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Finding an Earth–Sun analogue is one of the longest-standing goals in 
astronomy. The detection of such a system using the radial velocity (RV) 
technique is highly challenging, and would require coordinated advances in 
astronomical telescopes, fibre optics, precision spectrographs, large-format 
detector arrays and data processing. Measurements at the necessary 10−10 
level over multiyear periods would also require a highly precise calibrator. 
Here we explore simple and robust white-light-illuminated Fabry–Pérot 
(FP) etalons as spectral calibrators for precise RV measurements. We track 
the frequencies of up to 13,000 FP modes against laser frequency combs 
at two state-of-the-art spectrographs and trace unexpected chromatic 
variations of the modes to subpicometre changes in the dielectric layers 
of the broad-bandwidth FP mirrors, corresponding to a RV precision at 
the centimetres per second level. These results represent critical progress 
in precision RV measurements in two ways—they validate FP etalons as a 
more powerful stand-alone calibration tool and demonstrate the capability 
of laser frequency combs to extend RV measurement precision at the 
centimetres per second level over periods approaching a year. These 
advances highlight a path to achieving spectroscopic calibration at levels 
that will be critical for finding Earths like our own.

The discovery and characterization of an Earth-mass planet orbiting 
a Sun-like star at 1 au (aka Earth 2.0) is a long-standing challenge in 
astrophysics—with profound implications regarding the uniqueness 
of Earth, the formation of planetary systems and the conditions under 
which life could exist elsewhere in the Universe. Tremendous effort 
has been focused on this problem, with the dominant techniques of 
planetary transits and radial velocity (RV) measurements being used 
in tandem1. While a transit, or passage across the stellar disk, pro-
vides information on the size of an exoplanet, measurements of the  
stellar RV provide information on the mass of the exoplanet through 
the periodic Doppler shifts of the stellar spectrum (Fig. 1a,b).  

However, the RV detection of an Earth analogue requires Doppler preci-
sion of a few centimetres per second (fractionally 10−10), which must be  
maintained over timescales of multiple years. Such a detection could 
then be followed by spectroscopic measurements made by instruments 
like the James Webb Space Telescope or the ANDES spectrograph at the 
Extremely Large Telescope to identify biomarkers in the atmosphere2.

This is an extremely challenging and multifaceted measurement 
that will require simultaneous advances along multiple fronts3. At 
present, some of the most important outstanding challenges are a 
result of stellar surface activity and variable telluric contamination 
from our own atmosphere, both of which look like ‘noise’ and mask the 
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Laser frequency combs (LFCs) provide a broad spectral array 
of discrete and evenly spaced emission lines that can be fully stabi-
lized to absolute frequency standards7. These properties make LFCs a 
near ideal spectrograph calibration source8,9, and in recent years, they 
have shown fractional calibration precisions below 10−10 (refs. 10,11).  
However, they lack full spectral coverage in the blue region of the spec-
trum. Moreover, their implementation remains costly and complex, 
and is therefore limited to a few RV instruments situated at premier 

desired centre-of-mass RV Doppler shift, as well as increase the time 
and effort it takes to realize long-term measurement cadences with 
sufficient photon signal-to-noise ratios4,5. Stable spectrographs and 
the precise spectrograph calibration that provide the stable reference 
against which tiny Doppler shifts are measured are equally important. 
Conventional sources for calibration include atomic emission lamps 
and gas absorption cells, both of which have intrinsic limitations in uni-
formity and unknown long-term stabilities that hinder their precision6.
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Fig. 1 | Introduction to etalon drift measurement. a, Principle of using RV 
measurements to detect exoplanets. b, A known calibration source is used to 
measure the periodic Doppler shift of absorption features in a stellar spectrum 
due to the gravitational pull of an exoplanet. c, Calibration precision levels 
needed to detect an Earth–Sun analogue (Earth 2.0) and the precision levels 
demonstrated by several different classes of calibrator. d, Experimental set-up 
of chromatic drift measurements on the Habitable-zone Planet Finder (HPF) 
and NEID etalons, as detailed in ref. 14. An echelle spectrograph is alternately 
illuminated by LFC (where fr is the repetition rate, fo is the carrier envelope offset 

