #

axxl 62505
Y 0@ OxHoxV

N
FW—

5tnl. SO} == 11 20264 78 31
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General covariance of equation of motion

® Equation of motion in freely falling particle:

d*x* - dx" dx*

dr? odr dr

® |na primed coordinate system,

d*x" d (&x’” dx” ) ox* d*x¥ %M dx* dx”

dr? N dr \ oxv dr N ox dr2  oxvox* dr dr

whereas

[ adx” dx" B ox™* [ dx* dx” O%x™  dx* dx
T dr dr  ox* " dr dr  oxvYox* dr dr

® According these two equations, we find that

dr2 YA dr dr 0xX a2 % dr dr

d*x" y dx” dx” ox™* (dzx’” i dx’® dx“)

CHE 3 S=ut o Seti: S8l SF= 12 20264 7% 31
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Covariant Differentiation

e Differentiation of a tensor does not generally vt [H oy ox* ox" (dV v yo
yield another tensor. For example, consider a o AT oxr g \ gxr P
contravariant vector V¥ | | | o

® Define covariant differentiation
m
yn =2y oV
ox? Vi = FITH VX
A Ox/ AK
e Differentiation with respect to x* . . . .
P ® Similarly, covariant differentiation of a
oVH  ox™ ox? oV¥  o*x™ ox” covariant vector:
- | %
ox*  ox¥ ox"* oxP  OxvoxP ox" v,
. V,u'y = F//}WV/I
® \\e can construct a tense using the affine ’ oxV

tion:
connection (Show that V¥ and Vﬂ;y are tensors)

dHiE 2 SISty SEHI FE 13 2026 73 31
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Curvature

® \\hat tensors can be formed from the metric tensor and its derivatives?

* It we use only g, and its first derivatives, no new tensor can be constructed since we can

find a coordinate system in which the first derivatives of g, vanish.

® Thus the simplest possibility is to construct a tensor out of g, and its first and second

derivatives — curvature tensor.

. or;,, o, 0
R,k = o Fe - — L,

® Riccl tensor: Rﬂ,< = R;L/MK

® Curvature scalar: R = g"'R

2 2 S0 6{Ste: S F=2 14 2026 73 31
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Bianchi identities

® |n locally inertial coordinate system in ® Contracting it again (i.e., multiplying
which Ffw = 0 (but not its derivatives): gh");
10 | Pg T8 Pg T8 R, — Ry — RY =0 or
MUST 0 gxn | OxkoxH  OxkOxXt  OXVOxXE  OxVox* 1
R, ——=0F,R| =0
. . 2
® By permuting v, k, 1 cyclically, we get H

Bianchi identities: ® Equivalent, but tamiliar form: i.e.,

o n
Ry + Ry + Royu = 0 multiplying §7)
e Contracted form: multiply by g**: (R/“/ — lg//”/R> = ()
2
a7

U —_—
Rﬂk;n B R/m;K T R/um;v =0

KpU — DKU _ UK _ 1%
g'uR,uKn;I/—R Kn;v—_R Kﬂ;I/__Rﬂ;I/

5tnl. SO} == 15 2026 78 31¢¥
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Energy Momentum Four-Vector

® We define an energy-momentum four vector in special relativity,

. dx®
=m
P At
® Then the Newton’ second law can be written
d’x“ dp“ fo
m =m —
dr? dr

® Recall thatdr = (dt? — dx*)V? = (1 — v»)2dt where v = dx/dt, then

® The space component: p = myv

e Time component: p’ =my = E

where y = y = (1 — Vz)_l/2 is the Lorentz factor
T

Cf 2 3! S0} i St SO LFE 16 20264 7% 31
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Energy momentum tensor

® |n electro-dynamics, the source terms of ® These two definitions can be united into a
Maxwell's equations are charge density (¢) and single formula
current density (J), and they obey the ﬂ( f) papP
I T(x, 1) = an F(x = x,(10) = Y, =X = x(0)
continuity equation: V - J = > noon

