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Abstract

Optical ghosts are image artifacts caused by successive reflections of light between
optical surfaces such as lenses, filters, and detectors. These artifacts are unavoid-
able due to the nonzero reflectances of optical elements and are a major source of
contamination for low-surface-brightness science. We use optical ray tracing simu-
lations tuned to observations from LSST Commissioning to quantify the impact of
optical ghosts on the LSST data. In particular, we find that ~0.57% of the LSSTCam
focal plane is impacted by optical ghosts when averaged across all bands.
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Impact of Optical Ghosts in Rubin Commissioning Data

1 Introduction

Optical ghosts are spurious reflections that appear in optical imaging systems as a result of
multiple reflections of light off the optical elements in the system. Although ghosts are cre-
ated by all astronomical sources, most of them are undetectable and have a negligible impact
on the image. However, ghosts produced by bright stars can be quite impactful even if the re-
flectances of the optical elements are small (~1%) because the total number of photons from
these stars are quite large. Figure E| shows an example of optical ghosts created by a bright
star in the top right corner of the LSST Camera focal plane during commissioning of the Vera
C. Rubin Observatory.

FIGURE 1: Post-ISR image of the LSSTCam focal plane (visit=2025110500406; band=i) with
optical ghosts created by a bright star in the top right corner.

Ghosts produced by bright stars often pose challenges to sky background estimation and pho-
tometric measurements. They are also sources of contamination for low-surface-brightness
science. Measuring the area of the focal plane impacted by these artifacts is therefore crucial
to assess the impact on these science cases.

The LSST System RequirementﬁI on the impact of optical ghosts states that the: “Percentage

'0SS Requirements: https://docushare.lsst.org/docushare/dsweb/Get/LSE-38; LSR Requirements: https://
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of image area that can have ghosts with surface brightness gradient amplitude of more than
1/3 of the sky noise over 1 arcsec shall be less than 1%". The wording of these requirements
was intentionally left vague to allow subsequent groups to define it as appropriate. We opt
to define it as the total area of the focal plane containing a ghost with a flux-to-sky-noise
ratio exceeding a value of 1/3 on-any detector. In order to satisfy this requirement, this value
should not exceed 1%. We also assume that this requirement applies to the ensemble of visits,
as opposed tc every individual visit.

Measuring the fluxes of the ghosts with on-sky data to estimate the ghost flux-to-sky-noise ra-
tio is challenging. Uneven flat-fielding during commissioning led to gradients in the rnean sky
counts across the focal plane, changing the baseline of the brightness of the ghosts from one
side to the other. Most of the prominent ghosts were also found to be spatially degenerate,
with some ghosts fully overlapping others. This made fitting the amplitude of each individual
ghost difficult. To circumvent these challenges, we chose instead to calculate the expected
impact of ghosts using simulations that were calibrated to commissioning data.

2 Methods

This section describes the steps used to estimate the ghost-impacted area for an individual
LSSTCam visit.

2.1 Bright Stars

We retrieve all stars in the boresight from the Yale Bright Star Catalog Hoffleit & Warren (1991)).
We transform the V-band magnitudes of the bright stars to DES magnitudes following the
procedure described in Appendix B of Abbott et al) (2021)), which are then transformed again
from DES to predicted LSST magnitudes following the prescription of Ferguson et al; (DMTN-
277). We use the transformation equations listed in Eq. mto transform the magnitudes of the
stars using the ¥V magnitude and the B — V' color to DES magnitudes. These transformations
arevalid for -02 < B-V <2.2.

docushare.lsst.org/docushare/dsweb/Get/LSE-29
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gpEs =V +0.496(B — V) - 0.07
rpps =V —0.543(B — V) +0.128

ipps =V —1.04(B - V) + 0312 (1)
Zpps =V = 1302(B = V) +0.417
Ypps =V — 1.416(B — V) + 0.504

To transform from DES to LSST, we use transformation equations derived using The Monster
Ferguson et al|(DMTN-277). We are unable to use this sequence of transformations to gener-
ate predicted LSST u magnitudes as we did not have the transformation equations from the
DECam uto LSSTCam u. In this case, we use the ¥V magnitudes instead of the transformed LSST
u magnitudes. We use the ¥ band magnitude for all star magnitudes that we were unable to
transform to LSST magnitudes.

2.2 Simulations

We use the Batoid Python package Meyers (2025) to generate simulated optical ghosts from
bright stars in a particular visit.

