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ABSTRACT

Efforts with extreme-precision radial velocity (EPRV) instruments to detect small-amplitude planets

are largely limited, on many timescales, by the effects of stellar variability and instrumental systematics.

One avenue for investigating these effects is the use of small solar telescopes which direct disk-integrated

sunlight to these EPRV instruments, observing the Sun at high cadence over months or years. We

have designed and built a solar feed system to carry out “Sun-as-a-star” observations with NEID, a

very high precision Doppler spectrometer recently commissioned at the WIYN 3.5m Telescope at Kitt

Peak National Observatory. The NEID solar feed has been taking observations nearly every day since

December 2020; data is publicly available at the NASA Exoplanet Science Institute (NExScI) NEID

Solar Archive: https://neid.ipac.caltech.edu/search solar.php. In this paper, we present the design of

the NEID solar feed and explanations behind our design intent. We also present early radial velocity

Corresponding author: Andrea S.J. Lin

asjlin@psu.edu

ar
X

iv
:2

11
2.

05
71

1v
1 

 [
as

tr
o-

ph
.I

M
] 

 1
0 

D
ec

 2
02

1

http://orcid.org/0000-0002-9082-6337
http://orcid.org/0000-0002-0048-2586
http://orcid.org/0000-0001-9596-7983
http://orcid.org/0000-0001-8720-5612
http://orcid.org/0000-0003-1312-9391
http://orcid.org/0000-0003-4384-7220
http://orcid.org/0000-0002-9632-9382
http://orcid.org/0000-0001-8401-4300
http://orcid.org/0000-0002-4788-8858
http://orcid.org/0000-0001-8127-5775
http://orcid.org/0000-0002-4927-9925
http://orcid.org/0000-0002-5463-9980
http://orcid.org/0000-0001-6545-639X
http://orcid.org/0000-0002-1664-3102
http://orcid.org/0000-0003-2451-5482
http://orcid.org/0000-0002-0289-3135
http://orcid.org/0000-0002-2488-7123
http://orcid.org/0000-0002-7827-6184
http://orcid.org/0000-0003-0149-9678
http://orcid.org/0000-0001-6160-5888
http://orcid.org/0000-0002-6096-1749
http://orcid.org/0000-0003-4835-0619
http://orcid.org/0000-0003-0790-7492
http://orcid.org/0000-0003-0241-8956
http://orcid.org/0000-0002-4289-7958
http://orcid.org/0000-0002-4046-987X
http://orcid.org/0000-0001-7409-5688
https://neid.ipac.caltech.edu/search_solar.php
mailto: asjlin@psu.edu
Song Yongliang

Song Yongliang



2 Lin et al.

(RV) results which demonstrate NEID’s RV stability on the Sun over 4 months of commissioning:

0.66 m/s RMS under good sky conditions and improving to 0.41 m/s RMS under best conditions.

Keywords: exoplanets, radial velocity, solar telescopes, solar activity

1. INTRODUCTION

Since the discovery of the first exoplanets in the

early 1990s (Wolszczan & Frail 1992; Wolszczan 1994;

Mayor & Queloz 1995), a remarkable number of plan-

ets have been detected, with an astonishing diversity

of properties. With the Astro2020 Decadal Survey (Na-

tional Academies of Sciences, Engineering, and Medicine

2021) endorsing a flagship ultraviolet/optical/infrared

space mission geared toward direct imaging of exoplan-

ets and biosignature detection in exoplanetary spectra,

it is imperative to discover and characterize planet can-

didates in order to increase future scientific yields—

especially the “temperate terrestrial planets orbiting

Sun-like stars” that will be the ultimate prizes of such

a mission. However, an Earth-mass planet orbiting in

the Habitable Zone of a solar-mass star only imparts an

RV semi-amplitude on the order of 10 cm/s, requiring

unprecedented levels of precision and stability which are

the goals of a new generation of RV spectrographs.

NEID (Schwab et al. 2016) is among the instru-

ments forging a path towards such extreme RV preci-

sion, with a bottom-up error budget yielding an esti-

mate of 27 cm/s single-measurement instrumental pre-

cision (Halverson et al. 2016). In NEID, starlight

from the WIYN 3.5m Telescope1 is coupled via a port

adapter (Schwab et al. 2018; Logsdon et al. 2018) into an

ultra-stabilized, high-resolution (R ∼120,000) fiber-fed

spectrograph. NEID covers a broad wavelength range

from 380 to 930 nm, and is wavelength-calibrated by

an astro-comb (a purpose-built laser frequency comb)

and a Fabry-Pérot etalon. Other instruments designed

to achieve similar precision goals include ESPRESSO

(Pepe et al. 2014), EXPRES (Jurgenson et al. 2016),

MAROON-X (Seifahrt et al. 2016), and KPF (Gib-

son et al. 2016), while future RV instruments such as

HARPS3 (Thompson et al. 2016) and G-CLEF (Szent-

gyorgyi et al. 2016) will seek to improve detection sen-

sitivity even further.

∗ NASA Earth and Space Science Fellow
† Henry Norris Russell Fellow

1 The WIYN Observatory is a joint facility of the NSF’s Na-
tional Optical-Infrared Astronomy Research Laboratory, Indiana
University, the University of Wisconsin-Madison, Pennsylvania
State University, the University of Missouri, the University of
California-Irvine, and Purdue University.

Despite such advances in instrumentation, it will be

nearly impossible to discover any planets with RV am-

plitudes of 10 cm/s without first addressing the problem

of stellar variability—the EPRV Working Group (Crass

et al. 2021) recognizes stellar variability as “the most sig-

nificant obstacle to achieving EPRV capabilities”. Stel-

lar processes produce quasi-periodic RV variations (of-

ten referred to as “jitter”) typically on the order of a few

m/s (Dumusque et al. 2011), which would completely

mask the RV signal of an Earth-twin exoplanet. Worse

still, such RV variations may masquerade as real plan-

ets (see for example Santos et al. 2014; Robertson et al.

2014; Lubin et al. 2021), leading to potential false pos-

itive detections requiring meticulous vetting. Fischer

et al. (2016) succinctly summarize the current state of

the field: “detailed spectroscopic, photometric, wave-

length dependent, and polarization signatures” offer op-

portunities for distinguishing these stellar effects from

the pure velocity shifts induced by planets, but finding

and utilizing these signatures is still a critical area of on-

going research. The promise of these techniques is yet

to be realized, and extensive data sets of solar RVs from

multiple instruments can play a key role.

The Sun, our closest star, is an ideal test case for

studying RV variations from both stellar and instrumen-

tal sources, because it is the only star whose surface can

be resolved in great detail. The Sun is particularly ad-

vantageous because we can compare disk-integrated RVs

with disk-resolved observations from other solar instru-

ments (Haywood et al. 2016; Thompson et al. 2020),

allowing us to test our models and predictions. In addi-

tion, since solar light usually follows a similar light path

through the instrument as starlight, it serves as a valu-

able diagnostic tool for revealing and tracking instru-

mental systematics (Collier Cameron et al. 2020; Du-

musque et al. 2020), especially when leveraging simulta-

neous solar observations from multiple RV facilities.

