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ABSTRACT

The Habitable zone Planet Finder (HPF) is a fiber fed precise radial velocity spectrograph at the 10
m Hobby Eberly Telescope (HET). Due to its fixed altitude design, the HET pupil changes appreciably
across a track, leading to significant changes of the fiber far-field illumination. HPF’s fiber scrambler is
designed to suppress the impact of these illumination changes on the radial velocities— but the residual
impact on the radial velocity measurements has yet to be probed on sky. We use GJ 411, a bright
early type (M2) M dwarf to probe the effects of far-field input trends due to these pupil variations
on HPF radial velocities (RVs). These large changes (~ 2x) in pupil area and centroid present a
harsh test of HPF’s far-field scrambling. Our results show that the RVs are effectively decoupled from
these extreme far-field input changes due to pupil centroid offsets, attesting to the effectiveness of
the scrambler design. This experiment allows us to test the impact of these changes with large pupil
variation on-sky, something we would not easily be able to do at a conventional optical telescope.
While the pupil and illumination changes expected at these other telescopes are small, scaling from
our results enables us to estimate and bound these effects, and show that they are controllable even for
the new and next generation of RV instruments in their quest to beat down instrumental noise sources

towards the goal of a few cm s~ 1.
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1. INTRODUCTION

Precise radial velocity (RV) measurements have
demonstrated their utility in both discovery of exoplan-
ets as well as in measuring the masses of transiting
planets. Improving this RV technique is critical to en-
able discovery of terrestrial-mass planets in or near the
Habitable zones of their host stars (Kopparapu 2013).
Knowing which star to preferentially look at may prove
critical for the design and execution of proposed trans-
mission spectroscopy and direct imaging missions such
as JWST (Greene et al. 2016), LUVOIR (The LU-
VOIR Team 2019) and HABEX (Gaudi et al. 2019),
which greatly benefit from precise planetary mass mea-
surements (Batalha et al. 2019) and orbital parameters
for both transiting and directly imaged planets. The
first exoplanet discovered around a solar type star—
51 Peg b—was discovered using precise RVs (Mayor &
Queloz 1995) obtained using the ELODIE spectrograph
(Baranne et al. 1996).

ELODIE was one of the the first fiber fed spec-
trographs used for precise radial velocity observations.
Brown (1990) used the Penn State Fiber Optic Echelle
(FOE; Ramsey et al. 1985) to publish some of the first
precision fiber coupled RVs studying p-mode oscillations
on Procyon. Since then, there has been extensive devel-
opment of optical fibers for the purposes of increasing
their illumination stability, and mitigating the various
sources of illumination noise that they add. Optical
fibers help desensitize the output flux distribution from
changes in the telescope and focal illumination, and of-
fer extensive azimuthal scrambling, but only incomplete
radial scrambling (Angel et al. 1977; Avila et al. 2006;
Avila & Singh 2008). Therefore, as the input illumi-
nation changes due to guiding errors, seeing, and tele-
scope pupil variations, the output intensity distribution
can vary. For fiber fed precision RV instruments, these
variations in fiber output illumination pattern can cause
un-calibratable spurious RV noise (Pepe & Lovis 2008;
Fischer et al. 2016). The use of a double scrambler in
the fiber feed to exchange the near and far-field illumi-
nation' using a lens relay is one way to mitigate this
problem (Brown 1990; Hunter & Ramsey 1992). The
use of non-circular fiber cores has also been explored, to

1 For an introduction to the importance of far-field and near-field

stability patterns, refer to Hunter & Ramsey (1992).

good effect, to improve the spatial scrambling (Chazelas
et al. 2010; Avila 2012; Spronck et al. 2012).

Motivated by the illumination stability requirements
for the near-infrared Habitable-zone Planet Finder
(HPF) instrument (Section 3) on the Hobby-Eberly tele-
scope (HET), as well as the availability of refractive
index ~ 2.0 glasses, Halverson et al. (2015a) adapted
the double scrambler into a ball lens double scrambler,
which offers excellent scrambling gain? (> 10,000) and
high throughput (85-87%?) in a compact arrangement.
The HET is a fixed-altitude telescope, where the tele-
scope truss remains fixed in place during an astronom-
ical observation. The prime focus instrument package
(PFIP), located about 36 m from the spherical primary,
tracks the target in 6 axes across the focal plane of
the spherical primary. Therefore, the effective telescope
pupil is defined by the HET primary, as well as the
PFIP, and changes in both size and shape continuously
through the observation window (Figure 2; Lee et al.
2010b, 2012). Without sufficient scrambling, this pupil
variation, which manifests as a change in the far-field
illumination to the fiber input, would introduce large
uncalibratable RV errors unsuitable for precision RV
studies. In this paper we present a harsh test for the
mitigation of this extreme pupil variation using the ball
lens double scrambler (Halverson et al. 2015a) using on-
sky RVs for the early type (M2) M dwarf GJ 411. Using
these RVs we demonstrate the high level of scrambling
achieved even in this extreme scenario- and constrain
upper limits on the dependence of the RVs on the input
pupil of HET.

