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Thermal noise is ubiquitous in microscopic systems and 
high-precision measurements. The control of thermal noise 
would reveal quantum regimes1 and enable fundamental phys-
ics searches2. Recently, nonlinearity in microresonators has 
enabled laser devices such as Kerr microresonator soliton fre-
quency combs3. Soliton microcombs explore nonlinear dynam-
ics and enable optical synthesizers4, optical clockwork5 and 
data communications systems6. Here, we explore how thermal 
noise leads to the fundamental decoherence of microcombs. 
We show that a particle-like soliton, which is an ensemble of 
comb modes, is closely coupled to the thermal fluctuations 
of its silicon-chip-based resonator. The microcomb modal 
linewidth is thus thermally broadened, and we characterize 
these thermal-noise correlations through a soliton effective 
temperature. Moreover, we demonstrate that passive laser 
cooling reduces soliton thermal decoherence to far below the 
ambient-temperature limit. We implement laser cooling by 
photothermal forcing, and we observe cooling of the frequency 
comb modes to 84 K. Our work illuminates inherent connections 
between nonlinear photonics and microscopic fluctuations.

Thermal energy is constantly being exchanged between matter 
in thermal equilibrium, leading to fluctuations in physical systems. 
Specifically, in a homogeneous medium at temperature T the ther-
mal fluctuations of an observable X vary by

δX2
� �

¼ η2X
kBT2

ρC V
; ð1Þ

where ηX = dX/dT is the thermal coupling coefficient, kB is the 
Boltzmann constant, ρ is the mass density, C is the specific heat, and 
V is the volume7 (see also Methods). Hence, temperature-dependent 
observables are stochastic variables with measurement uncertain-
ties imposed by the environment. This fundamental limit has been 
of interest in low-noise optical metrology, where the measurement 
sensitivity is set by the thermal fluctuations of a cavity or interferom-
eter8,9. Thermal-noise-mitigated optical resonators have facilitated 
some of the most precise measurements and are directly applied in 
gravitational-wave detection10 and optical-atomic timekeeping11. 
Furthermore, some systems provide a route to lower temperature 
through laser cooling, which has revolutionized atomic physics by 
allowing atoms to be trapped, manipulated and probed for long 
periods of time12. In cavity optomechanics13, photothermal and 
radiation-pressure forces are used to cool mechanical oscillators 
towards the quantum regime14,15. Practical laser cooling of bulk sol-
ids through anti-Stokes fluorescence has also been demonstrated16.

Microresonators are an important integrated-photonics tech-
nology17 in which both thermal noise and optical nonlinearity play 

a large part. However, the intersection of these regimes remains 
largely unexplored. Thermo-mechanical (thermal expansion) and 
thermorefractive (temperature-dependent refractive index) effects 
contribute to the stochastic fluctuations of microresonator modes18, 
with microresonator geometry and thermal coefficients defin-
ing the practical impact of thermal noise. Additionally, the index 
of refraction of Kerr microresonators depends on the intensity of 
the continuous-wave laser pump, enabling the generation of new 
frequencies and exotic patterns in the intraresonator electromag-
netic field. Of particular interest are Kerr soliton frequency combs3, 
which are stationary eigensolutions of the Kerr microresonator field. 
Various aspects of soliton microcombs have been explored, includ-
ing their threshold properties19, breathing excitations20, and crystal-
lization21. Thermorefractive-noise models can predict phase noise in 
soliton microcombs, especially the inverse scaling with mode vol-
ume, but there have been no quantitative predictions or experiments.

Here, we use ultraprecise optical-frequency metrology to 
uncover the thermodynamic behaviour of Kerr solitons. We report 
that thermal noise imposes fundamental decoherence on the repeti-
tion frequency (frep) of a soliton circulating in a microscopic resona-
tor. Therefore, thermal noise defines the measurement uncertainty 
of the optical-mode frequencies

νn ¼ nf rep þ f ceo ð2Þ

that comprise the soliton microcomb, where fceo is the carrier- 
envelope-offset frequency22 and n is the mode number. We use a 
silicon nitride (Si3N4, hereafter SiN) ring resonator to create an 
octave-spanning microcomb, and f–2f self-referencing enables 
precision-enhanced measurements of nfrep by the frequency rela-
tionship of equation (2). These results show that the particle-like 
soliton pulse train—the frequency comb itself—is governed by the 
ambient temperature. However, the soliton can also be influenced 
by external fields coupled to the microresonator. We report soli-
ton laser cooling through passive microresonator forcing, which 
reduces the soliton microcomb’s effective temperature to 84 K. We 
apply the dissipation needed to achieve laser cooling with the pho-
tothermal effect of a separate continuous-wave laser. Since there is 
a direct and conservative coupling between the resonator and the 
soliton, cooling the effective temperature of one produces a propor-
tional change to the temperature of the other. We observe cooling 
directly through a reduction in the soliton microcomb’s optical line-
width from 2.2 MHz at ambient temperature to 280 kHz at 84 K.

