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® Detect gravitational waves at kiloHertz band
® What limits the sensitivity at kiloHertz band
® Method for improving the kiloHertz sensitivity

@® A possible design of the configuration
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® Detect gravitational waves at kiloHertz band



ravitational Wave Detection

LVK collaboration, GWTC-3, Phys. Rev. X, 13, 041039 (2023)
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Gravitational Wave Detection

LVK collaboration, GWTC-3, Phys. Rev. X, 13, 041039 (2023)

Unknown remnant state:
BH? NS?

If 1t 1s a NS, what will

be the EoS
for the dense matter?




Binary Neutron Star Coalescences

Inspiral Merge+kilonova s
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BNS merger remnants: rich physics

binary (< 1kHz) HMNS/SMNS (2 — 4kHz)

Ch

black hole + torus (5 — 6kH4) black hole (6 7kH4)

B

Ejecta—ISM Shock
Radio (years)

Cosmic Collider Engine of Short GRB

State Formation of BH ~ Kilonova
Multimessenger astronomy

Exploring extremal matter

A. Bauswein et al, N. Andersson et al, Metzger and Berger
PRL 122, 061102 (2016) GRG 43, 409 (2011) ApJ 746, 48 (2012)
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® What limits the sensitivity at kiloHertz band



Laser Interferometer GW detector
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Dual recycling configuration
Low-loss coating
Interferometer/cavity locking system
High power 1nstability control
Multi-stage suspension system

passivetactive 1solation

Complicated machine!



Detector as a transducer

Signal response

Ks(f)

Noise response

Output data

y(f) = K (f)h(f) + Kn(f)n(f)

l

“Estimation” of the signal

Signal Noise




Detector as a transducer

Signal response

M) —  K(f)

Noise response

K (f)

A stochastic quantity with a spectrum:
“strain noise”

K, (f) ]

n(f) —

Sun(f) =

Srn(f)

Output data

y(f) = K (f)h(f) + Kn(f)n(f)
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Detector as a transducer

Signal response

Ks(f) 1

Noise response

Kn(f) 4

A stochastic quantity with a spectrum:
“strain noise”

K, (f) ]

n(f)¥—

Sun(f) =

Srn(f)

The lower, the better.

Output data

y(f) = K (f)h(f) + Kn(f)n(f)

l

“Estimation” of the signal

Signal Noise




Strain sensitivity
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Strain sensitivity: Noise that limits the kiloHertz sensitivity
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Suppression:
Increase the power or use “squeezed light”

output ij: 1nput
T} e A A partod
' .
@ vacuum fluctuation What about the signal response?

C. Caves, Phys. Rev. D 23, 1693 (1981).



Signal response

Detector in a nutshell:
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Signal response
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Detector in a nutshell:

The key harmonic oscillator: optical cavity

LTCGW (t)

Amplitude

Resonance at:

ideband fields



Slg shell:

W Borrowed from yesterday’s talk by Professor IoKa:

Electrostatic ‘
Actuator
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Signal response

Detector in a nutshell:
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Signal response |
Signal response at

ceovo J Ll KiloHertz is weak!
Actuator —— ° °
e = | \W ﬁ This iIs why
MassY § o ] /j\ ogo o
rimda] : we have low sensitivity at
g | | i\\ KiloHertz!
-+ |~ SR Balll .
Amplitude
Linearly (mostly) interacting
harmonic oscillators Resonance at: 0O f
MassY [P Test Mass (T) o // B
From | / ¥ X Arm \/ /A
o | | Input Test Hhm End Test ;‘}Qh Range
- - Mass X Mass X Electrostatic
GW Readout Port * Actuator

Frequency

we — 0 We  w,+ ()



Outline

® Method for improving the kiloHertz sensitivity

@® A possible design of the configuration



Methods for improving kHz sensitivity

BNS Merger rate 1540 Gpc™-3yr”—1 1s used

® Upgrade to 3rd generation detector
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K. Ackley et al., PASA 37, €047 (2020). § m ]
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® Long signal recycling cavity
Martynov et al, PRD 99, 102004 (2019)
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® Configuration beyond
Michelson Interferometer

Zhang et al, PRX 13, 021019 (2023) A+ NEMO ET CE-20km CE-40km
Martynov et al, PRD 99, 102004 (2019)
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A possible new configuration

Step 1: Shift the resonance by tuning the Signal recycling mirror

optical cavity
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A possible new configuration

Step 1: Shift the resonance by tuning the Signal recycling mirror
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A possible new configuration

Step 1: Shift the resonance by tuning the Signal recycling mirror

optical cavity optical cavity
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Gain-bandwidth trade-off

: : : : Similar for optical cavit
a simple driven Harmonic oscillator i pH VALY

zaw (1)
Near resonace response: —
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Higher peak response,
Narrower bandwidth!
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Gain-bandwidth trade-off

Similar for optical cavity

a simple driven Harmonic oscillator
Near resonace response:

Higher peak response,
Narrower bandwidth!

We ‘i d a large bandwidth but still keep the pea

How to solve this problem?
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Surpass gain-bandwidth trade-off

-------------------

--------------------

New Signal response

1gnal K. (2 "
Signal response (&) SNR can have a significant boost

w. — 2  We w,.+ (2



Time domain:

optical cavity Step 2: Couple the cavity mode to a new mode
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Configuration

‘_--— ------------------------------------------

—Taw ETM * 1: Main interferometer recieves GWs
‘Main interferometer h(t) = a
& 2: Signal slosh into the auxillary cavity
. ws(aTbe ™At 4+ GbTetAt)
il HA sl 3: Pair creation happen inside the cavity
= % [—— o
: i Hy row g(bteTe™ + bee ")

4. Extract the signal from the output of auxillary cavity

Condition: wWg =g A = —9

b TR This 1s an 1deal concept, while many imperfections (losses,
' K instability...) needs to be considered.

----------------------

Wang et al, Phys. Rev. D 106, 082002 (2022); Li et al, Phys. Rev. D 103, 122001 (2021)



Key noise budget & improvement

Wang et al, Phys. Rev. D 106, 082002 (2022); Li et al, Phys. Rev. D 103, 122001 (2021)
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Summary

® Detect gravitational waves at kiloHertz band:
IS very important
® What limits the sensitivity at kiloHertz band:
signal response+shot noise
@® Method for improving the kiloHertz sensitivity:
improving signal response/reduced shot noise
@® A possible design of the configuration:
Surpassing the gain-bandwidth trade-off at kiloHetz

Thank you for your attention!