® Delta function can be extended to four
® Similarly we can define the density and current

dimension
of the energy-momentum four vector:
s B dxb()
o The density: T90(x, f) = Z PES3(X — X,(1)) T/(x,1)= ) |dz pg S5 (x = %,(1)
n
® The current:
' dxj, _dxjdv _p; p

di  dc &t my E,

’()

T(x,1) = an 53 (X — %,(1))

dHiE 2 SISty SEHI FE 17 2026 73 31
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Conservation of Energy-Momentum tensor

® From the definition of the density and where G%is the density of the force
current, dp%(?) dr
a — 3(v __ n — 3(v __ 7 ra
] B0 o G*(x,1) = zn‘,é (X = X zn‘,a (X = Xu(O)—F(")
—T%(x,1) = Zp,?a) 53(x — x,(0))
ox? dt ox. , ,
® |f the particles are free, then p is a
= — ZP (f) 53(X X, (1)) constant and therefore T% is
a () conserved, i.e.,
= ——T"x,1) + Z P 53x - x,(1)
T%(x) =0
oxV
and so
0 Taﬁ — G

([JHE E Sl 015t SHL FE 18 20263 7E 31
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Generally covariant form of energy-momentum conservation

® Define T"* and G” as contravariant tensors that reduce to the special relativistic T% and G” in the absence

of gravitation, then generally covariant equation that agrees with 07%/0x% = G” in locally inertial system

1S
oTH

1 o
FTH T + TV, TH = (/2 T + T, T

I =
’ OxH \/§ OxH

1 o
., = G" or (\/§T””) = GY — F”MT’M

\/g OxH

. Derive this
® The energy-momentum tensor of pertect fluid is

I =pn + (p + pU U - T" = pg" + (p + p)U*U"

® The conditions of energy-momentum conservation give the hydrodynamic equations:

0 0
g 4 g7V2——g 2 (p + p)UFU* + TV y(p + p) UM U

0=TH., =
’ oxV oxV

where the last term represents the gravitational force on the system.

S} 015t ZEHL LFE 19 20264 724 31
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Equation of motion in weak field
d*x* dx” dx*

® Equation of motion : -1, =0
dt? Y dr dt
® |n weak and stationary field, dt/dt > |dx/dz |, and the equation of motion can be approximated by

d2x+ dt \° 1 g
o | F’éo (E) = 0 where Fgo — _Egﬂ o

since all time derivatives of g, vanish.

® Also, we may adopt a nearly Cartesian coordinate system in which g,z = 17,5+ haﬂ \haﬂ\ < 1

® Therefore, to first order in haﬁ, Fgo = — —po

2;7 oxP

® Using this affine connection in the equation of motion then becomes

d? 1 /[ dt v dd% 0 - d?*x IVh ( Vb in Newtonian limit
—_— = — — angq — = — — = — 1N ewitonian Irmil
dr2 2 \ dr 00 d d W0

® Now hyy = — 2¢ + constant — — 1 at o0, where ¢ = 0. Therefore, gy & — (1 +2¢) in weak field (i.e., |@| < 1.

55 T 20

2026 78 31
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Einstein’s field equations

® Recall that oy & — (1 + 2¢), in the weak field, e G,=R, — lgWR correctly describes the

2

and @ is determined by the Poisson’s equation: , o ,
? 4 L equation of motion in weak field.

V2¢p = 4nGp =~ Ty,. By combining them, we

have ® Therefore, the Enstein’s field equation is
2, 1
V78oo = — 8nGTy, R, — EgWR = —oaGT),

® This equation holds for weak static field
generated by non-relativistic matter. However,

® Since g,,., =0, adding an extra term

we may guess that the weak-tield equations for proportional to g, to the field does not violate
a general distribution of 1,4 take the form the energy conservation.

. . . 1
G, = — 8nGT,4 in the weak field, which can o R, — Eg””R — Ag,, = — 81GT,, with an

be generalizedto G, = — 8aGT . .
J Y ad arbirtary constant A. —> Cosmological constant

5tnl. SO} == 21 20264 78 31
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Cosmological Principle and Maximally Symmetric Space

* Cosmological Principle
* Universe is homogenous and isotropic
* Maximally symmetric space (=constant spatial curvature)

* Friedman-Robertson-Walker metric for homogenous and isotropic
universe (or the only maximally symmetric space)

d 2
ds? = — di* + a(1) L r2a0? .
1 — kr?

k=4+1,0 or —1

where (r, £2) is the comoving coordinates and a(?) is the scale factor.