Figure 1a–c illustrates the concept of our experiments and our 
key observations of thermal decoherence in soliton microcombs. 
Our photonic device is a planar, waveguide-coupled SiN ring reso-
nator; see Fig. 1a. By pumping mode m of the resonator at frequency 
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νm ≈ c/1,546 nm with a tunable, amplified continuous-wave laser, we 
generate a soliton with repetition frequency frep ≈ 1.01 THz. Our 
experiments and analysis show that frep of the emitted soliton pulse 
train is influenced by thermal noise through the thermorefractive 
effect. Here the refractive index n(T) is a thermodynamic variable 
subject to equation (1)18,23, and this links soliton fluctuations to the 
resonator temperature T (regarding thermal equilibrium and equa-
tion (1), see the Methods). We consider the thermorefractive fre-
quency fluctuations of δνm, using the Langevin equation

dðδνmÞ
dt

¼ �ΓT δνm þ ζðtÞ; ð3Þ

where ΓT is the thermal relaxation rate, ζ(t) is a noise source defined 
by its autocorrelation, ζðtÞζðt þ τÞh i ¼ η2m

2ΓT kBT2

ρC V δðτÞ
I

, ηm ¼ dνm
dT

I
 

is the thermal tuning of the pumped resonator mode (measured 
for our microresonator as −2.4 GHz K–1) and δ(τ) is the Dirac 
delta function24. In equation (3), we do not explicitly include heat-
ing due to optical absorption of the red-detuned pump laser, but 
we note that its practical effect is to increase the resonator mode 
temperature from T ≈ 293 K to T ≈ 300 K. Solitons are periodi-
cally outcoupled from the resonator at period trep = 1/frep and with 
stochastic noise δtrep that is related to the pulse train timing jitter. 

Hence, repeated measurements of trep at time intervals τ become 
uncorrelated for τ ≫ 1/ΓT, yielding a distribution of measurement 

results (Fig. 1a) according to δf 2rep

D E
¼ η2rep

kBT2

ρC V

I

, where ηrep is the 

coupling coefficient for thermal noise and frep; we have mea-
sured ηrep = −2.4 MHz K−1 through the characterization reported  
in Fig. 2.

We detect fceo and perform systematic experiments to char-
acterize it. With soliton microcombs, the mode-frequency rela-
tionship of equation (2) yields the coherent signal-frequency  
relationship

f ceo ¼ νp �mf rep; ð4Þ

where νp is the pump-laser frequency. As a result, thermal fluc-
tuations are phase-coherently multiplied (Fig. 1b) according to 
δfceo = −m × δfrep. The red data in Fig. 1c shows the fceo optical line-
shape, which is the f–2f optical-heterodyne beat note. Indeed, the 
measured full-width at half-maximum (FWHM) is κceo = 2.2 MHz, 
and this linewidth is substantially larger than the contribution from 
the pump laser, which is shown by the grey trace in Fig. 1c. We char-
acterize the pump laser linewidth via optical heterodyne with a nar-
rower linewidth reference. We model the thermal-noise-limited fceo 
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Fig. 1 | Concept of soliton thermal decoherence. a, Thermal noise induces refractive-index fluctuations that couple to the soliton group velocity. The 
soliton parameters—including its angular position θ (in a frame moving at the average soliton group velocity; middle panel), trep, frep and fceo—fluctuate 
due to thermal noise and, after many round trips, must be represented by stochastic ensembles subject to equation (1). Right panel: histogram counts 
of roundtrip-time measurements. This decoherence occurs on a timescale set by the resonator thermal relaxation rate, ΓT. b, Left panel: the soliton 
microcomb optical spectrum. Right bottom panel: coherent multiplication of frep fluctuations underlie the thermal broadening of comb modes. Right top 
panel: conceptual optical spectrum of comb lines used for self referencing. These lines are spectrally broad, because frep fluctuations are amplified in fceo 
by the factor m in equation (4). (Our depiction of comb-line broadening is exaggerated for conceptual clarity.) c, Measured fceo lineshape (red data). Our 
theoretical model (dark red line) of the fceo lineshape at T = 300 K overlays the data. For comparison, we show the optical lineshape of the pump laser 
(grey). Inset: depiction of photodetector for the carrier-envelope-offset frequency.
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lineshape (red line in Fig. 1c) based on the power-spectral density 
of fceo fluctuations, which we label Sff, and δf 2ceo

 
¼ m2 δf 2rep

D E

I

. Our 

model predicts a Gaussian lineshape with

κceo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8ln ð2Þ m2 η2rep

kBT2

ρCV

s
; ð5Þ

which evaluates to 2.3 MHz at T = 300 K; see the Methods. Our 
observations highlight the relatively large disparity in linewidth 
contributions from thermal noise and the pump laser.

