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Assignment for Nov 25

« Explain what the standard quantum limit (SQL) is,
and why it is possible to surpass the SQL.

* You may also answer from the Google Form below
https://forms.gle/6AwJ48XcpWQXgMon9

Don’t forget to put
your name and
student#

You may answer in
any language
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phase sensitivity (rad/strain)

« Basically, yes

Bigger the Better?

* High frequency response is exceptio
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Curvature of the Earth

* Noise from vertical to horizontal coupling
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Seismic Noise Common Mode

° Se|sm|C motlon 1S Ground motion phase velocity: v
common for w < L/v a—

« Butin terms of strain, \ \

longer the better

Moves largely in common

10" ifw<L/v
\ = KAGRA (L=3000m)
10”1 = CLIO (L=100m)
| = LISM (L=20m)
o 100
= i
O ]
O 103
0'11(;-3 000 01 1 10 100 Koseki Miyo, Doctoral Thesis
Frequency [Hz] (UTokyo 2020) JGW-P1911125

Figure 2.6: CDMR given in Eq.(2.25), of the underground GW detectors assuming the uni-
form plane waves model with phase velocity of 3 km/s. Black is the CDMR of
KAGRA with the 3000 m baseline, green is the CDMR, of CLIO with the 100 m
baseline, and blue is the CDMR of LISM with the 20 m baseline.
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Plan of the Lecture Today

 Quantum noise of laser interferometer
- Michelson
- Fabry-Perot Michelson
- Power recycling
- Resonant sideband extraction

« Squeezing techniques

« Goal: Understand how current generation of
iInterferometers work in terms of quantum noise



- -
2 2
() ()
= o

—

9
N
N

strain (/VHz)

- - -
S 9 9
M M M
un =~ W

Advanced LIGO Design

Quantum back-action

frequr?ﬁcy (Hz)

ln

|lf'

High frequency response

01 (2015-16)

03 (2019-20)
04 (2023-25)



strain (/v Hz)

(-

9
N
W

- -
2 9
N N
Ul N

KAGRA Design

03GK (2020) O4a (2023)

Beating SQL

r
A
L ¥ 04c (2025)

L !
iy 11

""'.l,‘]- . T ﬂxs
i
_ l!b;

<k Oa -
@a,. 7 gl 19 the Maj
N\ Rlan,

100

. Un
102 10 ¢, .
frequency (Hz) «



Michelson Interferometer

* Let’s start from simple

Michelson interferometer

Laser
~100 W

50 W




Recall Lecture 2

Photon Shot Noise

 Number of photons to photodiodes fluctuates

N+ VN .

Photodiode
Photon ener
. Y he
* Quantum fluctuation of power D1 = 7
QhCPPD Number of
6PShOt p— phOtonS PPD
Shot noise nA N =~
Spectrum N\ P1

(one-sided ASD) Quantum efficiency 10
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Shot Noise Limit of Michelson

- Powerchange OFPpp 27F, . 4rnL_
— S111

OL_ A A

« Shot noise Recall Lecture 2

5PShOt _ QhCPPD _ hCPO (1 oS 47TL_>
nA nA A

« Shot noise limited sensitivity

5[4 5P 6PPD -1 1 hC)\
hot — h ?
hot St \ AL 21\ 2nFy
/ 7/ sin? £

lsi_nfft QSijgcojg Better shot noise with higher input power

1 Best at dark fringe (where P,5=0)

B ﬁcos%
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Radiation Pressure Noise

 Number of photons to mirror fluctuates

N + VN

Mirror

. Assumed Michelson with input power P
« Power fluctuation PUt P 0
Recall Lecture 3

2he P Fc_)rce to
OP..q = 0 Force on displacement
A oo (susceptibility)
* Mirror displacement free-falling mirror

25 P.. She, 1/
5Lrad — - d‘X(w) 2\/ >

cCA Mmw?
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Standard Quantum Limit

» Shot noise is lower with higher power
po 1 [hcA Trade-off

shot —
21 L 2P0
« Radiation pressure noise is lower
with lower power

1 S8hF
hra,d — \/ 0 /2 for two arms

mwQL (j)\ m IS mMirror mass

(m/2 is reduced mass for MI)
Assuming BS with infinite mass

« Standard Quantum Limit (SQL) for Michelson
4h

mw? L2

hSQL — \/thhothrad —



Input Power and Sensitivity

« SQL cannot be beaten just by changing power

10—25

- Miche@’f\

Michelson
(10 W) Shot
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Fabry-Peéerot-Michelson Interferometer