The above metric is called Friedmann-Lemaitre-Robertson-Walker Metric
(FRLW)

X SEI 0{Fsty: L RFE 22
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Redshift

® Assume that we are at r = (). Then equation 0t g — Ar)
of motion of a photon along radial direction s a(t) R
d}"2 1 |
0 = dt? = dt? — a*(¢) e ® Therefore, we have
A 5ty Ot

® |f the wave crest leaves (ry, 0, ¢,) at t; and

a(ty)  a(t)
arrives at 1, then U 1

® Since the frequencies are related by

o dr
| < = v _ 8 _ att)
g Cl(t) U 5t1 Cl(to
® Next crest leaves at t; 4+ of; will arrive at Ao — A
| e | heredshiftisz = ~we find
t; + ot;, and since f depends on only ry, A
a(ty)
7= 1
a(t)

23 2026 78 31



F T =Y S A LAY
National Science Challenge Initiatives
=

|l

N ¢4 - I
Simplification of Einstein’s equation in FRLW metric

® The energy-momentum tensor TW (c'l )2 3G kc? N Ac?
*l,.,=pr8,+(+pUU, U a 3 a 3
velocity four vector of the Hubble ® The spatial components:
tlow. i 4nG ( N 3p)
o Ut =(¢,0,0,0), U, = (—,0,0,0) a 3 VT2 )
[c = 1 is used] ® Energy conservation:
® The time—time component of i(pcﬁ) = — 3pa2
Einstein’s equation: da

p : Pressure, p : energy density

dHiE 2 SISty SEHI FE 24 2026 73 31
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Constituents of the Universe

® Friedmann’s equations have three unknowns a(t), p(¢), p(¢), but only two independent equations

® An additional constraint comes from equation of state: p = p(p), which depends on the constituents of the
universe.

® Matter (non-relativistic): p = 0

1

e Radiation (or relativistic particles: p = —p

® Cosmological constant as a form of perfect tluid:

A p" p’
A _ — A Rl
pA
e In orderthe above quantaty to be proportional to g,,, p > has to vanish.
A A | a 87erA |
e Therefore, p™ = — p*, i.e., negative pressure. ==> — = > (): acceleration

a 3

2 2 S0 6{Ste: S F=2 25 2026 73 31
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Expansion of the Universe for different components

® Matter only
p=0, d—(pa3) =0 - pxa alt) xt??
d

® Radiation only

d 3 2 2
P = (1/3)P, E(pd ) = — 3pa = — pa

- , , 1 d d In pa’ |
e divide both sides by pa~: (pa’) = —
pa’ da da a

® |[ntegral over a: ln(pa3) =—Ilna+C, p x a_4; a(t) 172

® Cosmological Constant Only:

d St

pP=—0p d—(Pd3) = — 3]?612 = 3,0612 —>p = po, a(t) = A exp(Ht), where H = \/ 3 Iy,
a

2 2 S0 6{Ste: S F=2 26 2026 73 31
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Static Universe with matter and Cosmological Constant

® Friedmann’s equation:

a  4nG ( L3 )
¢ T 3 p T 3P
® Letp =p,, +PAi P =Dyt DA = DA = —Pn

1
e Static Universe: d =0, p, + pr — 3p, = 0; therefore p, = Epm.
® However, the static universe is unstable against small perturbations.
-3
a a
o Leta = ay(l + €(1)), then — = €(1), p,,, = Pro| — = Pmoll = 3e(?))

d Cl()

o €(1) =4nGp,, (€(t) —> €(1) x exp (i\/4”GPm,ot)} what is the time scale?

