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ABSTRACT

The primary challenge of rocket propulsion is the burden of needing to accelerate the spacecraft’s
own fuel. Light sails leave the propellant at home, with the achievable speed set by the sail area,
the thermal tolerance of its material, and the power of the driving array. In J. Guillochon & A.
Loeb (2015) we showed that leakage from a microwave array driving such a sail between habitable
worlds produces Jansky-level radio transients lasting tens of seconds at 100 pc. We improve that leak
calculation and take it to optical and near-infrared wavelengths. Fresnel matching fixes the array
diameter, Da = (\v2,,./ Qamax)l/ 2. where vmax and amay are the maximum velocity and acceleration
of the light sail; an Earth-Mars analog at A >~ 1 um needs an aperture of only ~ 20-100 m rather
than 1.5 km, so the leak falls in the bandpasses of Roman, Rubin and Fuclid. Propagating the array
field to the sail and masking, a filled disk yields an on-axis Poisson—Arago core with fie.x = 0.083 and
Liso =~ 0.020 vEy;,. Chip-scale arrays match that core at 25 dB, and tiled fiber arrays put half the
power in grating lobes, so we take fleax >~ 0.5 as the practical fraction. The flash is the signature of an
unfocused, Fresnel-matched array: the 2015 trajectory gives 7e.g =~ 32 s at burnout and a detectable
azimuth of ~ 1073 rad once those lobes are filled, so Roman’s Galactic Bulge Time Domain Survey
sees a pointed flash from anywhere in the Galaxy and a null search limits f, R en to S 0.7. If optical
beam-driven light sails are commonly employed, this activity could be revealed by a PSF-matched ramp
search of Roman, Rubin and Fuclid at no added cost. Photometry detects candidates; a same-band
pair, or a triplet once the Arago core is resolved, identifies a beamer.

Keywords: Search for extraterrestrial intelligence (2127) — Technosignatures (2128) — Astrobiology

(74) — Sky surveys (1464) — Time domain astronomy (2109) — Space vehicles (1549)

1. INTRODUCTION

Travel time between habitable worlds by chemical
rocket is long, ~ 2 yr for an Earth-Mars analog, and
the rocket equation exacts a logarithmic penalty for ev-
ery increment in speed. Beam-driven light sails leave
the propellant at home, with the achievable speed set
by the sail area, the thermal tolerance of its material,
and the power of the driving array (R. L. Forward 1984;
J. Benford 2013; P. Lubin 2016; K. L. G. Parkin 2018).
The required beam powers are large, terawatts for tonne-
class payloads at 1 gee, so the leakage of radiation past
the sail is a technosignature with a well-posed physical
model. In J. Guillochon & A. Loeb (2015), hereafter
GL15, we constructed that model for a microwave array
conducting Earth—Mars transits, and found that the op-
timal frequency for a 1.5 km aperture lies near 68 GHz,
producing transients of a few Jansky at 100 pc lasting
tens of seconds. Beams that would drive a relativistic in-

terstellar sail have been identified with fast radio bursts
(M. Lingam & A. Loeb 2017): the observer sits in the
main beam of a planet-scale emitter, and the optimal
frequency is a few GHz. That geometry is the beam
itself, not the leak, and it remains a radio search.

The same optimality argument that sets the beam
frequency also sets the array diameter, and at optical
wavelengths the required aperture collapses from kilo-
meters to tens of meters. The cost analysis of J. Ben-
ford (2013), which GL15 adopted and which favored mi-
crowaves, reflected high-power microwave sources in the
early 2010s. Directed-energy concepts for gram-scale to
tonne-scale sails have since been developed at optical
wavelengths (P. Lubin 2016; H. A. Atwater et al. 2018;
K. L. G. Parkin 2018; J. Y. Lin et al. 2025), and that
is the branch being prototyped on Earth (R. Gao et al.
2024; L. Michaeli et al. 2025; L. Norder et al. 2025). A
civilization minimizing capital cost may well land in the
optical or near-infrared, in which case radio searches are
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looking in the wrong band. The same shrinkage raises
the intensity at the aperture by the inverse area, and we
find in §2.3 that power handling, not Fresnel matching,
is the binding constraint on the optical branch.

