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Lasers and their fluctuations
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Lasers and their fluctuations

A beam as a collection of
photons of fixed energy E = hf.

e |
Source: Wikipedia
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Lasers and their fluctuations

A beam as a collection of
photons of fixed energy E = hf.

But also: phase, center frequency,
arrival time, direction, position.
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Source: Wikipedia
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Systems limited by laser noise
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Noise in multimode nonlinear optics



Nonlinearity as a noise source

Image credit: NKT Photonics.
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Many nonlinear phenomena
amplify small changes in initial
conditions (even quantum
noise) such that the output
noise can become significant
compared to the mean field.

e Supercontinuum, transverse
mode instability, modulation
instability.

 Hard to distill, expensive to
predict.



Nonlinearity as a noise reducer

eedt , _‘37 )
On the other hand, we know [
from quantum optics that = O ..
nonlinearity (second or third- RN NE | e
order) can induce squeezing, Bl i
. e € >
noise below the level set by
vacuum fluctuations —
providing greater sensitivity. E ]
- , S e ‘

Image credit: Nature Physics (2013)
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Noise in multimode nonlinear systems

« |Is this picture relevant for complex sources? High-intensity, pulsed,
spatially multimode systems with gain/loss/collective excitations?

The main issue is complexity. Generic nonlinearities amplify noise in ways that are
hard to predict and intuit.

" Cornell University




Noise in multimode nonlinear systems

« |Is this picture relevant for complex sources? High-intensity, pulsed,
spatially multimode systems with gain/loss/collective excitations?

« The main issue is complexity. Generic nonlinearities amplify noise in ways that are
hard to predict and intuit.
 The main questions which motivate this talk:

(1) How can we efficiently identify physical mechanisms of noise generation
and suppression in highly multimode nonlinear systems?

« (2) Can nonlinearity be steered to reduce noise while maintaining mean-field?
* (3) Can we do better than what linear and single-mode noise limits suggest?

" Cornell University




Noise in multimode nonlinear optics

Quantum noise in ultrafast pulses and lasers
(frequency combs, supercontinuum, squeezing)
Bergman and Haus, Opt. Lett. 16.9 (1991): 663-665
Drummond et al. Nature 365.6444 (1993): 307-313
Friberg et al. Phys. Rev. Lett. 77, no. 18 (1996): 3775.
Corwin et al. Phys. Rev. Lett. 90, no. 11 (2003): 113904
Corney et al. Phys. Rev. A (2008): 023831

Rao et al. Light: Sci. & Appl. 10, no. 1 (2021): 133.
Nehra et al. Science 377.6612 (2022): 1333-1337.
Guidry et al. Nat. Photon. 16.1 (2022): 52-38.

Ng et al. arXiv:2307.056464 (2023).

Herman et al. Science 387, no. 6734 (2025): 653-658.
Lustig et al. Nat. Photon. (2025): 1-8

Jia et al. Nature 639.8054 (2025): 329-336
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Spatially multimode noise

Boyer et al. Science 321.5888 (2008): 544-547
Ohad et al. Nature Physics 18.9 (2022): 986-993
Wisal et al. Phys. Rev. X 14, no. 3 (2024): 031053.
Rothe et al. Science 390.6769 (2025): 173-177.
Barakat et al. Optica Quantum 3.1 (2025): 36-44.



Noise in multimode nonlinear optics

Quantum noise in ultrafast pulses and lasers Spatially multimode noise
(frequency combs, supercontinuum, squeezing) Boyer et al. Science 321.5888 (2008): 544-547
Bergman and Haus, Opt. Lett. 16.9 (1991): 663-665 Ohad et al. Nature Physics 18.9 (2022): 986-993
Drummond et al. Nature 365.6444 (1993): 307-313 Wisal et al. Phys. Rev. X 14, no. 3 (2024): 031053.
Friberg et al. Phys. Rev. Lett. 77, no. 18 (1996): 3775. Rothe et al. Science 390.6769 (2025): 173-177.
Corwin et al. Phys. Rev. Lett. 90, no. 11 (2003): 113904 Barakat et al. Optica Quantum 3.1 (2025): 36-44.
Corney et al. Phys. Rev. A (2008): 023831
Rao et al. Light: Sci. & Appl. 10, no. 1 (2021): 133. )
Nehra et al. Science 377.6612 (2022): 1333-1337. Where we are operating: |
Guidry et al. Nat. Photon. 16.1 (2022): 52-58. * Tools for unpacking mechanisms of noise
Ng et al. arXiv:2307.05464 (2023). generation and suppression in complex
Herman et al. Science 387, no. 6734 (2025): 653-658. systems
Lustig et al. Nat. Photon. (2025): 1-8 « Tools for experimental control techniques
Jia et al. Nature 639.8054 (2025): 329-336 for complex systems