5tnl. SO} == 27 20264 78 31



F T =Y S A LAY
National Science Challenge Initiatives
=

SHLLFAHAH

 —————————————— e
Generalizaion of Cosmological Constant: Dark Energy

® Cosmological constant causes accelerating universe

® Consider the following equation of state:

p=—wp

7) ArGG
e Plugging this into — = — (,0 + 3p), and we find the following properties

a 3

o IfTw>— d > 0: acceleration

3

o [fw < 1/3, d <0: deceleration

5til: ZEO QFE 28 2026 78 31
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Density Parameter

® Hubble parameter: H = ad/a

a : > 3G ke  Ac? 872G kc?
— ) =H " =——p | =—— (P +pp)

a 3 az = 3 3 a2
B Ac?
A= 3nG
| , 3rnG kc?
e Currentuniverse, H = Hy, (p + pp) = po. then Hy = 3 Po 2
0

® The critical density, p...... hypothetical density today that makes the universe flat, i.e., k = 0.

3H;
Y
pCI"lt 8]Z'G
. . . _ P
e Density parameter is defined as 2 = ;
Perit

([JHE E Sl 015t SHL FE 29 20263 7E 31
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Cosmological Parameters

GEOMETRY OF THE UNIVERSE

® Hubble parameter

a
o H(t) =—, Hy = H(t,): Hubble constant
a

Po
Perit

o Current density parameters: {2y =

® Q0< 1 ZOpen,

CLOSED

o Oy > 1:Closed

expansion

o O =€, + € (Baryon, Dark matter)

Time
(~15 billion years)

V '
Accelelm

llllllllllllllllllllllllllllllllll

SHLRFULT

Present
-~ Py » :

- —_—
° -‘_'

r
Z
Z

Farthest

2
Slowing 7 RUEGIIZ
expansion - e

Bi
Bar?g

»
g

<

__E_xpaﬁding universe

Accelerating universe: 2, > €

E % I 0{3etu: SEHL FE 30
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® Complete desctiption of the expansion history of the universe

® a(t), ora(z)

® However, a(z) cannot be observed directly.

® |nstead,, we can construct a(z) by measuring distances of

objects as a function of redshift.

® \Whatis the distance?

L

e Luminosity distace: F_, =

® \Ve need standard candle

e Angular diameter distance: dy = —

® \\Ne need standard ruler

® Relation between the two: d; = d, (1 + Z)2

drd?

d

distance in Gly or age in Gyr

Cosmography

10000

Comparison of Distance Measures 0 < z < 10,000

i T
Luminosity,/', ./'/naiveéHubee-
TOOO [ e R S -
100 F 7 LOS comoving
100F e _
i Lookback time l
1 F -
O T o e s T R SR It S M ............... -
Angular difameter
0.001 . . .I . el . .l . . .l . el . .I . . .l . -
1e-04 0.001  0.01 0.1 1 10 100 1000 10000

redshift z
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How the Hubble parameter is measured?
® Hubble's law;
v. = Hyd
We need to measure radial velocity (v, or redshift z) and distance (d) simultaneously for large number of galaxies.

Galaxies should be not too close (because of the peculiar motion) and not too far (because we are looking at th
past).

® Distance measurements are difficult, especially for distant galaxies

' 4
~ 4x10 y T ! T d T g T 4 T ! T )
H, ~ 300/km/s/Mpc J/ | A
+1000KM - — " Hubble Diogram for Type la Supernovae !
| = )
Oe /( 3x10" =
. //°/
S00KM Q + ' [
. o3 o ,)— € [
g Z~ o e = 2)(104 B ]
g . 2 i
o 5 .‘. .8 .
3 3 Jha, S., 2002,PhD Thesis, Harvard Univ.
prsTANCE 1x10* Hy, ~ 66km/s/Mpc
o 0EPARSECS 2210° PARSECS
0 } : i ] i ] . ] ) ] ! | A
OE X S0 1S S F= Hubble, E. P, 1929, Prof. Nat. Acad. Sci., 15, 168 32 0 100 200 300 400 500 600 700 20262 78 312

Distance [Mpc]
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Ho has changed over time