Stellar astrophysical processes that can affect RVs in-

clude, but are not limited to: convection-driven phe-

nomena (p-mode pulsation, granulation, and supergran-

ulation), starspots, plage, flares, coronal mass ejec-

tions, and long-term magnetic activity cycles. Observ-

ing strategies for suppressing RV noise from stellar p-

modes—acoustic standing waves which cause the star

to “ring” on timescales of many minutes—are relatively

well-understood (Chaplin et al. 2019), although they

have not been validated with real observations at preci-
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sions of a few cm/s. Strategies for reducing the RV ef-

fects of granulation have also been validated (Dumusque

et al. 2011; Collier Cameron et al. 2019), though com-

pared to p-mode mitigation strategies they are less ef-

fective at lowering the overall RV RMS. However, mit-

igation of supergranulation is still a challenge (see for

example Meunier & Lagrange 2019), in part because the

phenomenon is not completely understood.

For magnetic activity in quiet stars, the largest source

of RV variability is usually the suppression of convective

blueshift by magnetically active regions, which distorts

the disk-integrated line shapes. For solar spectral lines,

we know that such effects vary as functions of wave-

length and line depth, with some lines being more mag-

netically sensitive than others (Meunier et al. 2017).

This serves as the foundation of many different ap-

proaches to addressing activity-induced RVs. Activity-

correlated lines can be identified by looking for lines

whose measured RVs do not change in the same way as

the general line population, so that they can be dropped

from the set used to derive precise RVs and/or lever-

aged for more detailed analysis (Dumusque 2018; Ra-

jpaul et al. 2020; Cretignier et al. 2020). Meanwhile,

other efforts are centered around the development of

better activity indicators, whether these be magneti-

cally sensitive lines (Maldonado et al. 2019; Thompson

et al. 2020) or other stellar properties like the unsigned

magnetic flux (Haywood et al. 2020). However, further

work is still required in this area—with an emphasis

on the need for distinct indicators for different types of

magnetic activity, such as plage versus chromospheric

network (Milbourne et al. 2019)—as merely addressing

suppression of convective blueshift on a global scale is

insufficient for noise mitigation on magnetically quiet

stars where it may not dominate contributions to RV

activity (Miklos et al. 2020).

Yet other methods focus on tracking stellar-induced

RV variability through time series. Gaussian process

models can be used to jointly model RVs in conjunction

with existing activity indicators to find planets despite

the confounding effects of stellar activity (Rajpaul et al.

2015; Jones et al. 2017), for example, the CoRoT-7 sys-

tem investigated by Haywood et al. (2014). The analysis

of three years of HARPS-N solar data has shown that

the FWHM of the cross-correlation function as well as its

asymmetry, as quantified by the bisector inverse slope,

can be used to track solar RVs—albeit with complicated

time lags (Collier Cameron et al. 2019). With sufficient

quantities of data, it is possible to explore methods for

disentangling velocity shifts from line-shape changes, for

example, by examining the principal components of the

auto-correlation function (Collier Cameron et al. 2020),

or by using artificial neural networks to identify line-

shape changes without relying on time-domain informa-

tion (de Beurs et al. 2020).

The usefulness of disk-integrated Sun-as-a-star data

has already been proven by the solar telescope at

HARPS-N (Dumusque et al. 2015; Phillips et al. 2016),

which has produced a rich and homogeneous data set

over five years of operation. We expect that solar

data with NEID will be especially valuable due to its

extended red-optical/near-infrared (NIR) coverage out

to 930 nm (while many other RV spectrographs stop

around 700 nm). The impact of stellar processes on

RVs can be significantly lower in the NIR, as the dif-

ference in relative flux contributions from magnetically

active versus magnetically quiet regions is reduced at

these longer wavelengths. Furthermore, the NIR offers

possibilities for directly measuring stellar magnetic fields

via Zeeman splitting, since the effect is more pronounced

at longer wavelengths, and features such as the calcium

NIR triplet (8498, 8542, and 8662 Å) can serve as robust

activity indicators (Marchwinski et al. 2015; Robertson

et al. 2016a).

In this paper, we describe the design, integration, and

operations of the NEID solar feed, along with solar RV

measurements from NEID instrument commissioning.

In Section 2, we outline our design choices for the NEID

solar feed and the design intent behind these choices.

Section 3 describes the integration of the NEID solar

feed at WIYN. In Section 4, we discuss our observing

strategy, data processing, and current database of solar

data. Finally, we present RV observations of the Sun

obtained during NEID commissioning in Section 5.

2. DESIGN OF THE NEID SOLAR FEED

The timeline for the development and construction of

the NEID solar feed was aggressive, as the solar feed

was a late addition to the instrument, and we wanted

it available in time to support the final stages of NEID

spectrograph testing at Pennsylvania State University

(Penn State). Therefore, we sought to utilize readily-

available, commercial off-the-shelf (COTS) components

wherever possible, which allowed us to design and build

the full solar feed system in less than 6 months.

We loosely based the initial design of the NEID so-

lar feed on the HARPS-N and GIARPS solar telescopes

(Phillips et al. (2016) and Claudi et al. (2018), respec-

tively), as these instruments have demonstrated the abil-

ity to survive outdoor conditions for years while pro-

ducing high-quality solar data. The optics in these tele-

scopes consist of a single small lens which feeds sunlight

into an integrating sphere. The integrating sphere pro-

vides high levels of spatial scrambling, producing disk-
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integrated sunlight—mimicking the light received from

an exoplanet host star—which is then coupled into an

optical fiber that feeds the spectrograph.

Figure 1 shows the NEID solar feed assembly. A

COTS solar tracker maintains stable pointing, via an

active feedback loop driven by a quadrant sensor. The

optics assembly, shown in detail in Figure 2, contains the

lens and integrating sphere. We also use a pyrheliome-

ter as a dedicated cloud sensor. This is an instrument

commonly used in photovoltaic science to monitor solar

flux (specifically direct normal irradiance, DNI) over a

large wavelength range, but for our purposes, it fulfills

the role of directional cloud sensor, since obscuration of

the solar disk will cause a drop in flux.

The spatially-scrambled sunlight travels through ∼45

meters of optical fiber to a dedicated shutter mecha-

nism on the NEID calibration bench. The light is then

directed to the spectrograph science fiber via the NEID

port adapter, using the path for internal fiber-to-fiber

calibration (see Subsection 3.3 for more details). This

permits the use of a simultaneous calibration source,

through the normal calibration fiber, for maximum RV

precision.

A full list of the major components of the NEID so-

lar feed and their costs can be found in Table 2 in the

Appendix.

2.1. Lens

In choosing a lens for our solar telescope, our pri-

mary concern was to collect enough light—even with

the Sun as our source!—because the solar light must

pass through an integrating sphere and several long fiber

runs before reaching the rest of the instrument (see 2.2

for more details). An excess of light can be addressed

with a neutral-density filter or an aperture stop, but a

deficit is much harder to solve.

An important secondary consideration was to ensure

that the incoming sunlight passed through the input

port of the integrating sphere at all wavelengths of in-

terest. To help with this, we chose to place the focal

point of the lens at the center of the open input port.

This yields the smallest possible beam size, with the fo-

cused solar image 1.8 mm in diameter, thus minimizing

the chance of truncating the solar image due to tracking

error. However, the collected sunlight is highly concen-

trated, so it is imperative that the focal point is located

in free space.