Recall Lecture 2

* Displacement sensitivity

higher by 2./
T
+ FPMI
Laser [

15
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phase sensitivity (rad/strain)

* The effect of gravitational waves
cancel at high frequencies

fe
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FPMI Quantum Noise

 Shot noise

« Radiation pressure noise

1 hc\
_ 1 Y
hshon = 5 T\ 2R o VI (wr) al

T =

e

hrad —

9 \/ShPO 2F 1
mw?L V. cA 7 /1 + (wT)?

2 for two mirrors of a cavity
m is mirror mass (m/4 is reduced mass for FPMI)

« Standard Quantum Limit (SQL) for FPMI

Sh
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Use of Fabry-Pérot Cavities

o Still, SQL cannot be beaten (similar effect to increasing
the power)
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Finesse Dependence

* Higher the finesse, narrower the bandwidth

1018, High frequency
sensitivity is not
10-1°; dependent on finesse
N nor length
LE 10-20- ( g\> }
= 1021 Michelson®
S | 2| (100 W) T N
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Arm Length Dependence

* Longer arm is better (but not at high frequencies)
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Mirror Mass Dependence

* Heavier mass is better for reducing radiation
pressure noise
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Resonant Sideband Extraction

° Power Recycllng Quantum noise in
second generation,
e Resonant Sideband signal-recycled laser
. interferometric
Extraction (RSE) gravitational-wave
detectors
: : . A. Buonanno & Y. Chen,
Power recycling mirror: PRD 64, 042006 (2001)

Effectively increase power

% Actually, this is \ ~1 kW

signal extraction

mirror, but we call
this recycling Laser [r— e
\ ~100 W ~1 MW

Signal recycling mirror: _—"
Effectively reduce finesse while
keeping arm cavity power

22
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Resonant Sideband Extraction

« RSE increases the detector bandwidth
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Detuned RSE

* Detuning of signal recycling cavity (SRC) creates
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Changing Homodyne Angle

« By changing the readout homodyne angle, SQL
can alsqQ be surpassed
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Detuning + Homodyne
* Detuning of SRC and changlng homodyne angle

can be combined to aoptimize the sen
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Magic of Michelson Interferometer

Recall Lecture 2

Input E-field
4

/

Carrier field

GW signal
sidebands
g Y-arm h g X-arm \/
reflection reflection
A A
" \/‘ /
Laser 7‘;; .
" Power “—( Signal )
recycling recycling
cavity cavity
) 4t )2


https://granite.phys.s.u-tokyo.ac.jp/michimura/lectures/ObservationalAstronomyAdvancedCourseI2025_2_michimura.pdf

Magic of Michelson Interferometer

* Michelson interferometer effectively splits X and Y
arms into common mode and differential mode

” Power
recycling
cavity

~

\ J

4 Signal
recycling
cavity

.t

~

J

Carrier field response determined
by power recycling side

e
X+Y arm

Power recycling

e
X-Y arm

Signal recycling

Signal field response determined
by signal recycling side
28



Recap of Cavity Response

Recall Lecture 2

« Cauvity reflection

AL
t2rqe’ X
17 2
Ereﬂ — <_T1 _|_ . An L Ei

1 —7riree*

Cavity reflectivity
On resonance(~+1) Off resonance(~-1)

(it - _7"2(7“%—|—t%)—|—7"1

To = T, =
1 — 179 1 —+ 1792
« Cavity gain ) 1,11 ro =~ 1
1
Beaw = 2z Lin .
1 —7ryree*
Cavity gain
On resonance(~big) Off resonance(~small)
t1 / t1
ga — ga,

_1—T1T2 :1+’r1r2 29
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Coupled Cavity Response

Arm gain 1
I 1 — 179
1 5
laser frequency Tp, tp r.
T —
: X+Y arm
Power recycling
Tsy Ls T4
I —
X-Y arm

