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GRAVITATION

Neutron star Black hole

Albert Einstein

Spacetime tells matter how to move;
matter tells spacetime how to curve.

- John Wheeler



GRAVITATIONAL WAVES
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GRAVITATION “Quantum sensing” — when

signal is smaller than quantum
fluctuations, we need new tricks

...one can see that (GW) must
have a practically vanishing
"~ _value in all conceivable cases.

A. Einstein, Sitzungsber. K. Relative strength: strong > electromagnetic > >> gravitation
Preuss. Akad. Wiss. 1, 688 (1916)
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THERE ARE FOUR @ ELECTROMAGNETIS | | (3) THE STRONE MILEAR | | PND (4) THE 4EAK FORCE. IT
FUNPAMENTAL FORCES | | WHICH 0BEYS 7HIS FORCE, \JHICH DBEYS, UH... | |(MumBLE MUMBLE] RADIOACTIVE
BETWEEN PARTICLES: | | INVERSE-SQUARE LAW: LJEl}. " DECAY (MUMBLE MUMBLE)

() GRAVITY \JHICH i UMM... THATS NOT A SENTENCE.
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SQUARE. LAW:
AND ALSO NEUTRONS TOGETHER. — AMD THOSE ARE THE
HipplELL'S

EGLATIONS

...and the one
1 we understand
least is gravity




THE SPECTRUM OF GRAVITATIONAL WAVES
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Planetary Nebula

Stellar-mass GW astronomy
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Stellar remnants — neutron stars

Neutron stars are supernova remnants, *** \/ery high density, like 4 x 1017 kg/m3!
with the mass of 1.5x suns in ~12 miles. a spoonful weighs as much as a mountain!




NEUTRON STAR MERGERS

Neutron stars are supernova remnants,
with the mass of 1.5x suns in ~12 miles. | |
Gamma rays, 50 to 300 keV GRB 170817A /
) . 1,500 \ /

s ie]
Fermi
3
$ 1,000
8
500
Normalized amplitude
2 4
Gravitational-wave strain GW170817
N 300
L
3
C
o
T
B
Time from merger (seconds) =
gamma ray X-ray ultraviolet  visible infrared  microwave radio

-20 -10
Time (seconds)

“Multi-messenger Observations of a Binary Neutron Star Merger”, The Astrophysical Journal Letters 848, L12 (2017)
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How small is it really

like, compared to an atom?

At this scale, quantum
effects are huge!

< 0.1% of a proton...so, really small.

11
Video Credits: LIGO/ Caltech/ MIT
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G .
K@Sé/ Interferometry for precision measurements

Measure length change AL
--> measure power change AP on a photodetector

Power ~ energy / second ~ photons / second

More information per photon per second?
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K@S% HOW DO WE KNOW WHAT IT WAS?
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S5 THE LVK TODAY
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Binary neutron star inspiral range
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ﬁ‘? Masses in the Stellar Graveyard
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Population-scale GW astronomy
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Figure 1(Fig. 2in our paper). Left panel: the distribution of the primary mass (i.e., the more massive component)in the binary black hole
population. The GWTC-5.0 results (blue and red) retain the overall structure seenin GWTC-4.0 (solid black), with persistent features
around 10 Me and 35 Mo. Right panel: the distribution of mass ratio, g, which probes how black holes pair with each other. A mass ratio of
g=1indicates a black hole paired with a companion of the same mass.
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https://arxiv.org/abs/2508.18083
https://arxiv.org/abs/2605.27226

R

K@@ Highest SNR — black hole spectroscopy — test GR, Hawking's area law

Hawking’s area law .
Remnant black hole has greater surface area than two
initial black holes combined (despite GW radiation)!