As the new generation of precision RV instruments
transitions to sub m s~! instrument precision levels in
search of the elusive Earth analogues inducing a Doppler
RV semi-amplitude of lesser than 10 cm s~!, it will be
important to ensure excellent input illumination stabil-
ity and fiber scrambling, even with more conventional
telescope designs. Changes in the incident near and far-
field illumination patters due to guiding errors, residual
atmospheric chromatic dispersion, and atmospheric ef-
fects, directly lead to systematic variations in the spec-
trometer point-spread-function (PSF). Furthermore, for
instruments currently being built for large telescopes
with segmented mirrors, there could be variations in the

2 Scrambling gain is a measure of the output flux variation relative

to the variation in input illumination.

3 From laboratory testing (Halverson et al. 2015a).
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Figure 1. Left: An image of HET showing the dome housing the telescope, as well as the CCAS tower to the left of the dome.
Credit: Marty Harris/McDonald Observatory. Right: Snapshots of the pupil viewing camera under afternoon sky illumination.
The central obscuration with the PFIP, as well as the support strusses. Also visible are the fiber bundles on both sides of the
central obscuration. The CCAS tower is visible in the top right image obscuring part of the pupil.

pupil from night to night due to reflectivity differences
between segments, as well as holes in the pupil when
individual segments are removed. For the next gener-
ation instruments aiming for 30 cm s™! or better pre-
cision (Jurgenson et al. 2016; Schwab et al. 2016; Pepe
et al. 2014), illumination variations typically need to be
stable at the few cm s~! level, considering the family
of error sources affecting the measurements (Halverson
et al. 2016). In Section 2 we discuss the structure of
HET, in Section 3 we detail HPF’s fiber train as well
as the ball lens double scrambler. The HPF RVs used
in this analysis are explained in 4, whereas in Section 5
we list the assumptions made, and justification for the
analysis which is detailed in Section 6. Finally we sum-
marize our results our results in Section 7, and discuss
the relevance to other precision RV instruments.

2. THE HOBBY-EBERLY TELESCOPE

The HET has a 11 m hexagonal shaped spherical pri-
mary mirror, with a pupil diameter of 10 m, and consists
of 91 hexagonal segments of 1 m each (Ramsey et al.
1998; Hill et al. 2012a). It has a central obscuration 4.5
m in diameter (Booth et al. 2006), is fixed at an altitude
of 55° and can rotate in azimuth; whereas the PFIP can
track objects from altitudes ranging from 48° to 65°. Lo-

cated in the PFIP is the focal plane array (FPA) (Lee
et al. 2012), which consists of the telescope fibers for
HPF (Kanodia et al. 2018), and the multiple integral
field units (IFUs) for the Low Resolution Spectrograph
(LRS2; Lee et al. 2010a), and the HET Dark Energy Ex-
periment (HETDEX; Hill et al. 2012b) VIRUS instru-
ment. HET is a fully queue-scheduled telescope with
all observations executed in a queue by the HET resi-
dent astronomers (Shetrone et al. 2007). To align the
individual primary segments on this fixed altitude tele-
scope, a center of curvature alignment sensor (CCAS) is
located at the center of curvature of the primary mirror
atop a 28 m tower situated approximately 15 m away
from the telescope at azimuth 68.59° (Figure 1). Given
the pointing restrictions of the HET a bright star may
not always be available at the beginning of the night for
mirror segment alignment, and the CCAS tower enables
deterministic alignment every night.

The combination of altitude and azimuth tracking,
typically presents observation windows of ~ 1 hour? du-
ration per visit, commonly referred to as a track. De-
pending on the azimuth and declination of the target,

4 The exact duration depends on the declination of the target.
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a) West track observations - 2019 May 12 b) East track observations - 2019 March 20

Figure 2. Simulations showing the evolution of the HET pupil for GJ 411 as a function of time for the West and East track
separately. In both cases, the left panel shows the circular HET pupil on the hexagonal primary mirror. The grey background
shows the telescope primary, where green shows the varying effective pupil illuminated by star light at different epochs. The
red cross marks the centroid of the pupil, while the grey line marks its evolution with time. The circular obscuration in the
middle is the shadow cast by the Wide-Field corrector (WFC), whereas the two vertical bars mark the support structure. In
the case of the East track, we also see the shadow of the CCAS tower (circular + cylindrical obscuration). The CCAS tower is
at an azimuth of ~ 69° and is used to align the individual primary mirror segments. The right top panel is the altitude of the
object as it changes within the track, whereas the bottom right panel is the pupil area changing with time. An animation of
these track changes is available on YouTube by clicking on the images. It can be seen that the effective HET pupil (and hence
the illuminated portion of the primary) changes in both shape and area as a function of time due to its fixed altitude design.
The snapshot shows one of the extremes of the track. a) The West track animation is created from a visit spanning about 45
minutes (~ 30 minutes exposure + overhead) on 2019 May 12, where each frame represents an individual exposure of 63 seconds
exposure. b) Similarly, the East track animation is created from a visit from 2019 March 20 spanning a similar duration. The
figure can also be clicked-on to be redirected to the animation.