Three survey facilities now cover that window. The
Nancy Grace Roman Space Telescope was launched on
2026 August 30 and is in a three-month commission-
ing period, with first images expected in early 2027 (D.
Spergel et al. 2015; R. Akeson et al. 2019; Roman Ob-
servations Time Allocation Committee 2025). The Vera
C. Rubin Observatory began the ten-year Legacy Survey
of Space and Time (LSST) on 2026 June 29 (Z. Ivezi¢
et al. 2019). Euclid is midway through a 1.4 x 10* deg?
survey; Quick Releases Q1 (2025 March) and Q2 (2026
June) are public, with DR1-Foundation scheduled for
2026 November (R. Laureijs et al. 2011; Euclid Collab-
oration et al. 2022). Between them these facilities cover
the wavelength band of 0.3-2.3 ym and will accumulate
of order 10'5 star-seconds of monitoring. They have
been discussed as technosignature platforms in general
terms (J. R. A. Davenport 2019; R. A. Street et al. 2022;
J. Haqq-Misra et al. 2022). The specific transient of
GL15 has not been mapped onto them. The signal they
can catch is not a nanosecond-to-second pulse (R. N.
Schwartz & C. H. Townes 1961; A. W. Howard et al.
2004) and not a narrow spectral line (N. K. Tellis &
G. W. Marcy 2017; A. Zuckerman et al. 2023), but a
tens-of-seconds, spatially unresolved, single-band flash
at the position of a star. The all-sky optical SETT exper-
iment PANOSETI searches 0.35-1.65 ym at nanosecond
to second cadence with a plate scale of 0.36 deg per pixel
(S. A. Wright et al. 2018); that experiment is built for a
collimated pulse, not for a 32 s PSF-shaped brightening
of a star.

In §2 we generalize the design relations of GL15 to ar-
bitrary wavelength and replace that paper’s filled-beam
leak with a Kirchhoff sail-plane calculation. §3 describes
the observable event. §4 assesses detection prospects
with the Roman, Rubin and Fuclid observatories, §5
treats backgrounds, and §6 concludes.

2. OPTICAL AND NEAR-INFRARED BEAMERS
2.1. Design relations

We adopt the design relations of GL15 and allow the
wavelength A to be a free parameter. A sail accelerated
by an array of diameter Da remains in the array’s Fres-
nel zone, where the beam energy is delivered through a
constant cross-section rather than a constant solid an-
gle, out to the Fresnel length dp = D3 /\. Efficiency de-
mands that the acceleration phase terminate at d = dp,
since beyond it the wasted fraction grows rapidly. The
maximum velocity vmax can be written in terms of the

acceleration amax as Vmax = (Qamaxdp)l/ 2 this fixes

v2 Av? 1/2
dF _ max , DA — ( max) , (1)

2azrnax 2amax

which is Equation (1) of GL15 solved for Dy at fixed
A rather than for A at fixed Da. Writing A g6 =
A/1.06 um, v400 = Vpmax/400kms™ a1 = amax/1 gee
and m3 = mg/103kg, where my is the sail mass, and
fixing Vmax, Gmax and A to fiducial values we find

Dp = 93mA1{()26 V400 a1—1/2. (2)

Figure la shows Equation (1) across twelve decades in
wavelength. The 68 GHz, 1.5 km design of GL15 lies
on the vmax = 100kms™! locus; the same mission exe-
cuted at 1 ym needs a 23 m aperture. This suggests that
20-100 m optical apertures, within reach of existing ter-
restrial engineering as collecting areas, are the natural
optical counterparts of the GL15 microwave array.

Both the unfocused illumination and the minimum
(Fresnel-matched) diameter are required for a leak. A
phased array driving a sail at d ~ 10'° m can apply
phase curvature to concentrate power on the sail; if the
array is focused at dp, the angular coordinate is mea-
sured about the focus, the sail occults a huge number of
rings, and the leaked peak drops by many orders of mag-
nitude. If the aperture is larger than Equation (1) for
any reason, dp = D3 /A exceeds the burnout distance,
the sail never leaves the near field, and the diffractive
leak essentially vanishes. The flash we compute is there-
fore the signature of civilizations that beam unfocused,
at the Fresnel-matched diameter. We return to why a
real optical beamer may leave that corner of design space
in §2.3.

The other design relations follow immediately. The
beam power required to drive a perfectly reflecting sail
is Pa = mgamaxc/2, i.e. 1.5 TW for a tonne at 1 gee, un-
changed from GL15, roughly 10% of current worldwide
consumption. The diffraction scale is

C L1220 1.22(2apmaxN) Y2
DA Umax (3)

= 13.9nrad )\i/ozﬁ a}/Q v4_010,

Oa

some 2.9 mas, and the corresponding beam solid angle
is Qp = 103 = 2.987 apmaxA/V2

max-*

2.2. How much leaks, and how bright it is

GL15 parameterized the leak by a fraction fleax =~ 0.1
of the beam power spread over 5. That filled-beam
shortcut is what we replace. The far-field of a uniformly
illuminated circular array, taken alone, is the Airy pat-
tern I(x)/1(0) = [2J1(z)/x])* with x = 7Da6/). That is
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not the leaked field. The sail sits at finite d, so a distant
observer sees the Fraunhofer transform of the array field
after it has been propagated to the sail plane, multiplied
by (1 — disk), and sent onward (J. W. Goodman 2017).
We evaluate that Kirchhoff sequence at d = dg, where
the diameter-based Fresnel number is unity and the con-
ventional far-field criterion is d 2 2dr. With the ratio
Dy ~ 5D4 of GL15, the geometric umbra has angular
radius Dg/2dp, i.e.
m Ds 57

Tsh

independent of A, vpmax, Gmax and mg, but set entirely
by Ds/Da. GL15 chose that ratio so the sail covers the
beam core through the first Airy dark ring (z = 3.83)
and most of the first bright ring at burnout, maximizing
intercepted power per sail mass. The umbral edge then
sits between the second dark ring (z = 7.02) and the
second bright ring (z = 8.42).