frequency and fn is the frequency of the nth mode) and etalon light (here m is 
an integer, φr is the reflective mirror phase shift, L is the cavity length and λ is 
wavelength. ULE, ultra-low-expansion). e, The spatial location (that is, frequency) 
of each mode drifts over time, as illustrated for three modes. f, The drift of the 
frequency comb is indicative of instrument drift, and the change in spacing 
between a frequency comb–etalon mode pair, Δ(δfn), is indicative of the etalon 
drift. The fractional frequency shift for any given mode is linear in time. g, The 
slopes of the fractional frequency shift can be plotted across the wavelength 
range of interest, showing the complicated chromatic drift of the etalon14.
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facilities. No calibration technique (frequency combs included) has 
yet demonstrated the capability to resolve 1 cm s−1 Doppler shifts over 
timescales of years or longer. As summarized in Fig. 1c, there is a gap 
between the experimentally demonstrated timescales over which 
etalon and LFC-calibrated spectrographs have achieved this precision 
level and the necessary timescales to detect an Earth–Sun analogue.

Our work addresses this issue by exploring new capabilities 
and resolving systematic uncertainties in broadband, white-light 
illuminated Fabry–Pérot (FP) etalons, which have long been used in 
astronomical spectroscopy12. They are used as primary calibrators (in 
combination with lamps) in some spectrographs (for example, ref. 13), 
and in others extend the overall spectral coverage to blue wavelengths 
not easily achieved with LFCs, but they lack long-term absolute stability.

We investigate this shortcoming by analysing and modelling 
two extended (up to 6 month) cross-calibration studies that resolve 
puzzling chromatic drifts that have appeared in multiple installed 
FP etalons14. Specifically, we show that, with the help of an LFC, it is 
possible to track and characterize ~13,000 modes of an FP etalon with 
a precision that translates to subpicometre resolution of the optical 
length of the FP etalon. When combined with careful modelling of 
relaxation in the dielectric coating of the FP etalon mirrors, we can dis-
entangle drifts consistent with an achromatic change in cavity length 
versus higher-order drifts with equivalent RV residuals at a level near 
3 mm s−1 (10−11). This new understanding of the complicated drifts of 
broad-bandwidth FP cavities can inform future mirror design param-
eters and immediately improve the achievable precision level when 
using them as stand-alone calibrators that are periodically referenced 
to absolute frequency standards.

Results
Measuring chromatic mode drift in FP etalons with LFCs
Within the landscape of calibration sources, FP etalons are particularly 
attractive due to their unique combination of high spectral resolution 
and information content, similar to that of an LFC15, but with relative 
simplicity and cost efficiency. They have become increasingly com-
monplace in high-precision RV spectrographs and are used as calibra-
tors in a number of major instruments at large telescopes, including 
the Calar Alto high-Resolution search for M dwarfs with Exoearths 
with Near-infrared and optical Échelle Spectrographs (CARMENES)16, 
the Echelle SPectrograph for Rocky Exoplanets and Stable Spectro-
scopic Observations (ESPRESSO)17, the High Accuracy Radial velocity 
Planet Searcher (HARPS)18, HPF6, the Keck Planet Finder (KPF)19, the 
M-dwarf Advanced Radial velocity Observer Of Neighboring eXoplanets 
(MAROON-X)20, NEID21, the Near Infra Red Planet Searcher (NIRPS)22 
and the SPectropolarimètre InfraROUge (SPIRou)23. They are also 
slated to be implemented in new instruments to be installed at large 
telescopes, including iLocator24 and the GMT-Consortium Large Earth 
Finder (G-CLEF)25.

While mode locking fixes the line spacing of an LFC, the modes of 
an FP cavity are determined by the local resonance condition, which is 
subject to the wavelength-dependent optical path length of the cavity 
geometry and mirror coatings. The stability of its spectra is tied to the 
stability of the cavity’s mechanical and optical properties, which can 
drift with time. Ultra-stable etalons that exhibit a minimal amount 
of drift have been developed for precision spectroscopy and optical 
clocks26. Single-frequency near-infrared lasers locked to the modes 
of silicon resonators held at cryogenic temperatures at a zero cross-
ing of the coefficient of thermal expansion have demonstrated drift 
rates below one part in 10−13 per day27,28. While not as high-performing 
as those designed for cryogenic temperatures, cavities built using 
room-temperature ultra-low expansion materials operate in the vis-
ible region of the spectrum. Such cavities are still capable of achieving 
fractional stabilities at 10−11 from day to day (equivalent to a frequency 
drift of ~0.1 Hz s−1 at 1 μm)29–31 and are particularly attractive for astro-
nomical spectroscopy.