Understanding the thermal-noise coupling coefficient ηrep ≡  
dfrep/dT is critical; we therefore now explain our modelling and 
measurements of ηrep. In essence, we seek to define the coupling 
Sff ðωÞ ¼ m2 η2rep STTðωÞ ¼ m2 η2repSννðωÞ=η2m
I

, where ω is the 
angular Fourier frequency, and STT and Sνν are the power-spectral 

–2 –1 0 1 2

0

0.5

1.0

frep  (M
H

z)

f re
p 

(M
H

z)

–4

0

4

0 1 2

–4

0

4

τ (ms)

T
p  (m

V
)

T
p  (m

V
)

0

0

20

20

Time (ms)

5–50 kHz BP

Frequency
to voltage

fceo

Tp

Measure Sff, Svv

Oscilloscope FFT

frep

Pump
laser

λmeter ESA

Measure f rep(vm, vp, Δ)

Δ

Probe
laser

Pump
laser

Probe
laser

f c
eo

 (
M

H
z)

f c
eo

 (
M

H
z)

C
or

re
la

tio
n

(n
or

m
al

iz
ed

)
a c

db

e

103 104 105 106 107
104

105

106

107

108

109

Fourier frequency (Hz)

S
f (

H
z2  H

z–1
)

vm (GHz) vm (GHz)

frep  (M
H

z)

0 0.1 0.2
–1.5

–1.0

–0.5

0

0.5

1.0

1.5

0 0.1 0.2
–1.0

–0.5

0

0.5

1.0

3.5 3.6 3.7
–1.0

–0.5

0

0.5

1.0

Δ (GHz)

Fixed Δ

Fig. 2 | Soliton thermal-noise coupling. a, Schematic for synchronous measurement of νm and fceo fluctuations. b, Top and middle panels: real-time 
measurements of probe-laser transmission and fceo. A digital bandpass filter (BP) from 5 kHz to 50 kHz is applied in the middle panel. Bottom panel: 
normalized correlation of the probe transmission and fceo. The peak at τ = 0 indicates strong thermal-noise correlations. c, Schematic for calibrating the 
thermal-coupling coefficients. λmeter, wavemeter; ESA, electronic spectrum analyser. d, ηrep measurements. Left panel: frep versus νm. Multiplication of this 
slope by ηm yields ηrep. Right panels: from the description in the Methods, we isolate the two partial derivatives on the right side of equation (6). In the top 
graph, νm is fixed, whereas in the bottom graph, Δ is fixed. The slopes of these two lines sum to the slope of the purple line in the left panel. Here we have 
shifted νm to the displayed range. e, Frequency-noise power-spectral densities of fceo (Sff, black trace), νm (Sνν, red trace), and inferred Sff from thermal noise 
and coupling coefficient (pale red trace), and measurement noise floor (grey trace).
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densities of the resonator-mode thermal noise and resonator-mode 

frequency noise, respectively. We assume f rep ¼ 1
2π D1 þΩðΔÞ D2

D1

� �

I

, 

where D1/2π is the microresonator free spectral range, D2/2π is the 
second-order coefficient of a series expansion around νm that cal-
culates the mode frequencies, and Ω(Δ) is a frequency shift in the 
soliton carrier wave that depends on the pump-resonator detuning, 
Δ = νm − νp (ref. 25). Since temperature changes induce shifts in νm 
and Δ, we decompose ηrep as

ηrep ¼
df rep
dνm

dνm
dT

¼
∂f rep
∂νm

þ
∂f rep
∂Δ

� �
ηm: ð6Þ

Equation (6) is a key result that reveals the coupling of frep to 
temperature owing to the microresonator dispersion and soliton 
frequency shift, Ω(Δ). In Fig. 2 we test this prediction and explore 
other properties of ηrep. First, we measure correlations of νm and fceo 
by the configuration in Fig. 2a; see Methods for more details. To 
measure νm fluctuations, we use a probe laser directed in the reverse 
direction to that of the pump laser and blue-detuned from νm+1 by 
a half-linewidth. We use the νm+1 mode to filter the residual pump 
light from the measurement, and we photodetect the probe laser 
intensity noise that is converted from νm+1 noise. In addition, we 
downconvert the fceo microwave signal to a baseband frequency and 
record it by use of an analog frequency-to-voltage circuit. With an 
oscilloscope, we simultaneously detect these fluctuating signals, 
which are presented in Fig. 2b after processing with two digital-filter 
functions. Their correspondence is clear, resulting in the strong 
cross-correlation peak shown in Fig. 2b. Moreover, we observe no 
correlation of fceo and the pump-laser noise that obscures the ther-
mal noise at high frequency; see Supplementary Information. These 
measurements reveal the coherent thermal-noise driving of soliton 
temporal fluctuations by the ambient environment.