The sail-plane integral puts a leaked fraction fieax =
0.083 outside Dg = 5Dy, against 0.086 for the Airy en-
circled energy interior to zg, (1—JZ—J7 = 0.914). Trun-
cating the Airy pattern in angle is not the same opera-
tion: edge diffraction at the sail rim redistributes power,
and a circular obstruction hosts a Poisson—Arago on-axis
spot (J. E. Harvey & J. L. Forgham 1984; T. Reisinger
et al. 2017). A plane-wave Arago core would have I(0)
comparable to the unobstructed beam; the finite coher-
ent aperture washes it down. Fixing Ds/Da = 5 and
d = dr we find 1(0)/Iunobs(0) = 4.16 x 1073, a needle
of angular width ~ \/Dj, equal in peak to the second
Airy ring of the unocculted array. Off axis by a few
tenths of 5 the core has already dropped by two orders
of magnitude, so the geometric umbra is dark except
on the axis. The second ring is still present, at about
half the Airy-with-a-hole value. We adopt the on-axis
peak as €. Figure 2d shows that ¢ is a smooth func-
tion of Ds/Dp, not a step: at Dg/Da = 3 the Arago
core reaches ¢ = 3.0 x 1072, a factor 7 brighter than
at 5. Petal-edged occulters suppress the same on-axis
diffraction in the starshade geometry (W. Cash 2006); a
hard-edged sail does not.

The peak leaked flux at distance r is therefore

PyAn e mgev2,,

Sk =22 =35 N2 0 O
where Ay = wD3/4 and we used Equation (1) and
Py = mgamaxc/2. Expressed as an isotropic-equivalent
luminosity,

w2

Liso:4 2Sea = 5 Ein
T Opeak B) vV Ly (6)

_ 2 y-—1
= 1.2 Lo m3 vig0 M o6

with v = ¢/A, Exin = 3mgvl,, and 72¢/2 ~ 0.020.
The dependence on amax has canceled: a higher ac-
celeration buys more beam power but a proportionally
larger 24, and the two effects offset exactly. Comparing
Equation (5) with the parameterization of GL15 gives
Speak§2ar?/ Py = 0.015, a factor of ~6.5 below the im-
plicit value fieax =~ 0.1 adopted there. That factor is
the filled-beam shortcut in their Spear formula: they
placed the whole leaked fraction in one 24, whereas the
leaked power actually emerges through the Arago core
and rings 2, 3, ... spread over many 6. We adopt the
on-axis peak throughout.

That 8 percent is the leak of a uniformly filled disk.
Laboratory beamforming has not gone below it and, at
the powers of interest, has gone above it. Chip-scale
optical phased arrays with Chebyshev tapers now reach
a first-sidelobe intensity of 3 x 1073 (25.3 dB; S. Zhao
et al. 2024), equal to the Poisson—Arago core we use for
€. They match the Kirchhoff peak; they do not beat
it. A terawatt beamer is a tiled fiber array. Hexagonal
tiling admits at most 67 percent of the power in the
central lobe; a 61-fiber array phase-locked to A/90 RMS
puts 50 percent there and the rest in six grating lobes (I.
Fsaifes et al. 2020). We take fieax =~ 0.5 as the practical
fraction and identify it with S — 0 below. A messy or
sparse array exceeds the geometric 0.083; it does not sit
below it.

A real array with phase errors, pointing jitter, imper-
fect illumination taper or a non-ideal sail edge will have
brighter near-in sidelobes. We parameterize that fill by a
Strehl-like factor S, with S = 1 the ideal Kirchhoff enve-
lope &(d) = e(dr) (d/dg)? (recovered by the propagate—
mask sequence early in the burn, where zg, o dp/d)
and S = 0 a floor at e(dr) that is independent of d. The
two limits pair brightness and sweep consistently, and
we propagate both into the yield in §4. The laboratory
tiled array sits at S = 0.

2.3. Is such a sail buildable?

Fixing the fiducial parameters we find an intensity
leaving the aperture of Pa/Ax = 2.2 x 108 Wm~2
(2 x 10* Wem™2), continuously for the 11 hour burn.
Published directed-energy array concepts operate near
103 Wm~=2 (P. Lubin et al. 2014; P. Lubin 2016), five
orders of magnitude lower, and no known optical coat-
ing survives 10* Wcem™2 continuous-wave. The cor-
responding loading for the GL15 microwave design is
8.3x10° W m™2, already aggressive but 260 times lower,
because the aperture is 60 times larger in diameter.
Aperture area is what sets power handling, so the opti-
cal branch is not cheaper once the array has to radiate
1.5 TW without destroying itself. A ground site at this
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intensity is further excluded by thermal blooming. This
suggests two ways out, both of which kill the leak: either
the array is oversized until 14 is tolerable, in which case
dp exceeds an Earth—Mars burnout and the sail stays in
the near field, or amax is lowered until Ip ~ 103 Wm™2,
which requires amayx ~ 2 x 1073 gee, pushes D4 back
to 2 km and dr to 25 AU, and again leaves a planetary
transfer inside the near field. A sparse fill with enve-
lope Dp from Equation (1) and fill factor ~ 10~° would
keep the sub-aperture intensity near the P. Lubin et al.
(2014) value and would radiate into grating lobes; that
is a more severe version of the tiled-array fieax ~ 0.5
already demonstrated in the laboratory, and the phys-
ical realization of S — 0 below. We proceed with the
Fresnel-matched, unfocused calculation as a defined cor-
ner of design space.