One method of circumventing limitations due to drift is to con-
tinuously reference one mode of an etalon to an absolute frequency 
standard, such as an atomic transition, and then extrapolate the 
behaviour of that single mode to the behaviour of the etalon’s entire 
spectrum32–34. However, this technique is only capable of correcting 
drift in an etalon to the level at which the drift behaviour is achromatic, 
as it implicitly assumes that a fractional change in cavity length ΔL/L is 
equal to the fractional frequency change Δf/f of any cavity mode. This 
model describes the gradual relaxation of the etalon spacer35, which 
is well documented36.

However, measurements made at several etalon systems employed 
in precision RV instruments have shown that etalon mode drift can be 
substantially and unexpectedly more complex14,17,37. Using LFCs, we 
have made comprehensive and long-term measurements of the etalons 
used with the HPF and NEID spectrographs. The unique broadband 
nature of these studies, which measure the average daily drift rate 
of up to approximately 13,000 modes (or hundreds of nanometres) 
of the two FP etalons, is made possible by leveraging the instrument 
architecture necessary for high-precision RV detection.

A simplified schematic of the etalon characterization is presented 
in Fig. 1d, with an intuitive illustration of the measurement results 
in Fig. 1e–g. An echelle spectrograph (for example, HPF or NEID) is 
alternately illuminated by the light from a fully stabilized LFC and the 
temperature-stabilized vacuum-held ultra-low-expansion etalon14,37. 
The wavelengths of the LFC and etalon modes are mapped to relative 
spatial positions on the spectrograph detector array, where they are 
monitored over time (as shown in Fig. 1e). Common drift of the LFC and 
etalon modes is indicative of spectrograph drift, but it is the change in 
the relative offset between the etalon modes and the wavelength solu-
tion from the stable LFC modes that reveals the etalon mode drift. The 
fractional frequency mode drift of the etalon may be linear in time, but 
the specific slope of the drift varies from one spectral region to another 
(Fig. 1f). Plotting the slope of the drift of etalon modes in a spectral 
region gives the drift shown in Fig. 1g.

Such oscillatory behaviour has been verified for both the NEID 
and HPF spectrographs, and qualitatively analogous behaviour has 
been found for the etalon system of the ESPRESSO17 spectrograph. 
Surprisingly, it implies that the optical length of the etalon is effectively 
increasing and decreasing in different wavelength regions. This poses 
a clear problem for high-precision RV spectrograph calibration, as 
such etalon mode drifts are undetectable and thus unaccounted for. 
This drift behaviour also raises important considerations for experi-
ments that use multiple FP cavity modes for frequency referencing in 
precision spectroscopy38–42, particularly when those modes have large 
spectral separation.

The role of multilayer coatings in FP drifts
Previous work has speculated that the wavelength-dependent behav-
iour may stem from the mirror coatings14,37, which are built on complex 
optical interferences arising from alternating layers of dielectric materi-
als. Other work has attempted to benchmark possible drift behaviour 
due to mirror phase drifts43, but has not been conclusive. Here we have 
identified the source of the observed chromatic drift behaviour in the 
mirror coatings of the HPF and NEID etalon systems and succeeded in 
developing a physical model for this drift.

Through our modelling, we determined that the gradual expan-
sion of the outermost layers of the mirror coating causes a mode shift 
that is consistent with the measured HPF and NEID etalon drifts. In 
particular, we show that the drift behaviour of the HPF and NEID etalons 
can be tied to an ~100 × 10−15 m (100 fm) change in the outer layers of 
the two mirrors.

An FP etalon, as pictured in Fig. 2a and illustrated schematically 
in Fig. 2b, transmits a mode spectrum determined by the resonance 
condition, which ensures that resonant modes occur at wavelengths 
where the round-trip phase shift of the light in the cavity is equal to an 
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integer multiple of 2π. For an etalon in a vacuum, this condition yields 
modes with frequencies given as:

fm = c
2L (m − φr/π). (1)

where c is the velocity of light, m is an integer and φr is the reflective 
mirror phase shift, which is generally dependent on wavelength but is 
assumed to be the same for both mirrors of the etalon.