PHYSICAL REVIEW LETTERS 135, 111403 (2025)

GW250114: Testing Hawking’s Area Law and the Kerr Nature of Black Holes
A.G. Abac er al.”
(LIGO Scientific, ¥V CAGRA Collaborations)

™ (Received 13 August 2025; revised 25 August 2025; accepted 26 August 2025; published 10 September 2025)

10 Years Later: LIGO Hears Loud and Clear

Gravitational wave signal over time ———» =

L 0
GW150914 — Sept. 2015 Hanford ' =X
| | | | | | |
| “\P post-merger:
mass+spin of

remnant BH

GW250114 — Jan. 2025 Hanford

pre-merger: mass+spin of component BHs
https://www.ligo.caltech.edu/news/ligo20250910 24

) N Yes, this dark star is a Kerr (spinning) BH from
Chatziioannou, Clarke, Hanna, Harry, Isi, Tissino, et al, LVK, PRL 135, 111403 (2025) ~D]J



https://www.ligo.caltech.edu/news/ligo20250910

LSC Science summaries O4c analysis in pmg
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https://www.ligo.caltech.edu/news/ligo20250910

How to we make such sensitive measurements?

“sensitivity” = signal-to-noise ratio

26
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Gravitational Wave Interferometry
Fabry-Perot Michelson Interferometer
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LIGO Optical Layout

With Seismic Isolation and Suspension Systems
L1 2026 Configuration (BBSS, BHD Phase A)
G1200071-v11

J. Kissel Dec 22 2025

~>————— Main Beam
Elevated Main Beam
>~ — — — - Squeezed Beam
&> — - = =3 Collinear Beam
o Periscope
I Fixed Optic
© Radio-Frequency Single Element Photodiode .
End @ Radio-Frequency 4-Quadrant Photodiode R?:Cyc.“"g ‘ ISCT1
Stati o Audio-Frequency Single-element Photodiode avity
tation ) Readout = = Mode
[e] Electro-optic Modulator P
» e I Cleaner

Infrared Laser Laser Enclosure iq AW 2 MCZD )
Transmitted : g ﬁ : : #A
: . Wy | - N .

1{ HAM ISF* HEPI

. PR2UTY)

Paower

Common : - Recycling
Arm Length HAM2 Cavity

Readout

HPIHS DL

/|| L1Z0S |01Z20S

N
=2
M

HAM IS| + FF L4Cs + HEPI

5 HAM ISI + FF L4Cs + ESS

Infrared Test Mass Quad Sus (QUAD)
£ ) ) ) Signal
Reflection Bigger Beam Splitter Triple Sus (BBSS) Rec'%:ﬁng
Signal HAM Large Triple Sus (HLTS)
HAM Small Triple Sus (HSTS) ‘ ‘
m ~ -
HAM Relay Triple Sus (HRTS) af | ZMB)\ 22 L ews Depenion
HAM Alignment Triple Sus (HATS) L ’ : ~ ;| Squeezing (FDS)
Simol ; =5 Injection System
Transmission Monitor & Telescope Double Sus (TMTS) {_|mp e 4

\
HAM4 \

& 2]

1=OPO HAM7

HAM (X = M2 Actuator Type) Double Suspension (H[X]DS) [X] Eﬂfﬁ;

Balanced Homondyne Single Suspension (BHSS) Ecmbined Piezo & Dither

Output Faraday Isolator Single Sus (OFIS) B

Optical Parametric Oscillator Single Sus (OPOS) RV o, Gravitational Wave
Anti- ——— Carrier 1064 nm HAM Auxiliary Single Sus (HAUX) Eaarmn » and Differential Arm

symmetric 45 MHz RF Sideband HAM Tip-Tilt Single Sus (HTTS) =3 Length Readout

Port
—— 9 MHz RF Sideband
532 nm Beam

Gravitational wave

Readout Staley, Class. Quantum Grav. 31 245010 (2014)

Achieving resonance in the Advanced LIGO gravitational-wave interferometer




LIGO: Major Sources of Noise
Aplus design curve - NSNS (1.4/1.4 My) 325 Mpe and BHBH (30/30 M) 2563 Mpe From Rana Adhikari Caltech LIGO SURF talk
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O4a — NOISE BUDGET

Measured noise (04)
Sum of known noises
Quantum

Thermal

Residual gas

Seismic

Auxiliary length control
Alignment control

= Beam jitter

** Penultimate-mass actuator

Laser
Photodetector dark

Suspension damping (quads)
04,LLO
03,LHO

50 100 200

500 1000

Frequency [Hz]

2000

(a) Noise budget for the LIGO Hanford Observatory, as of December 2023.