» Scaling up intensity of quantum resources.
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Quantum sensitivity analysis (QSA): an
efficient approach for multimode noise

Zia Uddin* and Rivera™ et al. Nature Photonics (2025).



Quantum noise in nonlinear optics

General nonlinear map (MM-GNLSE, LLE, HHG, etc.):
ora; = fi({a}) + T

complex field nonlinear noise
amplitudes  dynamics forces

Noise sources: initial conditions (vacuum fluctuations, technical noise,
squeezing), gain and loss, other excitations (e.g., phonons)).

How can we predict the ways noise is amplified and de-amplifed by
nonlinear dynamics, in very multimode nonlinear systems?

" Cornell University




QSA: a factorization formula for noise

Consider an observable X|t,{a(0), a*(0),I,I'*}] which depends on the initial
conditions a(0) and time-dependent noise sources I'(t). In the linearized
approximation (multimode Bogoliubov), the variance in X is given by:

X T a a a .'—11- X
(AX(#)? = (AX(0)) ({?af((ﬂ); a(('il))>> (((;;((0))% HT((%))P))A (0)

7 X T ( ( ) (t”)) ( (tI)FT(t”)) X gt
ff‘ﬁ‘ﬁ A7) (< L0 (T () (¢ )>)" (t)

)
)

with: XX (¢)) = (M 9 fX (

da(t")’ da*(
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T
: ) being a classical gradient.




From QSA to computational efficiency

AX(t) (i = 1,..., M) is an adjoint: satisfying an auxiliary linear ODE:

O = Z (gﬁﬁ Ax gii? /\X*) oia; = fi({a}) +T

j=1

Computational complexity is one forward solve & one backward solve

* Much lower than typical approaches
Cumulant EOM (2M), stochastics (k >> 1 forward solves)

« Different noise distributions are analytical by QSA factorization.
« Gradients — dynamical systems, optimization, inverse design...

" Cornell University




Example: timing jitter of solitons

Soliton jitter due to vacuum fluctuations, amplifier noise, and Raman noise:

(i) o) (H) |

vacuum fluctuations amplifier noise Raman

10-29 W
_ 1073 m =X OO et (This and other examples
] - -7 “ypmme || can befound and played
g X % i Egﬁgjtr.f::)) with in a repo linked at the

10-35 raman (umerica) || €N Of the talk.)

Raman (analytical)
0t w0 o
g

" Cornell Universit https://github.com/nrivera494/multimode-noise-modeling
Y Credit to Michael Horodynski and Fadi Farook.
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https://github.com/nrivera494/multimode-noise-modeling
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What we have been doing with QSA

« Sensitivity analysis and dimensionality reduction of complex noise dynamics

in femtosecond pulse propagation:
Zia Uddin™ and Rivera™ et al. Nature Photonics (2025).

* Optimization of noise; co-control of mean-fields and fluctuations in

spatiotemporally multimode systems:
Sloan*, Horodynski*, Uddin*, ..., and Rivera. arXiv: 2509:03482 [submitted].

« lIdentifying optimal Gaussian resources (multimode squeezed states) for a

given application:
* Rivera et al. Nanophotonics (2025).
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i

Shiekh Zia
Uddin

Noise-immune quantum correlations
of intense light

Zia Uddin* and Rivera™ et al. Nature Photonics (2025).
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Lasers as coherent states
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We can see the coherent
state as something classical
plus zero-point fluctuations
of the vacuum state.

a = (a) + da
—_t
mean + noise



The reality of many light sources

P

" Cornell University

Now, if we shrink one
quadrature’s fluctuations by
some factor, it can still be
above the zero-point level.