It is instructive to consider potential sources of mode drift through 
this resonance condition, as both L and φr(λ) represent physical prop-
erties of the cavity that may change over time. The simplest mode 
drift behaviour would stem from a gradual drift in L, over time, which 
produces a simple, predictable drift rate across the mode spectrum 
(Δf/f ∝ ΔL/L).

In contrast, φr intrinsically varies with wavelength in a complicated 
manner, and we discuss the details of calculating this term (and include 
plots of φr for NEID and HPF) in Supplementary Note 1. We investigate 
the impact of various physical perturbations on the coating structure 
by modelling the shift in fm using established matrix techniques to 
determine φr (ref. 44). With knowledge of φr, we first used a numeri-
cal solver to determine a base mode spectrum from equation (1). We 
then recalculated the mode spectrum using the slightly perturbed φr 
to determine the difference between the new and original mode loca-
tions across the wavelength spectrum of interest in units of fractional 
frequency, Δf/f.

Figure 2e–g illustrates characteristic modelling results for three 
different types of mirror coating with approximate reflectivities of 92%, 
which correspond to that of the mirrors deployed in the HPF and NEID 
cavities. In each case, individual layers in the coating structure were 
perturbed by identical changes in their refractive index (δn = +10−6) 
and layer thickness (δd = +5 × 10−4 nm), which were chosen because 
these perturbations result in mode shifts that are similar in scale to 
the measured daily drift of the HPF etalon.

Figure 2e illustrates mode drift for the simplest possible mirror: a 
thin layer of metal. As one may expect given the relative simplicity of 
a single layer, perturbing a 30 nm gold layer produced minimal drift 
across the wavelength spectrum. Unfortunately, these mirrors are in 
general not suitable for cavities deployed for astronomical applica-
tions due to the metal’s absorption and resulting low transmission 
on resonance.

Figure 2f illustrates mode drift for a simple quarter-wave stack 
comprising alternating layers of silica and niobia. The reflected phase 
from a quarter-wave stack is fairly simple, and this simplicity means 
that perturbations to the coating structure do not give rise to the 
chromatic drift observed in the HPF and NEID etalons. However, such 
mirrors are generally unsuitable for spectrographs like HPF and NEID, 
as they do not have a flat reflectivity spectrum across a sufficiently 
broad bandwidth.

The mirror coatings used in the HPF and NEID etalons are depos-
ited via magnetron sputtering and comprise alternating layers of silica 
and niobia, with the outermost or first layer (that is, the layer closest 
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to the constant, fractional drift behaviour shown d. e,f, More complicated drift 
behaviour results from changes in three mirror structures with 92% reflectivity: 
the modelled drift resulting from a refractive index (δn = +10−6) and layer 
thickness (δd = +5 × 10−4 nm) change for a thin metal mirror (e) and the top, 

middle and bottom layers of a quarter-wave stack (f), respectively. g, Markedly 
more complex modelled drift results from refractive index (δn = +10−6) and layer 
thickness (δd = +5 × 10−4 nm) changes in the first, sixteenth and thirty-fourth layer 
of the HPF mirror structure. In e–g, Ei, Er and Et represent the incident, reflected 
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low index of refraction, and dH and dL represent the high and low layer thickness, 
respectively.
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to vacuum) being silica in both cases. They are substantially more 
complicated, as having a constant reflectivity curve across hundreds 
of nanometres of bandwidth requires large variations in layer thick-
ness. A simple schematic of the drift is shown in Fig. 2g for the 34-layer 
HPF structure; the 48-layer NEID etalon exhibits qualitatively similar 
behaviour. We found that perturbations to individual layers of the 
mirror structure can be broken into regions with qualitatively similar 
behaviour, which we discuss in detail in Supplementary Note 2. This 
analysis showed us that the drift of the HPF and NEID mirrors depends 
primarily on the drift of the outermost layers.