Next we measure ηrep and characterize our results with equation 
(6). To measure ηrep, we detect frep by electro-optic modulation5, 
which reduces the 1-THz mode spacing to a microwave frequency, 
and probe νm with a wavemeter-measured laser; see Fig. 2c. With νp 
fixed, we thermally tune νm and record changes in frep; see Fig. 2d  
and Methods. From a linear fit to these data we obtain dfrep/dνm 
= 13.5(2) MHz GHz−1; hence ηrep ¼

df rep
dνm

ηm ¼ �32:4ð5ÞMHzK�1

I
. 

Although this measurement is sufficient to predict soliton ther-
mal noise, it does not reveal the relative contributions of ∂frep/∂νm 
and ∂frep/∂Δ in equation (6). In the Methods, we describe measure-
ments designed to isolate these coefficients in the experiment; 
this calibration procedure yields ∂frep/∂νm = 5.2 MHz GHz−1 and 
∂frep/∂Δ = 8.3 MHz GHz−1. These measurements are shown in the 
right panels of Fig. 2d.

In Fig. 2e, we present a frequency-domain analysis of soliton 
thermal noise. We obtain Sff (black trace) and Sνν (red trace) from 
the analog time-domain fceo and probe-laser intensity noise sig-
nals, respectively, and we focus on the frequency range from 1 kHz 
to 1 MHz that is dominated by thermal noise. The fceo signal pre-
sented to our digitizing FFT analyser contains technical drift and 
noise, and the soliton thermal noise. Although we have not devel-
oped a detailed thermal conduction model of the SiN resonator26, 
the frequency dependence of Sff and Sνν are consistent with the 
1–2 μs measured and predicted principal thermal time constant 
of our resonator; see Supplementary Information for analysis 
and comparison with an existing model of thermal conduction. 
Importantly, Sνν depends sensitively on device geometry, and the 
thermal noise associated with our device that is optimized for f–2f 
measurements is larger than in other SiN resonators 26. Using our 
measurement of ηrep, we directly compare the inferred spectrum 
(m2 η2rep STTðωÞ
I

) of fceo (pale red trace in Fig. 2e) with our f–2f  
measurement of fceo.
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I
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Figure 3 introduces soliton laser cooling, which we implement 
through a parametric coupling with an auxiliary coherent laser 
field. Thermal nonlinearity has long been used to reduce relative 
laser-microresonator technical noises, but it has not been used to 
address fundamental thermal noise24. Specifically, thermo-optic 
locking is a powerful technique by which bistability leads to dynamic 
stabilization (de-stabilization) of the laser-resonator system at 
positive (negative) frequency detuning. Moreover, auxiliary laser 
schemes to balance microresonator heating in soliton generation 
have recently been described27,28. In these schemes an auxiliary laser 
is used to pre-heat a resonator, and the laser passively maintains a 
balance of resonator heating during the transition from a high aver-
age power chaotic intracavity waveform to a lower average power 
soliton stationary state. Our cooling laser gives rise to dynamic 
photothermal forcing14, which counteracts soliton thermal noise for 
an appropriate setting of the cooling laser (νc) frequency detuning 
Δc = νm+1 − νc. Figure 3a shows a schematic of our experiments and 
an illustration of how resonator-mode thermal fluctuations give rise 
to intraresonator power fluctuations. For negative Δc, photothermal 
forcing dynamically maintains Δc, countering changes in the intra-
resonator power that arise primarily from thermal noise. A posi-
tive Δc amplifies thermal fluctuations. Specifically, we identify the 
photothermal force, FPT = αT ∣a∣2, and include it in equation (3); see 
Methods. Here, αT is the thermo-optic heating coefficient, and the 
cooling-laser intraresonator energy jaj2 ¼ κe Pc= Δ2

c þ ðκmþ1=2Þ2
� �

I
 

depends on the external coupling rate κe, the on-chip cooling laser 
power Pc, and the resonator mode linewidth κm+1. Consequently, 
laser cooling modifies the thermal relaxation rate to

Γ0 ¼ ΓT þ 2 jαT jκeΔc

Δ2
c þ ðκmþ1=2Þ2

� �2 Pc; ð7Þ

and Sff is scaled by the ratio Γ0=ΓT
I

(refs 14,24,29).

We have discovered that the practical effect of soliton laser cool-
ing is fceo frequency-noise reduction within the resonator thermal 
bandwidth and a correspondingly reduced effective soliton temper-
ature. Therefore, according to our understanding from equation (5),  
we expect a reduction in the linewidth of fceo, which we denote as 
κ0

I
 for observations with laser cooling applied and κceo without. We 

directly measure the ratio κ0=κceo
I

 (Fig. 3b) for several settings of Δc 
with fixed Pc = 5 mW, and we observe both a clear reduction and 
an increase in the fceo linewidth, depending on Δc. Furthermore, the 
Langevin model captures this behaviour well, as shown by the red 
line in Fig. 3b where we predict the Γ0=ΓT

I
 reduction in Sff and the 

corresponding linewidth based on equation (5) and the Methods. 
This demonstrates both the utility of our soliton-laser-cooling 
technique and its connection to external dynamic control of the  
soliton microcomb.