We considered several COTS lenses (summarized in

Table 1), but ultimately chose one very similar to

the HARPS-N design—a 75 mm diameter achromatic

doublet with a 200 mm focal length (Edmund Optics

88-596). We chose the Edmund Optics proprietary

Figure 1. The solar feed assembly, shown during NEID
spectrograph testing at Pennsylvania State University (Penn
State). One leg of the solar tracker (pointing rightwards in
this image) is approximately aligned with geographic north,
and adjustable screw-feet in each leg are used to level the
tracker. The wooden base was a temporary addition for sta-
bility, as we could not bolt the tracker down at this time. Our
custom-built optics assembly is affixed to the shelf mount on
the left side of the tracker, with the optical fiber leading
to the spectrograph protected by the thick black conduit.
On the other arm of the tracker are the pyrheliometer and
the quadrant sensor which drives the tracker’s active guid-
ing loop. The optics assembly and the pyrheliometer are
co-aligned with the quadrant sensor by using pinhole sights,
adjusted by screws in the shelf mounts.

Figure 2. A cutaway view of the solar telescope optics
assembly, rendered in SolidWorks. The pink shading repre-
sents the approximate beam of the incoming sunlight. All
parts except for the outer housing were commercial off-the-
shelf (COTS) components. The filter labeled “optional” was
ultimately installed further downstream in the light path in-
stead.
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VIS-NIR anti-reflection (AR) coating instead of MgF2,

providing us with lower reflectance across a larger frac-

tion of NEID’s wavelength range, though at the cost of

more structure in the reflectance curve.

We initially considered using an aspheric lens in order

to minimize the effects of spherical aberration, but de-

cided that the drawbacks outweighed the benefits. Fig-

ure 3 shows that the focus spots produced by an as-

pheric lens grow quickly in size away from the design

wavelength. Given NEID’s broad wavelength coverage

and our desire to keep the spot size relatively uniform

across the whole NEID bandpass, this was not ideal. In

addition, the largest COTS asphere we found that met

our tolerances for surface smoothness was only 50 mm in

diameter (the Thorlabs AL50100G in Table 1), and did

not have a readily-available AR coating with acceptable

transmission across our entire wavelength range.

We also desired a shorter focal length, to decrease the

overall size and weight of the optics assembly, but found

that the glass used to achieve these shorter focal lengths

sharply drops in transmission efficiency at the bluemost

extent of the NEID wavelength range (< 400 nm). We

were unwilling to accept further losses where the instru-

mental throughput of NEID is already lowest, as this

wavelength region contains important solar activity in-

formation in the form of the Ca II H & K lines.

Since the solar feed assembly will remain outdoors

for years, we wanted to ensure the optics would sur-

vive intense solar light and a variety of weather condi-

tions. We are not concerned about the doublet nature

of our chosen lens, because the differential thermal ex-

pansion of the two substrates is negligible under normal

environmental temperatures. Furthermore, the epoxy

used to bond them together is Norland Optical Adhe-

sive 61 (NOA-61), which can withstand temperatures

from −150◦ to +125◦C and does not solarize with ex-

posure to ultraviolet light (UV tolerant). Similarly, the

VIS-NIR coating is non-hygroscopic, abrasion-resistant,

unaffected by solar UV, and can be cleaned with iso-

propyl alcohol. Furthermore, if a replacement lens is

necessary, it is a COTS component which can be easily

acquired. Since the solar feed assembly was installed

at WIYN in November 2019, no noticeable damage or

degradation of the lens has occurred.

2.2. Integrating Sphere

Our primary concern when choosing an integrating

sphere was the size of the sphere itself—too large a

sphere might fail to provide enough output flux, while

too small a sphere might not provide sufficiently uniform

scrambling (due to a larger fraction of its area being

taken up by input/output ports). Thus, we followed the

HARPS-N design, which has been proven to work well.

This 2-inch PTFE sphere, manufactured by Thorlabs,

provides uniformly high reflectivity (∼99%) throughout

the entire NEID wavelength range and is compatible

with many other optics parts, making it easier to make

modifications or attach additional components.

We verified that the power density of the incoming

sunlight would not damage the interior of the integrating

sphere during normal operation. With a 75 mm diame-

ter lens and a 200 mm focal length, a geometric estimate

yields roughly 2.2 W/cm2 on the integrating sphere sur-

face opposite the input port, assuming the airmass-zero

solar constant of ∼1361 W/m2. Even before account-

ing for atmospheric losses, this is much lower than the

maximum sustained power density of 2000 W/cm2 for

which the sphere is rated.

We also checked that a small tracking error would not

displace the focal point outside the input port, poten-

tially damaging the sphere housing. We confirmed with

a Zemax OpticStudio analysis of our telescope optics

that even with a displacement of 2 full solar diameters

(∼1◦) off-center, the solar image still stays solidly within

the bounds of the integrating sphere port. Combined

with the tracking accuracy of our system (discussed be-

low in Subsection 2.4), we are confident that we do not

need to worry about damage to the sphere housing.

2.3. Fiber Feed

The solar fiber is captured in a standard FC/PC con-

nectorized end, set back from the output port of the

integrating sphere by a standoff tube, as seen in Fig-

ure 2. The length of the standoff tube is adjusted to

achieve an input beam of approximately f /4, to match

the f /4 input used by the rest of the instrument.

During initial testing at Penn State, we used a

∼40-meter length of Thorlabs FG105ACA solarization-

resistant fiber to connect the solar feed assembly

(located on the roof above the NEID integration

clean room) to the spectrograph. At this time, the

FG105ACA fiber was our best available option, despite

the prominent structure in the transmission curve shown

in Figure 4, because we were concerned about loss of

blue throughput due to solarization.

For final installation of the solar feed at WIYN, we

used the same Polymicro FBP102122145 105-micron

multimode fiber used for the NEID High Efficiency (HE)

mode, which has a much smoother transmission curve.

We procured two custom-jacketed 45-meter lengths of

this fiber, assembled by FiberTech Optica. The jacket-

ing consists of stainless steel wrap within a layer of black

PVC. At our request, the ends of these fibers were built

with plastic connectors instead of the standard metal
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Manufacturer/Part # Dia. (mm) EFL (mm) Material AR Coating T380 T635

Edmund Optics 88-596 75 200 N-BK7/N-SF5 VIS-NIR 0.753 0.987

Edmund Optics 45-417 75 200 N-BK7/N-SF5 MgF2 0.718 0.942

Edmund Optics 33-925 75 150 N-BAK1/N-SF8 VIS-NIR 0.391 0.974

Thorlabs AL50100G 50 100 N-BK7 None 0.915 0.919

Table 1. Summary of properties for lenses considered for the NEID solar feed. T380 and T635 refer to the total transmittance
(substrates + AR coating) at the specified wavelengths (in nm). We chose the first lens due to its larger light-collecting area,
consistent spot size, and better throughput—both overall and at the bluest wavelengths where instrumental throughput is
already low.