Modelling chromatic mode drift in HPF and NEID FP etalons
A full analysis of the two etalons is presented in Fig. 3, which shows 
fits for changes to the outermost layer and the outermost two layers 
for the HPF and NEID etalons. These results were calculated as a linear 
combination of the effects of changes in individual layer thicknesses 
or refractive indices, as discussed in Supplementary Note 2. There 
were two fit parameters for each layer in a given model: the first for the 
refractive index and the second for the thickness change in each layer. 
We also included a fit parameter to account for the bulk offset due to 
gradual spacer relaxation. These fit values are reported in Tables 1 and 2.  
Although fitted independently and without constraints, the relative 
changes in the refractive index and layer thickness were consistent 
(within a factor of two) with simple models that couple refractive index 
to changes in density45. We do not include fits for higher layer numbers, 
as including more than the outermost two layers did not yield reason-
able parameters when constrained to physically relevant orders of 
magnitude and relative sign.

The structure in the residuals of the one-layer HPF and NEID fits 
may be due to differences between the layer thicknesses input into 
the model and those that were actually manufactured. The one-layer 
HPF fit of Fig. 3 is slightly wavelength shifted from the measured data. 

Manufacturing tolerances are expected on the deposited layer thick-
nesses, and we found that randomly perturbing the entire structure 
shifted the relative wavelength position of the one-layer models. For 
this reason, while it is reasonable to conclude that changes in the first 
few mirror layers are the likely cause of the measured behaviour of 
the HPF and NEID etalons, fully determining the mechanism and drift 
rates would require further study of the exact physical properties of 
the mirror. Specifically, we anticipate that it will be important to have 
more accurate information on the refractive index and deposited 
thickness of each layer than we currently possess, which could also 
affect the quality of our fit.

While the primary drift mechanism of the HPF and NEID etalons 
can be explained by perturbations to the outermost layers of the mirror 
stack, we also conducted a thorough investigation of other physically 
reasonable drift mechanisms, including polarization and incident angle 
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corresponding to the moving averages. One- and two-layer fit parameters and 
values for HPF and NEID are listed in Tables 1 and 2.

Table 1 | HPF mirror drift fits

HPF fits One layer Two layers

Spacer shift −7.6 × 10−11 −1 × 10−10

δd,1 (nm d−1) +5.6 × 10−4 +8.2 × 10−4

δn,1 (d−1) −1.5 × 10−6 −3.8 × 10−6

δd,2 (nm d−1) – +4.1 × 10−4

δn,2 (d−1) – −2.2 × 10−6

Data r.m.s. 1.04 × 10−10 1.04 × 10−10

Residual r.m.s. 4.95 × 10−11 3.71 × 10−11

One- and two-layer fit values for the HPF data are presented, including the root mean square 
(r.m.s.) of the HPF drifts before fitting and the r.m.s. of the residuals of each fit. d, day. 
Subscripts denote the layer to which the change is made; for example, δd, 1 denotes a change 
to thickness in the first layer of the mirror.
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changes, temperature changes and manufacturing tolerances. These 
modelling results are summarized and plotted in Supplementary Note 
3. We concluded that none of these alternative mechanisms is respon-
sible for the etalon drift measured by the HPF or NEID spectrographs, 
but might still be present in the HPF and NEID residuals or in other 
systems more generally.

Discussion
In summary, we modelled the effects of a number of mirror- 
coating-related causes for the chromatic mode drift in the HPF and NEID 
etalons, including incident angle variation, polarization fluctuation 
and temperature gradients. We were able to exclude the majority of 
these simple changes as the mechanism responsible for the HPF and 
NEID mode drifts. We also approached the modelling via a perturba-
tive layer-by-layer analysis of the mirror coating stack, and found that 
changes in the first few layers of the mirror system cause mode shifts 
that agree with the observed HPF and NEID etalon behaviour.

The most likely mechanism for the wavelength-dependent mode 
shift is a gradual expansion of the outermost one or two layers of the 
mirror coating over time. A reasonable explanation for this behaviour 
comes from the fact that the magnetron-sputtered stacks have some 
level of intrinsic, compressive stress due to the deposition method46. 
The outermost layer of the structure faces a vacuum, which offers  
little resistance, meaning that this layer can gradually expand and relax 
(whereas other, deeper layers in the system are more constrained by 
the surrounding layers and substrate, which offer some resistance to 
such a process). This relaxation could produce refractive index and 
thickness changes that are consistent with the relative magnitude and 
sign of the parameters fitted by the models discussed above.