Signal recycling

30



Coupled Cavity Response

tp
Arm gain t1 Power 9= 1,
pla
1 —17r17re recyc?llng resonant
dain : :
|:> J Carrier field
A enhanced
> >
laser frequency Tp, tp r, laser frequency
T —
: X+Y arm
Power recycling
TS, ts ’]"a
I —
X-Y arm

Signal recycling

31



Coupled Cavity Response

t
P
Arm gain t1 Power 9= 1,
— pla
Ja 1 —1rir9 reCy(?’“ng resonant
ain .
|:> J Carrier field
A enhanced
> t >
laser frequency Tpy Tp r, laser frequency
[
: X+Y arm
Power recycling
Signal s, Ls Ta
recycling _ Ls ]
. gs — -
gain 141y, X-Y arm

Signal recycling

anti-resonant

Bandwidth widened (Resonant Sideband Extraction)
Low frequency signal gain is reduced, but

>
laser frequency igh frequency signal gain is increased 32




Detuned Slgnal Recyclin Cawty

Arm gain Power I =1 _,
p’a
1 —1rir9 reCy(?’“ng resonant
ain L
|:> J Carrier field
A enhanced
> >
laser frequency Tp, tp r, laser frequency
[
: X+Y arm
Power recycling
Signal Ts) t; Ta
recycling Detuning ?
-Y dfim

gain

Signal recycling

Signal at detuning frequency enhances
Detuning also creates signal sideband

> asymmetry, which creates “optical spring”
laser frequency  qin heating the SQL 33




Optical Spring and Damping

« Radiation pressure force inside optical cavity works

as a spring and damping

Red detuned

Radiation

» pressure

increases

On resonance

Radiation
pressure
reduces

Bule detuned

Y. Michimura, K. Komori, EPJD 74, 126 (2020)

/

Recall Lecture 3

Positive work
due to phase

Negative work
Fdz < 0 due to phase

Power (a.u.)

delay delay
Fdx >0
WL Wcav
'} FERN
A PN blue-d d
red-detuned |, A B ue-detune
A<O P2 A>0
anti-spring spring
damping K anti-damping
/ '_’\
. \
anti-Stokes ™\
Stokes s Hherenergy N
,/’ sideband is \\\
- enthanced, S o
- eémoving energy TS~
- W wm e --
-3 -2 -1 O 1 2 3

Normalized detuning (A/K)

34

M. Aspelmeyer, T. J. Kippenberg, F. Marquardt, Rev. Mod. Phys. 86, 1391 (2014)
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Now Let's Consider Noise

 Actually, noise from laser are common

and cancelled out
S (if arms are perfectly symmetric)

Input E-field

— GW Recall Lecture 2
9

Laser

: E-field
E-field from  E-field from at PD
& Xarm Yarm
D et o

35
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Noise Comes from Dark Port

* Quantum vacuum fluctuation from dark port matters

¥
Input E-field GW
—_— GW
9

Laser

p E-field

T 1 E-field from  E-field from at PD
& Xarm Yarm
PD 2 s = f‘
+ -

Quantum vacuum fluctuation from dark port 36



Arm Offset for DC Readout

« Arm offset makes LO for homodyne readout

‘%Ofs.
Input E-field GW
EE— Ofg. GW

Laser Local oscillator (LO) field

p E-field
» {1 E-field from  E-field from at PD

: Xarm Yarm
PD ‘ -4 N > _ fI

Recall Lecture 2 + .

Quantum vacuum fluctuation from dark port 37


https://granite.phys.s.u-tokyo.ac.jp/michimura/lectures/ObservationalAstronomyAdvancedCourseI2025_2_michimura.pdf

Shot Noise at High Frequencies

« Shot noise dominates at high frequencies shot

noise
(Phase
fluctuation)

¢ Phase
J'OfS' fluctuation Interferometer

Input E-field GW >

(Amplitude

— OfS-EW Amplitude o Fluctuation)
fluctuation Radiation Pushes
Laser pressure mirrors
' noise @)~
A | E-field
1 . .
» - i1 E-field from E-field from at PD
|
! Xarm Yarm
0@~ oM fI