Figure 3. Zemax OpticStudio comparison of focus spot sizes of several candidate lenses over the NEID wavelength range
(given across the top in nm). We chose the lens depicted in the top row, which has relatively consistent spot sizes across our
wavelengths of interest. Note the 10x change in scale for the asphere (bottom row). We were concerned that the large size of
these spots at the extremes of our wavelength range greatly increased the chance that the edges of the solar disk might fall
outside the integrating sphere input port.

ones—due to the risk of lightning strike at WIYN, we

wanted to avoid a direct electrically conductive path

between the exterior solar telescope assembly and any

NEID or WIYN electronics. One of these custom fibers

has been installed in the solar feed, while the other one

is kept in storage at the observatory as backup.

2.4. Solar Tracking

Due to the accelerated timeline of the NEID solar feed,

we did not have the time or personnel to dedicate to cre-

ating a custom tracking system, such as the two CMOS

cameras that maintain the pointing of the HARPS-N

solar telescope (Phillips et al. 2016). We also investi-

gated amateur astronomy mounts with solar tracking

functionalities, but these are typically not designed for

long-term autonomous use.

Fortunately, there is already a market for rugged, au-

tonomous solar trackers in photovoltaic and environ-

mental science fields. We acquired an EKO Instruments

STR-22G solar tracker, which is designed to operate au-

tonomously even in harsh environments, including re-

mote operations in Antarctica (EKO Instruments 2019),

and optimized to track the motion of the Sun. We chose

this particular tracker because it had the most options

for mounting our optics assembly and additional sen-

sors, and because it had both active and passive tracking

modes. In the active tracking mode, a quadrant sensor

is used to keep the solar tracker centered on the Sun’s

position. When there is insufficient flux in the quad-

rant sensor to provide accurate centering, such as when

clouds obscure the Sun, the tracker falls back to passive

tracking where it uses GPS location to predict the Sun’s

position based on an internal model.

2.4.1. Tracking Test

The STR-22G solar tracker is stated to have a “track-

ing accuracy” of ∼0.01◦ (36 arcsec). To verify this, we

attached a small imaging system to the tracker to mon-
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Figure 4. Transmission as a function of wavelength for
equivalent lengths (45m) of the Thorlabs FG105ACA fiber
used at Penn State and the NEID HE fiber (Polymicro
FBP102122145) used at WIYN. The NEID wavelength range
of 380 nm to 930 nm is marked with vertical dashed lines.
The NEID HE fiber shows much less structure in its trans-
mission curve, as well as better transmission in the red.

itor the location of the solar image on a position sensor.

This assembly consisted of a lens, a reflective neutral

density filter (to reduce the intensity of the sunlight),

and a Thorlabs PDP90A 2D lateral position sensor. We

set up the tracker according to its instructions and let it

operate autonomously for ∼6 hours on a partly cloudy

day. The results of this test are shown in Figure 5.

Under clear sky conditions, the STR-22G solar tracker

actually performed much better than its specifications,

maintaining its pointing on the Sun to a RMS of 3.2 arc-

sec (∼0.2% of a solar diameter), with typical excursions

out to 10 arcsec. During cloudy periods, as indicated by

low flux in the pyrheliometer, the centroid measured by

the position sensor wandered by a degree or more. How-

ever, we believe that because this effect is so strongly

correlated with clouds, it does not reflect the tracker’s

true accuracy and is merely a consequence of uneven

extinction of the Sun, with the true tracking accuracy

better reflected by the 3.2 arcsec RMS observed during

clear conditions.

The solar tracker had to be physically picked up and

relocated halfway through the tracking test in order to

keep it in direct sunlight, which resulted in a short

interruption in the data stream. Conveniently, this

allowed us to confirm the robustness of the tracking

algorithms—we observe no difference in tracking accu-

racy before and after this interruption, demonstrating

that the tracker’s accuracy is unaffected by physical

shifts or rotations, as long as the Sun remains within

the quadrant sensor’s field of view.

As demonstrated by our tracking test, the RMS error

of our solar tracker is 3.2 arcsec and the largest observed

deviations under clear conditions were � 1 arcminute.

These deviations are much smaller than the 6 arcmin

accuracy reported by Phillips et al. (2016) for 10 cm/s

RV precision with the HARPS-N solar telescope. Thus,

we expect our tracking accuracy to have a negligible

contribution to any observed RV variations, although

we have not explicitly tested the on-sky RV impact of

a misalignment. In summary, this COTS solution met

and exceeded our needs for accuracy and precision in a

solar tracker.

2.5. Flux Monitoring

As demonstrated by our tracking test, uneven ex-

tinction of the solar disk—for example, due to passing

clouds—can cause large spurious RV shifts. Because the

Sun is a resolved source, heterogeneous obscuration of

the solar disk will preferentially block either redshifted

or blueshifted light, distorting the observed RVs.

Under normal operating procedures, the NEID spec-

trograph relies on its internal chromatic exposure meter,

which operates at a 1 Hz cadence, to indicate clouds or

poor seeing during observations. However, one of the

purposes of the solar feed during spectrograph testing

was to serve as an independent check of the exposure

meter, so we included a second, more direct, method to

detect drops in solar flux.

A standard astronomical all-sky camera did not suit

our needs. The vast majority of such cameras are de-

signed to operate at night only and thus do not cope well

with the Sun; they also measure full-sky cloud cover,

whereas we only care about clouds in a small radius

around the Sun. Furthermore, with an image-based

cloud sensor, it can be difficult to accurately identify

the presence of thin clouds or hazes.

Instead we use a pyrheliometer, an instrument com-

monly used in photovoltaic science. The MS-57 pyrhe-

liometer from EKO Instruments measures the total solar

direct normal irradiance (DNI) from 200 to 4000 nm in

a 5◦ field of view around the Sun—for our purposes,

it is effectively a directional bolometer. A thermopile

within the pyrheliometer reads out an analog voltage

to a LabJack data acquisition module, and the voltage

can be converted to an intensity via a factory-calibrated

conversion factor. We set the readout rate of the pyrhe-

liometer to 1 Hz to match the cadence of the exposure

meter, as faster cadences offer no significant benefit for

detecting clouds during solar exposures.

The DNI over the course of any given day can be calcu-

lated through models such as the Bird Clear Sky Model

(Bird & Hulstrom 1981); we use the Python implemen-
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Figure 5. Scaled pyrheliometer flux (top panel) and position sensor centroid (middle) during the solar tracking test. A short
span of no data after 14:00 is due to the repositioning of the solar tracker. Periods where the measured centroid deviates from
the center of the sensor by more than a few arcseconds correlate strongly with low flux in the pyrheliometer, which we take to
be the result of clouds or other obscuration of the Sun. When these cloudy periods—marked by pink shading—are removed by
a flux cut discarding points with values < 80% of the normalized flux (bottom), the tracking is accurate to a RMS of 3.2 arcsec
over 6 hours. We believe the deviation from zero displacement seen towards the end of the clear tracking graph is a chromatic
effect, due to the quadrant sensor and our imaging system operating at different wavelengths.

tation found in pvlib (Holmgren et al. 2018). Devia-

tions from the predicted flux thus indicate the presence

of clouds or other obscuring phenomena; Figure 6 shows

3 days of typical weather at Penn State during NEID

spectrograph testing. The DNI from the Bird Model

depends on atmospheric properties—such as water va-

por and aerosol content—which we must estimate, but

even an approximation gives us a quick and effective tool

to gauge the overall quality of our solar observations.