Naively one might spread Pa over the full sail and find
Iy = 4Py /D2 = 8.7 x 10 Wm~2 and T ~ 300 K. By
the Fresnel argument the beam cross-section is ~ Djy,
not Dy = 5Dy, for most of the burn; the sail is over-
sized to catch the beam only near dp. The illumi-
nated spot therefore carries 2.2 x 102 Wm~2 early and ~
5 x 10" Wm~2 at burnout. With absorptivity o = 10~4
at 1 pum and two-sided radiation at infrared emissivity
of order unity, the sail equilibrates at T' ~ 660 K at the
start and T ~ 460 K at burnout, above the comfortable
range for most dielectric multilayer stacks (H. A. Atwa-
ter et al. 2018; G. R. Jaffe et al. 2023; J. Y. Lin et al.
2025). The 300 K figure is a lower bound that applies
only if the beam has already filled Dg. Lower acceler-
ations relieve the thermal load (the sail intensity scales
as Gmax, the aperture intensity as a2 ) at the cost of a
larger array, and by Equation (6) leave the observable
signal unchanged if the array remains Fresnel-matched.
The fiducial sail is 465 m across at a total system mass
of 10% kg, i.e. 6gm™2 including payload, under 1 gee,
which is aggressive even by Starshot standards (H. A.
Atwater et al. 2018; K. L. G. Parkin 2018).

2.4. The reflected beam

The sail is a near-perfect mirror with 25 times the
array’s area and returns essentially P, not 0.086Px,
back along the beam. A flat, figure-controlled sail col-
limates that reflection into A/Ds = 6A/5, five times
narrower than the leak and ~ 10% times brighter on
axis (LI ~ 2 x 10® L for the fiducial parameters),
and sends it onto the array. A sail with sag o (a
cone or spherical cap, the geometry assumed for beam-
riding stability before metasurface designs; R. Gao et al.

2024) spreads the reflection over 6,en ~ 80/Ds. Then
LM — 4P, /62, ie. 6 x 1074 L (6ren/1”) "2 for a

iso

1.5 TW beamer, detectable at bulge distance only if the

sail is optically flat at the milliarcsecond level. The re-
flection is not a second Galactic yield channel. It is
the mechanism that restores a pair, and a triplet if the
Arago core is in the launch time series (§3).

3. THE OBSERVABLE EVENT
3.1. Duration

Because the sail must be tracked, the beam sweeps.
GL15 found of order a radian of azimuthal motion dur-
ing a three-hour burn, with the sweep fastest early
(when the sail is near the array) and slowest at d ~ dp,
where the isotropic-equivalent luminosity peaks (their
Figure 3). The 2015 trajectory is specified completely:
the sail starts in low orbit about the origin world,
and the array beams along the world—sail line, so the
force is radial and the specific angular momentum L =
vLeoRLEo 1s conserved about that world. We take
a 400 km circular orbit, Rigo = 6.77 x 10° m and
vLgpo = 7.67kms™! so L = 5.20x 1019 m?s 1. Integrat-
ing the same three-body trajectory as GL15 gives a full-
burn sweep A¢ ~ 1.1 rad and a residual transverse speed
at burnout of 6.4ms~! from L/dr alone. The Sun and
the destination contribute a few meters per second at
d = dp, a 30-50 percent correction to that residual; we
add 5ms~! in quadrature and use v, (dp) = 8.1ms™ 1.

This duration assumes an array whose transverse ve-
locity w relative to the origin world’s center is small
compared with v} (dr). An equatorial ground site has
u ~ 465ms~!, a geostationary platform v ~ 3.1kms™!,
and a low-orbit array uw ~ 7.8kms~!, which would
shorten 75 by factors of 58, 390 and 103. The fidu-
cial burn lasts vmax/a@max = 11.3 hours, longer than a
target stays above the horizon at a single ground site,
so a ground array would also have to hand off between
sites and the sweep would not be the smooth L/d?
used here. This suggests a free-flying array co-orbital
with the origin world, the architecture assumed by most
large-aperture directed-energy concepts (P. Lubin 2016;
K. L. G. Parkin 2018). The residual transverse speed at
the end of the burn is then

L vLEo RLEO
) = G = ) ) @
and the time for the diffraction scale to sweep past a
fixed observer is

