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Part 1:
Pulsar timing array and

GW search

1. Pulsar timing array



Pulsars
L]

e Neutron star is a very compact star
supported by degeneracy pressure of
neutrons against gravity.

e Pulsar is a rapidly rotating neutron star
emitting mainly radio beams.

e The rotation axis and magnetic dipole axis

do not coincide.
— The beams are observed as pulses.

By Michael Kramer



Pulse period

Bhattacharyya,
arXiv:2104.02294 (2021)

millisecond pulsar (MSP)
e very short period

(P < 30 msec)
extremely stable

old age

weak magnetic fields

Period derivative (s/s)
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Number of pulsars discovered
|

Shaifullah, CQG (2025)

512 millisecond pulsars found as of 2021
(2450 ordinary pulsars)
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Pulse profile
|

Shaifullah, CQG (2025)
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Gravitational wave observation

@ supermassive black-hole binary

(extragalactic)

Taylor, arXiv:2511.08966 (2025)

sensitivity to GW amplitude
O¢ 100 nsec
T obs 10yr

GW frequency
fow = To_bl ~ 3nHz

~ 3 x 10716

Kelley, arXiv:2505.00797 (2025)



International Pulsar Timing Array (IPTA)

Effelsberg Lovell

ABIDONVN

GMRT CPTA is the IPTA observer.

Slide from Thankful Cromartie MeerKAT




Production of time residuals

Pulsar \-
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PTA Datasets

plots recreated from
\ Verbiest et al., (2016).
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Timing model
|

- doB
arrival time ty = te 2 Ao — Apm — Ap

A® : timing correction from the Solar-system barycenter

Einstein time delay (time dilation & gravitational redshift),
Shapiro time delay, Roemer time delay,
Earth atmosphere, solar wind

A : timing correction from interstellar medium

the time variation of dispersion measure

/Apg : timing correction from the binary barycenter (if necessary)

Einstein, Shapiro, Roemer time delays



Time residuals
L]
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Noise models for time residuals

e pulsar specific red noise
different noise spectrum for each pulsar

e common uncorrelated red noise (CURN)
same noise spectrum for all pulsars but no phase correlation

e common monopole noise (clock error)

e common dipole noise (Solar-system ephemeris error)

common quadrupole = GW background

Correlation among multiple pulsars is necessary.



2. Principle of GW detection



Response to GW from a point source

ds® = —c*dt® + {1 + hy (t — z)}dz? + dz°

pulsar hi(t—z) = hy cos|w(t — z)]

> N

For light (ds?2 =0 ),
cdt = (1 + h(t; 2) sin? 0) dr

Integrating from emission at 1
to arrival at ¢,

>

1 0 L—
c(to—t1) =L — —sin26’/ h [tl—l- L _ tcosH] dr
2 I c c

L
:L—I—lsinzﬁ/ h[tl—l—g—i(l—l—cosﬁ)]dr
2 0 c c



Response to GW from a point source

Defining ' = r(1 + cosf)

L(1+cos ) L r
c(to—tl):L+—(1—c059)/ hlt1+_—_] dr’
2 0 c c

= L— (1 - cost) {H [tl_ éCOSH] - [tﬁé]}

C

Hlt] = / h(t")dt’ Earth term  pulsar term
Av(t d 1 \ L '
z(t) = VIEEO())) i —(tg —t1) = 2(1 — cosf) {h [to] — h [to - (1 + cos 0)] }

For a general GW propagating in the direction n ,

hsin®0 — p'pih;;  cosf — AP T=L/c

[z(to,ﬁ)zAl;((ttZ’)ﬁ) “2(1]_3:];] ){hw [to, 0] — hyj [to — 7(1 + f- p), A} ]

"U>




GW response in the Fourier domain

~ A ﬁzﬁ] 7 A 2mifr(1410-p)
— g 1 — p

Defining antenna pattern functions,

1 p'p . 1
21+ﬁ.ﬁeij(n)7

Ft(h) =

[ 2(f, h) = {1 _ e2m'ff<1+ﬁ-f>>} {F+(ﬁ)7z+( f,0) + Fy (A)A*({, ﬁ)} ]




Cross-correlation
L]

Sa(t, ) = 24(t, 1) + ngy(t)

correlation signal Zap(t, ) = (s,(t,1)sp(t, 1))
Zatd) = [ af [ ap s s s )
= [ ar [ apent s aag )
= [ ar [T apeme Dt ) ;;<hi‘4(ﬁ k(') ) FA@)FY (6)

fap(f; f',8) = {1 — e 2rifmliipa) L[] _ g2nif mll+is) |
Earth term  pulsar term

Since f1, > 1, the phase factor is approximated to k., ~ 1.
(For L=1kpc, 7 = 3000 yr )



For a GW background

A GW background is assumed to be stationary and Gaussian.
AN / 1 A A 1 ! A
(Ra(f;m)ha (f',10)) = 6(f — f) -0 (0, 8) S (f, )

In contrast to a primordial GWB, an astrophysical GWB is
NOT isotropic and unpolarized.

