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Methanol radio lines observed in space provide sensitive probes of whether the proton-to-electron mass ratio has
changed over cosmic time, but such tests require laboratory rest frequencies with very high accuracy. Here, we determine
the frequency of the astrophysically important 12.2 GHz 3_E — 2(E transition of CH; OH by measuring near-infrared
rovibrational transitions rather than the microwave line directly. Using wavelength-modulated NICE-OHMS locked
to an ultra-stable optical frequency comb and referenced via a fiber link to a hydrogen-maser frequency standard, we
measure Lamb-dip frequencies near 1.4 um (216 THz) with 10 Hz statistical reproducibility and absolute uncertainties
as low as 130 Hz. Pairs of optical transitions sharing common upper levels form a triangulation scheme that yields the
ground-state rotational combination difference. We obtain 12,178,596.415(135) kHz, improving on earlier molecular-
beam microwave spectroscopy by a factor of 20 and agreeing with a recent free-induction-decay measurement. This
result establishes a sub-kHz laboratory benchmark for a key radio-astronomical methanol line and demonstrates that
optical triangulation can be extended to non-chiral molecules with internal rotation.
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1. INTRODUCTION

In the recent decade, cavity-enhanced absorption techniques
have found widespread application in molecular precision spec-
troscopy [1]. The combination of cavity-enhancement with
frequency comb lasers has merged the two ingredients desired in
spectroscopy, sensitivity, and calibration accuracy. This allows
for highly accurate measurements of frequency positions of sat-
urated absorption lines in various molecules. A special variant of
cavity-enhanced techniques is the noise-immune cavity-enhanced
optical-heterodyne molecular spectroscopy (NICE-OHMS)
approach, invented already decades ago [2] and further developed
as an optical precision tool [3]. The excellent detection sensitivity
of NICE-OHMS was recently demonstrated by measuring the
Lamb dip of an extremely weak quadrupole overtone transition
in the H; molecule [4]. As for frequency precision, a number of
studies have been performed reaching kHz [5,6] and even sub-kHz

In the present study, a frequency-comb locked NICE-OHMS
spectrometer is used for ultra-precision measurements of near-
infrared transitions in the methanol (CH3OH) molecule. To
obtain superior stability and absolute accuracy, the spectroscopy
laser is locked to an in-house ultra-stable laser (USL) of Hz stability
through an optical frequency comb (OFC) and referenced via a
fiber network to a remote hydrogen maser located at the Dutch
National Metrology Institute (VSL). Such fiber links to national
metrology centers for high-precision spectroscopy were previ-
ously demonstrated in the precision measurement of the 15-2S
transition in the H atom [10], in the measurement of the 10 um
transition in SF¢ [11], in mid-infrared methanol transitions [12],
aswell as in a recent sub-ppt calibration of aline in HCOOH [13].

Recently, for the case of the water molecule, a spectroscopic
network was built based on precision measurements of vibrational
transitions [14-16] from which frequencies of important water

absolute accuracies, from Lamb-dip data [7,8]. By averaging over
large datasets of Doppler-broadened lines, Reed ez a/. [9] suc-
ceeded in extracting transition frequencies at a mean average as low
as212 Hz.

Journal © 2026 Optica Publishing Group

maser lines [17] and of water lines protected for radio astronomy
[18] could be determined at improved accuracies. The present
study extends this concept of deriving a rotational splitting from
vibrational Lamb-dip experiments to methanol. In this internal
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rotor molecule, symmetry properties and selection rules are such
that the procedure is simpler and more direct. In methanol, it is
possible, due to internal rotation and associated degeneracies, to
connect three molecular levels via parity-changing electric dipole
transitions in a triangle. The situation of electric-dipole triangula-
tion was previously postulated to occur for rotational transitions in
chiral molecules [19], and this idea found experimental realization
in a number of studies [20-22]. Here, we exploit the fact that such
triangulation can also occur for non-chiral molecules that exhibit
internal torsional motion in deriving highly accurate frequencies of
radio lines from vibrational Lamb-dip measurements.

In this context, precision metrology studies are performed on
pairs of vibrational lines, matching the combination difference
between 3_1E and 2(E levels in the vibrationless ground state,
with sub-kHz precision. A precision metrology study of this radio
line at 12.2 GHz is motivated by the fact that it is a sensitive line
for probing a possible variation of the proton-to-electron mass
ratio on cosmological time and distance scales [23,24]. It was used
in studies constraining the relative variation of this fundamental
constant to the 1077 level at look-back times of 7.4 billion years in
cosmic history [25,26].

2. VIBRATIONAL LINE SELECTION FOR THE
METROLOGY STUDY

The goal of the present study is to determine the frequency separa-
tion between 3_1E and 2(E levels of CH3OH in its vibrationless
ground state through the measurement of vibrational transitions
near A = 1.4 pum, the operation range of the NICE-OHMS setup
[14]. While the rotational level structure of the ground vibration is
accurately known [27,28], this does not hold for the vibrationally
excited states. The region around 7200 cm™! is that of the (2v)
overtone OH-stretching band, as was investigated by pattern
recognition methods [29,30], but the region is overlaid with other
vibrational bands, confusing the assignment of quantum numbers.
Although vibrational quantum numbers for these excited states
cannot be unambiguously assigned, identification of the rotational
quantum numbers remains feasible based on the well-established
combination differences in the ground vibration. Before the
present study, the separation between 3_; E and 2E rotational lev-
els in the ground state was known to a few kHz accuracy (the study
of Ref. [31] was performed concurrently alongside this work), and
a number of paths in the vibrational structure could be identified
that combine the two levels. This is shown in Fig. 1.

In atoms and simple diatomic molecules, a triangle connec-
tion, as shown in Fig. 1, would not be possible in view of changing
parity in electric dipole transitions. Hence, the two ground levels
should have the same parity, prohibiting their connection via an
electric-dipole allowed microwave transition. For the same reason,
the polyatomic H}°O water molecule has four classes of quantum
states related to para and ortho configurations and (+) and (—)
parities in the (0,0,0) vibrational ground state. These four classes
cannot be directly connected via vibrational transitions [14].
The situation in molecules like methanol is different, as will be
explained in the nextsection.

3. ON THE POSSIBILITY OF TRIANGULATION IN
METHANOL

The operation of the triangulation scheme employed in this work
requires three energy levels to be mutually connected by allowed
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Fig. 1.  Partial quantum level scheme of CH3;OH. Rotational states
are indicated within colored boxes representing the vibrational ground
(red) and excited (blue and green) levels. The green color-coded rotational
levels pertain to the same excited vibration, whereas the blue color-coded
rotational level refers to another excited vibration. The six target tran-
sitions A, ; (indicated with frequencies in cm™! units as obtained from
the lower-resolution study [30]) form a triangulation scheme connecting
three common upper levels (i =1, 2, and 3) to the 3_,E (j = 1) and 2(E
(7 =2) ground states to determine the splitting A;.

electric-dipole transitions. At first sight, such a closed loop appears
to conflict with the usual parity selection rule. If the molecular
eigenstates have well-defined parity, each electric-dipole transition
connects states of opposite parity. Three successive electric-dipole
transitions would therefore require an odd number of parity
changes and cannot return to the parity of the initial state. In that
simple situation, a closed triangular transition scheme is forbidden.