Capote, LIGO O4 instrument scientists, PRD 111, 062002 (2025)

(J  What limits our LIGO detectors noise now?

o) Quantum & thermal noise (improve sqgz loss and
control, improve mirror coatings)

Mystery low-frequency noise (improve baffling for

scatter reduction, improve seismic controls,

isolation, and sensors, improve optics)

5000

Measured noise (04)
w—— Sum of known noises
= = Quantum
= = Thermal

Residual gas

Seismic

Auxiliary length control

=+ Alignment control

== Beam jitter
Laser
Photodetector dark

*= Penultimate-mass actuator
Suspension damping (quads+triples)
04, LHO
03,LLO

100

200 500 1000 2000 5000
Frequency [Hz]

(b) Noise budget for the LIGO Livingston Observatory, as of October 2023.



Quantum noise (EM vacuum fluctuations)

In the electromagnetic field, there is a minimum noise power at
every frequency: zero point energy, E, .. = hw/2

Az Ap > g

Heisenberg uncertainty principle

for simultaneous measurement of 2 non-commuting observables
(e.g., photon position & momentum, field amplitude & phase)

— photon position (field phase) & momentum (field amplitude) Credit: W.Jia
can’'t be measured infinitely precisely + simultaneously!

Measuring x or p too well disturbs the other observable. ;
.



Quantum noise in an interferometer

Carlton Caves (1980) I PHYSICAL REVIEW D VOLUME 23, NUMBER 8 15 APRIL 1981
I nte rfe rom ete r q ua ntu m NoO | Sse Quantum-mechanical noise in an interferometer

. s Carlton M. Caves
O r I g I n ate S fro m VaC u u m W. K. Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125

(Received 15 August 1980)

fI U Ct U a tl O n S at th e O U tp ut po rt The interferometers now being developed to detect gravitational waves work by measuring the relative positions of

widely separated masses. Two fundamental sources of quantum-mechanical noise determine the sensitivity of such
an interferometer: (i) fluctuations in number of output photons (photon-counting error) and (ii) fluctuations in
radiation pressure on the masses (radiation-pressure error). Because of the low power of available contipuous-wave
lasers, the sensitivity of currently planned interferometers will be limited by photon-counting error. [This paper
presents an analysis of the two types of quantum-mechanical noise, and it proposes a new technique—the “squeezed-
state” technique—that allows one to decrease the photon-counting error while increasing the radiation-pressure
error, or vice versa. The key requirement of the squeezed-state technique is that the state of the light entering the

n n | ] n
H e I Se n b e rg u n ce rta I n ty p rl n c I p I e interferometer’s normally unused input port must be not the vacuum, as in a standard interferometer, but rather a

“squeezed state”—a state whose uncertainties in the two quadrature phases are unequal. Squeezed states can be

generated by a variety of nonlinear optical processes, including degenerate parametric amplification.

Regular EM vacuum has equal phase and amplitude noise:




1. Shot noise Ax: photons arrive randomly @ photodetector

Vacuum phase flucutations Signa|7~ N photons

= Photons randomly ' ' '
arrive at the detector
Power fluctuations in

https://en.wikipedia.org/wiki/Shot_noise



2. Quantum radiation pressure Ap: mirrors randomly kicked
Mirrors randomly driven by vacuum amplitude fluctuations beating with main laser

Power fluctuation of the laser beam due to vacuum amplitude fluctuations

1 P(Q) — \/ 2?1&)0140&1(9)

Position fluctuation of the mirror

|

Additional phase fluctuation - phase noise

Mitigation strategies:

1.  Extremely heavy mirrors so mirrors don’t recoil and displace as far.
With 40-kg fused silica mirrors... classical QRPN reduction

2. Quantum engineering to squeeze vacuum amplitude noise... quantum QRPN reduction

40



“Standard” quantum limit (SQL)

‘imprecision noise”  coherent state limit, uncorrelated sum of shot noise + QRPN
2 (Q) 1 o7, . InputPower=0.01wW Shot noise
S(Q) = T a }C(Q) PPy f —Quantum Radiation Pressure Noise “Imprecision
2 }C(Q) ——Quantum Shot Noise i . i .
- =Combined Quantum Noise ‘ Fluctuation of noiseq

= Standard Quantum Limit photons on

' hotodetector
/ p

results in fluctuating
power measurement

QRPN

“backaction noise”
Fluctuation of
photons reflecting
from a suspended
mIirror causes mirror
motion

10} 102 103 10* 00a® i“
Frequency [Hz] m?"«:”ﬁ

https://10m.aei.mpg.de/standard-quantum-limit-sql/ W=+

“backaction noise”
mirrors recoil from laser light:

_ 6koPam 1 (1 QN7
— myLam @

K(Q +
@) Yo

= Shot Noise T Radiation Pressure Noise |
== Shot Noise | Radiation Pressure Noise 1
= Standard Quantum Limit

10-19

Displacement Noise [m/VHz]

Quantum Noise [1/v/Hz]

10749

1o T T T T oo
Freq [Hz]

8h 21 x 100 Hz\ 1
Figure 1.4: The standard quantum limit SSQL(Q) J— ~ 18 X 10—24( T )

- 272" JH7
m{¥L Q Hz ...barely sufficient for astrophysics,
which is why LIGO mirrors are 40 kg heavy: a classical way to lower the “standard quantum limit”. 41




- LIGO shot noise to strain noise

Strain noise ASD

Photocurrent noise spectrum (mA/rtHz) 3 —
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LIGO signal-to-noise

Quantum noise broadly limits total sensitivity

10—21
O3, LLO Quantum
m— (04, LHO Thermal
’ $eee .o O4, LLO Controls + Seismic
10 ) “0'\50
= wa™¥TEN)
\% 1 O‘a\\;\“ X O'RV
=102
= %
-E [}
7 5
10-24
irror coating Noise
1072 | — ] . — ] | —
10 20 50 100 200 500 1000 2000 5000
Frequency [Hz] 43

PRX 13, 041021 (2023)
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LIGO signal-to-noise

Quantum noise broadly limits total sensitivity

10—21 :
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LIGO signal-to-noise

Quantum noise broadly limits total sensitivity
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LIGO signal-to-noise

Quantum noise broadly limits total sensitivity

5
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Squeezed “vacuum”

Zero-point energy is finite,
SQZ trades one noise for another

B Optical parametric
ArAp > — amplification to generate
2 squeezed vacuum

Michelson
Interferometer

Second Optical i 50/50 >
Squeezer ‘

harmonic parametric
generator oscillator

Squeezed m Rotator v
] ] vacuum A2 ‘
-~ : 1 -, B [ ] . 5
¥ Photo diode Time [ms]

laser

Photo current




EM field is quantized like a harmonic oscillator

Quantize EM field from phasors a(t) Squeeze operator 8(¢) = exp ((C*GQ . Cafz)/Q)
E(t) = #[a(r) + a*(1)]
D(a)S(¢) |0 S 0
into quadrature operators x, p (equiv, X1,X2): Bﬂght(gguee(zg lta)tes Vacuum(gwtzzd o
a — x + i p 9 (I’e) X = (a + a*) ,( 2 . Coherent State herent Vo
= (im) p = (a ~ a*)/(2i) & ol || . . N
E(t) = x cos wt + p sin wt

Quadratures: demod_ |, demod_Q

(aka, demodulate photodetector with a2 - | \ “

LO cos ¢, LO sin @, to readout {x, p} hon-commuting
field quadratures)