2.6. Weather Enclosure

It is imperative to protect the solar feed assembly

against the elements. The WIYN observatory experi-

ences heavy rain and lightning storms during the sum-

mer monsoon season, snow and ice during the winter,

and frequent high winds due to its position at the end

of the mountain ridge.

We considered enclosing the entire assembly in an

acrylic dome, like the HARPS-N solar telescope, or a box

with a remote-controlled lid, like LOCNES and HELIOS

(the solar telescopes for GIARPS and HARPS, Claudi

et al. (2018) and ESO (2018) respectively). However, we

were concerned that imperfections in the dome might

cause optical aberrations which would differ over the

course of the day, producing spurious RV shifts. Simi-

larly, if the focal point of the optics assembly is not at

the center of the dome, RV shifts may be induced by the

differing angle and curvature of the dome with respect

to the other optics. We concluded that in our situation,

a box had the potential to create more problems than it

would solve: the lid mechanism would be an additional

point of failure on a system which might not be easily

accessible, and rain and snow could collect inside with-

out careful drainage. The size of the dome or box would

also make it more difficult to find a suitable location to

mount the solar feed assembly.

Ultimately, we chose to utilize ruggedized and highly

weather-resistant components instead of enclosing the

solar feed assembly. We designed a custom housing for
the lens and integrating sphere—seen in Figure 1 and

Figure 2—which was machined by Hilltop Technology

Laboratory. The seams are made weather-tight by sand-

wiching rubber o-rings in the junctions along the tube

assembly. An attached desiccant cartridge keeps the in-

terior components dry, and the outside is powder-coated

white to resist corrosion. The inside of the main tube

is threaded to reduce ghosting from scattered light and

blackened with MH2200 paint. We also inserted a small

Dracal USB sensor at the side of the main tube to mon-

itor the interior temperature and humidity.

We chose to have the surface of the achromatic lens

exposed to the outside, as the VIS-NIR AR coating is

non-hygroscopic and abrasion-resistant, and the lens is

relatively inexpensive if a replacement is necessary. A

flat protective window in front of the lens would cause
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Figure 6. Comparison of measured pyrheliometer flux with the Bird Clear Sky Model over 3 days during NEID testing at Penn
State, showing significant clouds. We expect some small discrepancies in predicted vs. measured flux during clear periods, as
we estimated the local atmospheric water vapor and aerosol levels for the Bird Model.

fringing, and a COTS wedged window of sufficient size

was not available. We added a rain shield to the housing

to help keep water and snow off the front face of the lens,

which might leave behind residue upon evaporating.

The solar tracker, pyrheliometer, and associated ca-

bles are already designed to survive unattended in harsh

environments. The solar fiber (already jacketed with

PVC and steel wrap) is fed through a length of weath-

erproof flexible rubber conduit, which is attached to the

solar telescope housing and runs all the way through

to the interior of the WIYN building so that the fiber

jacketing is never exposed to the outside.

The only necessary maintenance for the outdoor com-

ponents of the solar feed assembly is to inspect and clean

the lens every few months with a microfiber cloth and

isopropyl alcohol, and change the desiccant cartridge if

it has become saturated, as indicated by the desiccant

within turning pink.

3. INTEGRATION AT THE WIYN 3.5M

TELESCOPE

3.1. Location

When selecting a location for the solar feed assembly,

our goal was to mount it with an unobstructed view of

the sky and out of the potential paths of observatory

staff or vehicles, while remaining accessible for periodic

maintenance.

We considered mounting the solar feed assembly on

the south wall of the dome, where the fiber run to

reach the NEID calibration bench could be shortened by

∼20 meters. This would mean less attentuation of the

incoming sunlight, especially at our bluest wavelengths

(∼380 to 400 nm). However, it became apparent that

this was not a feasible location, as it would encroach

upon a narrow emergency-egress route, and incur the

risk of wintertime damage from ice sheets sliding off the

dome.

As a result, the solar feed assembly is mounted on a

small shelf attached to the east end of the control room

building near the WIYN weather station, as shown in

the top panel of Figure 7. We worked with NOIRLab

staff on the design of the shelf, to ensure that it would

be robust enough to support the cantilevered weight of

the tracker and its accessories even with heavy wind-

loading, as well as giving it ample room to rotate over

the course of the day. Currently, access to the solar feed

assembly for inspection and cleaning is only possible via

the mountain’s boom lift.

The shelf itself is made of aluminum and is bolted into

a building stud near the apex of the roof. A platform

was added atop the primary shelf to ensure that the solar

telescope sits above the roof level and thus has a nearly-

unobstructed view of the sky above airmass 2. The solar

tracker is bolted to the top platform via mounting holes

in the legs and leveled using adjustable screw-feet. It

is about 9◦ misaligned from geographic north, as it was

accidentally installed aligned with magnetic north in-

stead. However, the Sun is still within the 30◦ field of

view of the sun sensor, so the tracker software automat-

ically compensates for the offset.

When connecting the solar feed assembly, we were

careful to leave sufficient slack in the cables to allow
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Figure 7. Top: The solar feed assembly installed on its shelf
on the end of the WIYN control room building. The weather
station to its left is short enough that it does not block the
solar telescope’s view of the sky. A new, taller lightning rod
has also been installed near the apex of the roof (after this
picture was taken—see bottom panel). Bottom: Close-up of
the installed solar feed assembly, with the pyrheliometer and
quadrant sensor visible on the left tracker arm. Our optics
assembly is on the right arm, behind the body of the tracker.
The thick black conduit contains the jacketed solar fiber.
Cables are affixed to the back of the tracker to reduce the
load on the altitude drives, and wrapped in a tough plastic
sheeting to prevent wear from rubbing against the edge of
the platform as the tracker rotates. The PVC fitting that
routes cables inside the building can be seen directly under
the shelf, and the new lightning rod is visible to the right of
the solar tracker.

for the azimuthal and altitudinal motion of the solar

tracker, as seen in the bottom panel of Figure 7. The

solar fiber and associated cables were then routed in-

side the WIYN control building via an elbow fitting

filled with foam to isolate the inside and outside en-

vironments.

The location atop the control room has a clear view

of the sky above airmass ∼2 throughout the year. This

yields an average of 6.5 hours of Sun (above airmass 2)

per day, with a minimum of ∼3 hours in the winter and

a maximum of ∼9 hours in the summer. However, due

to the constraints of our observing strategy (outlined in

Subsection 4.1 below), we expect a consistent 6 hours of

solar data per day, even in the summer.

3.2. Weatherproofing

Due to the danger of lightning strike on Kitt Peak, we

were careful to avoid a direct electrical path between the

solar feed assembly and any NEID or WIYN electron-

ics, and integrated the solar feed into the existing WIYN

lighting suppression system (Figure 8). Power and data

cables from the solar telescope assembly were severed

and then re-connected across lightning isolators. While

we had already designed the solar fiber with plastic con-

nectors in order to avoid a direct electrical path, we took

further precautions by also grounding its steel jacketing

directly to the copper grounding plate (Figure 8, bot-

tom panel). In addition, a new lightning rod—chosen to

be significantly taller than the solar feed assembly—was

installed nearby on the control building roof to further

reduce the chance of a direct strike (Figure 7, bottom

panel).