The above argument relies on the relevant states being isolated
parity eigenstates. This need not be the most useful description
when symmetry-related states are effectively decoupled or degen-
erate. Chiral molecules provide a well-known example [19]:
although the full Hamiltonian is formally inversion-symmetric,
the eigenstates corresponding to the two enantiomers are sepa-
rated by a very large energy barrier and are therefore effectively
decoupled. Once an enantiomer is formed, the molecule becomes
trapped in that configuration, and its rotational eigenstates are no
longer eigenstates of the inversion operator, thereby allowing the
triangular transition scheme to operate [32]. Achiral symmetric-
top molecules provide another important example. For K # 0, the
K and — X rotational states are degenerate and may be combined
into states of opposite parity; this degeneracy likewise permits
transition schemes that evade the simple parity argument [33].
Examples are found in the spectrum of phosphine [34,35] and
methyl bromide [36].

Methanol, the molecule of interest here, is an achiral asym-
metric rotor, and therefore belongs to neither of the two cases just
discussed. The way in which the parity argument is circumvented is
instead tied to its non-rigidity: methanol exhibits hindered internal
rotation (torsion) of the methyl group [37]. This internal motion
hasa profound impact on the spectrum and on the symmetry prop-
erties of the rotor eigenstates, which should properly be described
as torsion—rotation eigenstates. When torsional motion is taken
into account, the three protons of the methyl group become equiv-
alent, and the appropriate symmetry description of methanol is
given by the Longuet—Higgins permutation—inversion group Gg,
which is isomorphic to Cs, (see Refs. [38,39] and references cited
therein).

Within this symmetry framework, the torsional eigenfunc-
tions separate into A-type and E-type species, while the combined
torsion—rotation eigenstates transform according to the irreducible
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representations Ay, Az, or E. The A-type torsional functions
couple straightforwardly to non-degenerate torsion—rotation
eigenstates of A; or A, symmetry. In contrast, E-type torsional
functions give rise to doubly degenerate torsion—rotation eigen-
states. Crucially, these degenerate E-type states do not possess a
well-defined parity but instead exhibit mixed parity [38,40]. In a
similar way, as was discussed for the case of a symmetric top, the
degeneracy of the E-type torsion—rotation states means that the
levels involved in the transition loop cannot be assigned fixed parity
labels. The simple parity argument against a closed electric-dipole
loop therefore no longer applies.

Having established why the triangular scheme is allowed at
the torsion—rotation level, we must still identify the states that are
actually probed spectroscopically. These are the total hyperfine
states obtained by coupling the torsion—rotation motion to the
proton nuclear spins. Because the protons are fermions, Pauli’s
exclusion principle imposes strict constraints on the symmetry
of these total eigenstates, which must transform as either A; or
Aj. For E-type torsion—rotation eigenfunctions, this requirement
necessitates coupling to an E-type nuclear-spin eigenstate, yielding
the direct product £ x £ = Ay + Ay + E, of which only the 4,
and A, components are Pauli-allowed. As a consequence, a given
E-type torsion-rotation eigenstate supports eight total eigenstates,
of which there are four 4 and four A, symmetry eigenstates [40].

4. METROLOGY DETAILS AND THE NICE-OHMS
SETUP

Vibrational overtone transitions in the methanol molecule at
a wavelength of 1.4 pm were measured in a noise-immune
cavity-enhanced optical-heterodyne molecular  spectroscopy
(NICE-OHMS) setup [14,41]. The principles of this technique,
which combines a high-finesse optical cavity (F & 150,000)
with frequency modulation spectroscopy (FMS) for near
shot-noise-limited sensitivity, are well-documented [2,3].

In brief, an external cavity diode laser (ECDL) is phase-
modulated by an electro-optic modulator (EOM) to create
sidebands at the free spectral range (FSR) of the cavity, which
for this setup is 404 MHz. The optical resonator is arranged
in a plano—concave configuration, employing a curved mirror
with a radius of curvature (ROC) of 4000 mm, yielding a mode
beam waist of 0.72 mm. The laser carrier frequency is locked to
a cavity mode using the Pound-Drever—Hall (PDH) technique.
The molecular dispersion signal is detected in transmission and
demodulated at the FSR frequency. A slow wavelength dither at
1.3 kHz is also applied to the cavity length, resulting in the tech-
nique of wavelength-modulated NICE-OHMS. This allows for
1f lock-in detection to record a derivative of the dispersive line-
shape, hence producing a symmetric lineshape. An acousto-optic
modulator (AOM) is employed for power stabilization, utilizing
the transmitted power through the cavity as a slow feedback loop to
stabilize the intracavity roundtrip power over long timescales. The
experimental setup is schematically shown in Fig. 2.

Stable sample pressure was maintained using a constant-flow
system. To counteract pressure fluctuations from the tendency of
methanol to adsorb to chamber surfaces, a dynamic equilibrium
was established at typical pressures in the range of 0.1-0.5 Pa,
monitored by a capacitive pressure gauge (Pfeiffer CMR 375), by
flowing methanol vapor from a liquid reservoir through a needle
valve into the continuously pumped cavity. All measurements were

PDH detector
PID controller] . Cavity in
Falc 110 vacuum chamber
¥
AC
Toptica DL Pro
1340 - 1450 nm DC;

OFC l éL

I

Lab
Beatnote .
@ RF Counter PC
White Rabbit [€¢==s======== >
switth@VU |  SKREJ&F

Fig. 2.  Schematic of the experimental configuration including the
details of the spectroscopy laser, the frequency comb laser, and the use of
a frequency standard involving a fiber connection to UTC(VSL) at Delft,
where UTC(VSL) is driven by a hydrogen maser. The (de)modulation

and locking schemes are described in the main text.

Lock-in
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performed at —30°C (243 K) by cooling the absorption cell in
order to circumvent spurious water absorptions. The temperature
was actively controlled to mK stability [41].

Full technical details of the spectrometer, including a compre-
hensive analysis of systematic background drifts such as residual
amplitude modulation (RAM), are provided in Ref. [41]. This
prior characterization demonstrates near shot-noise-limited back-
ground stability for integration times up to 30 min. Because our
individual scans are completed well within this timeframe, the
instrumental baseline is entirely dominated by shot noise rather
than potential systematic drifts.

