¥ ot v v "
. . A ¥ y A
Vi A 1
-
) e 'V
i ] i "y 1
' 1 B \ (] v §
§ ¥ LY [ ]
\ §- LEY ¥
A ¢ v ¥ w®h
X ]
' ' ¢ 1
¥ | L 2
\ v
L LY .—
"
\ " Y ' .
et \ YL W 1 .
V \
\ \ 8 yiho ]
J \
i
L] A X L)
v 5 3
_— * !
1 P '
v \
q % . 1
. ¥ ; '
\
" [ LB ' 4
LR v | B
\
A ? W A
. v v
\ \
y Ry .y
A} i [ v L1 LI |
[ Al %
: VRN .
\ i \
.
L ' A A
. L]
LY 3 : L | "
' \
A) L1 Al
Y ' L L]
1
L
'
\ \
A ) \ - :
1 » 1 " 4
A A
% 5 ¥ L] v -—..
A A L} L] y 3
] \ .
L1
1 L o e S v
Al
\ L] v
'
I
A
%y
5
N
|
"
4t
o
'
%
.
5
L)
.
3
L
3
5 a
LIRS
"5 A e A i
1Y 1) —f- i A _t =1
N 5 b 4
i % Y AV PR N L z
v . ¥ b
] _m \ i LR, S |
b " —. ] ..)'
X X o oA Ak
by b ]
b A &
A VY nk
LY bl ! \ hing,
! ; S e i
% . 3 v \ v
\ " ¥ % ¥
’.. ~ ! - 4
. ¥ \ »
L] L
3 k) L] i L S Al
. x LRFOEE S
. L] ]
g L N LY A
A oEn—— g
.
' A
i . | g
v W 5
. Voal oy By 5,
W " L
\ "
b A\ ¥ % X
5 . Yy g g R ]
o ! z ¢ ki B
v # ¥
J A - . Y 4 A /—. L
v ¢ " x
L R T
Al

.
-
L
-
0
|_
.
"
S
~—

-
-
L

-
.
l|

-

-
o
—
u

-
-

-
-

LT

-
&8
-

-
El

-

=

o

-
i
=
-

-
.

ATy
¥ : %
h _’ \
A \ 1
v W
M \ Y 3
1 non
¥ A i A Ja
4 L &
Pl
) A1 % »
LY L \
3 By

i
-
o
S - . -
-
]
&
i -
F o
-
o
-
e
- -
3 -
-
-
g

-
-
-
-
-
F
-
-
- -
-
-
e P
-

-
-
-

-
-
-

-
)
-

-
-
-
. &
- -
"
-
- P
z -
&= -
-
- *
i
=
- -
e
EFw on

W % n L) 5
L
A
L
2 Ll
L]
X kAR
TA
3 1
+
*
LY vy W L E
. v g
% i
&
" v
! , L)
i
W * L] i
[ L} T A
b L thl L]
. e e i 5
A A 3 i Wy a v
A . A
b > 1a
. x \ v ow
5 e ¥ 1
]
* 3 "
. LI
1 A 1 . .
-, .
. y
. v
v LY Y LT
. L
|
¥ L y K 3 i )
b % Y
LR Y ik
4 5
n L o " J..,
v @
A L) i % A} L % %
- v v v
- i Yy . B .
\ \ L . \ v -
Lt * %
Y > L
LT .
. 1 v
LY (2%
% !
A %
* v
W 1 J_‘ L] N
1 v Ny B v v s
5 b P . i
) i L1 %
N ® . v " 5
L1 3 h*
' i Yoy 8
I [ v
&% . R
A ¥ »
v
* x » v W %
[ \ o .
LI \ a
vy ] D) . % .
LA 4
\ *id AL
O i a
. 1 R 5.
' L]
11 L __. ) %
. \
¥
v \ A m, B

1on

| waves detect

PTA and Astrometry

iIONa

tat

Grav

B3
[RE.Y
" " N y
. &
Y
Sl
..ﬁ- g
i vt
i
LR ﬂwqap »
4 W
. :
- .

Nayeli Marisol Jimenez Cruz

ty

iversi

Swansea Un

b

ki

R
L)

Pulsar Timing Arrays

"Astrometry meets

and lvonne Z

lanmassimo T.,
Synergies for Gravitational Wave Detection." ArXiv: 2412.14010 (2024).