While all exterior components of the solar feed are

designed to be weatherproof, we still wanted a way to

safely park the telescope in extreme weather where there

is no chance of acquiring useful data. The simplest way

to do this is to override the automatic tracking and send

the tracker to its home position, pointing due south at

zero elevation, where it will stay until manual control

is released. The tracker weather-stow must be triggered

manually, and generally it is only activated in cases of

extremely poor weather. Additionally, we have config-

ured the solar tracker such that it always boots up under

manual control. Thus, if observatory power is temporar-

ily lost, the tracker will continue holding at its safe-stow

position when power is restored.

Since the installation of the NEID solar feed, it has

been subject to adverse weather conditions including,

but not limited to: heavy rain, lightning storms, hail,

snow, dust storms, and sustained winds of over 50 miles

per hour (with gusts exceeding 70 mph). Snow presented

a complication since it accumulated on the lip surround-

ing the lens if the solar telescope was pointing upward,

so we elected to send the tracker to its weather-stow safe

position whenever snow was forecast. However, we have

not observed any damage to the lens, tracker, or any
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Figure 8. Top: WIYN lightning suppression system for the
solar feed and the weather station. Cables from outside are
captured in lightning isolators and connected to the copper
grounding plate; in case of electrical surge, current will be
shunted to the grounding plate instead. Data cables (seen
emerging from the right side of the isolators) are routed to
the USB hub and then transmitted to the NEID server via
USB-over-fiber-optic. Bottom: Lightning grounding for the
solar fiber itself. A short section of the outer PVC jack-
eting was stripped away to allow wire leads to be fastened
against the inner steel wrap. These are also connected to the
grounding plate as seen in the top panel (blue wires).

other exterior components of the solar feed in the year

since its installation—though the new lightning rod has

been struck at least once.

3.3. Path to NEID

Figure 9 provides an overview of the solar feed light

path. Spatially scrambled sunlight from the solar tele-

scope travels through 45 m of fiber to reach the NEID

calibration room, being routed through the WIYN ca-

ble tray along with a fiber-optic cable carrying teleme-

try from the solar feed assembly sensors. Once they

leave the cable tray, these cables are protected in a

steel-wrap conduit, which enters the NEID spectrograph

room through a small pass-through hole, which is filled

with foam to maintain environmental conditions within

the spectrograph room.

Once it reaches the NEID calibration bench, the light

is directed through a GigaScrambler (a fiber scrambler,

which bends and twists the optical fiber to provide mode

scrambling) and the solar shutter mechanism. The so-

lar shutter mechanism (Figure 10) is a tube which con-

tains, at each end, an achromatic lens doublet and an

FC/PC fiber adapter. In the collimated space between

the lenses are mounted an RPC Photonics 0.25◦ engi-

neered diffuser, a wedged OD 0.6 neutral density filter,

and a 25 mm shutter. The sunlight exits the fiber and

is collimated by the first lens, before being further spa-

tially scrambled by the diffuser and reduced in intensity

by the neutral density filter. Then it is refocused into

the port fiber at the other end, using two x-y translating

mounts and adjustable focus housings to center and fo-

cus the light on the fiberhead. This shutter mechanism

serves as an additional layer of protection to prevent

stray solar light entering the port adapter or the rest of

the instrument when the solar feed is not in use.

Next, the light is sent up to the NEID port adapter

via a bifurcated fiber, which was was custom-made for

us by C Technologies, Inc. It is Y-shaped, with two

single steel-jacketed fibers feeding into a junction where

the two “tails” are combined into a single jacket, with

both fibers close to each other in one ferrule at the far

end. As depicted in Figure 9, one tail is attached to the

solar shutter mechanism and the other to the calibra-

tion bench, allowing either source to be sent up to the

internal calibration arm of the NEID port adapter.

Figure 11 shows the subsequent light path through

the port adapter. This path bypasses the first few op-

tics, which shape the input beam from the WIYN 3.5m

Telescope, and adds a lens triplet and a flip mirror in

the internal calibration arm. All optics after the at-

mospheric dispersion corrector (ADC) are identical to

the light path traveled by normal science light. A small
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Figure 9. Schematic showing the solar light path up until the NEID port adapter. The solar feed has a dedicated GigaScrambler
and an independent shutter mechanism. Like starlight, solar light passes through lengths of octagonal fiber (labeled NEID HE
Oct) for additional mode scrambling. The bifurcated port fiber allows either solar light or calibration light to be sent up to the
port adapter and then directed into the science fiber.

Figure 10. The solar shutter mechanism (bottom tube)
and the similar 2D flat field injection tube. The x-y transla-
tion mounts and adjustable focus housings enable the FC/PC
connectors on each end to be moved in all three dimensions
and then locked in place. An engineered diffuser, neutral
density filter, and a shutter are secured within the tube.

fraction of the solar light is directed to the Guide Cam-

era and Fiber Viewing Camera by the port beamsplit-

ter; this allows an automated script to adjust x-y stages

within the port adapter to direct solar light into the fiber

head leading to the spectrograph.

The NEID port adapter is further described in Logs-

don et al. (2018) and Schwab et al. (2018). The overall

design of the NEID fiber feed closely resembles that of

the Habitable-zone Planet Finder (HPF)—see Kanodia

et al. (2018) for more details.

Early in the design process, we considered feeding so-

lar light through the calibration bench turret as if it

were a calibration source. This would have eliminated

the need for the bifurcated fiber and stage adjustments

in the port adapter, but we decided that this design

was unworkable for three major reasons. First, the solar

light would have to pass through a second integrating

sphere in the calibration bench, resulting in a total loss

of > 1012; even for the Sun, the resulting photon counts

would be too low for any reasonable exposure time. Sec-

ond, this would have precluded taking solar observations

with simultaneous calibration, requiring interleaved cal-

ibration frames instead. Finally, this alternate design

would bypass the port adapter by sending sunlight di-

rectly from the calibration bench to the spectrograph,

preventing us from probing the instrumental systematics

of the port adapter and the NEID science fiber.

In addition to sunlight, the solar feed assembly also

needs to send and receive telemetry from the NEID

server located in the calibration room. Due to the dis-

tance between the solar feed assembly and the calibra-

tion room, all data and communications devices are con-

nected to a USB hub (after passing through the lightning

isolation system) and collectively connected to the NEID

server via a single fiber-optic cable routed through the

WIYN cable tray alongside the solar fiber.

4. OBSERVATIONS
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Figure 11. Labeled schematic of the NEID port adapter, adapted from Schwab et al. (2018) and Logsdon et al. (2018), showing
the paths of solar and stellar light. A flip mirror selects between starlight from the WIYN 3.5m or solar light from the internal
calibration arm of the port adapter.

4.1. Observing Strategy

We have designed our solar observing strategy to max-

imize the collection of solar data between daily NEID

calibration sequences, while also requiring minimal hu-

man involvement. We collect ∼6 hours of solar data

every clear day.

Every morning, when the Sun is 5◦ below the hori-

zon, the solar tracker will automatically move itself to

the predicted position of the Sun as computed from its

internal model. Once the Sun rises, the tracker will lock

on with its active tracking loop and continue following

the Sun throughout the day, regardless of whether or

not solar data are being taken.