there are East and West tracks of observability (shown in
Figure 3a). Within this track, each HPF visit analyzed
in this work typically lasts 45 minutes for GJ 411 (~ 30
minutes exposure + overhead), and consists of multiple
exposures (Section 4). If the object is continuously ob-
served across the entire duration of the track, the pupil
area can change by as much as a factor of 2 between the
track extrema and its median position®. The pupil is ob-
scured by the WFC in the center, two support structure
on each side of the obscuration, as well as fiber bun-
dles with the instrument fibers. In addition, the CCAS
tower obscures part of the pupil for observations in the
East track between azimuths 41° - 97°. We simulate the
HET pupil using the python package pyHETobs which is
further discussed in Appendix A. In Figure 2, we show
a simulation of the pupil change across the track for an
observation of GJ 411. Figure 3 shows the change in
centroid for each exposure within the tracks, as a func-
tion of when the exposure was taken within the track.
This drastic change in the effective pupil area, centroid

5 This is equivalent to a change in the effective pupil diameter from

~ 8.5 m to 5.5 m.

position, and shape presents a change in the far-field
input to the fiber, which necessitates excellent spatial
scrambling for precision radial velocities.

3. HPF AND THE HPF BALL SCRAMBLER
3.1. Owerview of HPF

The Habitable zone Planet Finder (HPF; Mahadevan
et al. 2012, 2014b), at the 10 m Hobby Eberly Tele-
scope (HET; Ramsey et al. 1998; Booth et al. 2003,
2004) is a near-infrared (NIR) fiber fed precision RV
spectrograph capable of simultaneous observations with
a science, sky and simultaneous calibration fiber (Kan-
odia et al. 2018). With active environmental stability
control, it achieves ~ 1 mK temperature stability (Ste-
fansson et al. 2016; Robertson et al. 2016). HPF covers
the 0.808 to 1.280 pum wavelength region, was deployed
at HET in October 2017, and started full science op-
erations in mid 2018. With an on-sky demonstrated
RV performance of 1.5 m s~! on Barnard’s star over an
extended baseline, it is currently the most precise RV
instrument in the NIR (Metcalf et al. 2019). HPF uses
the ball lens double scrambler (Halverson et al. 2015a)
arrangement in order to achieve the highly stable input
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Figure 3. a) The pupil centroid position for each exposure as a function of time within each track. These centroids have been
estimated using a simulated pupil image (Figure 2), which includes the shadow cast by the WFC and the CCAS tower. The
colour represents when in each track the exposure was taken. For example yellow represents 0 or the midpoint of the visit.
Each observation window typically lasts about an hour, during which the visit is of ~ 30 minutes duration, and consists of 30
exposures. The two different lines represent the East and West observing tracks for HET, and are asymmetric because the East
track observations include a shadow from the CCAS tower, which is not present in the West track. Note the change in scales
between x and y axes. The normalized offset is the pupil centroid offset divided by the pupil diameter of 10 m. b) The effective
pupil area for HET as a function of altitude for all 1211 exposures. As expected, the telescope pupil is maximum when the
mirror and WFC are perfectly aligned, and the object altitude is 55°. The blue curve represents the West track, while the red
one is the East track. The West track attains a higher maximum area since the pupil for these observations is not occulted by
the CCAS tower, whereas the range of azimuths for the East track do include the CCAS tower shadow. The centroid and pupil

area shown in this figure were calculated using the simulation shown in Figure 2.

illumination required for precise RV measurements. For
HPF we placed a formal requirement of on the illumi-
nation stability, equivalent to 30 cm s~! of associated
RV error, and includes both near-field (guiding errors,
and pointing jitter) as well as far-field changes (pupil
changes). A full overview of the HPF fiber system is de-
scribed in Roy et al. (2014) and Kanodia et al. (2018),
though we summarize the top-level design details here.

3.2. HPF Fiber delivery system

HPF uses a combination of octagonal and circular
fibers, and a single-element spherical optical double
scrambler. The fibers provide high levels of near-field
(image plane) scrambling, while the double scrambler is
used to homogenize the far-field (pupil plane) illumina-
tion by exchanging the near and far field of the two fibers
coupled to the double scrambler. The near-field of the
output fiber is imaged on to the detector, and represents
the positional intensity distribution on the fiber face at
a given wavelength. The far-field is the angular distri-
bution of the fiber output and is in the pupil plane, as
projected on to the grating. Changes in the spectrom-
eter pupil plane due to imperfect far-field scrambling
manifest as varying illumination of the grating. These
changes can cause spurious RV shifts when coupled with

grating inhomogeneities as well as wavefront error. Im-
perfect far-field scrambling would also cause changes in
the illumination of the spectrograph optics, which could
manifest as shape changes of the PSF.