Finite number of sources can generate a circular GWB.
Valbusa Dall’Armi+, PRL (2023); Ellis+, A&A (2023)

AN (1 ) ( I(£,)+ Q(f,8) U(f,8)+iV(f, ) )

[ :intensity, V/: circular polarization

(), U : linear polarizations (not considered hereafter)



Stokes parameters

In circular-polarization bases,

R \/5 ) L \/5
I = |hg|* + |h|?, +<—— intensity component

Q — hth + h;{hLa

r linear pol. components

U =i(hihg — h%hr),

V = |hg|? — |hr|?. +—— circular pol. component



Response to stochastic GWB

Zoy(t) = / a2 Z,(t, )
S2

8% 4f [ dhra(f.5)

x [I(f,n {F+(n F+(n) + FX(R)F)(A)} +:V(f, ) {F(A)F)(h) — F)(h)F," (h)}]
00 l
I(f,h) =I(f) Z Z CmYem(@) ,  V(,R)=V()Y > e Yem(d)
=0 m=—4 =0 m=—2¢
/

Zu®) = 57 [ [I(f) > bl € 1)+ V(1) 2 i 1
3

1y Jse
T €ann f) = = [ & kay(f, 8) Yo (B) {FF (B)F (8) — FX () F;F () )

o s J

T (€abs f) = d*A Kap(f, 1) Yem () {F; (R)Fy7 (A) + F; (A)F* (A) }




Response to stochastic GWB

Zoy(t) = / a2 Z,(t, )
52

8% Y Pl
x [I(f,n {F+(n F+(n) + FX(R)F)(R)} +:V(f,n) {FH(R)F}(A) — F(A)F,
foe) I4
I(f,h Z Z ComYem(B) ,  V(£,0) =V ()Y > chnYim(B)
=0 m=—2¢ =0 m=—4¢

() }]

4 -
Zalt) = 5= [ df !I(f) 3" kTl (€ars 1) + V) Y chnl bt )
B Im Im

_ 5 A A A A A A A
Il (€, ) = F - d*f Kapf )Yy, (R {F+ n)FF(R) + F)(h)F (n)}

d*h x )Yy, () { F, () F) (h) — F(R)F," () }

/

angular correlation (overlap reduction) function



Angular correlation function
|

Taking the coordinate as
P. =(0,0,1),
Py = (5in&ap, 0, cos &ap) ,

n

= (sin 6 cos ¢, sin @ sin ¢, cos 0)

angular pattern functions are

Ff(h) = sin® (g) :
Fr(n) =0,
F+(a) = 1 sin” €,p(sin” ¢ — cos? 0 cos? @) + sin &, cos Eqp 5in 260 cos ¢ — cos? €4 sin” @
2 1 4 sin &, sinf cos ¢ + cos &,p cos O
%/ 1 sin? &4 cos 0 sin 2¢ — sin 2€,;, sin 6 sin ¢
F b ( ) — 75

T2 01 + sin &, sin 6 cos ¢ + cos &,y cos b



Angular correlation function
|

The angular integral can be performed analytically.

For | mode, Anholm+, PRD (2009); Mingarelli+, PRD (2013)

1 3 1 . a

FéO(gab) — § ~Ir §xab (logxab - 6) ) Lab = Sln2 (%)
3 | o
! (£a) = _V3 (1= 2ap) 41 4+ 62gp 1+ 8% )L
4 1-— Zab

1 [/3xap(1l — x4 log z,
I o) = ~Tha ) = — 5y 20 [ gy, (1 08T
4 2 1 - Zab

I'eo(€as) is called the Hellings-Downs curve.