L L e L D D D DL L |

) : [ R R [rrrrrrrrs [rr e [rrrrerre
600 | Lemaitre : . o -
: ] deV i
§ ® ? i
500f e Hubble -: 10073, o o
Io @ @ de Sitier | i oy Daev o8 il
= - Robertson : : A 4 o i
[ ] Aa e u o
S 400} -. B phd N _
2] [ ] A H deV WYy L2
S : ' 80| T x ® 0 RA -
O i Hn . x Gz kK ©
O : ] = o Bo o W Tuy @ -
P 300 - @ Behr ) ] deV Mc 0 3|°sg 85:' .
g 7 . | EEREE I L L
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Summary of local measurement: Hubble Key Project
(Freedman et al., 2001, ApJ, 553, 47)

® Cepheid Hubble Diagram (up to 25 Mc):  Hy = 75+ 10(r)km/sec/Mpc

® Relative distance methods (60 - 400 Mpc)
® Type la SN: Hy=71=+ 2(7") 5

(s)km/sec/Mpc

- 6
® Tully-Fisher Relation Ho =71 £ 3(r) £ 7(s)km/sec/Mpc
Hy =70+ 5(r) + 6(s)km/sec/Mpc
) £ 9(s)
) £ 7(s)

® Fundamental Plane:

® Surface Brightness Fluctuation Hp = 82 £ 6(r s)km /sec/Mpc

(
® Type Il SN Ho=T72+9(r

s)km /sec/Mpc

® Combination:

Hy = 72 + 8km/sec/Mpc
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HST Key Project

: 79"
® Hubble Space Telescope (HST) Kery Project - ® Lband Tully-Fisher L
— A Fundamental plane l
aimed to measure Hj to an accuracy of £10% by - Surface brightness
- — W Supernovaela
measuring the distances to 18 galaxies 2 2f- O supemovaell
containing Cepheid variables ;é'
z
® Result: ( Freedman et al. 2001, later some $
>

updates)

o H,="72=3 (statistic) = 4 (systematic) km/sec/Mpc

0
: | | | | I | |
® |ssue was resolved? = 100 H,=
2wl
é_ 60 [— '
xr
40 —
— 1 | | | | | | | | | | | | | | | | | ] |
0 100 200 300 400

Distance (Mpc)
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Cosmic Microwave Background contains Rich
Information on the Universe

® CMB power spectrum depends on various parameters: Qgp, Qb, Qm and Ho.

® For flat universe,

® Peak positions: ~ Qmh3

® Height of the second peak ~ Qph?

® Peak Ratios ~ Qmh?

JeL

Hy, = 67.4 = 0.5 km/sec/Mpc

h = Hy/100 km/s

Results from Planck (2018)

''''''

1000

Curvature

Baryonic
Matter
4.9%

36 2026 78 31

Radiation
0.001%
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Hubble tension

°® SHOES SNe, HO T T | 1 l T | — T T | T T T ] l — T 1 T 1 l [ 7
» WMAP: Wilkinson Microwave Probe . Awp=—0.08,4w,=-0.8 5 5
» BAQ: Baryonic Acoustic Oscillation A O >
A éKz—o.o:
NEW , 2 ;
804 - KP PHYSICS DM?—U,CI: 1 0-33mDMGe\/-1CT2
] 0 ch  Eoily DE.2=10" 05e=0.07
i I SHoEST | |
~ =] i .——' . SH—O_ES zilds 0|8t 54
Ta i A L i 4 40
= - Earl t
= | y ate
'm - A A N ; ;
E A Al A — Planck18+ACDM
\./O 70 i 2l G AWMAPQ P Gaia DR2,HST ﬂ.(R180,b: SHOES)
. 4 WMAP3 e ¢ SN la NIR (DJL17,CSP B18)
WMAPS BAO+ACTPol,SPT,WMAP ®
4 E I 1 HO\iCOW—4 Lnses (Birrer18)
r+ inverse ladder
| i WMAP7 A . o= \ R16 (SHOES)
WMAP P15 +BAO s
65 I P‘]3 e ORUASALE 0|23 £ Redqalysis of R.16 (C16,FK17 o
] TRl . j\CDM 1 1 1 l 1 L 1 l 1 1 L l 1 1 1 l 1 1 L l 1
. Distance ladder A 64 66 68 70 72 74 76
T T T T T T T T T I T T T T | T HO (km 8_1 MpC 1)
2000 2005 2010 2015

