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Abstract: In this talk, | will discuss two lines of research revolving around the study of weak gravitational lensing in our Universe. First, | will
present a pipeline that has been in development to model the matter power spectrum from large to small scales, focusing on stage-IV photometric
galaxy surveys. | will discuss the fundamental ingredients of this pipeline, the consistency checks performed to validate it, and how this new tool
fares when performing a full Bayesian parameter estimation analysis with an LSST-like survey. In the second part of this talk, | will present a new
and exciting methodology to study weakly-lensed gravitational waves in the wave-optics regime.
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Motivation

¢ Why look for beyond-LCDM theories?

+ Cosmological Constant problem = orders of magnitude of discrepancy
» Cosmological tensions
-+ Stress-tests of the concordance model

» Cosmological tests of gravity

VERA C.RUBIN
OBSERVATORY
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Modelling Small Scales

+ Large scale structure cosmology = modelling of beyond-LCDM theories in the non-linear regime
(small scales)

Power spectrum non-linearity dependence for Euclid
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Modelling Small Scales

+ Large scale structure cosmology = modelling of beyond-LCDM theories in the non-linear regime
(small scales)

« Difficulties of modelling non-linear scales in these models:

Most predictive way is non-perturbatively = N-body simulations

Time-consuming and computationally expensive = even worse for beyond-LCDM

Tradeoff between: predictive power x cost

One viable alternative: COmoving Lagrangian Approximation method (COLA)
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Modelling Small Scales

One viable alternative: COmoving Lagrangian Approximation method

Combines 2LPT to describe large scales with a Particle-Mesh algorithm to solve

for small scales

v Fast realizations of the density field = two orders of magnitude faster than
full N-body

Gadgerf

i~ 2600 tnnesteps

S. Tassev et al - 1301.0322
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One viable alternative: COmoving Lagrangian Approximation method

Modelling Small Scales

— Combines 2LPT to describe large scales with a Particle-Mesh algorithm to solve
for small scales

v Computationally less costly = reduced wall clock

. Box size | | | Wall-clock |
SimType _ . Npar | Zinit  @init  Gfinal da Nstep | CPUs

(h—*Mpc?) | | time (hr) |
GADGET-2 800° 1024° | 49 1/50 1 | - 3676 | 252 | 1497 |
COLA 800° 1024° | 29 1/30 1 | 1/30 30| 256 | 039 |
COLA 800° 1024° | 49 1/50 1 | 1/50 50 | 256 | 075 |
COLA 800° 1024* | 59 1/60 1 | 1/60 60 | 256 | 076 |
COLA 800° 1024° | 119 1/120 1 j1/120 120 | 256 |  1.51 |

] 1
(T —— = e

J. Ding et al - 2311.00981
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Modelling Small Scales

¢ One viable alternative: COmoving Lagrangian Approximation method

v Examples of extensions to LCDM in COLA

B, et al, 2303.0954
GB, etal, 2203.11120  massive neutrinos Cubic Galileon OB €t al: 2303.00549
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Modelling Small Scales

¢ One viable alternative: COmoving Lagrangian Approximation method

v Validated and benchmarked
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Modelling Small Scales

+ Emulation methods for the matter power spectrum — emulation of the boost
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Modelling Small Scales

*

Large scale strcture cosmology = modelling of beyond-LCDM theories in the non-linear regime (small
scales)

I have shown examples of COLA for certain fixed cosmologies and theories.

o To go further we need:

— Construct a COLA-based emulator = wCDM (validation!)

— Perform a full parameter estimation for a stage-IV survey

— . — | Parameter | Min. | Max. | Ref. ‘
| | Default-precision ‘ High-precision ] Q 024 1 040 10319
Nparticles 1024° 1024° Q, 0.01 | 0.06 | 0.019
L [Mpe/h] 1024 il s 0.02 | 1.00 | 0.96
Nunesh 20487 3072° A4, 10| 17 | 25 | 21
Zinitial 19 19 : . ; "
Utorce [Mpc/H] 0.5 0.17 ,f, Ef é EJ ?; 216 E
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LSSTY1 — like survey

. Parameter Fiducial Prior
¢ Cosmic shear: Survey specifications
Sh | ’ . Area 12300 deg” -
* car angular power spectrum. Shape noise per component 0.26 =
e 11.2 arcmin? -
lens s —2
. dv . . £+1/2 Mo 18 arcmin =
) = / —qu{ ()al(x)PnL | k= —/, z(x) Photometric redshift offsets
X X AZSOUT((“ 0 N[O‘ 0'02]
Intrinsic alignment (NLA)
_y . Al 0.7 U[-5, 5
+ 5 tomographic bins with source ! LT Uj-5, 3]
. . Shear calibration
and lens galaxies drawn from: e 0 A0, 0.005]
Baryon PCA amplitude
n(z) o< 22 exp[—(z/20)°] Q' 3 ulo, 4]
Q? 0 U[-2.5, 2.5]