For V mode, Kato & Soda, PRD (2016)
F}/;)(Sab) =0,
337ab 1— Lab 35Cab
FK—I(Sab) — F‘lfl(gab) — \/ ( ) {1 + 2( logxab}

2



Angular correlation function
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3. GW search



Correlation of time residuals
L]

What we actually measure is not frequency changes but
time residuals.

t
ro(t,0) = / zq(t', )dt’
0

AL A 00 1 — —2mift _ ' L
R R P e WY (W)

2(1+n-p,) J_ 271 f
00 1_6—27rz'ft
— d Zo(f5 1) .
| ar st

Rap (t) = <Ta (t)rb (t)>

1 e 1— 27 ft
=37 / K (;Oj})zf ! [I(f) ;cémrém(gab, f+V(f) ZZW;CXmFXm(ﬁab,f)]




Correlation of time residuals
L]

For unpolarized and isotropic GWB,

Ra(t) = STlo(e) [ o7 5

We set 2{1 —cos(27ft)} — 1.

2{1 — cos(2m ft)}

. . . . -1 _—1
In practice, the frequency range of the integral is f = [T s Tondl -

T’ . observation time,
Tcad : the cadence of observation

The frequency integral is dominated around f = T L.
At the frequency,

t:0—=10yr, 2{l—cos2nft)}: 00— ~2




Correlation of time residuals
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Correlation of time residuals
L]

Ra(®) = 2Tho(ear) [ S 5 0

3 0 (27Tf)
. 2 1 2 1
Rus(f) = 3Tho(6t) iy =Tho(Ca)®()  @() =5 500
T GW power
(one-sided) power spectral density of spectral density

the time residual correlation

-

~

Wiener-Khintchine's theorem

Clr) = / " Plw)e T dw /0 7 S(w)e T dw

— o0

The Fourier transform of a correlation
function is a power spectral density.

\_ /




GW power spectral density

From 1(f) = S (f) = Si*(7) and W2 =21Su() . @) =3 5o

a0 - ey — e)= Gl 13-t k
i) =4(L)

\_ fret y

GW energy density Qqgw(f) = plc dg(f(‘)’;(;c) is often used.

paw = ﬁ < haph® >

4 [I==
== - d(log f) f (2w £)?Sr(f)

(R (f W) (1, 0)) = 3(f — f1) - 0(, &) {4 (£, )



GW power spectral density

dpaw (f) 3¢
dl(‘)’;f sz n(f)
1d
From Qaqw(f) = o '(01(1;:)];(]{) and hZ =2fS,(f) .

[ tew() = (2 ) 12020 = () 2272 (1 f)w ]

For the inspiral phase driven by GW emission,
a=-2/3, v=13/3, 2a+2=2/3

(This will be derived later in Part 2 of the lecture.)




Signal-to-noise ratio (SNR)

time residual signal (. (t) = ra(t) + 14 (2)
T/2 T/2

correlation signal / dt / dt’ o (t) G (t ) Kap(t — t)
T/2 T/2

optimal filter

T/2 T/2
(Vs :/ df/ df / df"/ dt/ p—2mif" (t—t') j2mift ,—2mif't’
T/2 T2

x (7 (F)Fs(f')) Ka
= %Féo(fab)/_oo df ®(f)Ka(f)

W3 =T [ AF {B0) + 2PN} B() + 2P (1)} [Ras ()

(Yab> -~ 5
/Var[Yo]) (7l (F)1a(f)) = 6(f = ') Pp,a(f)



Signal-to-noise ratio (SNR)

Defining the inner product,

(A, B)oy = / T A AT (B (B(F) + Pyal£)} {2(F) + Pon(F)}

the expectation value and variance of the signal are written as

T ~ ®(f)
(Yar) = £ Thy(ar) (Kab(f), TR T f)})ab
v2) = ¢ (K Ka(h)

_ B o(f)
ﬂ Kab(f) = Ko {®(F) + 2P, o ()} {®(F) + 2P, ()}

_ 7! >~ 2(f) 2
{SNRab = I'50(&ab) lzT/O df{cp(f) + 2P, ()} {®(f) + 2Pn,b(f)}] ]




Parameter inference
L]

Lentati, Alexander, Hobson, PRD (2013)

likelihood function van Haasteren & Vallisneri, PRD (2014)
1 1
ot|c,e) = ex ——rTC’_l'r]
platle, ) v/ det(27C) P [ 2

r=0t— Fc— Me
theoretical model timing model uncertainties
Ot : time residual data

F' : Fourier basis (cosines & sines at fz = i/T)