(= 9 m2in o=, San oxE W. Freedman, 2017, Nature Astronomy, 1, 01217 OEEIE] 7 S
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Cosmological Research with GWs

® Reconstruction of expansion history of the universe through direct
measurements of distances

® GWSs from compact binaries are ‘standard sirens’ as the distances
can be estimated from the detected waveforms and amplitudes

® Bright sirens [optical counterparts] vs. Dark sirens [no optical
counterparts]

® Need to identity the host galaxies in order to measure the redshifts
in order to construct Hubble diagram

dHiE 2 SISty SEHI FE 38 2026 73 31
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Estimation of Parameters from GW Observations

® \What we measure is the waveforms form for certain duration - || | :

h ( t ) — F + (a ° 5 ° l//, t C) h_|_ (t ) + F X (aa 59 llja t C) h)( ( t ) [ ' ""' " .‘ | "“

® For circular binaries, 15 parameters are imprinted on the YRR RYRIA

waveforms Polarization angle v Y T i

Coleascence Phase | U
(

® |ntrinsic: my, m,, Sy, S (3)

® Extrinsic: Q = (a,0),1,d, y, t., ¢. (7)

® [f we ignore spins, the number of parameters reduces to 9.

® Duration of the observations from frequency f until merger b
(fmerge =>> f) For ground based detectors, f, ~ 30 Hz
. * T < 1second for BBH
T — i _ O —8/3 ¢ f—8/3 * T ~ minute for BNS

PO G

For lower frequency detectors, T could X
become very long (weeks to years)

dHiE 2 SISty SEHI FE 39 2026 73 31




FTIHAHEY S A LAY
National Science Challenge Initiatives
=

SHLIRFH A

How GWs can help?

* The astronomical measurements use the ‘standard candles such as Cepheids and Type la
Supernovae

* However, the absolute luminosities are not well known.

* For GWs from coalescing compact binaries, the shapes (Waveforms) and amplitudes can be
computed from GR.

* The waveforms does depend only on intrinsic parameters such as masses & spins

* Luminosity distances can be estimated because the amplitude of the GW signal is inversely
proportional to the distance.

9672 h f? Schutz 1982, Nature

2 1

1 (0.0Ls 100Hz '

= 512— Mpc
- hy g J]iGW “, ]

- 8 .
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Uncertainty in Distances

* The distance estimation from GWSs does not suffer from systematic
uncertainty
*  However, individual GW distance estimation is subject to large statistical y
uncertainty due to the lack of information on the viewing angle (1)
h X
h, = gz(l + cos’ 1), h. = 2u(MQ*?)cos(2[Qt — ),
hy 2/3\ o
h, = ~ cost, h, = 2u(ME~7)sin(2[Qf — ¢y)) A 4
(2 : Orbital frequency ~ ' ”*" \
-—.5: 00 | face-on / \
* Also, we need to determine redshift separately: identification of the host AN N |
galaxy U
BNS GW190425(Abbott et al. 2020, ApJL, | m—“_—"
SRINHZ % F2nt 0iSstn: F2L 252

41 892, L3)

July 31, 2026
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Bright Sirens, Dark sirens

* |dentification of host galaxies to determine redshift is
difficult

* Bright Sirens: BNS or BH-NS with optical
counterparts (so far only GW170817)

 Dark Sirens: BBH or BNS/NS-BH with no observed

optical counterparts. 1.0
g 014+02+03+04a (142)

' ' - £ 0.8 O4a (76

* One can still use dark sirens to constrain 208 2 (76)
cosmological parameters statistically. Z 06
E
* Currently, the accuracy in sky localization is rather s
Poor éoz:

|l
T 102 103 104

AQgoy [degz]

£X|AMHE L 240t o{ 25ty F0 F=E 42 LVK, arXiv:2509.04348 July 31,2026
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Measurements of H,

0.040 S S EE—
| Planck
0.035 _ aHoES
—0.030 Bright siren
S - Spectral sirens
2 .
@ ().025 - Dark sirens
lE — Dark + bright sirens
=<.0.020
o~
=3
— 0.015
=
=0.010
0.005 LVK, arXiv:2509.04348

20 40 60 80 100 120 140 160 180 200
Hy [kms~!Mpc™!]