Quantum vacuum fluctuation from dark port 38



Ponderomotive Squeezing

« Radiation pressure makes squeezing Shot

noise
(Phase

Phase
l'OfS. fluctuation Interferometer

v fluctuation)
Input E-field GW > |
el OfS-_G>VV Amplitude o Igfungfdgt;gﬁ)
fluctuation Radiation Pushes
Laser prgssure mirrors1
| noise o xw) =
N E-field
» - i1 Efield from  E-field from at PD
! Xarm Yarm
p® . M Q
+ . Interferometer

IS a squeezer
Quantum vacuum fluctuation from dark port 39



Balanced Homodyne Readout

Radiation pressure noise Shot
cancels at this readout phase noise

(SNR for shot noise remains (Phasgs
flucidation)

y the same)
Input E-field GW EEN J —
: - itu
— E 10-21 \\\*; !
EW g \@ _/ Fluctuation)
122 Radiation Pushes
Lase r 107 10 10:reql}gr:cy (1HOZZ) 1o p reSS u re m i rro rs
| noise x(w) ~ _miﬂ
Al Subtraction to
. ' P remove noise from LO
ceefead |
BHR signal LO
4 4 b
PD Lo

LO
+ 2+ %

Quantum vacuum fluctuation from dark port 40



BHD at Caltech 40m Prototype

* LIGO plans to implement
BHD for O5

* Prototype experiment
happening at Caltech 40m

Caltech EliES

Homodyne angle
changes the response

10-10
Usual readout -
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Squeezed Vacuum Injection

« Shot noise or radiation pressure noise can be
reduced by squeezed vacuum injection

« SQL cannot be beaten

Input E-field
—_—

Laser

>

Unsqueezed

\S\Q( . Squeezed

Strain sensitivity [1//HZz]

Frequency [HZz] g

42



Frequency Dependent Squeezing

« Both can be reduced by changing the squeezing
angle as a function of frequency

« Beats SQL

— 8 -
N
T
: I
Input E-field )
—————
g N\ Unsqueezed
Laser 2 requency
' 3 dependent
Al £ N squeezing
] (0 - >
. - !, & Frequency [Hz]
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Freq. Dep qu Demonstration

e 1064 nm e 532 nm == wm  Squeezed Vacuum %‘
] |
o
wes  Coherent Control @==  OPO Length Control 5 |
i 10~
== Suspended Mirror WY Faraday Isolator o |
S
. Electro-Opti =
Modulator ¥r¢  PZT Actuated Mirror @ Photodiode Py
= (eom) =]
Fiber Based Polarizing _ Beam £
Phase-Locked Beam Splitter &’ Spltter 3
‘VW W—' Loop (PLL) (PBS) (8S) &
2
=

—Homodyne angle: -2.2 + 0.2 deg, Cavity detunlng 42. 6 0.5 Hz
Homodyne angle: 15.5 + 0.1 deg, Cavity detuning: 69.2 + 0.3 Hz
Homodyne angle: 27.7 + 0.1 deg, Cavity detuning: 62.2 + 0.4 Hz

|—Homodyne angle: 39.4 + 0.1 deg, Cavity detuning: 60.4 + 0.5 Hz
Homodyne angle: 60.1 + 0.2 deg, Cavity detuning: 67.9 + 0.5 Hz
Homodyne angle: 92.8 + 1.4 deg, Cavity detuning: 71.4 + 1.3 Hz

Noise relative to coherent vacuum [dB]

In-Vacuum Injection Telescope
Homodyne |

Auxiliary Laser 1 Auxiliary Laser 2 €

In-Air Filter Cavity Control and Squeezed Vacuum Source

Demonstrated at TAMA300 and MIT
Y. Zhao+, PRL 124, 171101 (2020)
L. McCuller+, PRL 124, 171102 (2020)
Installed for LIGO and Virgo
D. Ganapathy+, PRX 13, 041021 (2023)
Virgo, PRL 131, 041403 (2023)

50 100
Frequency [Hz]

Use detuned
filter cavity to
rotate the
squeezing
angle
Detuning creates

different phase
rotation for upper

and lower sidebands

in.-cav. power [/F,]

20

15

10

5
e
-1.0 -0.5 0 0.5 1.0
180 W

MJ!DL__

se shift [deg]

|
=)
o

1\ a
|
-
2o
o lp o
=

error signal [/2P,J,(3).J, (3)]