We explore the Pc-dependence of soliton laser cooling on Sff, 
searching for the conditions that yield the lowest frequency-noise 
spectrum (Fig. 3c) and the narrowest fceo linewidth (Fig. 3d). In our 
experiments, for each setting of Pc we adjust Δc to maximize laser 
cooling. With Pc = 18.5 mW power coupled onto the chip, we achieve 
almost 20 dB of Sff noise reduction across more than three decades 
in Fourier frequency. This broadband behaviour is consistent with 
ΓT and the relatively low-noise properties of our cooling laser.  
At still higher settings of Pc, we do observe some technical com-
plexities of soliton laser cooling; see the Methods. Even constrained 
to Pc ≤ 18.5 mW, soliton laser cooling affects a profound change in 
the optical lineshape of fceo, as shown in Fig. 3d. Here, the uncooled 
soliton (grey trace) has an fceo linewidth of 2.2 MHz, according to 
equation (4), whereas the laser-cooled soliton exhibits a reduced 
linewidth of 280 kHz and, surprisingly, the signal-to-noise ratio of 
the fceo lineshape is increased by 10 dB.

Viewing soliton thermal noise and laser cooling through Sff 
necessitates a detailed understanding of microresonator materials. 
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With the complementary set of experiments presented in Fig. 4, we 
show the universal nature of thermal fluctuations traced back to 
equation (1) by exploring the ensemble average δf 2ceo

� �

I
. This analy-

sis enables characterization of a thermal-noise-limited soliton by an 
effective temperature. Specifically, the connection between δf 2ceo

� �

I
 

and equation (1) defines an effective temperature (Teff) associated 
with soliton laser cooling, according to

Teff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δf 2ceo
 

ρC V

m2 η2rep kB

s
¼ T0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δf 2ceo
 

δf 2ceo
 

0

s
; ð8Þ

where T0 is the ambient temperature and δf ceo
2� �

0
I

 is the variance 
in fceo without laser cooling. Hence, a real-time record of fceo con-
tains the full set of information required to understand soliton 
thermodynamics.

Using the frequency-to-voltage circuit and the digital filter as 
described previously in Fig. 2c, we have measured fceo fluctuations 
in real time and with high sensitivity; see Fig. 4a. We verified that 
our digital filter, which reduces low-Fourier-frequency contributions 
from pump-laser noise, does not influence our conclusions regard-
ing Teff. Without applying laser cooling we record the grey fceo(t) trace 
that is characterized by a standard deviation of 0.95 MHz. By acti-
vating the laser cooling at moderate (maximum) settings of Pc, we 
obtain the cyan (violet) fceo(t) trace that shows a decreased standard 
deviation. We present all three traces as histograms in Fig. 4b, which 
makes clear that soliton laser cooling reduces fceo noise and increases 
our measurement precision. We use Gaussian fitting to determine 
δf 2ceo
� �

I
 and hence Teff from the histograms. In our experiments, we 

vary Pc and record the variance of fceo normalized to the case of Pc = 0; 
see Fig. 4c. We expect a reduction in Teff with increasing Pc, according 
to equation (8) and the Langevin laser-cooling model for ΓT=Γ0

T
I

 that 
we show (red line) in Fig. 4c. We assess that the laser-cooled soliton 
effective temperature can reach Teff ≈ 84 K; otherwise immersion of 
our entire photonic chip in liquid nitrogen might be required.

In summary, we demonstrate strong thermal-noise correla-
tions of the repetition frequency in soliton microcombs that 
fundamentally limits the precision of optical-frequency measure-
ments. However, passive photothermal laser cooling of the soliton 
microcomb can mitigate thermal noise, as we observe through a 
reduced effective temperature, improved coherence and enhanced 
signal-to-noise ratio in carrier-envelope-offset frequency detection. 
Our work demonstrates that innovation in integrated photonics will 
depend on understanding the part that microscopic physics and its 
control play in nanophotonics.
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Methods
Soliton generation and self-referencing. We generate Kerr solitons by use  
of the fast-sweeping method described in Briles et al.30 and Stone et al.31.  
A pump laser (New Focus Velocity) is modulated in the single-sideband, 
suppressed-carrier configuration by a voltage-controlled oscillator with  
10–20-GHz output frequency. The pump-laser frequency is blue-detuned  
of νm and swept red by 10 GHz to a final, red-detuned optical frequency. The 
frequency sweep initiates modulation instability in the microresonator and 
subsequently induces its condensation into a Kerr soliton. Optimizing the  
sweep speed mitigates thermal transients that arise from sudden changes in 
intracavity power; we find that an approximately 100-ns sweep time is appropriate 
for our system.