The frequency accuracy for the experiment is established
through a hierarchical stabilization scheme that anchors the spec-
troscopy laser to UTC(VSL), which is based on a steered active
hydrogen maser (Safran iMaser 3000). Access to this standard is
provided over a telecom fiber network through the SURF Time &
Frequency Network (TFN) using White Rabbit technology.

The OFC (Menlo FC1500-ULN nova) serves as the coherent
frequency bridge for the experiment. Its carrier-envelope offset
frequency (fp) is phase-locked to a local Cs-clock (Microsemi
CslII Model 4310B), while the repetition rate ( fp) is stabilized
against an in-house ultra-stable laser (USL; Menlo ORS) to yield
Hz-level tooth stability. To ensure absolute calibration, ﬁep is
continuously counted against the reference frequency derived
from UTC(VSL), provided over the TEN, allowing the absolute
frequency to be reconstructed exactly at the time of measurement
via post-processing.

The improvement in absolute frequency stability provided
by the remote hydrogen maser link is shown in Fig. 3. Compared
to the local Cs-clock reference, which requires nearly 10%s to
reach its optimal stability of 5 x 107'3, the H-maser referenced
system achieves this level in just 10 s. For both configurations,
the Allan deviation displays a characteristic minimum (occurring
at T &~ 500 s for the maser link and 7 &~ 5000 s for the Cs-clock)
that marks the crossover point where the averaging of short-term
reference noise is overtaken by the residual non-linear drift of
the USL. Crucially, the superior short-term stability of the USL
allows it to act as a flywheel that bridges these distinct timescales.
Because the short-term stability of the USL remains well below
the fiber link noise floor, it maintains phase coherence over the
integration period. This flywheel mechanism effectively transfers
the ~2 x 107 ultimate stability limit of the link-referenced
standard directly to the 1 s timescale of the spectroscopic scan,
ensuring that the individual comb teeth provide an ultra-stable,



Research Article

Vol. 13, No. 7 / July 2026 / Optica 1358

-1 —o-¢ —® - USL against Cs-clock
or e —A - USL against VSL-link
K "0~.~ - - H-Maser (Spec.)
N e —& - USL (Spec.)
—~ N ~e
-12
% 1077 = e e
c \A\ *o-o-::f
Ke] A A
5 -13 Al p’ f
3 1077k A a
[=] S A A
~ ~ Va
c SN N s
b A
= Sm Sk 4
< -14 S ,/‘
10 F P,
R N
¥ ‘~~~\.
L T
1071 = L : o
0 1 2 s
10 10 10 10 10 10

Averaging Time 7 (s)

Fig. 3. Allan deviation o, (7) representing the relative stability of the
ultra-stable laser (USL) measured against (i) the local Cs-clock (green
circles) and (ii) the hydrogen maser referenced via the White Rabbit fiber
link (blue triangles). The optical frequency comb (OFC) serves purely as a
coherent frequency bridge to translate the USL stability to the measured
repetition rate (fi,). Manufacturer specifications are included for the
hydrogen maser (red squares) and the ultra-stable laser (gray diamonds).
The linear drift of the ultra-stable laser was removed in all instances. The
TFN-link measurement (blue) reaches a stability floor of ~2 x 10714,
limited by fiber phase noise (short 7) and residual non-linear laser drift
(long 7). The superior short-term stability of the ultra-stable laser (gray)
relative to this floor validates its role as a flywheel; it bridges the gap
dominated by fiber noise, effectively transferring the accuracy of the
link-limited stability floor to the short timescales of the spectroscopic
scan.

absolute optical grid. This grid acts as the frequency anchor for our
laser system. To establish the absolute SI traceability of this anchor,
the stability of UTC(VSL) relative to true UTC was verified via
the BIPM database for the exact window of the measurement cam-
paign (MJD 60626-60637). During this interval, the maximum
time drift was bounded at 0.5 ns/day, confirming that any system-
atic fractional frequency offset from true UTC was negligible at
~6 x 107",

With this frequency anchor established, the spectroscopy laser
is locked to the high-finesse cavity for short-term performance,
narrowing its linewidth to the sub-kHz domain. To ensure long-
term absolute accuracy, the beatnote between this cavity-locked
laser and the OFC is measured by a frequency counter, which pro-
vides real-time feedback to the cavity piezo to stabilize its physical
length. This architecture provides precise scanning control and
resolution, which is empirically verified by the tracking loop data
exhibiting a standard deviation of 50 Hz or better per individual
data point over a 5 s integration window. Consequently, while the
underlying absolute optical anchor operates at the 1074 level,
the instantaneous optical frequency uncertainty per individual
data point resides in the ~107!3 domain. By averaging over the
duration of a full spectroscopic scan comprising dozens of dis-
crete points, the absolute frequency calibration of a measurement
ultimately recovers the low 104 limit.

While the Allan deviation characterizes the stability of the
Cs-clock reference in the variance domain, a time-domain rep-
resentation better illustrates the practical impact of its long-term
noise behavior during an extended measurement campaign. This
is shown in Fig. 4, which plots the frequency evolution of the
Cs-clock against the VSL H-maser reference received over the
SURF TEN. The data are smoothed using a 10,000 s moving
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Fig. 4. Frequency comparison of the in-house Cs-clock against the
VSL hydrogen maser, obtained by counting the Cs-clock 10 MHz signal
against the H-maser over the TEN. The data (smoothed by a 10,000 s
moving average) reveal fractional frequency deviations of £1 x 107"
and a systematic offset from UTC(VSL) (orange dashed line). Typically,
UTC(VSL) drifts by less than 1 ns/day relative to UTC, corresponding to
a negligible fractional frequency offset of <1 x 1074, The filtered time-
domain data clearly illustrate the slow frequency wander, characteristic of
flicker and random-walk noise, inherent to the free-running Cs-clock.

average. Acting as a low-pass filter, this moving average suppresses
short-term white noise and effectively transmits frequency com-
ponents slower than (27) 7!, clearly revealing the underlying slow
frequency wander.

These significant frequency excursions of 1 x 107!% arise
from the highly correlated stochastic noise, specifically flicker and
random-walk frequency noise, that dominates the free-running
Cs-clock at observation times of >5000 s. For our optical transi-
tions near 216 THz, such an excursion introduces a time-varying
systematic bias exceeding 200 Hz. During parameter sweeps span-
ning several hours, this slow stochastic wander introduces varying
absolute frequency offsets to sequential measurements (Fig. 4),
exposing a critical limitation of the Cs-clock reference.