(20, @) = (0.191, 0.870)

) ) ‘ |bin[)|bin1|bin2|b1113|bin4|
+ Different masks (scale cuts) per bin M2 | 57 | 43 | 37 | 34 | 05

M3 | 29 2l 1.9 1.7 0.2
M4 | 14 1.1 0.9 0.8 0.1

Maximum scale kpyax[h/M pc]
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BeorLa/Bega - 1
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Emulator

Comparison between COLA and HMCode:
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Modelling Small Scales

+ Emulation methods for the matter power spectrum —> emulation of the boost
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Modelling Small Scales

+ Emulation methods for the matter power spectrum — emulation of the boost
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BeorLa/Bega - 1
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Emulator

Comparison between COLA and HMCode:
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BcoLa/Bega - 1

¢ Results:
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Results
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Results
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Results

¢ Results:

»  Emulated boost has considerable scatter at high k

+ A possible solution is to increase the number of

reference boosts:
Niet
case ref RE%SIF Bcase I _ = Bcase k
B =B Trcase (:Z)—E:wii (k,2)
lin i=1

+ Increases the calibration process, reduces the distanc

between points to be emulated
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¢ Results:

COLA vs. EE2 errors, wCDM default-precision
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+ Where do we need to improve?
Reduce BAO-scale scatter:

*

Bcora/Beg: - )
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Future
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Future

+ Where do we need to improve?

+ Tame high-k behaviour
+ Potential Gradient Descent (PGD): Biwei Dai, Yu Feng and Uros Seljak — 1804.00671

— COLA T =<<2—1 [ 10 _ 45 N1
1064 HZ=0} 1111 S PR 1061 [z=0 ceaLA BM, Nona =4 XNy

orid |- PM, NJd =3 x N4 ——- COLA + PGD

h [h/Mpc] h [h/Mpc]

Pirsa: 24010075 Page 26/78




e Standard Model

Dark Matter

Dark Energy

Pirsa: 24010075

Motivation

8t
Gy + Mg = T4

Time
(~15 billion years)

B

expansion .
%
%
Slowing
expansion

<

Present

. B § e
Lhw « o= 0

Farthest &
supernova s

Bang :

Expanding universe

Page 27/78




Conclusions

+ Where do we need to go?

+ Galaxy clustering = go beyond linear bias
+ Add baryonic effects = post processing, baryonification algorithms

+ 3x2pt analysis
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GW lensing - Introduction

-  Gravitational Waves Lensing:

« Similar to electromagntic waves, GWs are lensed when propagating through an object

» The wavelength of GWs 1s given by the mass of the coalescing objects, which can have
masses ranging from stellar mass to a few percent of the mass of galaxies

-/l_‘___.-- b\
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e ————
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GW lensing - Introduction

-  Gravitational Waves Lensing:

« But the wavelenght of GWs can be of the same order of magnitude of the size of the lens
object.

« Propagation no longer obeys the geometrical optics expansion = Wave Optics Effects
(diffraction, intereference, ...) s, Savastano, + 2306.05282

M. Caligkan, + 2206.02803
R. Takahashi, + 0305055 [

P )] sron 2 e
N ) Z
® ‘MW\/\/\/\A @ H_H )>>> Narrow Gap

Large Diffraction Effect
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Motivation

+ Why look for beyond-LCDM theories?

+ Cosmological Constant problem = orders of magnitude of discrepancy
+ Cosmological tensions
-+ Stress-tests of the concordance model

+ Cosmological tests of gravity

VERA C.RUBIN
OBSERVATORY
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GW lensing - Introduction

-  Gravitational Waves Lensing:

« Similar to electromagntic waves, GWs are lensed when propagating through an object

« The wavelength of GWs is given by the mass of the coalescing objects, which can have
masses ranging from stellar mass to a few percent of the mass of galaxies
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GW lensing - Introduction

-  Gravitational Waves Lensing:

L3

ho(f)

« To go beyond geometric optics, we need to compute the Amplification Factor: [(f) = ——=

h(f)

Wave Optics My, =3 M Mg, =3-10°M; My, =3-10*M;
+— Perturbative Geom. Optics —» ; -
2.50 4 (8)
A B )
2.25
= A |.”:‘
<. 2.00 1
:5 I\/ﬂz
7 L75
E’ 1.50 4
-—
1.25
unlensed
1.00 ,
- lensed 30 + 30 M, fimin = 40Hz
1(; g m' & m' i 1:11“ 1(1‘ 1[‘:5 1('13 —0.2 0.0 —-0.2 0.0 0.0 0.5 1.0
w = 8rG My, f Time (s)
G. Tambalo, + 2212.11960
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Modelling Small Scales

Large scale structure cosmology = modelling of beyond-LCDM theories in the non-linear regime
(small scales)

*

Current fast and accurate tools

[
L

Only valid in linear scales!!