_0a _ Oade _ 12201247

¢ a ’UL(dF) o L ’ (8>

TA

For the 100 kms~! microwave design of GL15 this gives
v, = 0.10kms~! and 74 = 18 s, which is the tens-
of-seconds duration reported there. For our fiducial
400km s~ optical case, v, =8.1ms~ ! and 7o = 14 s.
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Figure 1. (a) Array diameter required by the Fresnel-matching condition, Equation (1), as a function of beam wavelength
for four transit speeds at amax = 1 gee. The star marks the 68 GHz, 1.5 km microwave design of GL15; the same mission
conducted at 1 um requires a 23 m aperture. Shaded boxes show the Rubin, Euclid and Roman bandpasses. (b) Matched-filter
signal-to-noise ratio of a single end-of-burn flash from a system at 8 kpc, as a function of transit speed for a 10® kg payload
at 1 gee. The upper axis converts vmax to an Earth—Mars transit time. All three facilities cross the detection threshold for
civilizations conducting interplanetary transits at the 100 kms™* speed of GL15.

A distant observer whose line of sight passes at impact
parameter b (in units of 65) from the pattern center
records a brief on-axis spike when the Arago core crosses,
then a train of rings. Integrating the Kirchhoff pattern
along the chord gives the event fluence, which we write
as Ter(b) = W(b)Ta with

W (b) :5*1/1(w1.22 u2 +b2) du,  (9)
u in units of 4, and I the leaked far-field in units of the
unobstructed Airy peak. W peaks at 2.32 for b = 1.95,
a chord that still clips the second ring, and falls as b—2
far outside the pattern (Figure 2¢). The fiducial event
therefore delivers its energy in 7eg =~ 32 s.

Those durations are the ones at d = dp. Earlier in
the burn the sail occults the pattern out to zg,(d) =
(57/2)(dr/d), the visible envelope of the Kirchhoff pat-
tern scales as (d/dp)3, and 7o o d?, so the detectable
fluence scales as d® for S = 1. With radial thrust and
d= %amaXtQ, the azimuth swept between d; and dp is
A¢ = (4L/3a2,,.)(t7® — tz?). For a bulge star the end-
of-burn fluence exceeds the Roman threshold by a factor
(rmax/8kpc)? ~ 360, which with the d® scaling corre-
sponds to diin/dr ~ 0.31 and Ageg = 5x107° rad. The
full 1.1 rad of the trajectory is accumulated almost en-
tirely in the first minutes, when the leak is suppressed by
many orders of magnitude. If near-in sidelobes are filled
(S = 0) the fluence scales only as d?, dpyin/dr ~ 0.053
and Agegr = 9 x 107 rad. Naively using the full-burn

sweep overestimates the geometric probability by four to
five orders of magnitude. We use A¢eg(S) in the yield.

3.2. Appearance in an imaging survey

Figure 2 shows the pattern and two representative
light curves for a system at 8 kpc. At peak the flash
reaches map ~ 18.1 in the F146 photon-rate zeropoint,
comparable to a bright bulge giant, but it lasts ~ 32 s.
Four properties follow, and together they define the
search.

(i) The event is short compared with a visit and long
compared with a cosmic ray. The ring train of Figure 2b
is not resolved as individual rings; the survey measures
its fluence. On Roman, Tex =~ 32 s spans ~ 11 reads of
3.04 s, so that fluence is a short ramp transient rather
than a single-sample jump. The Arago core is narrower,
a needle of duration (\/D)/¢ ~ (Da/Dg)7a/1.22 ~ 35,
and the geometric umbra separates it from the rings by
tens of seconds on a central chord, so Roman’s ramp
records two peaks in one visit. Off axis the core is
missed. Rubin’s 15 s snaps and Euclid’s 87 s NISP in-
tegrations generally do not resolve that doublet. The
search we advocate is a matched filter over the flash
window (Equation 10). For a fixed-fluence transient the
background noise is v/ B7.g, independent of tsamp; read
noise worsens as tsamp shrinks if reads are combined in-
coherently. This suggests that the argument for short
sampling is localization of the flash window, which mat-
ters when 7. < the exposure (the Euclid VIS case,
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tsamp = 566 s). Figure 2b still shows the 8o single-read
line as a conservative illustration; the ranking of the
three facilities is set by collecting area and by how well
tsamp Matches Teg.

(ii) The flash is single-band, not necessarily a spectral
line. Different frequencies have different Fresnel lengths,
Adp/dp = AN/, so a 10-30 percent fractional band-
width costs almost nothing in efficiency and still lands
all of the flash energy in one filter. That is the basis of
a color veto: astrophysical variability is achromatic or
smoothly chromatic, and repeated events from one star
should always appear in the same band. An unresolved
feature on a stellar trace in NISP grism data at R ~ 450
would require AXN/A < 2 x 1073, two orders of magni-
tude tighter than the Fresnel argument delivers, and we
do not assume it.

(i) The source is unresolved and coincident with a
star. At 8 kpc the fiducial dp = 8.2 x 10° m (0.055 AU)
subtends 7 pas. The flash is therefore a perfect point
source at the stellar position, which is what permits the
background rejection of §5.