Our chip contains dozens of photonic circuits with which to vary the 
dispersive-wave peak wavelengths and the resonator’s mode structure, which 
controls fceo. After guiding the soliton microcomb off-chip, we separate the  
short- and long-wavelength spectral components for f–2f self-referencing. The 
modes near 1,965 nm are amplified with thulium-doped fibre32, frequency-doubled 
in a periodically poled lithium niobate waveguide, and recombined with the 
982.5-nm comb mode on an avalanche photodiode. Our experiments demonstrate 
f–2f measurement of a microcomb without the aid of external broadening33,34  
or auxiliary lasers30,35.

Our periodically poled lithium niobate waveguide (Srico) is approximately 
3 cm long and temperature-controlled with off-chip heaters. The temperature 
is adjusted to optimize phase matching, for an on-chip efficiency of 30% per 
watt. The frequency-doubled comb light and short-wavelength dispersive wave 
are combined in a 50% coupler and collectively amplified to about 10 μW in a 
semiconductor optical amplifier.

The nature of the experiments reported here require that we keep the soliton 
conditions identical from day to day. To achieve this, we relied on a wavemeter 
to give us the pump laser frequency, monitored the intracavity pump power via 
both a pick-off and continual checks of laser–device coupling, took periodic 
measurements of pump-laser-resonance detuning via the method shown in  
Fig. 2c, and controlled the environmental temperature via a thermo-electric-cooler 
device mount.

Theory of thermal fceo linewidth. A relationship exists between κceo, Sff and 
Teff, which we analyse using equation (1). We write the FWHM linewidth of 
an oscillator as κ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8 lnð2ÞA

p

I
, where A is the power spectral density of the 

frequency fluctuations integrated up to the so-called beta line36, defined by 
SββðωÞ ¼ ω ´ 4lnð2Þ=π3
I

. To predict κceo from the system temperature, we first 
observe that for Sff at room temperature, the fceo thermal noise is mostly above Sββ. 
This corresponds to the Gaussian noise limit. Hence, we connect T and κceo  
as follows

1
2π

Z 1

�1
Sff dω ¼ m2η2rep

kBT2

ρC V
 κ2ceo

8 lnð2Þ ; ð9Þ

from which we predict a thermal-noise-limited κceo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8lnð2Þ ´m2η2rep

kBT2

ρC V

q

I

. 
This prediction is consistent with known properties of Gaussian noise processes, 
including the factor 

ffiffiffiffiffiffiffiffiffiffiffiffiffi
8lnð2Þ

p

I
 to convert from the standard deviation to  

FWHM. Using the measured ηrep = −32.4 MHz K−1, literature-backed values  
of ρ = 2,600 kg m−3 and C = 650 J kg−1 K−1 (refs 37,38), and V in the range 
3–4 × 10−17 m3 based on the FWHM of a finite-element mode simulation, we 
calculate κceo = 2.3 MHz, in agreement with the experimental value of 2.2 MHz.  
The small mode volume V exacerbates thermal broadening; a recent study 
performed using devices with larger optical mode volume measured 
correspondingly lower thermal broadening26. (Since we are not able to  
measure the SiN material properties, we use literature values for the amorphous, 
stoichiometric SiN low-pressure chemical-vapour deposition films, namely 
densities from 2,400 kg m−3 to 2,800 kg m−3 and specific heat values of  
600 J kg−1 K−1 to 700 J kg−1 K−1, and take for our calculation the mean value  
of these ranges.) Propagation of the uncertainties in the material parameters  
and volume gives ρCV = 5.1(9) × 10−11 J K−1, and κceo = 2.3(2) MHz. The uncertainty 
in ηrep is reported in the main text and does not substantially contribute to  
the error analysis.

A theoretical fceo power spectrum based on this model is shown in Fig. 1c. 
To further quantify our results, we integrate Sνν to obtain δν2m

� �

I
, which, for a 

thermal-noise-limited microresonator in equilibrium, is defined by equation (1).  
Here, we integrate over Fourier frequencies between 5 kHz and 1 MHz to 
avoid pump-laser and measurement-floor contributions, and assess that these 
frequencies contribute almost all of the thermal noise26. From the integration  
we obtain 2.5 × 1011 Hz2, consistent with the value 1.5(2) × 1011 Hz2 obtained  
from equation (1). This comparison does not take into account contributions  
from pump-laser noise, our instrument baseline, and uncertainty in  
measuring power-spectral density. For example, changing the high frequency 
integration limit to 500 kHz, where we observe a baseline contribution,  
changes δν2m

� �

I
 to 1.9 × 1011 Hz2. Non-equilibrium corrections to equation (1), 

which are apparently small, may also be appropriate to describe our  
system fully.