The HPF fiber feed uses a high refractive index (n
~ 2)% ball lens to efficiently image the far-field illumina-
tion of the input fiber (telescope) onto the output fiber,
producing a smooth, scrambled pattern in both near
and far-field. This near-field of the output fiber bun-
dle is further azimuthally scrambled by the fiber and
the output (spectrograph end) is then imaged on to the
HPF detector plane. The input fiber (at the prime fo-
cus of the telescope) is an octagonal core fiber of core
diameter 299 pm, which is fed to a stainless steel (420
SS) block with v-grooves, where the fiber is face-coupled
to an anti-reflection coated, 2.0 mm S-LAH79 ball lens
(Figure 4). The grooves in the stainless steel block are
precisely machined using electrical discharge machining.
The output end consists of a 2 meter patch of octagonal
fiber which is then spliced on to a circular core fiber of
diameter 312 pm (Kanodia et al. 2018) to further im-

6 Therefore the focal length of the ball is equal to it’s radius, en-
suring that the image is formed at (or very close to) the surface

of the lens (Figure 5)
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Figure 5. Adapted from Halverson et al. (2015a), we show
the interchange of near and far field illumination, i.e., con-
version of position to angle.

prove the scrambling performance. The 2 meter fiber
section is mechanically agitated to mitigate modal noise
(Halverson et al. 2015b; Kanodia et al. 2018).

3.3. Lab Tests of double scrambler

To gauge the sensitivity of the HPF fiber system to in-
put illumination variations, we measured the output illu-
mination pattern using the laboratory measurement ap-
paratus described in Halverson et al. (2015a). A broad-
band, fiber-coupled source was used to inject light into
a prototype fiber system that emulated the configura-
tion of the final HPF fiber train. To specifically probe
the sensitivity of the system to incident pupil variations
which are expected to dominate the noise floor for HPF
due to the intrinsically variable HET pupil, a mask was

placed at the pupil prior to the test fiber. To estimate
the RV sensitivity of the fiber system output to changes
in the incident pupil, we convert the measured varia-
tions in the fiber near-field to the effective velocity shift
that would be measured within HPF (Figure 6). The
pupil centroid between the two inputs shown in Fig-
ure 6 changes by 40% of the pupil diameter, and causes
a change in the output near-field. We carefully measure
the change in centroid of this output near-field, which
would correspond to an RV shift of 61 4+ 2.5 cm s~ for
HPF. This is equivalent to a slope of 1.5 & 0.06 m s—!
per unit change in normalized pupil offset, i.e. for a
10% change in centroid position, we would expect an
RV offset of ~ 15 cm s~!. Note that this corresponds to
a worst case scenario where the entire near-field move-
ment of the PSF is along the dispersion axis, realistically
the near-field movement would be along an axis between
the dispersion and cross-dispersion directions, and hence
distributed between the two. In addition, the through-
put of the ball lens double scrambler was measured using
an 830 nm and 1310 nm laser to be between 85-87%.

We assume a linear relationship for the impact of in-
put illumination offsets on the output near-field, based
on the traditionally followed methodology for parame-
terizing the scrambling gain (Avila & Singh 2008; Avila
2012; Halverson et al. 2015a). We use this assumption
to place upper limits between pupil parameters and GJ
411 RVs (Section 6).

4. GJ 411 RADIAL VELOCITIES



Figure 6. Using the lab setup described in (Halverson et al.
2015a), we show the dependence of the output near-field on
the input pupil variations. The fiber setup is similar to
Figure 4 where the input octagonal fiber feeds a ball lens,
followed by another octagonal fiber which is spliced on to
the output circular fiber. Top: The input pupil with the
pupil mask. Bottom: shows the near-field of the circular
fiber. The input pupil represents a 40% change in pupil cen-
troid position with respect to the pupil diameter, whereas
the change in centroid for the output near-field corresponds
to an RV change of 61 + 2.5 cm s~!. This is equivalent to
a slope of 1.54 4 0.06 m s~ ' per unit change in normalized
pupil centroid offset.

GJ 411 (HD 95735, Lalande 21185; Gliese & Jahreif3
1979) is a metal poor (M/H = -0.35; Mould 1978) early
M dwarf (M2; Mann et al. 2015). It is the brightest M
dwarf (J=4.2; Cutri et al. 2003) in the northern hemi-
sphere and at a distance of 2.55 parsecs (van Leeuwen
2007), one of the closest stars to the Sun (Henry et al.
1994). GJ 411 is also reported to have a non-transiting
planet in a 12.946 day orbital period (Diaz et al. 2019;
Stock et al. 2020). This star is routinely observed by
HPF as part of its long term RV monitoring and engi-
neering program. Its brightness allows for short HPF
exposures of 63 seconds each, and up to 30 individual
exposures per visit inside each track”. Each of these ex-
posures consist of 6 non destructive readout (NDR) up
the ramp (UTR) frames of 10.5 seconds each. As dis-
cussed in Section 2, the effective HET pupil area and
shape change across the track, and therefore each of

7 With an exposure overhead of about 30 seconds between expo-

sures.

7

these 30 exposures are taken with a different pupil area
and centroid (Figure 2). We use these high cadence RV
observations of GJ 411 to conduct a harsh test of the far-
field scrambling using the ball lens scrambler on HPF,
since they allow us to probe the RV impact of changes
in the effective pupil parameters. Since we do not dis-
cuss the GJ 411 RVs from an astrophysical perspective,
but use them to probe instrumental effects, we do not
provide a table of the RVs.