Squeezing of noisy pulses in fiber

OSA
185“7{6‘*‘ PBS T
‘ * ]D " - ESA
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Laser (80MHz rep, 1560nm A)
[oscillator + amplifier] ... .DMD__.
programmable spectral fllter r:l

55 , : S. Z. Uddin*, N. Rivera*, et al. Nature Photonics (2025).
Cornell University )




Squeezing of noisy pulses in fiber

Input (Il) [uncorrelated]
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55 , : S. Z. Uddin*, N. Rivera*, et al. Nature Photonics (2025).
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Squeezing of noisy pulses in fiber

" Effect of linear attenuation l/vith no nonlinearity
%% 104Each point corresponds to optimal \ 8 Without filter:
.g = |DMD configuration 10 dB above
; _og) shot noise
22 . ~“coherent; 0.06 TW/cm? focused;
5o D4 dB squeezed O 03 TW/cm2 focused
O = g o

Average power after filtering (mW)

The correlations from nonlinearity, plus filtering, allow much stronger noise
reduction than what linear attenuation can give (here by almost 10x), and
generate intense light with quantum noise.

55 , : S. Z. Uddin*, N. Rivera*, et al. Nature Photonics (2025).
Cornell University »




Nonlinear dynamics in fibers

Raman soliton
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55 , , S. Z. Uddin*, N. Rivera*, et al. Nature Photonics (2025).
Cornell University .




Nonlinear dynamics in fibers

Raman soliton Dispersion
. k=k(w)
= 100 o -
- o _g) Four-wave mixing (Kerr)
O cig W1 + w2 = W3 + ws
5 50 5 3 k(wi) + k(wz) = k(ws) + k(wa)
o D 3
= 2
= n 20 Raman scattering
o 1500 1600 A (nm) wy = wp £ {2

55 , : S. Z. Uddin*, N. Rivera*, et al. Nature Photonics (2025).
Cornell University e




Mechanism: noise-immune squeezing

Raman soliton Effect 1: noise decoupling
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55 , : S. Z. Uddin*, N. Rivera*, et al. Nature Photonics (2025).
Cornell University .




QSA of the Raman soliton peak intensity

0] ] Raman spectral peak intensity is
| 3 oas insensitive to input pulse fluctuations:
107 %“‘" only cares about vacuum fluctuations
élosé %ZE;OO} e~ at Rgmap soliton  wavelength.
T Wavelength (nm) Squeezing filters have same property.
£ 10¢ 4
?10

_ Adding 100x excess noise to the
107 3 pump: only a 1% increase in intensity
| noise of the Raman peak (see more in
repo linked at end of talk).

107 4
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55 , : S. Z. Uddin*, N. Rivera*, et al. Nature Photonics (2025).
Cornell University




Quantum nonlinear optical amplifiers

Schematic high-intensity laser
F— — — — — e e = — — == =
| low power, low noise intense, high- n0|se intense, low-noise
T Menn s - WA
e o o © o O [ ]
I \ () an | (1)
L ] —
" : nonlinearity and
resonator with . .y
: linear filtering
laser media

Upshot: being able to squeeze amplified light sources opens up the range
of systems and sources that can be used to generate squeezed light.

55 , : S. Z. Uddin*, N. Rivera*, et al. Nature Photonics (2025).
Cornell University




Michael Shiekh Zia
Horodynski Uddin

Programming the spatiotemporal
quantum noise of light

Sloan*, Horodynski*, Uddin*, ..., and Rivera. arXiv: 2509:03482.
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Spatiotemporal multimode nonlinearity
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See work by groups
of Christodoulides,
Wise, Lipson, Cao,
Rotter, Hafezi, and
others.