(iv) A pair is leak plus reflection, not two leaks. Ar-
rays on both worlds so that the cargo can be decelerated
imply two beams. At launch, A beams along A — B
and the leaked radiation continues toward B and be-
yond. At arrival, B beams head-on at the incoming
sail, along B — A, and its leak continues toward A
and beyond. The two leaked strips are antiparallel. An
observer beyond B sees the launch flash and is not illu-
minated at arrival by leakage. The geometric factor of
2 in Equation (12) counts those disjoint strips, one flash
per transfer per observer. The pair is restored by the
reflected beam: B’s decelerating beam runs B — A and
the sail sends ~ Pa back toward B and outward, into
the same hemisphere illuminated by A’s launch leak.
An observer beyond B then sees launch leak and arrival
reflection, separated by the transit time (2.2 d for the
fiducial vmax = 400kms~! Earth-Mars analog). When
the line of sight clips the axis, the launch itself is a dou-
blet, Arago core then rings after the umbra (Figure 2b),
so that observer records a same-band triplet: two peaks
tens of seconds apart in one ramp, then the reflection
days later. Off axis the core is missed and the signature
is the pair. The core is a needle, so most detections are
pairs; a triplet is the on-axis minority. A pair or triplet
of same-band flashes from one star, the latter with a
resolved Arago core in the launch light curve, is a signa-
ture with essentially no astrophysical analog. Roman’s
12-min cadence within 70-d seasons and Rubin’s ~ 3-d
revisit are well matched to the transit delay. A single
flash is a photometric candidate; a velocity (the implied
transit) identifies a beamer.

4. DETECTABILITY WITH ROMAN, RUBIN AND
EUCLID

4.1. The right statistic

Point (i) above implies that the search should not be
conducted on stacked light curves. For the near-infrared
detectors of Roman and Fuclid /NISP, exposures are
sampled up the ramp and the pipelines already compute,
for every pixel and every read, the jump between suc-
cessive samples in order to identify cosmic rays. A tens-
of-seconds flash appears in this data product as a run
of consecutive jumps that is (a) confined to ~ 7eg, (b)
distributed across the pixels of the stellar point-spread
function (PSF) in proportion to the PSF, and (c¢) cen-
tered on a cataloged star. We therefore advocate a PSF-
matched ramp search: fit each ramp segment with the
PSF at the position of each cataloged source and record
the amplitude and its x2. For Rubin the analog is a
search of individual 15 s snaps or single visits against the
deep template, retaining PSF-consistent positive residu-
als. In each case the matched-filter significance over the
flash window is

S SpeakTeffAeff E»;1
N1 : 73 (10)
(N*+N5ky)7—eff + 2o—3eadnpixi|

which does not depend on the host’s intrinsic luminosity:
the numerator is set by the beamer alone and only the
noise knows about the star. The factor of two on the
read noise is the difference of two ramp segments. Faint
hosts are therefore better targets, until the sky and read-
noise floor is reached. The search is limited by distance,
not by host magnitude, and its reach is

N ePA A TerAeir |2
max AQE’)/ Qo_ b

with @) the adopted threshold and ¢ the matched-filter
noise in the faint-host limit. Relative to a single-sample
denominator the matched statistic is more conservative
by 1.64 in significance and 1.3 in range for Roman’s
numbers (B ~ 50 e~ s71, Oready/Mpix = 41.6 €7, Teg =
32 s).

We set @ = 8. The number of independent trials is
large (Roman’s GBTDS alone supplies ~ 1.1 x 10° reads
per star for ~2.1 x 10® stars, or 2 x 10'4 trials), so a 50
threshold would yield ~ 107 Gaussian false alarms and
even 7o leaves ~ 200. At 80 the Gaussian expectation
is of order 0.1 events; non-Gaussian backgrounds are
treated in §5.

(11)

4.2. Fxpected yields

The probability pgeo that a given transfer illuminates
us is the swept solid angle divided by 47. Events remain
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(a) Leaked far-field from the Kirchhoff sequence (array to sail plane, mask, Fraunhofer onward), in units of 6a.

The dashed circle is the geometric umbra xsn = 57/2 at Ds/Da = 5. The peak is the Poisson—Arago core on axis, not a filled

shadow. Lines mark the central (b = 0) and tangential (b = 1.95) chords.