We correct for bias noise, non-linearity correction, cos-
mic ray correction, slope/flux and variance image calcu-
lation using HxRGproc (Ninan et al. 2018). Following the
methodology described in Stefansson et al. (2020) to de-
rive the RVs, we use a modified version of the SpEctrum
Radial Velocity AnaLyser pipeline (SERVAL; Zech-
meister et al. 2018). SERVAL uses the template-matching
technique to derive RVs (e.g., Anglada-Escudé & Butler
2012), where it creates a master template from the tar-
get star observations, and determines the Doppler shift
for each individual observation by minimizing the x?2
statistic. We created an individual template for each
HPF visit using all the individual exposures within a
track. Comparing the RVs for each track to individ-
ual templates, allows us to probe for changes in the
RVs within each track separately without any long term
stellar or instrumental effects complicating the analysis.
To create these templates, we explicitly mask out any
telluric regions identified® using a synthetic telluric-line
mask generated from telfit (Gullikson et al. 2014), a
Python wrapper to the Line-by-Line Radiative Transfer
Model package (Clough et al. 2005). To perform our
barycentric correction, we use barycorrpy, the Python
implementation (Kanodia & Wright 2018) of the algo-
rithms from Wright & Eastman (2014) to perform the
barycentric correction.

We have 1211 exposures of 63 seconds each, across
43 visits spanning early 2019 to mid 2020. We obtain
these after filtering out exposures with signal to noise
per resolution element (S/N) lesser than 3007, and visits
with less than 15 exposures within the track (Figure 7

(a))
5. EXPERIMENTAL DESIGN

As mentioned in Section 4, we use the template match-
ing method using the HPF modified SERVAL pipeline to
calculate the RVs for GJ 411, and create individual tem-
plates for each track (Figure 7 b). Doing this allows us
to correct for any offset introduced due to long term in-

8 We mask everything below 99.5% transmission as tellurics for

this template mask.
9 Calculated at 1100 nm
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Figure 7. a) Showing the number of exposures per HPF visit on GJ 411 as a function of time. We exclude visits where we
have fewer than 15 exposures per visit. This excludes a total of 73 exposures across 10 visits. b) HPF RVs for GJ 411 as a
function of time, where we subtract the midpoint of the visit from the x axis. The points are colour coded by the Julian Date
of the exposures. We do not see any obvious trends in the RVs within each track. Each visit includes up to 30 exposures of
63 seconds each, and an overhead of ~ 30 seconds for each exposure. c¢) Histogram of the RV errors per exposure (63 seconds)

computed using SERVAL, where the mean is 3.3 m s~ .

strumental, telescope and astrophysical RV trends, and
probe for correlations in the RVs within the tracks, as a
function of various telescope parameters. The potential
noise terms due to fiber illumination which can be at-

@ Measured fiber system performance (SG~20,000)
® Conservative estimate (SG~10,000)

[y
[

=Y
o

Velocity error [cm s™]

0.01 0.10
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Figure 8. Similar to Figure 1 from (Halverson et al. 2015a),
the RV error as a function of telescope guiding errors is rep-
resented for two different scrambling gains. A conservative
estimate of the scrambling gain is 10,000 from lab tests,
whereas the upper limit was placed at ~ 20,000. For in-
dividual guide camera exposures at 6.3 second cadence, the
RMS guiding is about 0.15 “which would cause an RV error
of ~ 14 cm s™! assuming the conservative scrambling gain.
Similarly, when averaged during an HPF exposure of dura-
tion 63 seconds, this RMS averages to about 0.025", and an

RV error of 2 cm s7 1.

tributed to the input illumination are divided into near-
field, and far-field'?, and are discussed below:

1. Near-Field illumination:

e Pointing jitter - Random motion due to wind
shake and errors in guiding can add a white
noise term to the RVs. We analyze the
centroid positions on the HET guide cam-
eras to estimate the guiding RMS to be
0.15” unbinned (6.3 second cadence), and
about 0.025” when binned to the HPF ex-
posure duration for GJ 411 of 63 seconds.
Based on the analysis from Halverson et al.
(2015a), we estimate the RV contribution of
this to be about 14 cm s~! and 2 cm s™! re-
spectively (Figure 8). However, even if we
conservatively assume that the pointing jit-
ter does not bin down, at an RMS jitter of
0.15" of jitter, the RV impact is 14 cm s~ 1;
this is substantially lower than our median
RV noise of 3.3 m s~! in 1 minute exposures,
and in a quadrature sense is negligible. Hence
we do not include the impact of pointing or
guiding jitter for this analysis.