Gs

. 1 Amplitude Squeefed \ Amplitude Squeezed Vacuum
[xp]=—L 00, =— 2 - | i
’ 2 o p 4 . T 2;1‘ 3 47 . T 2; 3 4 '
[a(t)’ aT(t)] - a(t)aT(t) - a-l'(t)a(t) =1 a1 Plot credit: D.Ganapathy thesis ay

Recognize a quantum harmonic oscillator: average energy in the quantum mode is ﬁw((n> + %)

(vacuum field, n=0, average energy = hw/2)
48



SQUEEZED “VACUUM”, “QUADRATURE SQUEEZING”

From a mathematical point of view, a field in a minimum uncertainty state can be
quadrature squeezed by multiplying its x-component by the factor e™” and its p-
component by the factor ¢". The quantity r is called the ‘squeeze parameter’. It is
convenient to include a phase factor €' in one of the quadratures so that
Mean photon number is

E(f) = xe7"e*® cos wt + pe” sin wf . (11) coherent field + sqz field
(n) = |a|* + sinh? r
Tilf net I'ESL.llt of this operation is to squeeze the x-component uncertainty o, c{own to about 1016 (40mW) + 24 photons
e~ "o, and simultaneously to stretch the p-component uncertainty o, up to €'c,. As

p
A A Mean photon number for 20 dB of

= k=47 squeezed vacuum is ~24 photons

o
Wl
(3
Ly
!

|
& (n) = sinh? r > 0

I
! BEl r
K3 SO A
CINTE L
NG o
§e
14
171
W <X
4
(a) (b) (a)
Figure 9. Comparison of quadrature-component uncertainties for the vacuum and Figure 10. Comparison of quadrature-component uncertainties for the coherent and

squee25d vacuum states: (a) vacuum state, (b) squcczcd vacuum State. squeezed coherent states: (a) coherent state, (b) squeezed coherent state. 49



SQUEEZED VACUUM SOURCE

1055528

Nonlinear y? crystal (PPKTP)

. . . BN
P =c(x" +xPIE| +xPIEP + .)€ SN

7y

AN

532 nm 1064 nm

pump squeezed

photon photon
pair

Spontaneous parametric
down-conversion Type 0

Credit: W.Jia, MIT:11825


https://emvogil-3.mit.edu/lasti/index.php?callRep=11825

Squeezing quantum noise

Zero-point energy is finite,
SQZ trades one noise for another

AxAp > g

—
p
Squeezer : = —x

Second

Squeezer harmonic

laser generator

—

—

Optical
parametric
oscillator

Electric field of “squeezed” light:
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|
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Photo current [rel. units]

Q‘Photo diode
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Credit: Wikipedia, R.Schnabel
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Electric field of “squeezed” light:

O3: Frequency-independent squeezing ; _ 4

SQZ trades one noise for another — a compromise

h ~ phase squeezed state
AxAp > 5 P
Ax — Shot noise v O3| O4
Ap — Quantum radiation pressure noise v O4 5

Michelson
Interferometer

50/50 b

L1 Strain noise (1/vVHz)

| A | o J :
0.4 (—‘i E e " Squeezed [l Rotator
| ! vacuum ",

| ; = M2

QRPN
30 100 Time [ms]
M. Tse, et al, PRL, 123, 231107

Photo current [rel. units]

03k


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.231107
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.231107
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.231107

Frequency-dependent squeezing

Amplitude SQZ at low frequency
Phase SQZ at high frequency

Reflect SQZ off a detuned filter cavity for freq-dep SQZ

FC reflection gives asymmetric, frequency-dependent phase shift to the
upper vs. lower sideband - SQZ rotation around FC resonance

— Delaying signal vs idler photons with Af~100 Hz requires a
long photon storage time of >3 ms!!