G

Cruz, N. M., Ameek M,,

iménez

J




T
s
R
R L e

ica

si

X

A%

R 5

>
<
o

-

-
-

-

Astro

.
-




-
5
-

Ica

g

=)
o)

-

fraction
of a second

Phase transitions




. - -y .
v \
¥ v v " b
. . \ s 1 y A
: il % u : ;
i ] i "y 1
! o A P L % <l
\ \ \ (N
L]
A v b v )
Al 1 " i (LR ¥
v x \
1] . i
) )
¥ | L A Ah
\ v
‘ \ ly }
"
| L LY 4 [
{ )
3
!
3 ?.
X
L1 1]
[
L
LY ﬂ
A1
f—.-
A
S a
i
A
L1
'
\ A_v
,_ S
A
%y
.
N
|
: —
%0
4y
: | W a
'
%
.
L)
. n- O Hmm
a
\ “ “.
3
3
%, o
LIRS
; e
3N
LS
r a
\
0 )
\
K [
gt ]
'r
L
L]
W
,. .
J A
iYL
T
v
N
Ry
i
.
"
i
\
v
3
\
A
¥ Lt
LAk 4 X
s,
L
y \
i
: O I
) A1
R
A}
i
A
LY ﬁ..r
'
\
i
Y i
A
.
%
a._.'?
v oA
Al
)
¥
ﬂf
.’. Al
. W
Man
5
(RN
£ 2
Ty
LY i
3 O Hmm
v w
e
.
LY
\
v
ru
DLW,
‘fa
"y
'
.
\
A
. p
v
.ﬂ
L B AT
. o
| o
.
A
A
. H
b
b 5
P Y : 1.1
\
A *
A ..‘ a
- Y
Y P
g =
'
& .
A ' s
L 4 , . A
A \ - \
L T LY L
Y 3 . o e
.(n. 4 .1
Ak AT
. L 1 v »
ey % % Y . s
\ \ -
"™ L s Y
i Lk
' \ . Ny o, ;
e ' ;
._— i A " ¥
T v \
X )
f ¥

, § __ Fon .
A 2 L L | A
! ol b A _... o A . x ik a2 ' g
. L \ ¥y A d L] e
a i
[ ' Vi | e, 1
(R Y ¥ i e i
A i § &
A (7 o
1 L 1 § Iy 5 L L 3
‘ i % A
L} 5
. .’. M
o
- by
& 3y h AU
i\
11
v i

% hE . T A e
by .
B P TR
..rrr:ff..,. @ i &y
p
e




5 o> NANOGrav
H The spectrum of gravitational wave astronomy

h A Cosmic Microwave

Background All three experiments measure
" i» - changes in light travel times
107° |92 %7, - Pulsar Timing & &

between objects due to GWVs.
Arrays

»

o e

10~ 10 e Primordial gravitational
waves

Space-based
Interferometers

10710

Ground-based
e Supermassive black

o | & 2B Interferometers
hole binaries and = :

mergers
]. 0 —&d * Primordial gravitational
waves
e Stellar mass compact
binaries
1 0 —2 5  Supermassive black hole

*Neutron star mergers
mergers

sBlack hole mergers
1 10~ 102
Frequency [Hz]
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Helllngs -Downs curve

R. W. HeIIings'arid"‘C S 90

Downs, Astrophys 2
Lett. 265 L39 (1983)

Correlation between pulsars, I‘(E,ab)

_.'.' P R T

0.60 Predicted
™~

- still not clear if
| _' the source is
.~ |Astrophysical or

0.0 5 Gv No GWB

... cosmological...

—-0.20

60° 900 1 200 1 500 1 , ! .- >
Angular separahon between pulsars Eab N e

PTA collaboratlons results *

*NANOGrav (USA), EPTA (Europe), PPTA (Australla), CPTA (China) .
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Astrophysical Cosmological
Strongly anisotropic Predominantly isotropic

with small fluctuations. o

Renzini, A. ., and C. R. Contaldi

"Improved limits on a stochastic gravitational-wave background and its anisotropies from Advanced LIGO O1
and O2 runs." Physical Review D100, no. 6 (2019): 063527.
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Klnematlc Anlsotroples with PTAs

\. J
e - . o Vit P e o 0 . . SR TN = . o

logyo A — 141608 Wlth NG15 dataset

(67 pulsars), we are
able to place an
upper limit for the
dipole

+0.58
3—(1 Y4

’, ‘ Jlmenez Cruz, N M Ameek M Glanmasslmo T and Ivonne y
"‘- "Measurlng klnematlc anpsotroples W|th pulsar tlmlng arrays."
S 3 : Physmal Rewew D110 no. 6 (2024) 063526