10 Due to their finite size and efficiency, multimode fibers are the
most commonly used type of optical fibers (as opposed to sin-
gle mode). These fibers suffer from speckling, also called modal
noise, due to the finite number of transverse modes that propa-
gate across the fiber (Hill et al. 1980; Rawson et al. 1980; Good-
man & Rawson 1981). The most common mitigation for modal
noise involves the temporal agitation of the fibers (Baudrand &
Walker 2001; Chen et al. 2006; McCoy et al. 2012; Mahadevan
et al. 2014a; Roy et al. 2014; Petersburg et al. 2018).
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Figure 9. The extent of atmospheric dispersion offset from the blue (8200 A) to the red (13000 A) end of the HPF bandpass
as a function of altitude (a), and humidity (b). We see that the typical dispersion is ~ 100 mas. The typical humidity for the

GJ 411 observations was 17% to 55% (16-84% percentile).

e Pointing offset - Changes in the near-field in-
put illumination can be caused due to er-
rors in placement of the star on the HPF
input fiber, and we estimate this to be of
the same magnitude as pointing jitter. Any
RV systematics caused due to pointing offsets
do not affect this analysis of far-field scram-
bling, since we subtract a track specific offset
from the RVs which accounts for such effects
(Equation 2).

e Atmospheric Dispersion - We do not have an
atmospheric dispersion corrector (ADC) at
HET. Typically this does not cause appre-
ciable error, due to the fixed altitude design
of the telescope, and lower amount of atmo-
spheric dispersion in the NIR than the opti-
cal. The HPF acquisition camera uses a 30
nm wide narrowband filter centered around
857 nm ! to acquire the star and centroid it
on the 1.7” HPF fiber in a repeatable manner.
Even with changing weather conditions (hu-
midity, pressure, etc.), as well as altitude, the
changes in the atmospheric dispersion are on
the order of 100 mas (Figure 9). 100 mas or
0.1” is comparable in magnitude to the RMS
error from pointing jitter as discussed earlier,
and is ignored for this analysis. Furthermore,
night to night variations in atmospheric dis-
persion due to atmospheric conditions will be

I Semrock FF01-857/30-25

subtracted out in the track specific RV offset
in this analysis.

2. Far Field illumination:

e Pupil changes - Variations in the shape and
area of the effective pupil represent a change
in the far-field input illumination to the fiber.
We use GJ 411 as a test-bed to search for
any correlation between the RVs and tele-
scope parameters which change within the
track (Section 6).

Since GJ 411 is an old slowly rotating early type M
dwarf, we assume that over short time periods (~ 30
minutes) there is negligible astrophysical (both from the
star and planet; Diaz et al. (2019); Stock et al. (2020))
change in the stellar RVs.

The ball lens scrambler images the far-field telescope
illumination to the near-field of the fiber after the ball
lens. This near-field is further scrambled by the output
fiber bundle and is then imaged on the detector plane
(Section 3.2). If the axis corresponding to maximum
change in pupil centroid (Pupil Y axis; Figure 3a) is
aligned to the dispersion axis (on HPF’s detector plane),
then this would have the maximum RV impact from im-
perfect far-field scrambling. Conversely, if it would be
aligned with the cross dispersion axis then the RV im-
pact would be minimal, and harder to measure. To place
upper limits on the RV impact of pupil changes, we make
the conservative assumption that changes in pupil cen-
troids manifest along the dispersion direction. We also
assume a linear relationship between pupil parameters
and RVs (Section 3.3).
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Figure 10. a) RVs as a function of altitude - The RVs are centered at zero since the track offset ¢; has been subtracted here.
The median RV error is represented on the top right corner and is about 3.2 m s~*. The vertical dashed line marks the median
altitude, which is subtracted from the x axis to make both the axes zero centered. b) The track offset (¢;) that are fit, plotted
as a function of time. Also mentioned is the slope obtained from the linear fit. The red points in both figures represent the

6. ANALYSIS AND RESULTS

In order to study the impact on RVs from far-field in-
put illumination changes due to HET’s fixed altitude de-
sign, we search for correlations between the combined'?
RVs and various parameters (Table 1). To obtain a ro-
bust limit we combine the RVs across different tracks by
including an offset between each track'®. This is shown

below -

Yt = Mt + Ct, (1)
where -

e t - Index representing track number

e | - Index representing exposures within the track
(a maximum of 30)

® ¥, ; - observed RVs
e z;; - Physical parameter being probed
e ¢; - Track specific offsets we fit

e m - Slope of the fit, which is used to quantify the
dependence

12 Combined across East and West HET tracks

13 Ideally the RVs for each track should be centered at zero since
we are creating a separate template for each track, which should
make this offset superfluous. However in practice this is not the
case, due to variable atmospheric conditions and S/N of obser-
vations.

track plotted in Figure 2a, and show the scatter within a single track.

In practice, we include the RV errors during the fit-
ting process, while the errors in the estimation of the
pupil parameters are negligible. We also subtract the
median value of = (zg) from x;;, to have both y and =
be centered at zero. This median offset x( is degenerate
with adding a constant term (mxz) to the track offset
¢ (Equation 2).

Yrs = m(x; — To) + ¢t (2)

6.1. Dependence of RVs on Altitude

For our GJ 411 visits, the altitude ranges from 48°
to 63° (Figure 10a), and is centered at the HET’s fixed
altitude of 55°. As can be seen in Figure 3, the peak
pupil area of ~ 50 m? is obtained when the target is at
55°, while the change in pupil area tracks the altitude
well. We hence use the altitude as a proxy for change in
pupil characteristics through the track.