Programmable nonlinear photonics
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Yanagimoto et al. Nature (2025
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Wu et al. Nat. Photonics (2025)
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Controlling noise of bright fields?

oyt [ain}

Your favorite nonlinear map

Ec:rut [2 ins &in]

, ) Sloan*, Horodynski*, Uddin*, ..., and Rivera. arXiv: 2509:03482.
Cornell University
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Controlling noise of bright fields?

Xt [ﬂ: in}

Your favorite nonlinear map

Ec:rut [E ins ain]

Typically used for few-photon fields, but here our interest is in bright fields
(ultrafast, high-energy laser sources). The question: are the mean-field
and noise (Bogoliubov) transformation simultaneously
programmable by means of programming the initial conditions?

, ) Sloan*, Horodynski*, Uddin*, ..., and Rivera. arXiv: 2509:03482.
Cornell University
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Programming intensity and noise

DMD

Multimode dynamics
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" Cornell University

Sloan*, Horodynski*, Uddin*, ..., and Rivera. arXiv: 2509:03482.
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Programming intensity and noise

" Cornell University

Noise imaging
DMD -
(ESA ) (An)?
Multimode dynamics -
, K='1 2 3 4 5 6 Pixels Intensnty Noise
- e »
Lo E LT AHHOO ! C
Space o\ Phase modulatlon
N T O
Time \_/\_/
Power exchange (mW) (dB rel. roor)
Sloan*, Horodynski*, Uddin*, ..., and Rivera. arXiv: 2509:03482.
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Programming intensity and noise

A SLM
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" Cornell University

Sloan*, Horodynski*, Uddin*, ..., and Rivera. arXiv: 2509:03482.



Programming intensity and noise

r"“_\

Intensity

Noise

Sis)

1) ) Cornell University

* We simultaneously control the mean
A sm DMD : : : ) .
= [ Taroe intensity and intensity fluctuations by
S Fiber i means of the SLM phase profile imprinted
e Measur I
® Updat — [Dhe on the input.
’Random IC

Sloan*, Horodynski*, Uddin*, ..., and Rivera. arXiv: 2509:03482.



Programming intensity and noise

,.L-_\
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" Cornell University

* We simultaneously control the mean
intensity and intensity fluctuations by
means of the SLM phase profile imprinted
on the input.

 Intensity of the beam “center” can stay fixed

while noise drops by almost 15 dB relative
to linear attenuation, leading to a shot noise
limited beam.

« Simulations based on direct noise optimization

(using gradients) show the very same effect with
similar magnitude.

Sloan*, Horodynski*, Uddin*, ..., and Rivera. arXiv: 2509:03482.



Decoupling beam from input noise

2 2
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Sloan*, Horodynski*, Uddin*, ..., and Rivera. arXiv: 2509:03482.
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Laser stabilization perspective

« Stabilization by instantaneous Kerr
« Broadband in RF domain effectively
« Can suppress intensity fluctuations below shot noise

« Harder to control than active techniques

« But, autonomous execution of a gradient-free optimization helps: convergence after
small # steps here!

* In some sense we’re making an mode-selective nonlinear optical limiter
« But in highly multimode systems, such a limiter is created by the waveform.

55 , , Sloan*, Horodynski*, Uddin*, ..., and Rivera. arXiv: 2509:03482.
Cornell University
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Upshots and outlook

Understanding noise generation and suppression mechanisms in
multimode nonlinear optics is a very rich problem

« Sensitivity analysis gives direct understanding of which noise channels influence a
particular observable, and enables optimization and inverse design.

 Intuition from single-mode cases often doesn’t carry over. This is an opportunity!

Highly multimode systems present opportunities for control
« Co-control of mean-field and Bogoliubov transformation by wavefront shaping.

Some thoughts for the future:
« Dimensionality reduction for tractable non-perturbative descriptions of noise
« Exploring nonlinear induced noise limits of nonlinear amplifiers
» Creating sub-shot noise resources at extremely high pulse energies (> ud, mJ...)

" Cornell University
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If you’d like to revisit anything | shared

Slides from the talk (up to Repository with our adjoint
small modifications). model and examples.