2.2.1 Pipeline

Figure 2 shows a flowchart of the pipeline used to generate morphology, flux, and surface
brightnesses of ghosts. The optical reflectances of the filters and lenses in the simulation
were set to the values produced by the systems engineering simulations?. The bright stars
were initialized into the simulation using the preliminary_visit_image.wcs object. The rays
were then propagated through the full optical model. The flux of each ghost was converted
from arbitrary flux units in Batoid to instrumental flux using Eq. , where f; is the instrumental
flux of a particular ghost, ¢,,, is the total flux of all ghosts in arbitrary flux units, ¢, is the flux
of the star in arbitrary flux units and f, is the instrumental flux of the star. f, is calculated by
converting the magnitude of the star in the LSST band to instrumental fluxes using the pre-
liminary_visit_image.photoCalib object. Figure B shows the stacked optical ghosts produced
by the simulation for visit 2025110500406.

thtps ://github.com/1sst-pst/syseng_throughputs/blob/main/notebooks/Components.ipynb
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Convert ghost
fluxes to instrumental
fluxes (Eq. 2)

FIGURE 2: Flowchart showing the procedure used to generate optical ghost templates and
surface brightness estimates.

éi

fi - ¢t0t + ¢*

Ix (2)

2.2.2 Ghost Nomenclature & Morphology

In this technote, ghosts are labeled by the two optical elements that created them, ordered
by the sequence of reflections. ‘L# stands for lens (# corresponds to the lens number which
can be 1, 2 or 3), 'F for filter, and ‘D’ for detector. The 1 or 2 at the end of each alphanumeric
sequence denotes the surface of the optical element that the ray bounced off of. For example,
the 'L31-F2' ghost was created due to the reflection of rays from the first surface (entrance) of
L3 and again from the second surface (exit) of the Filter.

The ten most commonly occurring ghosts are: F2-F1, L32-F1, L32-F2, L31-F1, L31-F2, L32-L31,
D-F1, D-F2, D-L31, D-L32. The F2-F1 ghost is the smallest and most stable with respect to

DRAFT 4 DRAFT



—

\%. Impact of Optical Ghosts in Rubin Commissioning Data | SITCOMTN-173 | Latest Revision 2026-03-05
\

+.%

VERA C.RUBIN
OBSERVATORY

Visit: 2025110500406, Band: i

300

200

oo

N

focal plane y (mm)
Batoid flux (cts)

—-100

~

-200

-300

-300 -200 —100 0 100 200 300
focal plane x (mm)

FIGURE 3: Stacked simulated ghosts produced by a Batoid simulation using the procedure
delineated in Section .

position the focal-plane, while the D-F1 & D-F2 ghosts are the biggest and have the largest
changes in ellipticity as the star moves off-axis.

Figure EI shows an example LSSTCam visit with optical ghosts from Alpha Cen, along with a few
of the simulated ghosts labeled by the optical elements responsible for creating them, their
size, and the fraction of stellar flux that contributes to them.

2.3 Measuring the Impacted Area

To measure the impacted area as defined by our interpretation of the system requirement, we
first generate individual ghost models using the algorithm in Section @ For each individual
ghost, the ghost area (in pixels) and the total ghost flux (in counts) is calculated per detector.
The surface brightness of the ghost (S;) is then calculated by dividing the total ghost flux per
detector (f,,,) by the ghost area per detector (4,), in units of counts per pixel as shown in
Eq. E Here, i labels the detector number.

f .
Sj _ tot,i
A.

1

3
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F2-F1 flux frac.: 0.243%  L32-L31flux frac.: 0.045% D-L32 flux frac.: 0.182% D-L31 flux frac.: 0.174%  L31-F2 flux frac.: 0.104%

O

x dia: 15.51 mm x dia: 61.92 mm x dia: 54.49 mm x dia: 111.23 mm x dia: 94.19 mm
y dia: 15.49 mm y dia: 64.95 mm y dia: 54.50 mm y dia: 113.81 mm y dia: 93.83 mm

L31-F1 flux frac.: 0.094%  L32-F2 flux frac.: 0.100% L32-F1 flux frac.: 0.090% D-F2  flux frac.: 0.387%  D-F1 flux frac.: 0.350%

o O o] O] O

x dia: 109.39 mm x dia: 164.63 mm x dia: 180.77 mm x dia: 210.26 mm x dia: 225.86 mm
y dia: 108.99 mm y dia: 169.16 mm y dia: 185.37 mm y dia: 213.37 mm y dia: 229.02 mm

FIGURE 4 The ten most commonly occurring ghosts mentioned in Section from the
stacked simulation in Fig. E] Each ghost is labelled by the pair of optical elements that the
ray reflected off of, the fraction of stellar flux that contributed to the ghost and the x and y
diameter.

The median measured sky noise per detector is queried for the visit through the LSSTCam
ConsDB Lim (DMTN-227). We calculate the ratio of the ghost surface brightness to the sky
noise. If this ratio exceeds 1/3, the ghost area is marked as “impacted”. Repeating this process
for each ghost and accounting for ghost overlap gives us the final area of the focal plane
that is impacted by ghosts. Figure E shows the area impacted by ghosts measured for visit
2025110500406. The impacted area is 1.19 deg?, which is 9.65% of the total focal plane area.