For soliton microcombs, absorption of both the pump laser and 
frequency-comb light drives the microresonator away from thermal equilibrium; 
it is therefore critical to justify our use of equation (1), which is exact only in the 
equilibrium limit. Importantly, our experiments satisfy the conditions of local 
equilibrium, so that in equation (1) we use the mode-averaged temperature, 
which is slightly higher than the ambient temperature. This approximation 
is suitable for our experiments because, as described in the main text, the 
mode-averaged temperature is near its equilibrium value (the thermal shifts 
from optical absorption are small). Moreover, the temperature gradient across 
the microresonator is small39, which implies a negligible temperature difference 
between the optical mode and the surrounding microresonator material. We note 
that, although these approximations should be valid for most experiments, they 
should be confirmed on a case-by-case basis. In particular, the temperature shift 
induced by the soliton should be small, with negligible correlations between it 
and the total intracavity energy. Importantly, our laser cooling technique relies on 
strong correlations between thermal fluctuations and the cooling laser intracavity 
energy. These correlations create a system that is far from equilibrium, even if  
the microresonator is not heated substantially. Hence, application of equation (1) 
yields an effective soliton temperature that is cooled with respect to the real  
system temperature.

In Fig. 3d, we apply our model to the fceo linewidth reduction from laser 
cooling. For substantial cooling, a non-negligible fraction of Sff is reduced below 
Sββ, resulting in a narrower fceo spectrum than predicted by the model. While the 
exact discrepancy depends on the form of Sff, in our system we experimentally 
achieve κ0ceo ¼

I
 280 kHz, compared to about 640 kHz from the model. We have 

verified the linewidth reduction through a numerical study of Sff.

Cross-correlation measurement. We operate the probe laser blue-detuned from 
νm+1 by slightly less than a half linewidth. At this detuning, frequency fluctuations 
in either the probe laser or microresonator are converted in a calibrated fashion to 
the probe-laser intensity. The probe-laser power is set to <1 mW of chip-coupled 
power to prevent parametric coupling between the probe and microresonator 
noise. The intrinsic intensity noise and phase noise of the probe laser are measured 
separately and are verified not to contribute substantially to the signal. Therefore, 
we conclude that the probe transmission is a reliable measurement of νm+1 
frequency fluctuations.

To confirm that νm+1 frequency fluctuations are not caused by the  
pump laser, we perform experiments to understand the role of pump laser  
noise on the microresonator and soliton (Supplementary Information).  
As a quick test, we systematically increase the pump laser noise and measure 
changes in the fceo linewidth, κceo. An electronic noise source is used to drive  
either an acousto-optic modulator (to increase pump laser intensity noise)  
or the single-sideband modulator (to increase pump laser frequency noise).  
Even after adding a substantial amount of broadband noise, we observe no  
change in κceo.

Measurement of ηm. Our photonic chip rests on a copper platform whose 
temperature we control using a thermo-electric circuit. We measure ηm by 
measuring νm (using a weak probe laser and wavemeter) against controlled changes 
in the temperature setpoint. For this measurement, we estimate that changes  
in the temperature setpoint correspond to equal changes in the average optical 
mode temperature, and that thermo-optic effects from the weak probe laser  
are negligible. Our measurement is in good agreement with previous studies  
of SiN microresonators40.

Calculation of frep tuning coefficients. The frequency comb repetition rate is 
determined by the soliton group velocity and microresonator path length as

f rep ¼ c=ngðωsÞL; ð10Þ

where c is the speed of light in vacuum and ng(ωs) is the group index at the soliton 
carrier frequency, ωs. Neglecting changes in L, the tuning of frep with temperature T 
is given by

df rep
dT

¼
f rep
ng

dngðωsÞ
dT

: ð11Þ

To remain general, one must include a temperature-sensitive ωs in equation (11), 
which yields

dng
dT

¼ ∂ng
∂T

þ ∂ng
∂ωs

∂ωs

∂Δ

∂Δ

∂T
: ð12Þ

Equation (12) shows explicitly that the product of dispersion (∂ng/∂ωs) and 
soliton-frequency-shift tuning (∂ωs/∂Δ) affects the total thermo-optic coefficient 
(dng/dT), which defines ηrep.