(b) The corresponding light curves for a system

at 8 kpc observed by Roman in F146. The shaded interval is the geometric umbra; the central chord shows the Arago spike,
then the rings, a doublet in one ramp. The dotted line is the same fluence averaged over one 3.04 s read; the dashed line is
the 8¢ single-read threshold. The advocated search is a matched filter over Teg, not a single-read cut. (c) Chord factor W (b),
Equation (9). (d) Visible peak ¢ as a function of Ds/Da at d = dp: Kirchhoff (solid) and Airy-with-a-hole (dashed).

above threshold out to impact parameter byax(r), the
value of b at which W (b)/Wiax = (7/7max)?, S0

A¢eﬁ (S) (QbmaxeA)
47 ’

Pgeo = 2 X (12)
the leading factor accounting for the disjoint launch and
arrival leak strips. At the bulge by.x ~ 37 for Roman;
because byax is a function of r it belongs inside the yield
integral, and we evaluate it at the characteristic distance
of each survey. With Ry, transfers launched per unit
time per system and Tgps of open shutter per star, the
expected number of detections is

Nget = fb N*(< rmax) RLTobspgeOa (13)

where fi, is the fraction of stars hosting a continuously
operating optical beamer of the Fresnel-matched, un-
focused kind computed here, at mg ~ 103 kg, vmax =
100km s~ ! and amax ~ 1 gee. Following GL15, where we
argued that the infrastructure has high capital and low
operating cost and would be used constantly, it seems

reasonable to adopt one transfer every 6 h as a reference

rate Ry en and to quote limits on the product fy,Rr ¢n.
If this is the case, yields scale linearly with Ry,.

Table 1 collects the result for a fiducial beamer moving
a 10% kg payload at vma.x = 400kms~! at 1 gee, corre-
sponding to an Earth—Mars transit in 2.2 d. Star counts
toward the bulge are taken from the Cycle 7 W149< 25
prediction of M. T. Penny et al. (2019) (2.40 x 10®
stars in 1.96 deg?, i.e. 1.22 x 10® deg™2), rescaled to
the 1.7 deg? GBTDS footprint recommended by Ro-
man Observations Time Allocation Committee (2025),
and assigned a disk-plus-bulge distance distribution cen-
tered at 8.2 kpc. High-latitude columns of 3 x 10* and
1.5 x 10* stars deg—2 are used for the Rubin and Euclid
footprints (Z. Ivezié¢ et al. 2019; Euclid Collaboration
et al. 2022). Figure 3 shows the range as a function of
transit speed and the null-search limit as a function of

S.

4.3. Roman

The Galactic Bulge Time Domain Survey monitors
1.7 deg? of the bulge in the wide F146 filter at ~12 min
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cadence with ~67 s exposures through six ~ 70 d seasons
(M. T. Penny et al. 2019; Roman Observations Time Al-
location Committee 2025), accumulating 3.4 x 105 s of
open shutter per star (39 days). Sampled at the 3.04 s
read time, this is 7.0 x 10'* star-seconds at the timescale
that matters, two orders of magnitude more than Rubin
and four more than Fuclid. Combined with the stellar
column toward the bulge (2.1 x 10® stars to W149 = 25),
Roman dominates the monitoring. With the recon-
structed Tog the 80 matched-filter range is 152 kpc; a
single flash is visible from anywhere in the Galaxy if the
beam points at us. The geometric probability that it
does is Adesr X 2bmaxla /27, i.e. Ngot =~ 0.27fp, for an
ideal filled disk and Nget ~ 4.6 f, if the near-in sidelobes
are filled as in a laboratory tiled array, so a null search
limits f,Rr,en < 0.7 (tiled) or < 11 (filled disk).

The GBTDS observes almost entirely in F146. The
color veto of point (ii) is therefore unavailable at the
facility that supplies essentially all of the star-seconds.
This suggests following any Roman candidate with Fu-
clid’s simultaneous dichroic (§4.5).

Roman is in commissioning and the GBTDS process-
ing configuration is still open. Roman cannot downlink
every read and instead averages groups of reads into
resultants on board (S. Casertano 2022). Sensitivity de-
grades only as the square root of the resultant spacing,
so a ~10 s effective sampling is entirely workable. What
is essential is that the jump information survive: the
onboard cosmic-ray identification step, which necessar-
ily examines read-to-read differences, should preserve a
compact record of rejected jumps (position, amplitude,
read index) rather than discarding them. The cost is a
few bytes per rejected event; the information is other-
wise irrecoverable.

The Roman background in Equation (10) is not a free
guess. We take 7.4 noise pixels (F146, WFT center)
times the M. T. Penny et al. (2019) season-midpoint
sky plus thermal rate (3.43 + 1.07 e~ pix~! s7!) and
add ~ 2 e~ pix ! s7! of residual crowding, giving
B ~50e s7! in the aperture. Zodiacal light toward the
bulge is 2.5-7 times the minimum (M. T. Penny et al.
2019). At tsamp = 3.04 s the single-read read-noise term
(41.6 e~) dominates Btgump by an order of magnitude;
over To = 32 s the background and the differenced read
noise are comparable, which is why Equation (10) is the
right denominator.

4.4. Rubin

Rubin has the best per-flash sensitivity of the three,
by virtue of its collecting area: at vmayx = 400kms~! a
single flash is detected at matched-filter S/N = 8.7 x 10?
from 8 kpc and the range extends to 260 kpc. Its limi-

tation is time per star: 825 visits of 30 s over a decade is
2.5x10% s, 140 times less than Roman. Even with 5x10%
stars in the WFD footprint the yield is Nget ~ 0.03 fp
(filled disk) or 1.5, (tiled). Rubin is multiband, so the
color veto that Roman lacks is available here, and the
decade-long baseline is the natural test of the pair and
triplet prediction of §3.