5. LAMB-DIP MEASUREMENTS OF VIBRATIONAL
TRANSITIONS

To determine the 3_;E — 20E ground state combination dif-
ference, six target rovibrational transitions, grouped into three
pairs, were measured as sub-Doppler Lamb dips using the NICE-
OHMS setup. As schematically shown in Fig. 1, we denote these
transitions A; j. The index 7 € {1, 2, 3} identifies one of the
three distinct excited rovibrational states that serve as a common
upper level for a pair. The index j € {1, 2} refers to the transition’s
lower level, either 3_1E (j =1) or 20E (j =2). This scheme
provides three independent measurements of the target ground
state splitting, A;, by taking the frequency difference of each pair:
A;=v(A;1) —v(A; ).

Individual scans were recorded over roughly 10 min intervals. A
typical scan comprised 50 discrete frequency points, with an active
integration time of 5 s per point. These scans yielded signal-to-
noise ratios (SNRs) of ~1000 at a circulating intracavity power of
~1 W. A representative recorded spectrum is shown in Fig. 5(a). In
the following subsections, several aspects of the lineshape analysis
and data treatment are discussed, leading to a comprehensive
assessment of the uncertainty budget.
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Fig. 5.  Single scan of the A, transition at 0.10 Pa pressure, 2 W

intracavity roundtrip power, and 150 kHz dither amplitude (peak-to-
peak). (a) The recorded signal (points) fitted with the 1f-dispersive
Lorentzian profile (orange line), providing a 55 Hz fitting uncertainty.
(b) Relative total residuals (points) from the fit, with the symmetric
component (spline) shown in orange. The spline fit is truncated at the
edges to avoid border defects. The (mostly) symmetric residuals are at a
level of 0.4% distortion. (c) Relative asymmetric residuals (points and
spline), isolated by removing the symmetric component. These mostly
show randomly distributed noise, indicating a signal-to-noise level of
around 3000. (d) Relative averaged asymmetric residual spectrum (points
and smoothened spline) from 11 recordings, indicating an underlying
asymmetry at the 0.04% level.

A. Lineshape Fitting and Systematic Uncertainty

A typical Lamb-dip spectrum, illustrating the data quality and
the fitting procedure, is shown in Fig. 5(a). While the underlying
NICE-OHMS signal provides a dispersive Lorentzian response, we
implement an additional slow wavelength modulation (dither) to
enable 1/ lock-in detection. Consequently, the recorded lineshape
corresponds to the first derivative of the dispersive profile. The
1/-dispersive Lorentzian fitting function used in our analysis is

r?— 4(v — "'ﬁt)z
(T2 +4@ —v)H? 7

S(v)y=4 (1)
where §(v) is the demodulated signal as a function of the frequency
(v). The fit parameters are the line center (vg,), the amplitude (4),
the linewidth parameter (I') in FWHM, and a constant vertical

offset (B). For the representative scan shown in Fig. 5(a), the fitted
linewidth I" amounts to 450 kHz. This observed width is a convo-
lution of several mechanisms, primarily transit-time broadening,
power broadening, modulation broadening, and the underly-
ing, unresolved hyperfine structure. Collisional broadening is
negligible at the sample pressure of 0.10 Pa.

To assess the quality of the fit and assign a realistic uncertainty
to the extracted line center, we perform a detailed analysis of the
residuals (data minus fit), as shown in Fig. 5(b). Notable symmetric
structure is observed in the residuals. Attempting to account for
this by using a Voigt profile in the fitting routine did not improve
the fit quality, indicating that the deformation is non-Gaussian.
Furthermore, numerical simulations (detailed in Supplement 1)
confirm that symmetric distortions, arising purely from the
unresolved underlying hyperfine structure, are over an order of
magnitude smaller than the observed residuals. This indicates that
the dominant symmetric deformation arises instead from instru-
mental origins such as modulation broadening [42] or transit-time
effects; the latter is known to induce non-Lorentzian lineshape
distortions by favoring the detection of slow-moving molecules
[43]. Crucially, any deviation in the residuals that is symmetric
(even) with respect to the line center will not, to first order, pull or
shift the fitted value of vg,.

However, any asymmetric (odd) component in the residuals
indicates a distortion that directly biases the extracted line center.
To separate and independently analyze both the symmetric and
asymmetric deformations, we construct a continuous cubic spline
interpolation of the total residuals. The symmetric spline shown
in Fig. 5(b) is the mathematically even component of these resid-
uals evaluated around the fitted line center (vg,). Conversely, the
asymmetric residuals in Fig. 5(c) represent the odd component.

Quantifying the line-pulling effect induced by this asymme-
try requires separating the persistent underlying structure from
random statistical noise. To achieve this, we average the asym-
metric residual spectra over multiple scans taken under identical
experimental conditions, as shown in Fig. 5(d). Speed-dependent
collisional shifts (SDCSs) were considered as a potential source of
asymmetry, in view of theoretical models indicating such asym-
metry scales with the magnitude of the total collisional shift [44].
However, given the low-pressure regime (<0.3 Pa) and small total
shifts (<3 kHz), the induced asymmetry from SDCS is estimated
to be negligible. Consequently, speed-dependent parameters were
not included in the fit model. Instead, the observed residual asym-
metry is attributed to a combination of instrumental imperfections
and unresolved molecular structure. These primarily include
dispersion-induced cavity effects, to which the NICE-OHMS
technique is particularly susceptible, alongside minor contribu-
tions from modulation anharmonicity and unresolved hyperfine
structure.

To estimate the lineshape asymmetry uncertainty, Oagym,
induced by these unmodeled effects, we relate the magnitude of
the averaged asymmetric component to the main signal amplitude
using the relation:

S asym
Pp-asy! . (2)

Oasym = 2 x Svspan X
Spp,signal

Here, Sypasym represents the peak-to-peak amplitude of the
isolated asymmetric residual evaluated within the full-width at
half-maximum (T") of the molecular transition, Sppgnal is the
peak-to-peak amplitude of the measured lineshape, and §vgyay is
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the localized frequency span of the asymmetric features adjacent to
the central zero crossing. This relationship and the empirical scal-
ing factor of 2 is a conservative error envelope that safely bounds
the worst-case line-pulling dynamics under all experimental con-
ditions, validated through numerical lineshape simulations (see
Section II of Supplement 1).

Applying this to a representative set of data pertaining to a point
in the pressure—power parameter space for the A ; spectral line in
Fig. 5, it results in a lineshape asymmetry uncertainty contribution
of approximately 62 Hz. This magnitude indicates that the accu-
racy of individual scans is limited by lineshape systematics rather
than the fitting uncertainty (o5, &~ 55 Hz).