C : Fourier amplitude
(CaiCb;) = 6ij {OabPai + 0ap®C VRN + T (£q) 7P }

a,b :pulsars, 17,7 : Fourier components

M : design matrix basis, € : coefficients



Summary of Part 1

e The period of millisecond pulsars is very stable and can be
used for GW detection.

e Time residuals of pulses are modeled by
GW signal + timing model + noise model.

e GW signals shows a characteristic correlation between
pulsars, namely, the Hellings-Downs curve.

e A GW spectrum from massive BHs is parameterized by

h? A?
(I)(f) — 12;2({;|3 - (I)(f) 1272 rze%f K : v =3 — 2«
helf) =4 (f;if)

7r2 \ 71-2 2042
QGW(f): (;Hg)f2h2(f) (;Hg)A2 ref (fif)



Part 2:
GW detection and GWB from

supermassive black-hole binaries

4. Observational results



GWB evidence

e On June 29, 2023, four PTA groups (EPTA+INPTA, NANOGrav,
PPTA, CPTA) announced that the "evidence" of a GWB was
detected.

e The Hellings-Downs correlation has been detected with 2-4 ¢
significance.

e The signal is consistent with a GWB from SMBH binaries,
but the origin is not identified yet.



Data set

|
Agazie+ (IPTA), Apd (2024)

EPTA: 10.3 yr data for 25 pulsars

INPTA: 3.5 yr data for 10 overlapping pulsars
NANOGrav: 15 yr data for 68 pulsars

PPTA: 18 yr data for 32 pulsars

EPTA+INPTA NANOGrav

PPTA



GW amplitude spectrum

RMS, = [/ q)(f)df]m Assuming the Hellings-Downs
Afi curve (response).
N > joint posterior median = EPTA+INPTA
§ NANOGrav
3 7T~ | —— PPTA
= "~ .
a T Noise model: .
- NN 1. intrinsic red noise
= ‘\l\ 2. interstellar DM
= _8- i variation
g'» 3. deterministic solar
= | wind
‘910_9 4. common uncorrelated

red noise (CURN)
with YCURN = 13/3

///’ 10~
f

requency (Hz)
flOyr




Model parameters

=13/3
~13.0 B . /
2
Q —13.5 - . A —y
<i:t ¢(f) _ 12 2 QQf
s —14.0 - T T Jref
o
¢ —14.51 . .
E o What is plotted in
s ~15.07 — NANOGrav the previous slide.
& _155] — PPTA
— jOint .
_16.0 I I I : 1
1 2 3 4 5 6
spectral index, Yup
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Hellings-Downs curve

Taylor,
arXiv:2511.08966

~30
Antoniadis et al 2023 A&A 67

Correlation Between Pulsars

Correlation coefficient
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Sensitivity
|

—— EPTA+INnPTA —— PPTA h2(f)
——— NANOGrav === joint median (f) — 127.(.2|f|3

e NANOGrayv is the best
at low freq. due to
the longer data set
and less noise.

e EPTA+InPTA is the
best at high freq.
due to high obs
cadence (~3 days).

10711 5

p—
<
o
N

10713 -

Characteristic Strain, h.

10714

e PPTA's cadence is
~7 days. NANOGrav's

cadence is 30 or 14
days.

Frequency [Hz]



SNR
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individual searches,
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Upper limit on GWBs

€ : error of time residuals, I’ : observation time

€ 1
hC(f*) ~ Ta f* T
Typically, € ~ 100nsec, 1"~ 10yr
ideally sensitive down to h. ~ 10716 at f ~3 x 1077 Hz

For f>Ff«, h(f)~ % ; P : GW period
3
From thGW X fzhg ’ Q(}W(f) < QGW(f*) (fi)

Demorest+ (NANOGrav), Apd (2013)
for v=13/3 (95% CL)

hoQaw (fyr) <3.1x107°  at fy,, =3.2x 107 °Hz



Upper limit on GWBs

Liu & Chen, arXiv:2602.14014 (2026)

—-13.8

for v=13/3

~14.0- I I
e ! T i _)_

= ¢ PPTA
S 6] # EPTA I I *
— 4 NANOGrav +
gl ¥ IPTA f +
® CPTA I
® EPTA+InPTA
~15071 % MeerkAT PTA I
VY Fermi-LAT
—-15.2

2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026
year



5. GW emission from a BH binary



GW-driven binary inspirals
|

For a circular binary, wgw = 2ws
1/3
Gmimz <G2M2wéw> /

GW orbital ener Eopiyt = —————= =
5 bit 2R 32

!