Using Equation 2, we fit for the track offsets (¢;) (Fig-
ure 10), and the slope m. Combining the RVs across the
tracks after subtracting a track specific offset, we obtain
m = —0.007£0.035 m s~! per degree change in altitude,
which is consistent with the RVs being independent of
changes in altitude (Figure 10b).

6.2. Dependence of RVs on Pupil Centroid Offset

We also check for dependence of the RVs on the pupil
centroid. The change in pupil area is not symmetric
(Figure 2), and therefore induces a change in the cen-
troid. We define a pupil centroid offset for each expo-
sure, by first finding the pupil centroid, and then calcu-
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Figure 11. a) RVs as a function of pupil centroid offset - The RVs are centered at zero since the track offset ¢; has been
subtracted here. The median RV error is represented on the top right corner and is about 3.2 m s~'. The vertical dashed line
marks the median pupil offset of 0.17 m which is subtracted from the x axis to make both the axes zero centered. b) The track
offset (c¢;) that are fit, plotted as a function of time. Also mentioned is the slope obtained from the linear fit. The red points
represent the track plotted in Figure 2a, and show the scatter within a single track.

lating the Euclidean distance for each exposure to the
center of the mirror (0,0); we define this as pupil cen-
troid offset. We also apply a positive or negative sign to
this centroid offset based on the sign of the y coordinate
(Figure 11a). As can be seen in Figures 2 and 3a, the
majority of the pupil centroid shift is in the y direction,
and therefore including this sign helps distinguish be-
tween the extrema position of the pupil. Furthermore,
we divide this number by the pupil diameter (10 m) to
obtain the normalized pupil centroid offset. We obtain
slope m = 0.356 & 2.01 m s~! per unit change in the
normalized pupil centroid (Figure 11b).

As mentioned in Section 2, most targets can be ob-
served from HET in an East and West track depending
on the azimuth. We separate the GJ 411 visits based on
their azimuth into East and West tracks and repeat the
analysis to search for correlations between RVs and al-
titude, and pupil centroid offset. This is done to ensure
that we do not suppress a potential dependence while
combining over East and West tracks. The results from
this are summarized in Table 1, and while the depen-
dence between normalized pupil centroid offset is greater
than in the combined dataset, it is still consistent with
zero. We note that the uncertainties in the upper lim-
its derived from the West track are tighter than those
from the East track. This is because of two reasons: 1)
The West track has 762 exposures vs 449 exposures in
the East track (1.7x higher); 2) The median S/N in the
West track is 480 as opposed to about 410 in the East

track (1.2x higher). This is because the median seeing'*
in the East track is ~ 1.50” compared to ~ 1.38" (1.1x)
in the West track, and that the CCAS tower obscures
part of the pupil in the East track such that the median
pupil area is about 41.7 m? for the East track vs 48.4
m? for the West.

6.3. Correlation between RVs and environmental
conditions

We also perform a similar search for correlations be-
tween the RVs and other guide camera and telescope pa-
rameters such as pressure, temperature, humidity, see-
ing, sky brightness, and do not find a significant slope
between them (Table 1).

7. CONCLUSION AND SUMMARY
7.1. Far-field scrambling results for HPF

We present a detailed study of the sensitivity of high
precision RV measurements to telescope illumination
variations, leveraging on-sky data from the HPF instru-
ment at HET. The HET pupil illumination systemati-
cally varies across the full span of GJ 411 RVs, providing
a harsh but important test of the fiber delivery system
and spectrometer. We explore a variety of possible cor-
relations between illumination offsets and the recorded
RVs, and rule out sensitivities for the GJ 411 RVs at the

14 Estimated as the median FWHM of the guide star in the guide

camera.
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Table 1. Slope between track offset subtracted RVs and various pupil and environmental parameters using Equa-
tion 2. We also include the RVs and pupil parameters used to perform this analysis, along with the manuscript.

Quantity Linear Dependence of RVs on Quantity
Label 16 % 50 % 84 % m Om Units for m

Combined (1211 exposures):

Altitude”® 51.9° 55.2° 58.5° -0.007 0.035 ms~!' / degree

Pupil centroid offset -0.54m 0.17m 0.76 m

Normalized pupil offset® -0.054 0.017 0.076 0.356 201 ms? / norm. pupil offset
West track (762 exposures):

Altitude (W Track)® 52.0° 55.2° 58.6° 0.007 0.042 m s~/ degree

Pupil centroid offset (W Track) -062m 0.04m 0.55m

Normalized pupil offset’ (W Track) -0.062 0.004 0.055 -0.881 2.46 ms~' / norm. pupil offset
East track (449 exposures):

Altitude (E Track)® 51.6° 55.2° 58.4° -0.037 0.062 ms™' / degree

Pupil centroid offset (E Track) -0.16m 049m 1.05m

Normalized pupil offset’ (E Track) -0.016 0.049 0.105 2.88 3.51 ms~!' / norm. pupil offset
Environmental conditions:

Ambient Temp® 4.9°C 14.2°C  18.5°C  -0.174 0499 ms™ ' /°C

Humidity® 17.7% 334% 548% 0.043 0.074 ms '/ %

Pressure® 798 torr 802 torr 805 torr 1.224  0.717 ms~! / torr

Seeing (FWHM)" 123" 142" 187 0164 0523 ms /"

Sky Brightness® 17.8 19.0 20.0 -0.016 0.082 ms~' / mag

4Fit performed on median subtracted quantity

b Normalized by pupil diameter (10 m)

4.6 + 26 cm s~ level’® for the combined GJ 411 RVs,
which is consistent with our expectations from lab tests
of 18 £ 1 cm s~!. When we separate the RVs by HET
track based on azimuth, we see a worst case dependence
of RVs with normalized pupil centroid offset of 35 + 42
cm s~! for the East track'®.

In Section 6 we fit a linear relationship between the
HPF RVs for GJ 411 and various pupil and environ-
mental parameters. To make this fit more robust we
combine the RVs across the entire observing run, and
subtract track specific offsets (Equation 2), to account
for near-field effects, atmospheric conditions, and other
systematics which would affect this analysis. Doing so
enables us to combine the entire RV dataset of 1211
points and gauge the effectiveness of the HPF far-field
scrambling system (Section 3). We show that the RVs

15 |m| x (A centroid offset) = 0.356 x (0.076 - (-0.054)) =~ 4.6

cm s~ !

16 We note that this worst case scenario is driven by East track
observations of GJ 411 where a portion of the pupil is blocked by

the CCAS tower.

are independent of the drastic changes in pupil param-
eters as the target altitude changes (Table 1), and the
pupil centroid shifts (Figure 3a). Therefore we validate
the far-field scrambling performance of the ball lens sys-
tem developed by (Halverson et al. 2015a) for HPF.

7.2. Importance for other EPRV instruments

HPF is a NIR instrument in search of habitable zone
planets around M dwarfs; since these planets have RV
semi-amplitudes greater than Earth analogues, HPF’s
instrumental precision goal is not 10 cm s~'. How-
ever the next generation of precision RV instruments
in search of an Earth analogue with a Doppler signal
of 10 cm s™! have instrumental precision goals aiming
sub-10 cm s~!'. At these precision levels, despite being
illuminated by telescopes with more conventional pupil
designs, these pupil effects matter. This harsh test of
far-field scrambling with HPF, allows us to probe in a
macroscopic manner the subtle effects that would affect
future precision RV instruments.

The ball lens double scrambler design presents an effi-
cient and compact solution which offers high scrambling
gain. We demonstrate a harsh on-sky test which vali-



dates the scrambling performance of this system, and
demonstrates its performance for future instruments.
For conventional telescopes we do not expect pupil
centroid offsets at the macroscopic level seen in HET
(~ 10%). However even if there were 1% offsets, our
current best estimate'” for the performance of similar
scrambling system is about 0.46 2.6 cm s~!, while the
worst case scenario'® would be about 3.5 +4.2 cm s~ 1.
NEID (Halverson et al. 2016; Schwab et al. 2016) has
a fiber train similar to that used in HPF, including its
double scrambler. The limits placed on the on-sky per-
formance of this system confirms that it can meet the
performance needs for NEID, and other similar instru-
ments. We demonstrate that the far-field scrambling
related error can be limited to a very small fraction of
the 10 cm s=! RV error budget (added in quadrature).

While conventional telescopes do not see such extreme
pupil variations, for the next generation of large tele-
scopes with multi-segmented mirrors, there may be vari-
ations in the pupil from night to night due to difference
in reflectivity between segments. At the same time,
there can be holes in the mirror due to segments be-
ing replaced. These pupil changes would cause spurious
RV offsets if the fiber input far-field illumination is not
scrambled well enough. We therefore validate the on-sky
performance of a scrambling system which helps reduce
the RV errors due to changes in the far-field illumina-
tion pattern, as well as demonstrate a test which can be
used for other instruments with varying input illumina-
tion patterns.
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APPENDIX

A. PYHETOBS

In order to estimate the size and shape of the HET pupil as a function of time, we developed a Python package titled
pyHETobs'?. It calculates the geometry of the moving pupil on the segmented spherical primary mirror, taking into
account the obscuration caused by the WFC, support structures, as well as the CCAS tower (in the East track). The

17 Estimated from the dependence of the RVs on the normalized

pupil offset across all observations.

18 Estimated from the dependence of the RVs on the normalized

pupil offset, as observed during the East track at HET.
19 https://indiajoe.github.io/pyHETobs/
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parked azimuth of the telescope, and the stellar coordinate in sky completely defines the telescope’s effective pupil.
The tool has features to drop custom segments in the primary mirror which were not available for the night from the
pupil calculation. It also enables users to plan observations to maximise the pupil area during the exposures. In the
documentation we have included example files to calculate the pupil centroid, area and make plots similar to the ones

in this manuscript.
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