Power spectrum non-linearity dependence for Euclid
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GW lensing — LISA

Gravitational Waves Lensing:

« Wave Optics Features (WOFs)

« Detectability: low frequencies
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Modelling Small Scales

+ Large scale structure cosmology = modelling of beyond-LCDM theories in the non-linear regime
(small scales)

« Difficulties of modelling non-linear scales in these models:

Most predictive way is non-perturbatively = N-body simulations

Time-consuming and computationally expensive = even worse for beyond-LCDM

Tradeoff between: predictive power x cost

One viable alternative: COmoving Lagrangian Approximation method (COLA)
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GW lensing - Introduction

-  Gravitational Waves Lensing:

ho(f)

« To go beyond geometric optics, we need to compute the Amplification Factor: [(f) = ——=

h(f)

Wave Optics My, =3 M Mg, =3-10°M; My, =3-10*M;
+— Perturbative Geom. Optics — ; ~
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GW lensing — LISA

- Gravitational Waves Lensing:

« Wave Optics Features (WOFs)

« Detectability: low frequencies

A[Lz

v (100 M,
AILz

) (i)

h (106 M,

M. =10 — 1000M,
M. =10° — 10°M,,
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Modelling Small Scales

One viable alternative: COmoving Lagrangian Approximation method

Combines 2LPT to describe large scales with a Particle-Mesh algorithm to solve

for small scales

v Fast realizations of the density field = two orders of magnitude faster than
full N-body

Gadgerf

i~ 2600 tnnesteps

S. Tassev et al - 1301.0322
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GW lensing — LISA

Gravitational Waves Lensing:

Detectability: height of WOF peak, depends on lens mass profile and impact parameter:

Matter density p(r)

NFW
SIS

CIS (z, = 0.1)
CIS (z. = 1)

10-3

10-2

10!
»

100 10!

1.6 1

Amplitude F(w)

10-3

10!

w

10!

10°

arg(F'(w))

Phase F(w)

0.2 1

0.1 1

0.0 1

—0.1 1

10~%

103

101
w

10!

10°
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One viable alternative: COmoving Lagrangian Approximation method

Modelling Small Scales

— Combines 2LPT to describe large scales with a Particle-Mesh algorithm to solve
for small scales

v Computationally less costly = reduced wall clock

. Box size | | | Wall-clock |
SimType _ . Npar | Zinit  @init  @Gfinal da Nstep | CPUs

(h—*Mpc?) | | time (hr) |

GADGET-2 800° M 1024* | 49 1/50 1 | - 3676 252 | 149.7 |

COLA 800° 1024° | 29 1/30 1 | 1/30 30| 256 | 039 |

COLA 800° 1024° | 49 1/50 1 | 1/50 50 | 256 | 075 |

COLA 800° 1024* | 59 1/60 1 | 1/60 60 | 256 | 076 |

COLA 800° 1024° | 119 1/120 1 j1/120 120 | 256 | 151 |
] 1

(| = e

J. Ding et al - 2311.00981
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GW lensing — LISA

- Gravitational Waves Lensing:

« Detectability: height of WOF peak, depends on lens mass profile and impact parameter:

Matter density p(r) Amplitude F(w) Phase F(w)

5 | — NFW
10 SIS 0.050 1
_ s 1 (5, = 01) .
kg CIS (z. = 1) Sl
o —
& = 0.000
=1 101 | EE
| )
< _0.025
107"+
—0.050
103 1072 10-' 100 10! 10-° 103 10! 10! 108 105 103 10-' 10! 10°
& w w
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GW lensing — LISA

—  Gravitational Waves Lensing: Mse = 100 Bl o =)
10—3 ]
My,
» Detecatability of WOFs: oy LG 103M.-
: 108 M,
- Lens geometry x Detectability criterion ey
= 1076 A -
— Critical impact parameter:
1077-
« How far can we detect WOFs? 1/SNR?
in units of Einstein radii 107%4 ==-=-- amplitude
....... ph'dse
102 - . T ‘ .
5 10 20 50