After the NEID morning calibration sequence is fin-

ished, the solar data-collection script will trigger at 16:31

UT (09:31 local time). This script opens the solar shut-

ter mechanism and reconfigures the port adapter, which

will center the Sun onto the High Resolution (HR) sci-

ence fiber, and then takes exposures at a fixed cadence

until stopped. If there is not enough flux for the port

adapter to properly acquire the Sun on startup, it will

try again every 60 seconds until it is successful or the

solar script ends. The script will also attempt to re-

acquire the Sun after every 60 solar frames to ensure

that the source is centered. We take solar data continu-

ously through the daily liquid nitrogen (LN2) fill, which

occurs at 17:00 UT (10:00 local). At 22:30 UT (15:30

local), the solar script will automatically stop taking

exposures and reset NEID to its normal nighttime ob-

serving configuration, so that the afternoon calibration

sequence can start on time.

At sunset, the solar tracker will cease tracking once

the Sun is 5◦ below the horizon and return to its home

position until the next sunrise. In the event of dangerous

weather conditions with no hope of solar data, the solar

tracker will be manually held at its safe-stow position

instead.

The exposure time for solar frames is 55 seconds. As

of 24 August 2021, the gap between solar exposures has

been shortened to 28 seconds (previously 38 s), for a

total observing cadence of 83 seconds (previously 93 s).

The ∼1.5 minute cadence is well-suited for our purposes,
allowing us to sample the solar p-modes without losing

too much of the duty cycle to readout time.

4.2. Solar Data Processing

The solar data are processed by the standard CCF-

based NEID Data Reduction Pipeline (DRP), almost

identically to the stellar data. This allows us to analyze

the solar data as a true reflection of the precision achiev-

able by the NEID instrument and pipeline in combina-

tion. For a full description of the NEID DRP, see the

documentation on the NEID Data Archive2. However,

there are a few crucial differences between the night-

time and daytime pipeline reductions due to the nature

of solar observations.

2 https://neid.ipac.caltech.edu/docs/NEID-DRP/

https://neid.ipac.caltech.edu/docs/NEID-DRP/


14 Lin et al.

First, the barycentric correction for the Sun is dif-

ferent than that for a normal exoplanet host star, as

the distance and direction to the Sun are constantly

changing. We have developed an additional mode for

barycorrpy (Kanodia & Wright 2018) specifically for

use with the Sun (and other solar system objects). In

this mode, we remove the signals of solar system planets,

in order to present the Sun as an RV standard star with-

out planetary signals. For a more in-depth discussion of

these details, see Wright & Kanodia (2020).

Second, the instrumental drift patterns are different

for solar data as compared to nighttime data. We have

observed that the drift slope varies with time since the

LN2 fill, and the sudden transient caused by the LN2

fill itself occurs during solar data collection (Figure 12).

Version 1.0 of the NEID DRP uses only the simultane-

ous etalon data for solar drift correction, and does not

use the interpolated drift model used for nighttime data.

An update in DRP Version 1.1.2 incorporates an inter-

polated drift model for the solar data too; this means

that the drift is not calculated solely from the simulta-

neous etalon calibration, but also informed by the data

from neighboring frames. All solar data have recently

been reprocessed with v1.1.2, and will be reprocessed

with any future improvements to the NEID DRP.

One such improvement will be the addition of dif-

ferential extinction correction. The Sun is a resolved

source—half a degree in diameter—and thus there is a

slight imbalance in atmospheric extinction between the

blueshifted and redshifted sides of the Sun. This leads to

a slow RV drift on the order of 1 m/s over the course of

a day. Collier Cameron et al. (2019) outline one method

of correcting differential extinction, which produces a

single (grey) RV offset. However, the true perturbation

is a line shape change, and further work will be nec-

essary to determine the effects of this perturbation on

different methods for measuring RVs (e.g., CCF-based

vs. template-matching).

We also note that the CCF mask used for the solar

RVs presented in this paper mirrors the ESPRESSO line

list. Because ESPRESSO’s wavelength coverage does

not extend as far into the red as NEID (with its red

cutoff at 788 nm, while NEID shows useful spectral or-

ders past its nominal 930 nm red cutoff), we are not

currently taking full advantage of the information con-

tained in NEID spectra. In the future, a NEID-specific

line list will be developed to encompass the full NEID

wavelength range.

4.3. Current Solar Data

The solar feed assembly was first connected to NEID

during spectrograph testing at Penn State in June 2019.

Test solar exposures confirmed that it was operational,

and it was relocated to the roof above the NEID integra-

tion clean room for use throughout the final stability run

in August and September. During this period, we were

able to collect a few days of solar data, which we used

to help quantify instrumental throughput and stability

in the lead-up to the pre-ship review.

The solar telescope was initially installed at WIYN

in November 2019, but was not fully operational un-

til January 2020. At that time, port adapter setup and

exposures still needed to be triggered manually. In addi-

tion to days with poor weather or lack of available NEID

personnel at WIYN, solar data was often preempted by

daytime port commissioning work and telescope mainte-

nance. However, we were able to acquire short stretches

of solar data (up to 2.5 hours) on a handful of days in

late January through mid-February of 2020.

Unfortunately, this was followed by a long stretch

without solar data. The spectrograph was warmed up

and opened for engineering work in late February 2020.

Before it had re-stabilized in the subsequent vacuum cy-

cle, Kitt Peak facilities shut down due to COVID-19 in

mid-March—meaning that NEID and all its subsystems

were powered down to a long-term safe mode.

The mountain was able to reopen in September 2020

and NEID started cooling again in late October. The

solar feed system was brought back up without issue and

the outdoor optics were inspected and cleaned. As of

December 2020, the solar feed is once again operational

and taking solar data on a daily basis. Figure 13 shows

an example solar spectrum from WIYN.

All NEID solar data can be accessed on the NExScI

NEID Solar Archive at https://neid.ipac.caltech.edu/

search solar.php. These data are available immediately

upon being processed by the DRP (typically within 24

hours of being taken), with no proprietary period.

5. EARLY RV RESULTS

In the following section, we focus on the daily so-

lar data taken during NEID instrument commissioning

at WIYN, from mid-December 2020 to mid-April 2021.

While a small amount of solar data was taken prior to

this, it is sparsely sampled and the spectrograph had

not settled into its current stable operating configura-

tion. Here, we use results from NEID DRP v1.0, as the

solar data had not yet been fully reprocessed with DRP

v1.1.2 when we performed our analysis.

One of our main goals with the solar feed, beyond

that of understanding stellar activity, is to investigate

the instrumental stability of NEID. The NEID optical

bench is under vacuum and temperature controlled to

sub-milli-Kelvin levels (Stefansson et al. 2016; Robert-

https://neid.ipac.caltech.edu/search_solar.php
https://neid.ipac.caltech.edu/search_solar.php
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Figure 12. Typical daily drift pattern of NEID, traced by the etalon calibration source. The drift pattern on sequential days is
similar, but not identical. “Day” and “night” are bookended by the morning and afternoon calibration sequences (red vertical
lines), with solar data being taken over the “day” timespan. Drift data is denser during the day because all solar data is taken
with simultaneous etalon, while nighttime data may use either simultaneous or bracketed calibrations. Liquid nitrogen (LN2)
fills cause a sharp disturbance in the daily drift pattern (marked by green boxes).

