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1. Measuring H,y with Gravitational Wave
(GW) and Strong Gravitational Lensing (SGL)



Hy Tension

HO Tension

Early Universe ‘ Late Universe

67.4 £ 0.5 km/s/Mpc (CMB+ACDM) 74.03 £ 1.42 km/s/Mpc (SN Ia)

model dependent distance ladder
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H, tension
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Early Universe

67.4 £ 0.5 km/s/M

model dependent

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.53
Aghanim et al. (2020), Planck 2018: 67.27 + 0.60

Aghanim et al. (2020}, Planck 2018+CMB lensing: 67.36 = 0.54

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 £ 1.5

Aiola et al. (2020), ACT: 67.9+ 1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.3675:23

No CMB, with BBN

Colas et al. (2020), BOSS DR12+4BBN: 68.7 +1.5
Philcox et al. (2020}, P,+BAO+BBN: 68.6 +1.1
Ivanov et al. (2020), BOSS+BBN: 67.9+1.1

Alam et al. (2020), BOS5+eBOSS+BBN: 67.35+0.97

Cepheids — SNla

Riess et al. (2020), R20: 73.2+1.3

Breuval et al. (2020): 72.8+2.7

Riess et al. (2019), R19: 74.0x 1.4
Camarena, Marra (2019): 75.4 £ 1.7

Burns et al. (2018):

Follin, Knox (2017):

Feeney, Mortlock, Dalmasso (2017): 73.
Riess et al. (2016}, R16: 73.
Cardona, Kunz, Pettorino (2016): 73.
Freedman et al. (2012): 74.
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Soltis, Casertano, Riess (2020):
Freedman et al. (2020):

Reid, Pesce, Riess (2019), SHOES: 71.1
Freedman et al. (2019):

Yuan et al. (2019): +

Jang, Lee (2017): 71.2 2.5
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Masers
Pesce et al. (2020): 73.9+3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 £ 2.6
Schombert, McGaugh, Lelli (2020): 75.1+ 2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3+2.5

Lensing related, mass model —dependent
Yang, Birrer, Hu (2020): Hy = 73.6521:32

Millon et al. (2020), TDCOSMO: 74.2 £1.6

Qi et al. (2020): 73.6712

Liao et al. (2020): 72.871¢

Liao et al. (2019): 72.2+2.1

Shajib et al. (2019), STRIDES: 74.2t§;§

Wong et al. (2019}, HOLICOW 2019: 73.311

Birrer et al. (2018), HOLICOW 2018: 72.5% ;3

Bonvin et al. (2016), HOLICOW 2016: 71.9%%3

Optimistic average

2 Di Valentino (2021): 72.94 £ 0.75

Ultra — conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7+1.1

High Precision Measures of Hp
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Hy tension

* Discrepancy of Q,
Article | Published: 04 November 2019

Planck evidence for a closed Universe and a possible
crisis for cosmology

Eleonora Di Valer . . .
Curvature tension: Evidence for a closed universe

Nature Astronom

10k Accesses | Will Handley 1,2.3.F
lAstrophysics Group, Cavendish Laboratory, J. J. Thomson Avenue,
Abstract Cambridge CB3 OHE, United Kingdom
Kavl: Institute for Cosmology, Madingley Road, Cambridge CB3 OHA, United ngdom
IR ‘Gonville & Caius College, Trinity Street, Cambridge CB2 ITA, United Kingdom'

amplitude in cc

the standardA Received 27 August 2019; revised 4 November 2019; accepted 19 January 2021; published 5 February 2021)

Universe can pi _ ) ) ]
The curvature parameter tension between Planck 2018, cosmic microwave background (CMB) lensing,
and baryon acoustic oscillation (BAQO) data is measured using the suspiciousness statistic to be 2.5-3c.

Flifick, shiowii Conclusions regarding the spatial curvature of the Universe which stem from the combination of these data

6{1t3/2022 ; should therefore be viewed with suspicion. Without CMB lensing or BAO, Planck 2018 has a moderate
amph ude, an

microwave bac

confidence leve
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Those cosmological tensions reflects that our understanding of the universe
may be flawed under the framework of standard cosmological theory. At present,
further confirming these inconsistencies in different ways is necessary. In particular,
it is of importance to measure fundamental cosmological parameters in the late

universe with some new and model-independent ways.
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Distance sum rule: e
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d = H()D/C

Time-delay distance: Dy, =

DatHg 1

¢ U+ Qx — /1) + Qx = e

Iﬁggej
measurements

Given At, Ad, d, and dg, we could give constraints on not only H, but also Q,
model independgntly. \ /

lens information distance calibration from
simulated GW



Results and discussion

» Constraints on Hy and Q,

Table 2. Constraints on Hy, {1k, and the coeflicients of third-order polynomial (a4, az)

and GW data in the framework of distance sum rule.