E-mail: nrivera@cornell.edu

Cornell University
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Supplemental slides



Lightning round: Multimode noise
behaviors can look very different



Joint number-phase noise suppression

;_:-‘ 1- = pulsed squeezed
Continuum generation S vacuum stateé  onlinear
driven by displaced ‘g’ gsﬁé‘;‘r \ | medium; %
ool N1 (U QN
' ® 100 200 300 coherent displaced out
Frequency (THz) state squeezed state

Rivera et al. Nanophotonics (2025).
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Joint number-phase noise suppression

—
1

Continuum generation
driven by displaced
squeezed vacuum: which
noise gets reduced?

Spectrum (norm.)
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Frequency (THz)

" Cornell University

Number and
phase couple
to same input
quadrature;
both reduce.

Rivera et al. Nanophotonics (2025).
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Passive non-Gaussian state stabilization

(a) Example system for generating Fock and sub-Poissonian states  (b) Protocol for preparing Fock states
K
l s Pump | “Ring-down” stage
OOOOOOOOOOOOOOOOOOOOOOOOOOO(%OOOOOOOOOOOOOO % gI/su{| [no pump; qu:’-mtunj light producged
aae O00000O0O0O0O0OOOEEE OO0 === xo® I through “free” nonlinear dissipation] 5 fime
00000000000 OO00O0A00000 0 - [—
- 0000000000000 000000000 N Qo) \
Q000000000000 OPOOPOOOO 10
0000 ¢ y %\ 0.3 0.3
- eeeeccceccccsveccccccce i
0000000000000 OOO0O0O00OO0 Pump erent
OO0O0000000OOOOOOOOOOOOC0 Ppulse -1010 0 Byl o
} X
(c) Tuning the order of the Fock state by tuning the resonator frequency
t=7 ps, 70 ps, 700 ps, 7 ns, 70 ns, 700 ns Mechanism: a photon_
= 10 Fock A1 Mixed state AQ Fock AB Fock A4
= [n=30] [Loss zero occurs [n=20] <« [n=10] Num be r'd e pe N d e nt wave
3 o for non-integer n] / . .
5§05 Sl ropez;, Interference leads to a
o Neg,. ¥ . .
. l | ﬁ/\,\_ - "2 ||  Fock state being the fixed
0 0 0 0 0 0 0 50 point of the dynamics.
Photon number, n

50 : : Rivera ef al. PNAS (2023).
Cornell University
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Seeding light sources with squeezed
pulses to improve performance

Rivera et al. Nanophotonics (2025).



Quantum noise amplifying nonlinearity

Image credit: NKT Photonics.

" Cornell University

Many nonlinear optical
phenomena strongly amplify
small changes in initial
conditions (noise) such that
even when the inputs have
small quantum noise, the
output noise can become
comparable to the mean field.
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Seeding sources with squeezed pulses

pulsed squeezed
vacuum state nonlinear

beam- medium; y©
X
splitter \ l

“RI—

coherent displaced
state squeezed state

O Cornell University N. Rivera et al. Nanophotonics (2025).53




Example: self-phase modulation in fiber

E 1- In

O *out *

=

S

=

©
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(/) O- T T T

100 200 300

Frequency (THz)

" Cornell University

Classical self-phase modulation:
0,0z, t) = iva™(z,t)a’(z, t)

Time-domain solution:
a(z,t) = e7Z2OD o0 f)
Classical spectrum:

n(L,w) = |a(L,w)|?

N. Rivera et al. Nanophotonics (2025).
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Suppression of spectral intensity noise

52 8 dB broadband ~ coherentinput
L2 reduction sqaueezed input
=2 40- } -
100 200 300
Frequency (THz)

O Cornell University N. Rivera et al. Nanophotonics (2025).
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Suppression of spectral phase noise

B g Coherent
= input Both noises are simultaneously
Q10 reducible in a broadband way
[ because they both emerge
© 105. S q from amplification of input
& oo o noise in the pulse in the same
x ’ nput “amplitude”) quadrat
D57 nonlinlearity | | ("amplitude”) quadrature.

100 200 300

Frequency (THz)

L . Ri : ics (2025).
5 el Uity N. Rivera et al. Nanophotonics (2025) .
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