Figure 13. A typical 1D solar spectrum taken with NEID and reduced by the NEID DRP, showing the overall instrumental
response and blaze response.

son et al. 2016b, 2019). However, minute temperature

fluctuations and mechanical flexure of the bench may

still influence the instrumental RV precision. In prin-

ciple, such effects should be tracked by the calibration

fiber, canceling them out from the final reduced RVs.

The solar data provides us with a very densely sampled

dataset with very high signal-to-noise (SNR), which is

extremely useful for investigating instrumental stability.

We present our results below, with the following

caveats. The solar feed is an auxiliary component of

NEID and did not have the stringent error budget of

the spectrograph or the port adapter. Thus, the RV er-

ror contributed by its design has not been quantified as

rigorously as the other components of NEID. The solar

feed also bypasses the WIYN 3.5m Telescope and part

of the port adapter, including the tip-tilt loop and the

ADCs, and as such its performance may not be reflec-

tive of the entire NEID system. In addition, we have

not accounted for solar RV variability apart from p-

modes; the contribution to RV jitter from granulation

and other longer-period effects over our time series are

unknown. Therefore, while our solar data cannot tell

us the spectrograph’s true instrumental RV precision, it

can provide an approximate upper bound in the best-

case scenario of a dense, high-SNR dataset.
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We reject poor or cloudy days of solar observations

based on the overall pyrheliometer data for the day. We

choose to filter by entire days, as opposed to frame-by-

frame, in order to ensure that each day has sufficient

data for a daily bin to be meaningful. We discard any

days which show significant drops in flux (a small num-

ber of brief cloudy patches on an otherwise clear day

is acceptable), because we find a strong correlation be-

tween low flux in the pyrheliometer and RV offsets, as

a result of uneven obscuration of the solar disk. This

is followed by a SNR cut to remove any remaining low-

flux points (e.g. occasional clouds). However, we do not

reject points based on RVs at any stage in this filtering

process. Finally, we bin our RVs in sets of 4 exposures

(334 s, 5.6 min) to approximately average over the ∼5.4-

minute solar p-mode period.

Over 4-5 months of solar data, we show in the top

panel of Figure 14 that on the remaining “good”-quality

days, NEID has an RV stability of 1.14 m/s RMS on

the Sun. If we bin these observations as described pre-

viously, to beat down the p-mode noise, the RMS is

reduced to 0.89 m/s, and if we bin over entire days—to

probe the long-term instrumental stability of NEID—we

achieve a precision of 0.66 m/s.

If we apply even stricter conditions on the pyrheliome-

ter data, restricting ourselves to the clearest ∼10% of

days (which we will refer to as “best”-quality days), we

find an RV precision of 1.07 m/s (unbinned), 0.76 m/s

(5.6-minute bins), and 0.41 m/s (daily bins) over this

timespan as shown in the bottom panel of Figure 14.

In addition, we present preliminary demonstrations

of possible future investigations with NEID solar data.

Figure 15 depicts the order-by-order RV precision of

NEID. The majority of orders are well-behaved with

daily solar RV RMS ∼1 m/s, offering opportunities for

chromatic RV analysis. Furthermore, in Figure 16, we

recover solar p-mode harmonics around the expected

∼5.4-min period peak. Further investigations of stellar

activity, while outside the scope of this paper, appear

promising, and will be the subject of future publica-

tions (e.g., Ervin et al. 2022, in prep; Ford et al. 2022,

in prep).

6. CONCLUSIONS AND FUTURE WORK

We have designed and built a solar feed system for

NEID, the data from which have already allowed us to

demonstrate our instrumental precision. With carefully

considered hardware choices, we were able to construct

a durable and reliable system while meeting our aggres-

sive development timeline. Data collected by the solar

telescope allows us to place approximate upper bounds

on the NEID instrumental RV stability (daily bins) of

0.66 m/s under “good” conditions, and 0.41 m/s un-

der “best” conditions. Our solar observations have also

enabled us to monitor long-term instrumental drift and

resolve solar p-modes.

Future observations with the NEID solar feed will en-

able us to continue our investigations into instrument

systematics and RV pipeline improvements, but will also

serve far broader purposes. A large and homogeneous

RV dataset of the Sun offers many avenues for tackling

the problem of RV jitter due to stellar activity. High-

cadence, long-baseline observations allow us to test tech-

niques for minimizing the impact of pulsation, granula-

tion, and longer-term RV variations. Spectral activity

indicators and new metrics for quantitatively linking ac-

tivity to RV variations can be developed in a situation

where we can verify our findings. Such rich datasets also

provide an ideal test case for advanced statistical model-

ing of stellar jitter, and novel methods of deriving stellar

RVs that allow us to take advantage of a larger fraction

of the information encoded in a stellar spectrum.

In addition, such solar feed systems on precision RV

machines open up the possibility of simultaneous mon-

itoring of solar RVs with multiple instruments. Ulti-

mately, we hope that new techniques developed with the

solar feed data allow us to overcome the stellar activ-

ity barrier and reach the < 10 cm/s precision necessary

to find Earth-mass planets in or near Habitable Zones

around the nearest stars, and take the next step toward

spectroscopy and characterization of these planets.
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Figure 14. Top: NEID solar RVs on all good-quality days during instrument commissioning. The raw RV RMS is 1.14 m/s,
which decreases to 0.89 m/s when approximately binning over solar p-modes. Daily binned RMS is 0.66 m/s. Bottom: NEID
solar RVs on all best-quality days (roughly the clearest 10% of days) during commissioning. As expected, these RVs perform
better than the good-quality days, indicating that even minor cloudiness or solar obscuration has a detrimental effect on the
observed RV precision. The raw RMS is 1.07 m/s, which decreases to 0.76 m/s when approximately binning over solar p-modes.
Daily binned RMS is 0.41 m/s.
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Figure 15. Order-by-order RV precision of NEID on good-quality solar days. Most orders show precisions ∼1 m/s when binned
over a day, comparable to the cumulative precision of last-generation RV instruments. The decreased precision at the extremes
of the wavelength range is not unexpected, as a result of lower overall flux in the bluest orders and a smaller number of RV
mask lines in the redder orders, which are most affected by telluric lines. Orders which show σRV of zero had no mask lines
available to calculate RVs.
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Figure 16. Recovery of solar p-mode frequencies around the ∼5.4 min harmonic peak. In order to focus on the oscillation RV
signatures, here we have removed points with RVs differing from the overall median RV by more than 5 m/s, and subtracted
a linear trend from each day of data before performing two rounds of 3-sigma clipping. Known solar p-mode frequencies,
determined by BISON (Broomhall et al. 2009), are marked by solid vertical lines (l=0 in green, l=1 in orange, and l=2 in
purple). The observed NEID peaks match the BISON frequencies extremely well, differing by median values of 0.42 µHz, 0.56
µHz, and 1.5 µHz for l = 0, 1, and 2, respectively. Dashed vertical lines mark the 1-day aliases of the shown BISON frequencies,
which account for the vast majority of additional periodogram peaks.
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