B. Statistical Reproducibility

The implementation of the SURF Time & Frequency Network
link to UTC(VSL), which is driven by a hydrogen maser, pro-
vides a significant improvement in the statistical reproducibility
of our measurements. This is shown in Fig. 6, which compares
repeated measurements of a transition frequency referenced
to either the H-maser or the in-house Cs-clock over a 2 h mea-
surement period. The standard error of the mean improved
by more than a factor of two, decreasing from 32 Hz with the
Cs-clock to 13 Hz with the H-maser. The Cs-clock referenced
data not only exhibit a larger scatter but also a clear system-
atic offset from the H-maser referenced measurements. This
discrepancy is a direct consequence of the observed frequency
excursions shown in Fig. 4, which introduce a variable bias to the
measurements.

To further validate this high level of precision and strictly rule
out slow instrumental drifts, an extended reproducibility measure-
ment comprising 60 consecutive scans over an 8 h window was
performed on the Az transition. As detailed in Supplement 1,
this analysis confirms the long-term stability of the extracted
transition center and demonstrates the absence of any measurable
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Fig. 6.  Statistical reproducibility of the A;; transition frequency
(vg) at 7197.9650cm™!. Data points represent individual scans
recorded at 0.1 Pa pressure, 2 W intracavity power, and 150 kHz
dither amplitude. The vertical axis displays vg, relative to an offset
Vofiser = 215,789,561,380 kHz. Error bars indicate the 1o fit uncertainty
(0%), while shaded bands represent the weighted standard error of the
weighted mean (0y,,). The scans were referenced to either the fiber-linked
hydrogen maser (blue) or the in-house Cs-clock (orange). Notable is the
153 Hz shift between the weighted means, resulting in a discrepancy
exceeding 40 of the combined 0y,,. This systematic shift is attributed to
the non-statistical frequency wander of the Cs-clock (Fig. 4).
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systematic frequency drift from the apparatus. Crucially, this inde-
pendent dataset yielded a commensurate statistical uncertainty of
~10 Hz, confirming our capacity to reliably and repeatedly access
the 10 Hz precision domain. Thus, with the statistical uncertainty
reduced to this level, the total uncertainty budget is no longer
dominated by the frequency reference or statistical noise, but
rather by the lineshape asymmetry effects discussed in the previous
section.

Consequently, for the subsequent 2D regression analysis (see
Section 5.E), the data are aggregated into discrete measurement
sets, where each set comprises multiple independent scans recorded
at a fixed pressure and optical power. For each aggregated set,
we define a total uncertainty, oy, as the quadrature sum of the
statistical uncertainty and the estimated lineshape asymmetry

component:
— /52 2
Otor = Ustat + Uasym‘ (3)

Here, the statistical uncertainty (0g) is calculated as the
standard error of the mean of the fitted line centers within the
measurement set, scaled by the appropriate Student’s t-factor to
account for the finite number of scans. In parallel, the lineshape
asymmetry uncertainty (0,em) is evaluated for the entire set by
averaging the asymmetric residuals of all constituent scans and
applying Eq. (2). This combined o represents the final uncer-
tainty of the aggregated data point and is used as its statistical
weight in the 2D regression (Section 5.E). Independent statistical
weighting is justified since the lineshape asymmetry varies in both
shape and sign across the pressure—power landscape.

C. Dither Amplitude Selection

The amplitude of the low-frequency (1f) wavelength modulation
(at 1.3 kHz), or “dither,” is a critical experimental parameter.
For 1f-detection of a dispersion profile, the demodulated sig-
nal is a pure first derivative of the lineshape only in the limit
of an infinitesimal modulation amplitude. In practice, a finite
amplitude is required to achieve a sufficient signal-to-noise
ratio (SNR).

As the dither amplitude increases, the signal profile begins to
include contributions from higher-order derivatives of the disper-
sion. This phenomenon, investigated previously by Supplee ez /.
[42], and recently observed in Lamb-dip resonances of water [18],
is responsible for the characteristic oscillating features observed
in the fit residuals. While these contributions are theoretically
symmetric, a large dither amplitude can non-linearly amplify any
underlying experimental lineshape asymmetry (e.g., from unre-
solved hyperfine structure), potentially introducing a systematic
bias in the fitted line center, v,.

A dither analysis was therefore performed on the A transi-
tion to determine an optimal amplitude that maximizes the SNR
(minimizing statistical uncertainty) while avoiding significant
lineshape distortion (minimizing lineshape asymmetry). Based
on the results shown in Fig. 7, a dither amplitude of 150 kHz was
selected as the best compromise for all subsequent measurements.
At this amplitude, a good signal strength is combined with the
lowest fitting uncertainty.

To further investigate any potential systematic shift associated
with this choice, the extracted line center was analyzed as a function
of the dither amplitude. This analysis was performed for both the
Ay and A ; transitions, with the results for A; ; shown in Fig. 8.
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Fig.7. Dither amplitude analysis for the A, ; transition, performed at 0.12 Pa pressure and 1 W intracavity roundtrip power. The columns correspond
to dither amplitudes ranging from 30 to 600 kHz (peak-to-peak). Top row: single-scan recordings of the acquired signal (blue points) with 1/-dispersive
Lorentzian fits (orange solid lines). Middle row: relative total residuals (points) from the single scans shown above, with the isolated symmetric component
(spline) overlaid as orange solid lines. Note that the residuals for 300 and 600 kHz are scaled down by a factor of 10 (indicated by the boxed “/10” label)
to accommodate the increased lineshape distortion. Bottom row: relative averaged asymmetric residuals (points) averaged over # = 4 consecutive scans,
overlaid with a smoothed spline (red solid lines) to isolate line asymmetry. Signals in the top row are globally normalized to the 600 kHz peak to illustrate
amplitude growth, whereas all residuals are normalized to their respective individual signal amplitudes. The 150 kHz amplitude was selected as the optimal
operating parameter, providing the lowest fitting uncertainty (165 Hz) and high SNR. Departures from this optimum result in reduced performance, lim-
ited by signal loss at lower dither amplitudes and by modulation broadening and distortion at higher amplitudes.

A weighted linear regression was applied to the data, yielding slopes
of —0.19 +0.82 Hz/kHz for Ay and —0.17 & 1.87 Hz/kHz
for Ay ;. Inboth cases, the determined slope is consistent with zero
within its uncertainty, confirming that the line center determina-
tion is robust against the choice of dither amplitude and that no
significant systematic bias is introduced.

D. Neighboring Resonance in A;»

A special case is that of the A3, transition, where the spectrum
is complicated by the presence of a second, weaker resonance at a
detuning of approximately —600 kHz, as shown in Fig. 9. While
the two features, both measured as Lamb dips, are sufficiently
separated to be resolved, the spectral wing of the neighboring line
introduces a significant, structured asymmetry to the lineshape of
the target transition. This underlying asymmetry, clearly visible
in the decomposed residuals [Fig. 9(d)], hinders an unambigu-
ous extraction of the line center and significantly increases the
fitting uncertainty. To maintain a consistent analysis, we account
for this effect through our residual analysis framework, which
leads to a larger final uncertainty for the Az combination dif-
ference, reflecting the lower intrinsic quality of this particular
measurement.