S. Savastano, + 2306.05282
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Modelling Small Scales

One viable alternative: COmoving Lagrangian Approximation method

Combines 2LPT to describe large scales with a Particle-Mesh algorithm to solve

for small scales

v Fast realizations of the density field = two orders of magnitude faster than
full N-body

Gadgerf

~ 2000 tlmesteps

S. Tassev et al - 1301.0322
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GW lensing — LISA

Gravitational Waves Lensing:

Detecatability of WOFs:

- Lens geometry x Detectability criterion

— Critical impact parameter:

How far can we detect WOFs?
in units of Einstein radii

My, [Mo)]
100 > — —
107 10° 1Q°
LISA (2, = 5)
1090,
— 107 M,
60
“h 50M..
40 — 10°M;
— 103 M.
20
1()” 162 1()4 16‘5 16*‘ 1010
My, [Ms)]

S. Savastano, + 2306.05282
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Modelling Small Scales

¢ One viable alternative: COmoving Lagrangian Approximation method

v Examples of extensions to LCDM in COLA

B, et al, 2303.0954
GB, etal, 2203.11120  pmassive neutrinos Cubic Galileon OB €t als 2303.00549

1.000
7 0.975"
3 &
S 0.950 =
= S
£0.9251 |
(=8
0.900 1 — - —
0.98 - N-Body COLA linear
1.03 1 1.03
.% 1.001 2 1.00 USRI ——— T T T USSR et e st
= ©
0.97 1 = 097f= z=0 = 2z=025 = z=0.667
1072 16—+ 10° 61 o0
k [h/Mpc] k [h/Mpc]
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GW lensing — LISA

- QGravitational Waves Lensing:

d’ftl (ZL’ Mh;r)

v

drp, 8 C(1+)2
- Probability (optical depth): qioo 7 ~ /0 dzg Hr) (28, Ms, 21, Myy,) %

h
vir d IOg Mvir
¥g=h
[
« Distribution of lenses: : M Ms=10°M, ~--- Halos
107 B M;=10°M, —-— Subhalos |
r B M. =10 M, Total WL

— Halo mass function

— Subhalo mass function

\
A

107 107 101 1013 1015
Host halo mass ——— M" [M.] GB, + 2402.XXXXX

10—3 ]
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Conclusions

-  Gravitational Waves Lensing:

L3
« GWs can have frequency-dependent lensing effects = Wave Optics Features (Diffraction)

« LVK is already searching for multiply imaged events, but very limited exploration of wave
optics and weak lensing

« ['have shown that for LISA sources we will be able to probe the (sub)substructure of our
Universe, with with enhanced probabilities depending on the modelling of the lens.
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Modelling Small Scales

¢ One viable alternative: COmoving Lagrangian Approximation method

v Validated and benchmarked

Arepo

1.10F
p— — COLA [ GR, z=1 et
1.06' = ) " PM Nld —3)(N1d 1.08F Igh mass-res |
' arid P 3 — — PM low mass-res
1d — 1d 1.06} T -
1.044+—F+——+ 11— PM, Ngriq =4 X N; [

Pcase,PBacco
= =
r= T -]
=] N

T

o
©
0

0.96F
0.94F

0.92

, |1 14 0.90f - Y
1= 10° 0.1 ' 03 06 1 ' 3

h [h/Mpc] k[h/Mpc]
B. Fiorini et al - 2310.05786
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ACDM default-precision COLA errors vs. og

s |
- 0.06 : y =-0.2019x + 0.1657 |
nonlinear matter power spectrum emulator - . ba ' '
S 0.04 “ha g '
] ] ‘
omega_cold 0.23 0.4 Qa4 = Qegm + Q4 (cdm+baryons) 7 002 L
=
omega_baryon 0.04 0.06 Qj_, ,E 0.00 4 ‘
s |
sigma8_cold 0.73 0.9 Tg ch (cdm+baryons) l|~|.| _ | # g [ ] |
g 0.02 ) .** P *
ns 092 101 n.. X .' . 4 \*\
g —0.04 1 L "-'\\
hubble 0.6 0.8 h= HO/].UU = s
-0.06
neutrino_mass 0 0.4 ﬂ'fu = E m,,‘,r[eV] 06 0.7 08 0.9 1.0 11
w0 115  -085 1w ”
wa -0.3 0.3 wy
Halofit errors vs. og
expfactar 04 1 a= 1/(1 + Z)
0.06 1 y =-0.1203x + 0.0966 |
https://baccoemu.readthedocs.io/en/latest/ = &b
4 0o
]
ok
ﬁ 0.00 A
N —0.02
p
$ -0.041
m
~0.06 1
0.6 0.7 0.8 0.9 10 11
Og
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Thank you!
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Modelling Small Scales