¢=-1°, 4 =1002 Hz
¢ =091°, 6 =1002 Hz

*FC Length ~297 m
*FC Finesse ~ 6700

SQZ rotation @ 1 kHz:

(on a diagnostic homodyne)
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Ganapathy, LIGO instrument scientists, PRX 13, 041021 (2023) Frequency (Fz)
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Frequency-dependent squeezing ekt
Amplitude SQZ at low frequency =7 ﬁf;g;;ggz

Phase SQZ at high frequency @ """" | O4
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All the SQZ + All the astrophysics!
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04 SQZ
UPGRADE

SQZ: Phase SQZ
at high frequencies

FC: amplitude SQZ
at low frequencies

Reduce limiting quantum noise
at all frequencies

- Broadband quantum noise
reduction!

Capote, LIGO O4 detector list, PRD (2025)
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UPGRADE
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https://alog.ligo-la.caltech.edu/aLOG/index.php?callRep=57774
https://alog.ligo-la.caltech.edu/aLOG/index.php?callRep=57774
https://alog.ligo-la.caltech.edu/aLOG/index.php?callRep=57911
https://alog.ligo-la.caltech.edu/aLOG/index.php?callRep=58012
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https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=60149
https://alog.ligo-la.caltech.edu/aLOG/index.php?callRep=57505
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https://alog.ligo-la.caltech.edu/aLOG/index.php?callRep=61193
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Capote, LIGO O4 instrument scientists, PRD 111, 062002 (2025)
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Filter cavityl

O4: Broadband quantum noise reduction

Y-arm ‘

| Featured in Physics Jiil Open Access

Broadband Quantum Enhancement of the LIGO Detectors with
Frequency-Dependent Squeezing

D. Ganapathy et al. (LIGO 04 Detector Collaboration)

Phys. Rew. X 13, 041021 - Published 30 October 2023

R
Ph:-,I'SICS See Research Mews: Quieting Noise in Gr

x10-%

3.0

1.0

L1 strain noise [1/vHz]

3000
Frequency [Hz]

63


https://journals.aps.org/prx/abstract/10.1103/PhysRevX.13.041021

420

400
380+
360
340"
3201
300
280+
260
240+
220+
200+
180
160+
140
120+
100+

80

60

40

20

Cumulative Detections/Candidates

O O4: Broadband quantum noise reduction

_“ hypmics _m &
. - Grad: Dhruva Ganapath )
Broadband Quantum Enhancement of the LIGO Detectors with it

Frequency-Dependent Squeezing

D. Ganapathy et al. (LIGO 04 Detector Collaboration)
Phys. Rew. X 13, 041021 - Published 30 October 2023

01+02+03+04a = 218, 04b* = 105, O4c* = 68, Total = 391 search News: Quieting !

*04b and O4c entries are preliminary candidates found online.
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e LIGO A+ as of 04:
beyond the standard quantum limit
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Kimble, Levin, Matsko, Thorne, Vyatchanin, Conversion of conventional gravitational-wave interferometers into Jia, LIGO O4 instrument scientists, Science 385, 1318-1321 (2024)

guantum nondemolition interferometers by modifying their input and/or output optics, PRD 65, 022002 (2001)

Squeezed light as a quantum noise injection for detector diagnostics & optimization
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o What’s next,
beyond the standard quantum limit?

Compared to total detector noise, it matters
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Towards 10 dB broadband squeezing 24/7 for A#, XG

for interferometers at 3-5x higher power, with up to 10x longer baselines.. 68



TOWARDS 10 dB

Loss-limited
(lower loss optics
and crystals,
mode-mismatch,
misalignment, etc..)

04 SQZ
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??? mid-band — commissioning
(thermalization, detuning, mode-matching, alignment...
improve sqz diagnostics)

Critical astrophysical frequencies!!