It is also possible that the drift behaviour could be explained by the 
deposition of some contaminant (for example, water) in the vacuum 
chamber on the mirror surfaces. The deposition of some other material 
on the mirror stack is effectively equivalent to a change in the outer-
most layer of the stack, so our model is unable to distinguish between 
the two. We also note that neither of these explanations applies to FP 
etalons with soft coatings (for example, ESPRESSO), as soft coatings 
are not compressive and are more prone to processes such as outgas-
sing or water absorption.

Of course, we also note that etalon drift is one of many complex 
sources of instrumental drift, such as optical, thermo-mechanical and 
detector-driven effects, and further work will be necessary to deter-
mine the level of instrumental improvement resulting from calibrating 
the wavelength solution to account for etalon drift behaviour. We plan 
to carry out this investigation in the future using NEID data presented 
in this Article and data obtained more recently, and will attempt to 
integrate a chromatic correction directly into the wavelength module 
of the NEID pipeline. If successful, future studies reprocessing NEID 
archive data will be able to exploit these corrections.

The modelling results we present are by nature specific to the HPF 
and NEID etalons, and further analysis of other etalon systems will be 

necessary to determine the dominant effects of the coatings in each. 
However, they do provide clear evidence for etalon mirror coatings 
acting as the mechanism behind wavelength-dependent mode drift. 
As such, our work lays the foundation for additional modelling, mirror 
design and fabrication with the goal of identifying more stable mirror 
coatings for future etalon systems.

In the design of such etalon mirrors, it is typically only the band-
width and reflectivity that are are optimized. With the addition of our 
insights and modelling, it should now be possible to impose additional 
constraints on the coating design. In particular, we note that the com-
plexity of the mirror phase across the wavelength region of interest is 
directly tied to the etalon drift behaviour for HPF and NEID (specifically, 
in both cases, the drift behaviour is proportional to cos(φr)). Therefore, 
constraining mirror designs to phases with smaller variations in cos(φr) 
across the spectrum should mean that, even for the drift mechanisms 
explored in this Article, the drift behaviour would be less complex. 
This would, in turn, make locking the cavity to a known reference more 
straightforward. In general, we expect opportunities to minimize the 
impact of coating structure, ageing and manufacturing tolerances to 
emerge in this largely unexplored high-dimensional design space to 
provide more stable and predictable etalon behaviour.

Finally, we note that the broadband and high experimental preci-
sion required to understand the drift mechanisms of FP etalons at the 
centimetres per second level and at timescales longer than 6 months is 
not dissimilar to the demands of extreme-precision RV measurements. 
Our work thus also separately provides a unique and critical validation 
of LFCs as astronomical calibrators, offering clear evidence that they 
are capable of performing at both the precision level and timescale 
that will be required for the detection of an Earth analogue. In seeking 
to understand, characterize and improve on one of our oldest calibra-
tion sources, we therefore simultaneously offer a crucial validation of 
our newest ones.

Methods
HPF and NEID are both stabilized, fibre-fed, cross-dispersed echelle 
spectrographs that are optimized for RV exoplanet detection. HPF, 
located at the Hobby–Eberly Telescope at McDonald Observatory 
in Texas, operates in the near-infrared (820–1,280 nm) at a spectral 
resolution (λ/Δλ) of approximately 55,000 (ref. 47). NEID, located at 
the WIYN telescope at the Kitt Peak Observatory in Arizona, operates 
at visible wavelengths (380–930 nm) at a spectral resolution of 110,000 
(refs. 21,48,49). Both systems are equipped with a suite of calibration 
sources, including LFCs (which provide a reliable absolute calibration) 
and FP etalons, which are the devices of interest here. The LFC at HPF 
is a custom electro-optic frequency comb with nanophotonic spectral 
broadening10, while the NEID comb is a commercial instrument (Men-
losystems) based on a mode-locked laser and nonlinear optical fibre. 
Spectra of these sources are recorded daily, enabling long-term track-
ing of the relative, wavelength-resolved drift of their spectral features.