+ Emulation methods for the matter power spectrum — emulation of the boost

_ Pron Bhase :é;;f‘ ;%Jf. _ 1?276121011
B = B ,._.,.v' CELE:E!: lln/non = P.T
lin / lln X lin/non
EuclidEmulator2 COLA GB et al - 2203.11120
— — coLA 1.061 | 0,,=0.28, ns=0.96, A, = 2.1e-9
1.06 £= - PM, N24, =3 x N2
1.04 P ) - PM, N13, =4 x N19 1.04
™~
ws1.02
N 1.02 - EC
Q 1.00 3 < 1.001
& AR o5
0.98 1 | UC 0 98'
0.96 1 0.96
0.94 Y 0.941
10-1 00 10-2 10t 100
h [h/Mpc] k[h/Mpc]
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Modelling Small Scales

*

Large scale strcture cosmology = modelling of beyond-LCDM theories in the non-linear regime (small
scales)

I have shown examples of COLA for certain fixed cosmologies and theories.

o To go further we need:

— Construct a COLA-based emulator = wCDM (validation!)
— Perform a full parameter estimation for a stage-IV survey

— . — | Parameter | Min. | Max. | Ref. ‘
| | Default-precision ‘ High-precision | Q 024 | 040 | 0.319
Nparticles 1024° 1024° %, 0.01 | 0.06 | 0.019
L [Mpc/h] 1024 gl n 0.92 | 1.00 | 0.96
Nuesh 20487 3072 A% 107 | 17 | 25 | 21
Zinitial 19 19 : . ; "
Liorce [Mpe/h] 0.5 0.17 f; Ef ; Eg ?; 8162

Pirsa: 24010075
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LSSTY1 — like survey

. Parameter Fiducial Prior
¢ Cosmic shear: Survey specifications
Sh | ’ . Area 12300 deg” -
* car angular power spectrum. Shape noise per component 0.26 =
e 11.2 arcmin? -
lens s —2
. dv . . £+1/2 Mo 18 arcmin =
) = / —qu{ ()al(x)PnL | k= —/, z(x) Photometric redshift offsets
X X AZSOUT((“ 0 N[O‘ 0'02]
Intrinsic alignment (NLA)
_y . Al 0.7 U[-5, 5
+ 5 tomographic bins with source ! LT Uj-5, 3]
. . Shear calibration
and lens galaxies drawn from: e 0 A0, 0.005]
Baryon PCA amplitude
n(z) o< 22 exp[—(z/20)°] Q' 3 ulo, 4]
Q? 0 U[-2.5, 2.5]

(20, @) = (0.191, 0.870)

) ) ‘ |bin[)|bin1|bin2|b1113|bin4|
+ Different masks (scale cuts) per bin M2 | 57 | 43 | 37 | 34 | 05

M3 | 29 2l 1.9 1.7 0.2
M4 | 14 1.1 0.9 0.8 0.1

Maximum scale kpyax[h/M pc]
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*

BeovLa/Beg - 1

Pirsa: 24010075

Emulator

Comparison between COLA and HMCode:

PiMcode (k.2)
Pepa (k.2)

0.0}

Peps (k,2=0.0)

PamMcode (k,z

1.06

1.04

< 1.02

1.00

0.98

0.96
1.10

1.05

1.00

0.95

EEEEE I | |F||||I T TTTTTT I I TTTTTY
[| e = = (.0 —
3 I :
= z=0.5 -]
E— z=1.0 _:
:|'\||] | | |?||||| | ||||||I | lLllﬂ_‘
| T TTTT | I |i||||| | 1 ||||||| I | L B o
- —— mean —
N std dev il
I Lol Conl | |||\||j

102 10~ 1 10/

k [hMpc™!]

M. Knabenhans, et al - 2010.11288
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Modelling Small Scales

+ Emulation methods for the matter power spectrum — emulation of the boost

Pron case '--r;j‘ ?123?1&. 1?27?1011
B = B B J,B_.,.v' CELE:E!: lln/non = P.T
I hn /! lin/non
y
EuclidEmulator2 COLA GB et al - 2203.11120
= — cola 1.061 1 0,,=0.28, ns=0.96, A, = 2.1e-9
1061 (£ - PM, N24, =3 x N1d
7.0 - e e | -———- PM, NJ3, =4 x N2 1.04
™NC
wo 1,02
" 1.02 1 “éf
Q 1.00 3 < 1.001
& AR o5
0.98 - | UC O 98_
0.96 1 0.96
0.94 1 Y 0.941
10-1 100 10-2 100t 100
h [h/Mpc] k[h/Mpc]
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*