2.3.1 Impacted Area Statistics

We run the pipeline on two datasets to produce an estimate for the "usual” case and "worst”
case ghost-impacted area. We used the weekly 37 intermittent DRP as the “usual” scenario to
represent the LSST wide-fast-deep survey. The DRP covers a 30°x20° region with a centroid RA,
Dec. ~ (311.45°,—18.43°). We ran the pipeline above to measure the ghost-impacted area of the
focal plane on ~3100 visits in the DRP. For the “worst” case estimate, we ran our pipeline on 20
visits in each band (except y, for which 20 visits with severe ghosting could not be identified)
that were selected visually to contain large amounts of ghosting. Figure E shows that the
ghost-impacted area in the DRP averaged over all bands and visits is 0.57%. When separated
by band, the average impacted area in u is the highest at ~ 8% and smallest in r (~ 0.2%) and
i (< 0.1%). The anomalously high value in u is likely due to the lower sky background in the
u-band. Table shows the total impacted area and surveyed area in each band in the w37
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FIGURE 5: Area of the focal plane marked as impacted by optical ghosts in green for LSST-
Cam visit 2025110500406. For this particular visit, we find the area significantly impacted by
ghosts to be 9.65% of the total focal plane area.
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FIGURE 6: Area of the focal plane impacted by ghosts separated by band in the w37 DRP (cyan)
and in a set of highly-ghosted visits in all bands except y (magenta). The impacted area in
the DRP is 0.57% when averaged across all bands. The highest contribution is from « and the
lowest from i.

intermittent DRP.

We also simulate a single star with different magnitudes at various off-axis positions on the
focal plane to plot the impacted area as a function of star magnitude in Fig. [ﬂ The left panel
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Band Impacted Area [deg?] Surveyed Area [deg’]

u 68.95 2225.91
g 14.01 4897.00
r 9.94 6084.15
i 4.04 9719.80
z 33.56 8668.68
y 7.96 6603.53

TaBLE 1: w37 DRP ghost-impacted and surveyed sky area separated by band.

102 on axis r-band off axis
“‘g — — u — 0.50°
-g) — g — 0.75°
g .
8, r 1.00

10!
] — i — 125°
Qo
g z — 150°
Z —y
2 104
[ 9
= i
5
.

) 0 2 4 6 8 ) 0 2 4 6 8
T SST maonitnde T SST maonitnde

FIGURE 7: (Left) Fraction of the focal plane impacted by optical ghosts as a function of star
magnitude for a single on-axis simulated star. (Right) The r-band impacted area as a function
of star magnitude for different off-axis positions of the simulated star.

shows the impacted area as a function of the magnitude of an on-axis bright star separated
by band, and the right panel shows the weak dependence of the impacted area on the star’s
offset angle relative to the boresight.

We use the left panel from Fig.@ as a look-up table to generate a sky map of the impacted area
from all the stars in the Yale Bright Star catalog, assuming that each star was observed on-
axis. We use the nominal zeropoints and dark sky counts from SMTN-002 Jones (SMTN-002)
to calculate the sky noise in each band. We also assume that the exposure times for each
band were 30s. These maps for each band are shown in Fig. B

Note that in these maps, the impacted area from each bright star within the same pixel is
simply added. This leads to a slight over-counting of the impacted area, as stars that are close
to each other can produce overlapping ghosts, changing the total impacted area of the two
stars from a simple sum to a union of the individual impacted areas.
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FIGURE 8: Sky maps showing the fraction of ghost-impacted area in each pixel from the stars
in the Yale Bright Star Catalog, separated by band using the simulations in Fig. E

3 Conclusions

We have presented a simulation-based framework for quantifying the impact of optical ghosts
on LSSTCam imaging, motivated by the need to assess compliance with the LSST system re-
quirements.We combine the Yale Bright Star Catalog, empirically calibrated magnitude trans-
formations, and optical ray-tracing simulations using Batoid, to estimate both the morphol-
ogy and surface brightness of the dominant ghosts and measure the resulting ghost-impacted
area on the focal plane.

Applying this framework to ~3100 visits from the w37 intermittent DRP, we find that the av-
erage fraction of the LSSTCam focal plane significantly impacted by ghosts is 0.57% when av-
eraged across all bands. This value is below the 1% threshold specified by the LSST system
requirement when interpreted in an ensemble-averaged sense. The impacted area exhibits
strong band dependence, with the largest contributions occurring in the u band due to its
lower sky background, and minimal impact in the r and i bands. It The impacted area is also
heavily dependent on the field being observed, as ndividual visits containing very bright stars
can show substantially larger impacted fractions.
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We further explored the dependence of ghost-impacted area on stellar magnitude and off-
axis position, finding that star brightness is the dominant driver of ghost impact, with only a
weak dependence on field angle. Using these results, we constructed all-sky maps of expected
ghost-impacted area based on the Yale Bright Star Catalog.

Overall, our results demonstrate that optical ghosts are a non-negligible source of contami-
nation for low-surface-brightness science in LSST, particularly in the presence of very bright
stars.
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