E. 2D Regression Analysis and Systematic Shifts

To determine the unperturbed transition frequencies, we must
account for systematic shifts induced by sample pressure (col-
lisional shifts) and intracavity power (AC Stark and saturation
effects). While pressure shifts are typically dominant, power-
dependent effects cannot be neglected at the precision level of
this experiment. A distinct one-dimensional analysis of these
parameters was hindered by the experimental difficulty in main-
taining strictly constant pressure levels while varying the optical
power. Consequently, to rigorously decouple these effects and
extract the unperturbed frequency, we applied a simultaneous
two-dimensional (2D) regression to the complete dataset.

We model the measured transition frequency v(P, W) as
alinear plane:

v(P, W)=v(0,0)+¢, P +cu, W, (4)

where ¢, is the linear pressure-shift coefficient (in kHz/Pa) and ¢,,
is the linear power-shift coefficient (in kHz/W). The intercept,
v(0, 0), represents the extrapolated frequency at the zero-pressure,
zero-power limitat 77~ 243 K.

The fit is performed using a multivariate weighted least squares
(WLS) regression on the complete (v;, P;, W;) dataset for each
transition. To ensure the statistical rigor of the final extrapolated
intercepts, extensive datasets were acquired. Depending on the
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Fig. 8. Based on the measurements recorded in Fig. 7, this plot illus-
trates the dependence of the weighted average fitted line center (Vg,)
of the Ay transition on the dither amplitude. The vertical axis dis-
plays the frequency deviation Vg — Vinercepe(Hz). Error bars represent
the total uncertainty (0w) for each dither setting, calculated as the
quadrature sum of the statistical fit error and the lineshape asymmetry
uncertainty. A weighted linear regression (orange line) yields a slope of
—0.19 £ 0.82 Hz/kHz. The slope’s consistency with zero confirms that
the line center extraction is robust against the choice of dither amplitude
in the investigated range. A similar analysis for the A , transition yields a
slope of —0.17 + 1.87 Hz/kHz, leading to the same conclusion.

transition, between 26 and 86 independent scans were recorded
across the pressure—power parameter space, comprising a total
of 369 scans and over 25 h of active laser integration. The indi-
vidual data points are then weighted by the inverse square of
their total uncertainty (0y) derived from the lineshape analysis
(Section 5.A). To account for independent variable errors, the
actual derived pressure variation during the scans is propagated
into these fit weights using iterative effective variance weighting
until convergence is achieved. This ensures that the uncertainty of
the final intercept is statistically rigorous.

The results of this global analysis are shown in Table 1. To visu-
alize the isolated pressure shift and highlight the quality of the data,
Fig. 10 shows the frequency measurements for the A ; transition
after correcting for the fitted power-induced shift (c,, W). The clear
linear trend confirms the validity of the model.

The extracted coefficients reveal a significant state depend-
ence in the collisional perturbation. As shown in Table 1, the A
pair exhibits negative pressure shifts (c, & —5 to —11 kHz/Pa),
whereas the A; pair shows positive shifts (¢ , & +5 kHz/Pa). This
distinct sign reversal highlights the state-dependent nature of the
collisional physics in methanol, a behavior similarly observed in
previous molecular Lamb-dip experiments [14,45,46].

Regarding power shifts, the coefficients ¢,, are generally small,
effectively correcting for minor AC Stark or saturation systematics.
An exception is the A3 ; line, which exhibits a significantly larger
coefficient (c,, =2.20 kHz/W). As discussed in Section 5.D,
this is attributed to spectral contamination from the neighboring
resonance, which induces a power-dependent lineshape distortion
that the regression absorbs into the ¢, term.

The validity of the linear 2D model is confirmed by an analysis
of the weighted residuals, which are found to be structureless across
all datasets. Notably, nearly all residuals fall within 1o of the fitted
planes, with only a single data point marginally exceeding this
threshold at 1.10. Furthermore, 82% of the residuals lie within
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Fig. 9. Analysis of the A3, transition, complicated by a neighboring
resonance. The panel layout and the residual isolation methodology are
identical to those detailed in Fig. 5. (a) The recorded signal (blue points)
is ficted with a double 1f-Lorentzian profile (orange line) to account
for the weaker, neighboring resonance at —600 kHz detuning. (b) The
total residuals show a large, structured deviation due to the influence of
the second peak; the symmetric spline fit is restricted to the range of the
linewidth. (c),(d) The single-scan and averaged asymmetric residuals
are significantly larger than for isolated transitions, quantifying a per-
sistent, non-statistical lineshape distortion that dominates the final total
uncertainty for this transition.

0.500. This low scatter indicates that the short-term measure-
ment reproducibility is better than the conservative uncertainty
estimates assigned to individual points.

F. Relativistic and Recoil Effects

To account for small systematic frequency shifts, we consider
the full relation between the measured photon energy and the
unperturbed quantum level separation, /vy [4]:

B bk - (hvo)v? | (hvy)?
hv(0, 0) = hvy £ w22 + el (5)

The term with & - represents the first-order Doppler effect,
which is eliminated in our experiment by the nature of sub-
Doppler Lamb-dip spectroscopy. The last two terms, representing
the second-order Doppler shift and the photon recoil effect, are
small but relevantat our level of precision and will be discussed.
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Fig. 10.  Power-corrected pressure dependence of the A, ; transition.

The vertical axis displays the frequency relative to the global fit inter-
cept Vg =215,789,561,381,282 & 107 Hz. Data points (blue and
purple indicating different intracavity power levels) are projected onto
the zero-power plane by subtracting the fitted power-dependent shift
(cw W) to isolate the collisional contribution. The vertical error bars
include the uncertainty of this applied power correction, while the small
horizontal error bars represent the derived sample pressure uncertainty.
The solid line represents the zero-power projection of the global 2D fit
(¢, = —4.7 £0.5 kHz/Pa). The orange band indicates the resulting 1o
confidence interval of this projection.

1. Second-Order Doppler Shift

The third term in Eq. (5) represents the second-order Doppler shift
(SODS), a relativistic time dilation effect arising from the thermal
motion of the molecules. The magnitude of this frequency shift,
8vsops, is given by
(v?)

8vsops = Vo 22 (6)
where vy is the unperturbed transition frequency and (v?) is
the mean-squared velocity of the molecules contributing to the
saturation signal.