The FP system installed at HPF was described in detail in ref. 14. 
The FP system at NEID is similar to that at HPF. Planar dielectric mir-
rors manufactured by LightMachinery are attached to a 7.5 mm 
ultra-low-expansion spacer, and sit in a stabilized chamber designed 
by Stable Laser Systems. Light from an NKT SuperK Extreme super-
continuum source is coupled to the FP etalon via single-mode fibre 
(LMA-5 fibre from NKT). Finesse (F > 30) of the FP etalon is maintained 
across the NEID bandpass. This means that the mirrors need to main-
tain constant reflectivity across the covered bandwidth, motivat-
ing the many-layer mirror structure described above. This system 
delivers a mode spectrum of distinct, 20-GHz-spaced modes to NEID  
(or 30 GHz for HPF) that can be used for spectrograph calibration. 
These differences in mode spacing, as well as the differences in the 
frequency bandwidths covered (~130 THz for HPF and ~265 THz for 
NEID) lead to the differing numbers of modes studied (5,000 for HPF 
and 13,000 for NEID).

Table 2 | NEID mirror drift fits

NEID fits One layer Two layers

Spacer shift + 2.4 × 10−10 + 5.6 × 10−10

δd,1 (nm d−1) + 4 × 10−3 + 4.7 × 10−3

δn,1 (d−1) − 1.4 × 10−4 − 1.8 × 10−5

δd,2 (nm d−1) — + 6.8 × 10−4

δn,2 (d−1) — − 1.3 × 10−6

Data r.m.s. 1.86 × 10−9 1.86 × 10−9

Residual r.m.s. 2.34 × 10−10 2.18 × 10−10

One- and two-layer fit values for the NEID data are presented, including the r.m.s. of the NEID 
drifts before fitting and the r.m.s. of the residuals of each fit.
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For this study, we examined multi-month FP etalon/LFC relative 
drift monitoring from both HPF and NEID. The HPF spectral dataset 
(spanning roughly 6 months, from November 2018 to May 2019), along 
with associated methods for measuring the mode centroids and data 
quality, are described in ref. 14. The same analysis pipeline was used to 
analyse spectra from the NEID FP system, and we briefly summarize its 
application to the NEID spectra here. We focused on ~1,000 FP spectra 
spanning 1 September 2021 to 1 March 2022, which we downloaded 
from the NEID archive (https://neid.ipac.caltech.edu/search.php). 
These spectra were obtained through the CAL fibre in HR mode. Spectra 
in the NEID archive are provided in wavelength-calibrated form by the 
standard NEID pipeline (v1.2.1), which uses the LFC in combination with 
the FP and hollow cathode lamps to map pixel index to wavelength. The 
NEID pipeline documentation describes the details of this process50.

For this work, we focused on the wavelength range most reliably 
spanned by the LFC (5,100–9,300 Å), where the wavelength calibration 
is of the highest quality. This waveband contains more than 13,000 FP 
modes. Within this range, an independent pixel-to-wavelength map-
ping is defined for each spectral order of NEID. This mapping is param-
eterized as a ninth-order Legendre polynomial, which is refitted each 
day using spectra of the LFC. A low-order time-dependent correction is 
applied to this polynomial based on measurements of the FP spectrum 
throughout the day. Because the FP etalon is used only for finding these 
short-term corrections, the long-term behaviours of the FP etalon that 
we analysed here are not dependent on any assumptions about the FP 
etalon drift behaviour. Similarly to the wavelength calibration quality 
for HPF14, the residual r.m.s. values for the polynomial fits are <10 m s−1. 
There is some correlated structure at the level of a few metres per sec-
ond across tens of modes, but this is at a much smaller scale than the 
long-term broadband drift behaviour of the FP etalon that we analysed.

As was done with the HPF dataset14, we measured the wavelength 
centroid of each of the ~13,000 FP modes in the NEID spectra using 
a least-squares fit of a Gaussian function and tracked the motion of 
these centroids over time. Over the time span studied, the behaviour 
of the FP modes for both HPF and NEID is generally well described by 
a linear drift, so we quantified the wavelength-dependent drift using a 
least-squares fit of a line to the time series of centroids for each mode. 
Examples of these linear fits for the NEID data are shown in Supple-
mentary Note 4.

Data availability
All data needed to reproduce the results of this Article are available at 
https://scholar.colorado.edu/concern/datasets/m326m3334 (ref. 51).
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