* Accuracy of Hubble constant can
be improved if we have many
multi-messenger BNS events.

* Dark sirens: use the galaxies
within the localization area

* Spectral Sirens: next page

SX|YOZ Y S0t o{S5tu: UM 252 43
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Spectral siren

Explicitly factoring the population model 1in terms of detector-frame masses, luminosity distances,
and spins, multiple GW source parameters carry information about cosmology.

0.07 - 1 fixed peak+mass-dependent spin
fixed peak+fiducial spin
— 0.06 - 1 evolving peak+mass-dependent spin

e

o

W
1

0.00 - ; .
40 60 80 100 120

Holkm s~! Mpc~1!]

Tong, Fishbach & Thrane 2025, ApJ
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Localization accuracy increases with multiple detectors

10%

10°
c 08 K
.553 > Howell, ... Lee, et al. 2018,
= O, MNRAS
= 06 e
S £ 10
&= 10
g -
£ 04 <
= s LHVJIAC 0.2Gpc 0
= s | HVJIAC 0.4 Gpe i
3 ozl | e LHVJIAC 0.8 Gpe |
w= == | HVJIAC 1.6 Gpc 10"
= = LHVJIAC 3.2 Gpc 14 16 18 20 22 24
el apparent R magnitud
102 7o 10" 10’ 10° 10° Ppare JnHee
. . 2 :
90% credible region [deg”] Milky Way Galaxy at 0.4 Gpc

 With network of 5 advanced detectors and two additional detectors with better sensitivity, ~20% of
the BBHs at 400 Mpc can be localized within 0.1 sq. deg.

* There could be 10-20 milky-way like galaxies within the 0.1 sg. deg.

* BBH host identification by ground-based detectors is very challenging!
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In-band Duration could be important

® Duration of the observations from frequency f until
merger (fme,,ge > )

5
T f_ 3 san  C e

796" n(GM) g

= 2 4
For ground based detectors, f, ~ 30 Hz % " R
e T < 1 second for BBH °§ e

2 - aLl
* T~ minute for BNS ’ i p g;O
For lower frequency detectors, T could become R 10 10 10° 10° 10° 10°
very long (weeks to years) frequency (Hz)

LXACHE 2 F2T 0o Zsta: FL SFE 46 July 31,2026
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Dark Siren Observations with mid-frequency detectors

* The source position and inclination angle are

encoded Iin the measured signal through e = 20Mo. my =36 Mo Dy A M
. . 10-19 - | i
* Relative amplitudes and phases of the two .
- : — 107%° 4 --- LISA
polarization components, % o | AON 100m
= i --- AION 1km
* Periodic Doppler shift imposed on the signal by £ 102 N NN { --- AEDGE
the detector’s motion around the Sun, 102 § N
1024 :
* Further modulation of the signal caused by the BT ¥ S S S
detector’s time-varying orientation. / fitz] \
O AccuraC|eS Of Q and dL can be S|gn|f|Cant|y 60 days before merger 1 minute before merger

improved
Yang, Lee et al, 2022, JCAP

LXACHE 2 F2T 0o Zsta: FL SFE 47 July 31,2026



FTIHAHEY S A LAY
National Science Challenge Initiatives
=

FHLLFH1H

| acalizatinn valiimeae and Hithhla niagram
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= Ny =002 Mpc—3, V,, =50 Mpc? .
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1071 __ ng=1Mpc~3, Va =1 Mpc
10° - .,
10, - s 9Ye *. '
. W e %
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10! 4 T
BBH ~Yang, Lee et al, 2022, JCAP
10_" T T T T .
0.0 0.1 0.2 0.3 0.4 0.5

Reds hift

Various cuts are assumed galaxy number
densities: below these lines, we can uniquely
identify host galaxies within 5 year observation

Simulated Hubble Diagram
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Simulation of Hubble Constant Estimation with Dark Sirens

Probability density

5 golden dark BNS: 68.2%3-3

10 golden dark BNS: 67.7 2.8

5 golden dark BBH: 67.5+1.5

10 golden dark BBH: 67.6*13

all 35 golden dark BBH: 67.51} 1,

114 golden dark BNS+BBH: 67.98+382

We need ~30 events with
host identification in order to
reach $1% error in H,,

July 31, 2026
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Reconstruction of the Expansion History

® With ~50 ‘golden events’ expansion history can be accurately reconstructed without
parameterization (CPL, LCDM...)