Kinematic Anisotropies with PTAs
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Kinematic Anisotropies with PTAs
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Kinematic Anisotropies with PTAs
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-~ expected around the end o
o 2030, covering the full 10.5
W EE years of mission data.
For the brightest

| objects in the surve



& - e t i T o 2 . - : e " p g - - -
" . e » o - e s - - ™ - - = 4 - - k) e ol * . * . > ® ; - i
; : ; ; Ay # 2 . : p i = - - - .. HE e . LB s o~ 5 e : e A s e 4
¢ . 5 = gy B s = - L " = = & % i - LT e - o i P X k £ .
pe s o : k : : - it * i : 5 2 % { - b L T S . e - . e P ' . - i L
5 - r - . o ey i 3 - e = - L . - - A » 3 & Z: ¥ & e : i -
i . B . : z i y et .- - i % : 4 ; - e A - { . ; -
- - " - - - - i = g e - i L - - s ¥ - : o s 5 %
- - S 2 AR, | - . : L - - g s e Lk i b oD s s L o » . . Lo ® d & :
- - . 2 3 _ » S i Tl Wi p ] * » A i = a3 ol o ' 2 - . - L % - ) - -~
; o . : - 2 1 : 2 s i 2 T . . o R . 3 i Wi T : x » : 2 . -
Crigeaes . . P - i g - - . : . i 7 i B : g £ % 5 o Pl Pl S ” . S . Lo 3 o »
[} x a s - - = # - - ¥ i . i o a - A 3 - e
: 2 - | - - » s -
- - . . : » ¢ - ‘ * s
R . , : . = 73 o : Tk - % . ; » = Ry e #
: 2 & ‘ » =: s i ! = T 7 - . . il *a # . -
- ’ - - ¥ o ¢ E ¥ - 2 * 3 = » * 3 - - o s #'s > ¥
e 4 T 5 -z . T FaRE - ; » .
L4 " : £ e : " L - 2 e § = - ¥ P G > . i X - ;A i
i . ¢, - - e - i e - > - A e ¥ . - - e 7 - i .- = - oy - ~ » L2 3 & - A L
it 1 L P R S el e e . % . o Pt L - . R By T by - 2% A i I g VR 4 P 2 : Ao - -
- 2 - . % . - - "e L - “ - -l - . - - - . * < r *
i 2 5 ae Sk g i oy : s i’ % o : - ¥ - : TN e ; o . : i £ 3 + .
o il ool T T 25 S i = - " s o o 8 P! - 5 ok 3 o J o, : 1, S it L enoe ok S X P . B e o i - 55
4 L sn s 3 R e . P - L - : e £ B b e oo FTg Tk e 5 x > \ . . i \ . & T Haan A F;
% : - s Vet 2 ae Spee PR A - s £ 25 E . 5w 5 - 5 ST = R A a s gl g - e £
] o e ] - J * : i s P I 4
= - e
- - - -
[ ¥ =
.
. i . " v e

Monople'

— Flat Qqw(f), ¢ =1 mas ; — Flat Qgw(f), 0 = 1 mas
— Flat Qgw(f), o = 0.01 mas —— Flat Qqw(f), 0 = 0.01 mas
v=13/3, 0 = 1 mas v =13/3, 0 = 1 mas

v =13/3, o = 0.01 mas v = 13/3, ¢ = 0.01 mas

o W|th the NG15 .

to be competltlve SS el i to be able to detect the

W|th PTA b dl pole



Correlation between a
Star and a Pulsar




e

<+

Astrometry meets PTA




0.0245 1.0000 5 75 100 5 150 175

Angle((sp)

T




. , : z LYy (e ‘e v i g #H
* 5 St o¥TeT i fy 4 ; e ' e 2 _’.‘d’["’ P
[

K| ne m atic Anisotro |e{f_{f‘f,.f and P?{ B
- . Astrometry sy ne rgles ol

A 5
AR

’-. i ?4.

— PTA, 75 pulsars
Bl -+ 10° stars, 0 = 0.001 mas

W  Astrometry can help to i
B tighten the constraints on the ERiSra
| dipole anisotropy! N




- - N . el - - = =
3 - o - - - -
- il - o b S - = -
3 o e : L5
- o L - s - 43 _ -
- » - i .
B " LB & - g - - "
o . - i * - 3 3 > . - -
T » - - -
- - - - . . -
- Gea » L T o i : -
- - LI - =
- - ’ . - - - -
- - g a - - - 4
. - - . i i - s
- g o - - - “w _
- = - ® H - -
- ! - - - - -
- - # 5 - - - -
- # 2 2 = Z
- o - 3 - -

- b Fiigy - - - - - o

i . - 3 - - - - - . -
- * o - - - . k-
e - d ol - E - = o

e Astrometry data in the nHz band will complement PTA observations.

e An astrometric survey with 0.01 mas astrometric precision and the typical
number of sources and cadence of Gaia could lead to noticeable
improvements over current PTA only SGWB constraints.

e Tighter constraints on the SGWB parameters can be used to rule out models
and potentially distinguish between and astrophysical or cosmological

signal.

 Reaching the level of sensitivity required to detect the CMB level kinematic
dipole anisotropy in the SGWB is likely to require both, futuristic PTA

experiments such as SKA, as well as futurustic astrometric surveys.
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