In Lamb-dip spectroscopy, the signal is generated selectively by
molecules with zero longitudinal velocity (v, 2 0). Consequently,
the Doppler shift is dominated by the thermal motion in the two
transverse degrees of freedom, for which the mean-squared velocity
is (v2)2p = 2kp T/m. In the strict low-power limit, transit-time
effects bias the effective velocity distribution toward slow-moving
molecules, significantly reducing the SODS [4,47]. However, our
measurements operate well into the saturated regime (Sp > 2.3,
see Supplement 1) This strong driving field heavily suppresses
transit-time velocity selection, maintaining an effective veloc-
ity distribution very close to the standard thermal 2D average.
Furthermore, because our 2D regression model relies on a linear
extrapolation from this saturated data, the zero-power intercepts
inherently retain this thermal velocity baseline.

For the present measurements at 72243 K, the thermal
2D limit yields a shift of ~151 Hz. We apply this full value as
the correction. To conservatively account for any minor residual
velocity selection effects present at Sy & 2.3, we assign a systematic

uncertainty of 20% (30 Hz).

2. Recoil Effect
The final term in Eq. (5) describes the photon recoil effect, which

arises from the conservation of momentum during the absorption

and emission of a photon. In the case of full saturation, the tran-
sition splits into a doublet with components shifted by £ Vecoils
where §Vieoil = hvE/(2me?) [47]. For the near-infrared vibra-
tional transitions in this study, the recoil splitting amounts to
+3.2 kHz, which remains unresolved. This contrasts with the
recent observation of a very weakly saturated H, quadrupole tran-
sition, where only the blue-shifted recoil component was observed
[4,48]. However, in view of the full saturation achieved in the
present experiments, with a saturation parameter Sy > 2.3, no
net frequency shift occurs, and no correction for the recoil effect is
imposed.

G. Hyperfine Centroid Shift

The potential shift of the centroid frequency resulting from the
hyperfine substructure can be quantified, following a procedure
described in Refs. [31,49,50]. The 3_;E — 2oE microwave tran-
sition at 12.2 GHz is used as a representative example, for which
computed intensities of 22 hyperfine sub-components [40] were
folded to simulate the experimentally observed linewidth. The
relative frequencies of the hyperfine lines with respect to the purely
rovibrational center, as well as the Einstein A-coefficients, are listed
in Supplement 1. The analytical first derivative of the composite
dispersive lineshape, representing the zero-dither limit, is imple-
mented for the hyperfine sub-components using line strengths
Sp?, taken as proportional to the listed A values and frequencies
v;. A theoretical centroid frequency can be calculated via:

> Suiv;

Veentroid = . 7
=5 @)

In the case of underlying hyperfine components exhibiting a

profile ¢ and a width W, a composite line shape ¢C‘fmp can then be
computed:
SV (v)
B () = 2 MO ) ®

> S/"zz

This procedure can be performed for a width of the hyperfine
components, producing a composite line of width I". It can be
shown that for this typical set of hyperfine components spanning
a frequency range of <40 kHz, the composite line becomes close
to symmetric for I' > 200 kHz. Resulting values for the shift of
the fitted line center (the experimental centroid) with respect to
the theoretical centroid are shown in Fig. 11. For a representative
narrow experimental width of I' =300 kHz, this shift is found
to be 7 Hz. The magnitudes of the hyperfine splittings in the
excited vibrational states are not experimentally determined,
but to a good approximation, the hyperfine constants do not
differ among vibrational levels. Therefore, this 7 Hz shift is also
adopted as a centroid-related systematic uncertainty for the optical
rovibrational transitions measured in this work.

In Supplement 1, a generalized analysis is added for centroid
shifts pertaining to underlying substructure in optical transitions
sharinga common level.

H. Resulting Transition Frequencies and the Error
Budget

The values for v(0, 0) shown in Table 1 represent the unperturbed
experimental frequencies, extrapolated to zero pressure and zero
power at the set temperature (7 = 243 K). Table 1 shows the full
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Fig. 11.  Systematic shift between the fitted center frequency vg, and
the central centroid Veenoid for the 3_1E — 24 E transition. The tracking
errors are extracted by fitting a single analytical 1/ dispersive Lorentzian
profile to the pure first derivative of the composite dispersive hyperfine
multiplet. The shift converges rapidly to zero following a o« I'™? scaling
law (orange line). For a representative narrow linewidth of I = 300 kHz,
a systematic line-pulling offset of only 7 Hz is found; further details on
the zero-dither and finite-dither simulation protocols are provided in
Supplement 1.

analysis chain, presenting these extrapolated intercepts along
with the shift coefficients (c,, ¢,,), derived from the 2D regression
(Section 5.E). Note that the effects of localized lineshape asymme-
try (Oaeym) are already incorporated directly within this regression
model as point-by-point statistical weights, establishing the base-
line statistical extrapolation error, 0o,0). Final, at-rest molecular
transition frequencies, vy, are then determined by correcting for
the second-order Doppler shift (SODS) of §vsops & 151 Hz.

The final uncertainty budget is mainly governed by the statisti-
cal analysis. The SODS correction carries an intrinsic uncertainty
of 30 Hz, and the centroid shift related to the hyperfine structure
adds 7 Hz. The absolute tracking uncertainty from the remote
hydrogen-maser fiber link is negligible at <1 Hz. The independent
systematics are taken in quadrature of 0y ., yielding 31 Hz, which
is then added linearly to the statistical extrapolation error (o,(0,0))
to determine the final, absolute uncertainty of each rovibrational
line.

Table 1.
Frequencies’

6. EXTRACTION OF THE ROTATIONAL RADIO
LINE FREQUENCY

With the absolute frequencies and systematic error budgets of the
six targeted optical lines established in Section 5.H, we now turn to
the extraction of the 3_;E — 2¢E microwave transition frequency.
The determination of the 3_{E — 24E microwave transition
frequency relies on the difference between two optical transi-
tions (A; 1 and A, ;). Because the optical frequencies of the six
transitions differ by less than 0.01%, the SODS acts as a common-
mode systematic effect that cancels entirely in the subtraction
A; =v(A; 1) — v(A;2). In contrast, the centroid shift associated
with the unresolved hyperfine structure comes in twice for which
we take a combined systematic boundary (o o & 10 Hz), which
is then added linearly to oy

The resulting values for the radio line, calculated via the com-
bination differences shown in Fig. 1, are compiled in Table 2
and plotted in Fig. 12. The final derived frequency is taken as the
weighted mean of the three independent determinations (A, Ay,
and Aj3), calculated using purely statistical weights (derived strictly
from o).

This final aggregated value represents the central centroid of the
microwave transition. For astrophysical comparisons, this centroid
is precisely the relevant measure. Because the lines observed in
radio astronomy are typically thermally broadened beyond the
composite hyperfine structure, the underlying multiplet effectively
blends into a single symmetric profile. This holds for the extra-
galactically observed methanol lines, where the 3_;E — 2E line
was observed at a width of 750 kHz [25,26,54]. Even the much
narrower lines observed in cold cores in our Galaxy (at widths in
the range 50-80 kHz) appear with fully symmetric line profiles
[55]. This does not hold for studies based on methanol maser lines
that typically operate on selected hyperfine components [56].