Jia, LIGO O4 instrument scientists, Science 385, 1318-1321 (2024) 69



No squeezing @ Be rke Iey

Squeezing without FC at various ¢ (as in [2])
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Jia et al, Science 385, 1318-1321 (2024)
Whittle et al, Phys. Rev. D 102, 102002 (2020)
Brooks et al, Galaxies 2020, 8(4), 80 (2020)
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- SQZ DEGRADATIONS

O4 Loss Budget

Squeezer cavity loss 1.5%

\

\

Faraday Isolators (5x 1% loss/pass) 5%
Optical pickoffs 3.5%
OMC cavity losses 2-5%
PD quantum efficiency 2-4%

Total known loss ~15% ~7 dB possible
Only 5-6 dB observed, equivalent to 5-15% extra loss

—~
/M
)
=

)
s
o=
N
I3}
o
=
o
w3
Q
=
=)
=4
o
B
=
]
-~
[
&
Q
1z

2

S

Z

Nonlinear gain

Capote, LIGO O4 instrument scientists, PRD 111, 062002 (2025)
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- SQZ DEGRADATIONS

O4 Loss Budget

Squeezer cavity loss

Faraday Isolators (5x 1% loss/pass)

Optical pickoffs

OMC cavity losses
PD quantum efficiency
Total known loss

@-1)/2 « @)z

Capote, LIGO O4 instrument scientists, PRD 111
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~15% ~7 dB possible
Only 5-6 dB observed, equivalent to 5-15% extra loss

, 062002 (2025)

McCuller et al, PRD 104, 062006 (2021)



yjn

O4a SQZ STABILITY

Quantum noise can be decisive to astrophysical range

— see H1 O4a experience

Astro cheat sheet

1 Mpc = 3.26 million light years
~ 0.03 Mpc Milky Way diameter
~ 0.8 Mpc to Andromeda
~ 3 Mpc Local Group diameter

~ 33 Mpc diameter of Local Supercluster
(>100 galaxy groups, clusters)

~ 90 Mpc, e.g. to Coma supercluster

J.Alvarez

Berkeley
Physics ugrad

Angle-averaged range [Mpc]

H1SQz, 75 W
H15SQZ, 60 W
H1 SQZ, less crystal loss
H1 SQZ, more mismatch

& L1

Recovered 8% sqz cavity loss

( few mm crystal move — +10 Mpc)
- 8 dB homodyne SQZ

Binary neutron star inspiral range

12 16 20
Weeks into O4a, t0 = 24 May 2023
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=9 FUTURE DETECTORS WANT 10 dB SQUEEZING

Strain noise / Hz'/2

We could observe
GWs to the edge of
the visible Universe,

and black holes from
the very first stars.

Frequency / Hz

Cosmic explorer, design sensitivity

10
Frequency / Hz

CE horizon study, arXiv:2109.09882
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A+ (05, 2028)

FDS 6 dB (75%)

20% loss, 30 mrad

Squeezing limited by
optical losses A,
+ phase noise 6,
+ mode-mismatch

dB ~ 10 log,, (26+ A)
a
a
a

need...

low-loss optics & materials,
robust optical &

quantum noise models,
in-situ diagnostics,

QRPN back-action control
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EXPLORER
e

Strain noise / Hz™!/?

US Cosmic Explorer;
EU Einstein Telescope

PROPOSED XG
GROUND-BASED
GRAVITATIONAL-WAVE
DETECTORS

107234
107244
Cosmic
. Explorer 1
Cosmic Einstein
s Explorer 2 Telescope
107 4y — —
10 100 1000

Frequency / Hz

CE horizon study, arXiv:2109.09882
https://cosmicexplorer.org/sensitivity.html
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QM / LIGO Scientific Collaboration

>1600 members, >130 institutions, 20 countries

Berkeley - LIGO

PI - Frances Hellman

- Victoria Xu ( )
Postdoc: Quantum Interferometry Lab (Pl: Xu)
Dr. Maryrose
Barrios Physics PhDs: Katie Gray, Celeste Virador,

Undergraduates:
Jaime Alvarez (- MIT),
Max Umminger, Lauren Lee

Efforts to begin in trapped atom interferometry for
quantum tests in gravitational physics & fundamental physics!
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