Here we seek to quantify the relative contribution of the soliton frequency  
shift to ηrep. Instead of ng, we work with the more experimentally accessible 
quantities νm and Δ, and are guided by equation (6). However, both νm and Δ are 
sensitive to changes in either T or νp, so that in the experiment one cannot control 
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them independently. Therefore, we study the actions of νm, Δ and frep as a system of 
equations against controlled changes in T and νp. To this end, we measure

df rep
dΔT

¼
∂f rep
∂Δ

þ
∂f rep
∂νm

¼ 13:5 MHzGHz�1; ð13Þ

df rep
dΔν

¼
∂f rep
∂Δ

þ
∂f rep
∂νm

∂νm
∂νp

∂νp
∂Δ

¼ �25 MHzGHz�1; ð14Þ

where ΔT implies a temperature-actuated detuning (νp is fixed) and Δν indicates 
a pump-frequency-actuated detuning. We can isolate ∂frep/∂νm and ∂frep/∂Δ by 
subtracting the above equations to cancel out the shared term and get

∂f rep
∂νm

1� ∂νm
∂νp

∂νp
∂Δ

� �
¼ 38:5 MHzGHz�1: ð15Þ

Taking the derivative of νm = νp + Δ and using a measured coefficient of 
∂νp/∂Δ = −6.1 GHz GHz−1 gives ∂frep/∂νm = 5.2 MHz GHz−1, and therefore 
∂frep/∂Δ = 8.3 MHz GHz−1. Interestingly, these analyses suggest that understanding 
the thermal noise in any nonlinear, microresonator-based frequency conversion 
process requires consideration of both the temperature-dependent refractive  
index and the detuning-dependent nonlinear processes that are coupled to  
the temperature.

Laser cooling and the effective damping rate. After accessing the soliton state, we 
apply the cooling laser to the νm+1 microresonator mode and counter-propagating 
with respect to the pump laser and soliton. (The cooling laser is off during 
soliton generation.) Since the cooling laser induces a static redshift in the mode 
spectrum, in our experiments we adjust the pump laser to maintain soliton 
stability and fceo ≈ 1 GHz during cooling. The pump laser is red-detuned by 
3.6 GHz and therefore provides negligible cooling. We characterized this by 
probing microresonator fluctuations with no soliton present. Interestingly, we 
have observed that laser cooling is also effective by use of other resonator mode 
numbers m, even m + 90.

In our system, laser cooling plays a substantial role in improving the 
measurement precision of our soliton microcomb. Indeed, since laser cooling 
does not modify the average optical power of the soliton, it increases the peak 
f–2f photocurrent signal. Such an improvement in signal-to-noise ratio (SNR) 
has important implications for metrological applications, specifically in higher 
precision digitization that reduces the fceo detection error rate by a factor 
/ erfcð10SNR=20=

ffiffiffi
2

p
Þ

I

41.
To model soliton laser cooling, we include a photothermal force (FPT = αT ∣a∣2) 

in the Langevin equation according to

dðδνmþ1Þ
dt

¼ �ΓT δνmþ1 þ αT jaj2 þ ζðtÞ: ð16Þ

To identify Γ0

I
 we expand ∣a∣2 around δνm+1 = 0,

jaj2 ¼ κePc

Δ
02
c þ ðκmþ1

2 Þ2
¼ κePc

Δ2
c þ ðκmþ1

2 Þ2
þ 2ΔcκePc

Δ2
c þ ðκmþ1

2 Þ2
� �2 δνmþ1 þ ::: ð17Þ

The zeroth-order term corresponds to a static shift in νm+1 that does not  
contribute to the photothermal dynamics. Moreover, higher-order terms  
become increasingly negligible if the νm+1 frequency jitter is much less than its 
linewidth (δνm+1 ≪ κm+1). We therefore consider only the first-order term, and the 
Langevin equation becomes

dðδνmþ1Þ
dt

¼ � ΓT þ 2jαT jΔcκePc

½Δ2
c þ ðκmþ1

2 Þ22

 !
δνmþ1 þ ζðtÞ; ð18Þ

from which it is clear that Γ0
T
I

 is given by the expression in the main text. In the 
low-Pc limit, which we use as a basic theoretical comparison to our results, the fceo 
noise reduction can be written24,29

δf 2ceo
� �

¼ ΓT

Γ0
T

δf 2ceo
� �

0: ð19Þ

The theory curve in Fig. 4c is derived from this expression with ΓT ≈ 100 kHz, 
which is consistent with measured and predicted resonator thermal time constants, 
and αT ≈ 2 × 1024 Hz2 J−1, which is estimated from a measurement of the cavity 

resonance shift per watt of applied laser power. For higher Pc, both the absolute 
intensity and the frequency noise of the cooling laser hinder the cooling efficiency; 
this behaviour has been reported extensively in laser cooling mechanical systems42. 
A second and more unusual effect of our soliton microcomb system is the initiation 
of parametric oscillation for Pc ≥ 20 mW. Owing to this effect, some of the cooling 
power is lost to signal and idler generation. We expect that straightforward 
technical improvements in our system—such as laser cooling with a resonator 
mode that experiences normal group-velocity dispersion and with a lower-noise 
laser— should enable experiments to reach Teff < 10 K.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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