Several independent measurements of the 3_1E — 2(E radio
line have been reported over the past decades. Kukolich et al.
[51,52] published two values with accuracies of 3 and 4 kHz,
respectively; these are in excellent agreement with the present,
more precise determination. The result is also consistent with
the NIST database value [27], which is derived from a global fit
to a comprehensive dataset of methanol rotational transitions
[28]. Coudert er al. [53] performed partially hyperfine-resolved

microwave measurements on methanol, yielding a value for the

Final Results of the 2D Weighted Least Squares (WLS) Regression and the Final, Corrected Molecular

Extrapolated Transition Frequency Final
Line Intercept Uncertainty  Pressure Shift ¢, Power Shiftc,,  vo = (0, 0) + dvsops Uncertainty
(A ) v(0, 0) (kHz) Gy(0,0) (kHz) (kHz/Pa) (kHz/W) (kHz) Gy = 0y(0,0) + Osys,y (kHz)
Ay, 215,789,561,381.282 0.107 47405  —0.154+005  215789,561,381.433 0.138
Ay 215.777,382,784.960 0216 —1124£09  —0.0240.10  215777,382,785.111 0.247
Ay 215,788,833,269.074 0.109 54405  —0204+0.15  215788,833,269.225 0.140
Asys 215,776,654,672.639 0.098 5.9+0.4 0.43+0.18 215,776,654,672.790 0.129
Az 215,582,773,999.670 0.677 13.3+0.7 —0.124+0.99  215,582,773,999.821 0.708
As, 215,570,595,402.191 1.059 —35+4.4 2.204+0.91 215,570,595,402.342 1.090

“The extrapolated frequency v(0, 0) is the intercept at zero pressure and zero power (Section 5.G). 0, is the 10 standard error of this extrapolated intercept, propa-
gating the total uncertainties of the individual data points. The pressure (c,) and power (c,,) shift coefficients are shown with their 1o fitting uncertainties. The final,
at-rest molecular frequency, vy, is determined by correcting the intercept for the second-order Doppler shift magnitude (§vsops = 0.151 kHz) using the relation in the
column header (Sections 5.F and 5.H). The final uncertainty o, is determined by linearly adding the total systematic error (0, , = 0.031 kHz) to the extrapolation
uncertainty 0, .. The o, systematic of 31 Hz is added linearly. All units are in kHz.
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Table 2. Resulting Extraction of the Frequency for the
3_,E — 20E Radio Line’

Frequency Uncertainty (kHz)
Triangle (kHz) Ogat Oys,a  Total (04)
Ay 12,178,596.322 0.241 0.010 0.251
A, 12,178,596.435 0.147  0.010 0.157
A; 12,178,597.479 1.257 0.010 1.267
Final result 12,178,596.415 0.125 0.010 0.135
Ref. [51] 12,178,595 3
Ref. [52] 12,178,595 4
Ref. [27] 12,178,593 4
Ref. [53] 12,178,600 2
Ref. [31] 12,178,596.106 0.243

“The A, values are the three independent determinations derived from the
combination differences in this work. Their purely statistical uncertainties
(04a) are calculated as the quadrature sum of the statistical extrapolation uncer-
tainties [0,(,0] of the two constituent optical transitions. Because the 7 Hz
hyperfine shift acts independently on each optical line, it contributes a com-
bined systematic uncertainty of o, » & 10 Hz to the difference. This is added
linearly to oy, to yield the total uncertainty (0,). The “final result” row repre-
sents the final, aggregated frequency of this experiment, calculated using purely
statistical weighting (based solely on o.,). Its uncertainty reflects the statistical
standard error of the weighted mean plus the irreducible 10 Hz systematic
boundary. Previous literature values from direct microwave measurements are
included for comparison. All units are in kHz.
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Fig. 12.  Final determination of the 3_,E — 2(E rotational ground

state frequency. The three independent values derived from the combi-
nation differences (A}, A, and Aj) are plotted as data points with their
lo propagated uncertainties (from Table 2). The agreement between the
high-precision measurements A; and A, is evident. The A3 measure-
ment, which had a larger uncertainty due to the spectral contamination
discussed in Section 5.D, is fully consistent with the other two. The final
weighted mean of 12,178,596.415 kHz is shown as a dashed vertical
line, with the orange shaded band representing its 1o standard error of

0.135 kHz.

centroid frequency accurate to 2 kHz. Finally, a concurrent mea-
surement was performed at UCLouvain using the technique of
free-induction decay (FID) [31]. That study yields a transition
frequency with an uncertainty of 243 Hz, only slightly less accurate
than achieved here. The difference between the two determina-
tions is just 309 Hz (corresponding to 1.1¢0" for the combined
uncertainties); this agreement obtained using entirely independent
methods, supports the validity of the triangulation scheme applied
here for internal rotor molecules.

7. CONCLUSION

In the present near-infrared saturation study of methanol
(CH3OH), the transition frequencies of rovibrational lines are
measured with absolute accuracies as low as 120 Hz, representing
a new landmark in high-resolution spectroscopy of molecules.
A variety of modern cavity-enhanced frequency-comb locked
molecular metrology studies have been performed, with only a few
achieving sub-kHz accuracy [7-9]. Specifically for methanol, an
improvement of almost two orders of magnitude in spectroscopic
accuracy is achieved over the most accurate previous study, which
was performed at much lower frequencies (29 THz) [12], and
which in itself was over three orders of magnitude more accurate
than Fourier-transform infrared techniques [57].

By analyzing combination differences between transi-
tions measured at 216 THz, the transition frequency of the
important 12.2 GHz methanol line was determined to an
uncertainty of 135 Hz, surpassing the precision obtained in
previous direct microwave measurements by a factor of ~20. This
3_1E — 2(E rotational transition in the vibrationless ground state
of methanol is one of the most sensitive spectral lines for detect-
ing a possible variation of the proton-to-electron mass ratio on
cosmological time scales (with a large sensitivity coefficient of
K, = —33), underscoring its significance. We report a value of
12 178 596.415(135) kHz for this prominent radio astronomical
benchmarkline.

The accurate frequency of this microwave transition is derived
from a novel triangulation scheme that is fundamentally different
from the schemes found in chiral molecules or symmetric top
rotors. Here, a closed loop of exactly three electric-dipole tran-
sitions is made possible because the torsion-rotation states of
E-symmetry in methanol exhibit mixed parity. This methodology
can be applied to extract frequencies of other E-type radio lines in
methanol.
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