BeorLa/Bega - 1

Pirsa: 24010075

Emulator

Comparison between COLA and HMCode:

0.04
0.02
0.00+
-0.02
-0.04

0.04
0.02
0.00
-0.02
—0.04

Pincode (K,2)
Pega (k.2)

=0.0)

PHMCU:I: fk,Z
Pegz (k,2=0.0)

1.06

1.04

1.02

1.00

0.98

0.96
1.10

1.05

1.00

0.95

EEAL: m——— L T T T T T
[| m— = = 0.0 —
— =0 :
[ [ 7 =10.5 -
E— z=1.0 _:
= z=2.0 N
:|'H|] | | |\||||| | ||||||I | |jIJ1'1_"
EERL m————man I I R RN
—— mean =
i std dev i
I Lol Lol Lo

102 10°! I 10/

k [h Mpe™ ']
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BcoLa/Bega - 1

¢ Results:

0.04

0.02
0.00
-0.02
-0.04

0.04

0.02
0.00
-0.02
-0.04

107!
k [h/Mpc]

Pirsa: 24010075

Results

| L.SST-Y1 Cosmic Shear

forecast

Fiducial data vector: EE2 ref + M2 mask

A B EE2
A
R -=-=-- COLA, I ref
Al
0.84} ==,
LY AN
N
& 0.80 Ny
~ ‘\ \
0.76 S \
. \Y
b | 4.
: .
084t 1z b 1 @ X
U:%c 'I’l" ‘]’ :'. : E
0.82( 1 W%~ B, /
"’
—-0.8
E
Z-10
=
-1.2
2.3x107°
< 2x107°
1.7x107°
N QO m
N0 oy
A 107
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0.04
0.02
0.00
-0.02
—-0.04

0.04
0.02
0.00
-0.02
-0.04

BcoLa/Bega - 1

Pirsa: 24010075

107!
k [h/Mpc]

Results

- | LSST-Y1 Cosmic Shear

forecast

—

Q:zigh’ A:igh
Qﬂigh,AJOW
Q'];ligh’ njl}igh
Qg!igh, n;ow
g, e
Qlow, Alow
QL{;W’ n?igh

low . low
QoY n

BN M2 BN M3 BN M4
wCDM
® L ]
® ® [ ]
£ @ L ]
[ ] [ ] @
® L ] L ]
[ ] L ] [ ]
L ] @ ®
@ L ] [ ]
* [ ] @
* ) @
L 2 [ ] [ ]
[ ] @ ®
[} L] L]
[ ] L ] L )
[ ] L ] [ ]
[ ] [ ] [ ]
L ] L ] @
L ] [ ] [ ]
[ ] [ ]
L ] L ] [ ]
[ ] [ ] [
[ ] [ ] ®
L ] [ ] &
[ ] [ ] [ ]
-1 0 1 -1 0 1 e | 0 1
AQ/o(Qy)  ASs/o(Ss)  Awla(w)
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Results

¢ Results:

»  Emulated boost has considerable scatter at high k

+ A possible solution is to increase the number of

reference boosts:
Nies
case ref Rflaosne Bcase (k = — ‘Bcase (k: )
B = .5 W ,Z) = Wi D, A
lin i=1 *

+ Increases the calibration process, reduces the distanc

between points to be emulated

Pirsa: 24010075

~l
(=]

Frequency

g

10 -

5 8 8

%)
o

COLA vs. EE2 errors, wCDM default-precision

—-0.05
Bcoiatk=1,z=0)/Bep(k=1,z=0) -1

0.00

Bl | reference
S 25 references

0.05
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¢ Results:

COLA vs. EE2 errors, wCDM default-precision

|
o

8§ § =2 8

Frequency

Pirsa: 24010075

B | reference
25 references

-0.05 0.00 0.05
Bcoratk=1,z=0)/Bgp(k=1,z=0)-1

Results

LSST-Y1 Cosmic Shear
forecast

———

high 4 high
Qhigh_ A hig

high low
ng ’ As

high _ high
ng o g g

Ql:nigh ; nlow

M2 B M3
—o— | ref —— 1+25 refs —=&— High precision
wCDM
® a @
* * *
u IE |
[ J L] L]
* * *
4 = ]
e I ®
* * *
n ] ]
s % S
: : :
w . ®
* * *
Ld L @
* L 2 .
] n ]
s [ L] @
* % )]
% g %
g h 4 *
L] n |
-1 0 1 -1 0 1 — 0 1
AQ,,/0(L,,)  ASs/a(Ss) Awlo(w)
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+ Where do we need to improve?
Reduce BAO-scale scatter:

*

.4

Beora/Bega - 1

Pirsa: 24010075

Pamcode (K,2)
Pega (k.z)

=0.0)
2-0.0)

Bimcode (k.2
Pega (k.z

Future

1.06

1.04

1.02

1.00

0.98

0.96
1.10

1.05

1.00

0.95

_Llillllll'_;_lllllllll

|
B
=]
=

HERRE | | T I III| | I IIIiIIII I T T
[|=— z=0.0 i
F—— z=01| .
= z=0.35 =
sl 1
[ —— z=20 h ]
w— ~ 48 n
:HII] | | | | IJH‘!';
[ TTTT | ] | [ LI

\Ill | IITIIIIl | IIIIIIII |

Il!ll_:_llllllllllf
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10 1
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Future

+ Where do we need to improve?

+ Tame high-k behaviour
+ Potential Gradient Descent (PGD): Biwei Dai, Yu Feng and Uros Seljak — 1804.00671

—— COLA s 0 1 -0 10 _ 2 % N1
1.06 [ lz=0| | || | - wl 1.06 [z=0] COLA PM, Ngrid 4 x Np
Rl ' ) - PM, N1, =3x N COLA + PGD

toa] }1: I - v, w3, = v |

h [h/Mpc] h [h/Mpc]
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Conclusions

+ Where do we need to go?

+ Galaxy clustering = go beyond linear bias
+ Add baryonic effects = post processing, baryonification algorithms

+ 3x2pt analysis
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GW lensing - Introduction

- Gravitational Waves Lensing:

+ Similar to electromagntic waves, GWs are lensed when propagating through an object

« The wavelength of GWs is given by the mass of the coalescing objects, which can have
masses ranging from stellar mass to a few percent of the mass of galaxies
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GW lensing - Introduction

-  Gravitational Waves Lensing:

« But the wavelenght of GWs can be of the same order of magnitude of the size of the lens
object.

« Propagation no longer obeys the geometrical optics expansion = Wave Optics Effects
(diffraction, intereference, ...) s, Savastano, + 2306.05282

M. Caligkan, + 2206.02803
» R. Takahashi, + 0305055 [

e HH)))) sron 2 e

.,..-"'/'/"..
. ~QM/\/\N\A Narrow Gap
) Large Diffraction Effect
\'ﬂ_/ v |
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GW lensing - Introduction

-  Gravitational Waves Lensing:

ho(f)

« To go beyond,geometric optics, we need to compute the Amplification Factor: ['(f) = ——=

h(f)

Wave Optics My, =3 M Mg, =3-10°M; My, =3-10*M;
+— Perturbative Geom. Optics —» ; -
2.50 4 (8)
A B )
2.25
= A |.”:‘
<. 2.00 1
:5 I\/ﬂz
7 L75
E’ 1.50 4
-—
1.25
unlensed
1.00 ,
- lensed 30 + 30 M, fimin = 40Hz
1(; g m' & m' i 1:11“ 1(1‘ 1[‘:5 1('13 —0.2 0.0 —-0.2 0.0 0.0 0.5 1.0
w = 8rG My, f Time (s)
G. Tambalo, + 2212.11960
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GW lensing — LISA

Gravitational Waves Lensing:

« Wave Optics Features (WOFs)

« Detectability: low frequencies

L3

-A-[L z

¥

o (100 M®> (100Hz)

A[Lz

f

h (106 M@) (10111Hz)

M. =10 — 1000M,
M. =10° — 10°M,,

LIGO
LISA

Characteristic Strain

10-1 6 \ ; R r ——
\L iy Galactic Background
I\ day hm“‘l 7 i I MBHBs at z =3
10-17 L . sl % Verification Binaries ||
\\1\ anth = EMRI Harmonics
| \ = LIGO-type BHBs
107181 : W0PAL | — GW150914 i
\ year Gal. Bin. (SNR > 7)
\ 10° M.
1 \
1 0—20 L
Ohservatory
21 Characteristic Strain /
10 F| == = Total 3
107 107 1072 107 107!