Kepler's law w? = GM/R?

(m1m2)3/5

ir c =
chirp mass M (s + ma) 175

32 Gu2R4w? B 95/3 G7/3u2M4/3w(1}%3

GW luminosit Losins =
Y GW 5 cd 5 cd

. . 96 G P12
From Eomit = —Laow , faw = gWS/S ( oo ) f<1;1v<73

@ integrating

3/8 —5/8
T : time to merger P [ 2 2 GM.
T \ 206 T c3




GW-driven binary inspiral
|

From the formula in the previous slide,
1O7M@)5/8 (1010 yr)3/8

c T

foaw =~ 1.74nHz (

For a SMBH binary with M, > 10" M, the pulsar timing band
is GW-driven (Binaries can merger in the cosmic time).

Using the Kepler's law w? = GM/R?, fisye = (15yr)~! =~ 2.11nHz

M /2 70.07pc\%/?
~ 1. H _
Jew ~ 1.63n Z(2x109M@) ( R )

4 )

For R <0.07pc, SMBH binaries are in the pulsar timing band
and GW-driven.

For R > 0.07pc, SMBH binaries need an efficient mechanism to
push them to the pulsar timing band (subparsec problem). y

\_




Life cycle of a SMBH binary

Burke-Spolaor+, A&A Review (2019)

Il . : ; 1
BLEAr e Binary Formation Continuous GWs fEoalescense; .
Memory & Recoil

Galaxy Merger
o g Merger =
©) ac3n
; \‘;‘\lu : .
NGC5331 NGC 17 ' N .
. ‘ ' 092 |
Post-coalescence system

Ed

Gravitational radiation provides

Dynamical Dynamical friction Stellar and gas e s B , £
P, Jess effolone s interactions may cf.l'iuenl inspiral. C'lrc,flmbma.ry may experience
massive objects to SMBHs form a dominate binary inspiral? disk may track shrinking orbit. gravitational recoil.

central positions binary. A A\ A
Orbital 2 0 00 01 pe
separation :
The Lifecycle . c . é ‘
. 'E : !
= : ‘
ofBinary | s ¢ nhn,w_
Supermassive = ! U
Black Holes = =
Evolution N <30 Myr ~3 days : BURST!
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environmental effect
(star and gas dynamics) We observe here.



GW spectral index

For a circular binary, GW waveforms (Newtonian order) are

hy(f)
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Effect of eccentricity

For an eccentricorbit (0 <e < 1)

32 Gulatw§, _ 1 3,2 37 4
LGW - - " F(e) , F(e) — (1 — 62)7/2 1+ ﬂe + %6

difference from 2 G_M
a circular case

For a circular orbit (e = 0 ),

a = R, (.US() — wS 103 -
Eccentricity increases GW 5 102
luminosity and accelerate -
the orbital shrinkage and 101

the frequency evolution of
a binary. 100

0.0 0.2 0.4 0.6 0.8 1.0



Effect of environment

Dynamics of gas and stars affect binary hardening.

However, the effect is described by dozens of free parameters,
which are highly degenerated in the parameter estimation.

v

Phenomenological models:

e Model for the orbital separation of a binary

1 da

1 da — v —v
—— x a et for a K @, —— ox a” 7°uter for a > a

a dt »q dt

e Model for the merging timescale of a binary

M o
=170 (1011 M®> (1+ Z)ﬁTq%




6. GWB from supermassive
BH binaries



GWB from compact binaries

1 dEGW(fsae)
7rc2f2/ dz/ doddel—}-z dlog f;

e.g. Phinney, astro-ph/0108028 (2001)

fs=1+2)f : GW frequency in the source frame

GW energy spectrum in the source frame

dEcw(fs,0) 27Tc 39 0 determined
legfs — f [h (f87 )+h’x(fs,9)] by GR

binary parameters 0 = {M,,q,e,---}

comoving number density per redshift per binary parameters
d?n |
dzdé

determined by astrophysical population



GWB from supermassive BHs

Ellis et al., A&A (2023)

BH merger rate halo merger rate
dRBH dRh
— M;dM. mer 9 occ M occ M
B [ AMLAM ey () o (1 |V poce (mal M) o
zpBHdMl dMz dBRn  ___ from lllustris simulation

dm1 dmg dM1 dM2

from the observation
of IPTA

1076 L

107

_ +0.18
2 peu = 0.177( 5g
% 10_85"’,;'
- 10-9 . /pBH =1
10-10L The largest contribution

to the pulsar timing band
comes from SMBH
binaries with M > 10° M.