with 1o confidence level from SGLTD

Data Set Hg (km s~ Mpe™) Qg a1 sz
73.69 £0.36 0.07610 08  —0.274+0.010  0.035 4 0.005
6 observed SGLTD + 1000 simulated GW 73.66 + 0.36 0 (fixed) —0.273 £ 0.010  0.035 = 0.005
74.03 (fixed) 0.0829-072  _0.266 + 0.006  0.032 £ 0.003
55 simulated SGLTD + 1000 simulated GW 73.65 £ 0.35 0.008 £ 0.048 —0.274 £ 0.010 0.0357 £+ 0.0045
0.18
0.10 ,/'/'. :
= 1"‘ . | 005 y \
oo - _._"f |
o T S 000 I
= -0.27 .\../:: 0,05
0o Py P % -0.10 —
0.04 ‘\‘ (,f/
) 008 \} . 2 ! \;§ -0.15
6/1 3/2022 o 73 74 75045 000 015 030 0.0 027 -024002 003 004 005 TZ5 73.0 7345 740 745 75.0

Hy [kem s Mpe ™)

Qg

ay

as

Hy [kms ! Mpc ]

10



\esults and discussion

2.5 0.20

—0— Hy ({1x =0} —o— fg (Hy=T743 kms~" Mpe™')
=0= Hy+ g 018k -0~ Hg+flg

50100 300 500 Foo S00 1000

50100 300 500 oo 900 1000

Events Number Events Number
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« We applied a model-independent way in constraining Hy, and Q,, by using

simulated gravitational waves and strong gravtational lensing systems.

 The constraint precision for Hy given by the combined 100 GWs can be
comparable with the measurement from SHOES collaboration. As the number of
GW events increases to 700, the constraint precision of H, can exceed that of the

Planck 2018 results.

* The constraints on Q« improve significantly with the increase of GW events from
50 to 300, but it is almost no longer improved after 300 GW events. Such a trend

also exists in the constraints on H,.



2. Finesse simulation of mirror map of near-
unstable cavity



Near-unstable Cavity

Feasibility of near-unstable cavities for future gravitational wave detectors

g2

mispherical(0,

plane-concave

-1

concave-convex

concentric(-1, onfocal(0, 0)

symmetric H concave-concave

https://doi.org/10.1103/PhysRevD.97.022001

6/13/2022

Haoyu Wang!2,* Miguel Dovale-Alvarez!, Christopher Collins!, Daniel David

Brown!, Mengyao Wang!, Conor M. Mow-Lowry!, Sen Han?, and Andreas Freise'
L School of Physics and Astronomy and Institute of Gravitational Wave Astronomy,
University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom and

2 T 7 r FaY 2" 1 T . . 1 ™ -3 L nr r

Near-unstable cavities have large beam
spots to reduce coating thermal noise.

Problems:
* Mode bunching
» Easily affected by mirror defects

14



Cavity length (m)

Feasibility of near-unstable cavities for future gravitational wave detectors

\' ® HGoo mode
__ L1 ® HGyo mode
0.9990 ] \ ik,
E — Fit of foo
= — Fit of f2
09995_' \ — Fitof FSR

Haoyu Wang!2,* Miguel Dovale-Alvarez!, Christopher Collins!, Daniel David

—0.0025 .
i Brown!, Mengyao Wang!, Conor M. Mow-Lowry!, Sen Han?, and Andreas Freise'
i v School of Physics and Astronomy and Institute of Gravitational Wave Astronomy,
i University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom and
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—0.0020

We use FINESSE to derive resonances and
shapes of the higher order modes and the
00 mode. The goal of the simulation is trying
to understand mode frequency deviations
observed in the experiment.

Cavity g-factor

| ! | ! I : | L | : |
145 146 147 148 149 150

Frequency (MHz)

https://doi.org/10.1103/PhysRevD.97.022001
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The maximum HOM order taken into
account for calculation here is 10.

145 146 147 148

149

- order 08 .“ |

—0.0025
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Q.4990— a o HGM:Edg i
— Fit of fxg — 0.0020
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0.04
The maximum order of HOMs for e
calculation does matter very much. o] T o
We need to do more simulations later to 0.02
explore higher order modes behavious
when the cavity is gradually pushed to 0.01

the edge of geometric stability.
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Resonances using
different maximum
order at one cavity
length
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Finish the simulation research with Haoyu-san.
Get familiar with the research people are doing in Ando Lab

Find what I'm interested in and start my research in Ando Lab



Thanks for listening!