Chatier et al., in preparation

1.04 - — True — True
| - =~ Mean Function (Smoothing) 1.2 4 ==~ Mean Function (Smoothing)
1.03 - : l
5 - 5
T 1.021 R [ ] ‘ o 1.1-
= |
O 1.01 - =
S 2 1.0 -
~J < .
Q 1.00- T
o o
¥ ng
~ 0.99 - 0.9 A
Q
0.98 - = o
o A $ ;
e e 0.8 - ’
0974 1 :
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25 0 .;«f =
- 7 10" - -:‘ B 1/ng; Ng = 0.01Mpc
U e 1/ng; ng =0.20Mpc—3
1 : 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
e Z
TX|diE ¥ S o{Ectu: SHI LF= 50 July 31, 2026
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Further improvements of estimated parameters for eccentric binaries

Yang, Cai. Cao & Lee, 2022, PRL
* In mid-frequency band, some binaries may have

significant eccentricity (i.e., ¢ > 0.1) e = P
5 eo=04 . . o 0~.

* The eccentric waveforms have more features than circular * .

~ o e "0 o o .
ones, and thus enable us to break some of the £ | o*a 2t a iR
: : : : g_l ’ . o T fas b“"*(ﬂ g
degeneracies during the inspiral phase — more accurate 3 st }}Jw“* .
. o \ : 3 , ]
parameters can be inferred gl o g T aa Alad
. | ’” e e #
+ A case study with B-DECIGO: 5 Al
- Ad; /d; can be improved near 1 = 0. e
3 |
<,
+ (AQ)o 1 S (AL), g.1%
- More improvement for larger e. S
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Systematic Errors due to uncertain waveforms (Choi, Yang & Lee, 2024, PRD

Detectors for GW150914-like BBH

Quasi-circular model

statistical errors arise.

We made detailed parameter estimation for assumed B-DECIGO and MAGIS
The injected waveform is eccentric model (TaylorF2ECC) but analyzed with

Systematic Errors in mass estimations (thus eventually distance) greater than

10720 -

1 year

Y 1 month
b3

~
~

~
\\ 1
~

R

day

\* o
1 hour™~(_

~
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~
~
~,

1 minute Sa e

~
~

1 second Y.

~
~
~

~
~
~

1072

1071

100
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10°

102

1 ey1=0.001, Ecc -1 e01=0.001, QC

x10°
2
1
0 =
—-1.50 .
-6
M/Mtr - ]. x10
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0 1
—0.00250 =0.00125 0.00000 0.00125 0.00250
M/M,, — 1
400J
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0= | |
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Hubble Diagram with GW Observations

® Sensitive GW detectors allow

+
us to accurately constrain 48 - golden BBHs
| o + other BBHs N T
z — d; relation within z<0.5 46 + SNdata P b, 4
+ + T
L 44 - + bt '
2 42 - . i i
5, p Lt
(O 40 - + +
5 +
384 )
+
30
34 - .
0.00 0.25 050 0.75 1.00 1.25 1.50 1.75
/ Chartier et al. in prep.
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Summary

 Hubble tension could be due to our lack of understanding of the universe or systematic error in
local measurements

e GW sources can be used to make completely independent measurements of the Hubble constant.

* However, individual measurement of distances with GW sources have large random error due to
the lack of information on inclination angle of the coalescing binaries.

* BBHs do not emit EM radiation. The pointing accuracy of the ground-based detectors (including
the future ones) is very poor for host identification.

* Localization can be significantly improved with future detectors in miid-band (0.1 ~ 1 Hz).
* |f some binaries are eccentric, accuracies of directions and distances can be further improved.

* Cosmological parameters could be precisely constrained with dark sirens alone with mid-band
detectors.
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