10-11 L




Astrophysical complications

T

dt

dt

_ da da da
Kelley, arXiv:2505.00797 (2025) = £n
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Interpretation of the observational results

Antoniadis+ (EPTA & InPTA), A&A (2024)

galaxy mass function
pair fraction

d°n °
o
e galaxy pair merger timescale
o
o

dz dm dg de dwyg

SMBH-host galaxy relation
SMBH accretion during merger

loglo(Au=1/10yr))

L 155 -15 145 -14 135 subgroup of RSG15
T | I (108 models)
;§ 2 | - X
=t ] eccentricity (O, 0.1, ---, 0.9)
g 1.5 :— — X
= 1F /. = stellar density profile
s r ] (0.1, 1, 10 times)
o OOF E
2 0 E b et A Ly 1 |- \\.\. | o E @
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Interpretation of the observational results

log1p (RMS/seconds)

—9- MC realizations
=== f=1/yr

EPTA DR2new
1 SMBHB models

-10

| '16-8
f[Hz]

e A few low freq. bins are in good agreement with observations,
at which the sensitivity of the pulsar timing is best.

e The amplitude distributions are highly non-Gaussian,
because a small number of loud signals contribute.



Interpretation of the observational results

Q T
6" C1 I’ | r"-’ V e >
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> £ 0.4
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0.2
Q T : . : :
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o .
‘\.o) ”)0 bt(? © loglo WZ};QG_YI
Y=3-2a

For the amplitude or the merger rate, the upper edge of
the astrophysical prior is preferred.




Interpretation of the observational results

7 202947

Astrophysical model parameters cannot
be determined from the current

observational data except for

the timescale between galaxy mergers
and SMBH mergers.

M o
T=10 (1011 M®> (1+ z)BTq%




HS/poplll: high-mass seed
on BH accretion

LS/Q3: low-mass seed
SN: supernova feedback

Shorter time delays are

d: longer time delay
preferred.

nod: no time delay
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Best models compatible with the data
|

1
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Anisotropic search

Agazie+ (NANOGrav), ApJL (2023)

For an anisotropic GWB, a correlation signal of time residuals

1—cos(27rft I
Rap (1) mL tm (&ab;
»(t) 3\@ @ f)? (f)%n:f:e m (€ab, f)
1
angular power spectrum Co=or1 > leeml?

directional relative sensitivity




Anisotropic search results
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Slight excess power was found in the right region.



S/N

Anisotropic search results
|

12 e ey
I —4&- Total SN A Anisotropic S/N Ij}1 [ Measured S/N
10 — T T T i Lo it :
_ — 0.6k AR Null dist |
3 i — ] L j I_i ........ p —value = 0.049 -
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[ Anisotropic S/N
SNR for the multipoles are NOT significant.

No anisotropy was found. Consistent with an isotropic GWB.



Circular polarization from a binary
|

e.g. Valbusa Dall’Armi+, PRL (2023)

2
2
(HCOS ”) +cos?t a=1

Qalt) = 2
(1 + cos? 1) cost a=V
B sint tronic dist
(L) = - (isotropic dist.) ) )
~ 7 4
Qagws ~ | dep(L)Qr() = <

!
QXGWB ~ /dLP(L)QV(L) =0

Circular pol. vanishes when integrated over the sky.



Number of sources in the pulsar timing band
|

Ellis+, A&A (2023)
Cumulative number of SMBHs heavier than M i,

10° ¢
10

10°

= 102
10

1011

Mrnin/MG)

More sources in the pulsar-timing sensitive band and
less at higher frequencies.



Circular polarization of GWB

Ellis+, A&A (2023)
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Summary of Part 2
|

e GW evidence: The Helling-Downs correlation has been
detected with 2-4 o significance.

e The signal is consistent with a GWB from SMBH binaries,
but the origin is not identified yet.

e For a SMBH binary with M. > 107 M, the pulsar timing
band is GW-driven (Binaries can merger in the cosmic time).

e For R > 0.07pc, SMBH binaries need an efficient mechanism
to push them to the pulsar timing band (subparsec problem).

e The observational data prefers the upper edge of the
astrophysical prior on the amplitude or the merger rate.

e The astrophysical population parameters are not determined
yet and the anisotropy has not been detected yet.