Frequency (Hz)

K. Danzmann, et al, 1702.00786
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GW lensing - Introduction

-  Gravitational Waves Lensing:

ho(f)

« To go beyond geometric optics, we need to compute the Amplification Factor: [(f) = ——=

h(f)

Wave Optics My, =3 M Mg, =3-10°M; My, =3-10*M;
+— Perturbative Geom. Optics — ; ~
250+ ©)
A B C k
2.25 1
= Vim|
<. 2.00 1
:5 I\/ﬂz
3 L7567
= 1.50 1
-—
1.25
unlensed
1.00 ,
- lensed 30 + 30 M, fimin = 40Hz
m' ;! lc;--2 1(? ! 1?)" 1(1‘ 1[‘:3 1('13 -2 0.0 -0.2 0.0 0.0 0.5 1.0
) = 8rG M. f Time (s
w = St ) G. Tambalo, + 2212.11960
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GW lensing — LISA

Gravitational Waves Lensing:

« Wave Optics Features (WOFs)

« Detectability: low frequencies

-A-[L z

¥

o (100 M®> (100Hz)

A[Lz

f

h (106 M@) (10111Hz)

M. =10 — 1000M,
M. =10° — 10°M,,

LIGO
LISA

Characteristic Strain

10-1 6 \ ; R r ——
\L iy Galactic Background
I\ day hm“‘l 7 i I MBHBs at z =3
10-17 L . sl % Verification Binaries ||
\\1\ anth = EMRI Harmonics
| \ = LIGO-type BHBs
107181 : W0PAL | — GW150914 i
\ year Gal. Bin. (SNR > 7)
\ 10° M.
1 \
1 0—20 L
Ohservatory
21 Characteristic Strain /
10 F| == = Total 3
107 107 1072 107 107!

Frequency (Hz)

K. Danzmann, et al, 1702.00786
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GW lensing — LISA

Gravitational Waves Lensing:

Detectability: height of WOF peak, depends on lens mass profile and impact parameter:

Matter density p(r)

NFW
SIS

CIS (z, = 0.1)
CIS (z. = 1)

10-3

10-2

10!
»

100 10!

1.6 1

Amplitude F(w)

10-3

10!
w

10!

10°

arg(F'(w))

Phase F(w)

0.2 1

0.1 1

0.0 1

—0.1 1

10~%

103

101
w

10!

10°
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GW lensing — LISA

- Gravitational Waves Lensing:

« Detectability: height of WOF peak, depends on lens mass profile and impact parameter:

Matter density p(r) Amplitude F(w) Phase F(w)
5 | — NFW
10 \ — SIS 0.050 1
’ = CIS (z.=0.1) 0.025
10% ; CIS (z. = 1) 5 00
T —
S = 0.000
=8 101 i EE
—
< —0.025 A
10—1 o
—0.050 -
10-% 102 100" 10° 10" 10°5 10 107! 100 10° 105 100 1000 100 108
r w w
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GW lensing — LISA

—  Gravitational Waves Lensing: Mse = 100 Bl o =)
10—3 ]
My,
» Detecatability of WOFs: oy LG 103M.-
: 108 M,
- Lens geometry x Detectability criterion ey
= 1076 A -
— Critical impact parameter:
1077-
« How far can we detect WOFs? 1/SNR?
in units of Einstein radii 107%4 ==-=-- amplitude
....... ph'dse
102 - . T ‘ .
5 10 20 50

S. Savastano, + 2306.05282
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GW lensing — LISA

- Gravitational Waves Lensing: Myir [M)]

100 . . :
L 10* 10° 108 ‘
« Detecatability of WOFs: LISA (z, = 5)

- 10°M

- G 1090,

- Lens geometry x Detectability criterion 1070,

60 - .

— Critical impact parameter: = | 50M.,
40 - _ — 10°M;

« How far can we detect WOFs? \ — 10°M.

in units of Einstein radii 920 -
100 102 10* 106 108 1010

My, [Mg)]
S. Savastano, + 2306.05282
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GW lensing — LISA

- QGravitational Waves Lensing:

d’ftl (ZL’ Mh;r)

v

drp, 8 C(1+)2
- Probability (optical depth): qioo 7 ~ /0 dzg Hr) (28, Ms, 21, Myy,) %

h
vir d IOg Mvir
PAIES 5
[
« Distribution of lenses: : M Ms=10°M, ~--- Halos
107 B M;=10°M, —-— Subhalos |
B M. =10 M, Total WL

— Halo mass function

— Subhalo mass function

\
A

107 107 101 1013 1015
Host halo mass ——— M" [M.] GB, + 2402.XXXXX

10—3 ]
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Conclusions

-  Gravitational Waves Lensing:
« GWs can have frequency-dependent lensing effects = Wave Optics Features (Diffraction)

« LVK is already searching for multiply imaged events, but very limited exploration of wave
optics and weak lensing

« ['have shown that for LISA sources we will be able to probe the (sub)substructure of our
Universe, with with enhanced probabilities depending on the modelling of the lens.
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Thank you!
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