560
Recall Lecture 2
Cavity response
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Installed for Advanced LIGO

m  Reference (No squeezing) Quantum noise model
= Frequency-independent squeezing Classical noise estimate
: LIGO .. | ™ Frequency-dependent squeezing
0 Interferometer 3.0 gL A
300m 0 laser interferometer
filter @
cavity )

1.0

Power

i
[E] recycling
------- S

H1 strain noise [1/v/Hz]

Signal
extraction

0.3 ; { {
Output Readout 30 100 300 1000 3000
\ mode photodetector Frequency [Hz]
cleaner :

3.0

Squeezer

Squeezing angle rotates

-~
Y i
[/

L1 strain noise [1/v/Hz|

D. Ganapathy+, PRX 13, 041021 (2023) o3/ w0 45T

Frequency [Hz|


https://doi.org/10.1103/PhysRevX.13.041021

Squeezed Light

« Coherent light has random noises (phases of upper
and lower sidebands are random) X,

X1

Two-photon formalism
C.M. Caves & B.L. Schumaker,
PRA 31, 3068 (1985) Laser
B.L. Schumaker & C.M. Caves, frequency
PRA 31, 3093 (1985)

« Squeezed light has correlated upper and lower
sidebands

Upper and lower
sidebands create
phase modulation

>

Amplitude

_ Laser
SQUEEZING . o\ s between sidebands at frequen

different frequencies are not important
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Squeezed Light

« Coherent light has random noises (phases of upper
and lower sidebands are random) X,

X1

Two-photon formalism
C.M. Caves & B.L. Schumaker,
PRA 31, 3068 (1985) Laser
B.L. Schumaker & C.M. Caves, frequency
PRA 31, 3093 (1985)

« Squeezed light has correlated upper and lower
sidebands

Upper and lower
sidebands create
amplitude modulation

Phase

squeezing Laser

> Phases between sidebands at frequen

different frequencies are not important
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Frequency Dependent Squeezing

« Coherent light has random noises (phases of upper
and lower sidebands are random) X,

X1
> :
Two-photon formalism
C.M. Caves & B.L. Schumaker,
PRA 31, 3068 (1985) Laser
B.L. Schumaker & C.M. Caves, frequency

PRA 31, 3093 (1985)

« Squeezed light has correlated upper and lower
sidebands LM ./\Detuning frequency

Low freq. High freq. ' of filter cavity
- !

>  Frequency

dependent Laser
. % Phases between sidebands at
Sq ueezi ng different frequencies are not important frequency
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Generating Squeezed Vacuum

« Optical Parametric Amplifiers are used

Correlations between—— w T <’L}Hl

upper and lower T~ ", wm

sidebands
W
o . ' .
*1064 1064 nm
nm n
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Summary

* Many tricks can be done to reduce quantum noise

« Many tricks can be understood by mastering
- Michelson response
- Cavity response
- Sideband picture

* For more concrete understanding...
- A. Buonanno & Y. Chen, PRD 64, 042006 (2001)
- Y. Chen, J. Phys. B: At. Mol. Opt. Phys. 46, 104001 (2013)
- M. Aspelmeyer, T. J. Kippenberg, F. Marquardt, Rev. Mod.
Phys. 86, 1391 (2014)
- Y. Michimura, K. Komori, EPJD 74, 126 (2020)



https://doi.org/10.1103/PhysRevD.64.042006
https://doi.org/10.1103/PhysRevD.64.042006
https://doi.org/10.1103/PhysRevD.64.042006
https://iopscience.iop.org/article/10.1088/0953-4075/46/10/104001
https://iopscience.iop.org/article/10.1088/0953-4075/46/10/104001
https://iopscience.iop.org/article/10.1088/0953-4075/46/10/104001
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1140/epjd/e2020-10185-5
https://doi.org/10.1140/epjd/e2020-10185-5
https://doi.org/10.1140/epjd/e2020-10185-5

Assignment for Nov 25

« Explain what the standard quantum limit (SQL) is,
and why it is possible to surpass the SQL.

* You may also answer from the Google Form below
https://forms.gle/6AwJ48XcpWQXgMon9

Don’t forget to put
your name and
student#

You may answer in
any language



https://forms.gle/6AwJ48XcpWQXqMon9
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