Three things would improve this and cost little. First,
retaining the 2 x 15 s snap mode in at least part of the
survey halves fsamp and supplies a built-in coincidence
veto, since a genuine flash appears in one snap and not
the other. Second, single-snap PSF-consistent positive
residuals should be preserved in the alert stream or in a
dedicated auxiliary table rather than being suppressed
as artifacts; at present such detections are precisely what
difference-imaging pipelines are tuned to discard.

4.5. Fuclid

Fuclid’s reference observing sequence spends only four
566 s VIS exposures and four 87 s NISP exposures per
field, so Tps is three to four orders of magnitude below
Roman’s. With 7.g ~ 39 s the NISP integrations no
longer dilute the flash into invisibility (rmax = 127 kpc
in Hg), but the yield remains < 1 per host fraction and
a null search does not constrain f,. The value of Fuclid
is diagnostic rather than statistical, and it is unique.
Because VIS and NISP observe simultaneously through
a dichroic (Euclid Collaboration et al. 2025a,b), Euclid
is the only one of the three that can establish that a
flash present in one band was truly absent in another
at the same instant, which no sequential multiband sur-
vey can do, and which Roman cannot do at all. Any
candidate that recurs should be followed up during an
Fuclid pointing for this reason alone. In addition, if the
beamer’s linewidth is intrinsically narrow, a monochro-
matic flash at 1.25-1.85 pum would appear in the concur-
rent NISP red grism as an unresolved feature on a stellar
trace with no continuum counterpart. That search can
be run on existing Q1 and Q2 frames at no observational
cost; we do not assume the linewidth the grism would
require.

5. BACKGROUNDS

The dominant background is cosmic rays. For Roman
at L2 the probability that a cosmic ray lands within a
stellar PSF in a given read is ~107%, so over the GBTDS
each star accumulates ~ 10? coincidences and the survey
as a whole ~10'0. The discriminant is morphology and
duration: a cosmic ray deposits charge in a contiguous
track of one to a few pixels in a single read, whereas a
flash illuminates the full PSF in the correct proportions
for ~7.g. A PSF-matched fit with a x? cut across > 10
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Table 1. Sensitivity of the three surveys to light-sail leakage. Beamer parameters are ms = 10° kg, amax = 1 gee,
Umax = 400kms™', one transfer per 6 h, with X set to the center of each bandpass. 7eg is the fluence-equivalent
duration at d = dr, mpk the peak flash magnitude for a system at 8 kpc using the survey photon-rate zeropoint
referred to band center (F146: 1 e~ s~ = 27.6 AB; a monochromatic f, spread over the full F146 width is ~ 0.6 mag
brighter), Tmax the range of an 8¢ matched-filter detection, and f2°Rr n the upper limit implied by a null search
for the ideal filled-disk (S = 1) and laboratory tiled-array (S = 0, fieak >~ 0.5) sidelobe models.

Survey A tsamp Tobs star-s Teff  Mpk  Tmax Naet/ fo P RL6n
(pm)  (s) (s) (s) (AB) (kpc) (S=1/ 5=0) (S=1/ 5=0)
Roman GBTDS (F146) 1.06  3.04 3.4x10° 7.0x 10 32 181 152 0.27 / 4.6 11/ 0.65
Rubin LSST WFD (r)  0.62 30 2.5x10* 1.3x10"® 25 164 263 0.032 / 1.5 93 / 2.0
Euclid EWS (Hg) 1.50 22 3.5x 10 7.3x10"° 39 16.6 127 82x107°%/21x1073 =
Euclid EWS (Ig) 0.70 566 2.3 x10° 4.8x 10" 26 174 107 2.7x10"*/6.0x 1073

pixels, requiring the excess to persist over more than
one read, suppresses ordinary tracks by many orders of
magnitude. The residual population is the extended,
quasi-circular events known as snowballs in H4RG and
H2RG devices, which remain poorly characterized and
are a genuine concern. For Rubin the analogous residu-
als are satellite and debris glints (H. Corbett et al. 2020;
G. Nir et al. 2021), optical ghosts and unmasked bright-
star artifacts.

We do not claim these can be eliminated a pri-
ori. Instrumental transients are, to a good approx-
imation, uncorrelated with the positions of cataloged
stars, whereas the signal is by construction coincident
with them. Running the identical PSF-matched search
at a large ensemble of blank-sky positions therefore
yields an empirical false-alarm rate, with all the non-
Gaussianity of the real detector included and no mod-
eling required. That control fails for the classes most
likely to mimic the signal: persistence from previously
saturated sources, inter-pixel capacitance and cross-talk
ghosts at fixed offsets from bright stars, brighter-fatter
residuals, and undersampled-PSF differencing residuals
in crowded fields. A second control, injection-recovery
at positions offset by a few arcseconds from real stars,
preserves the local crowding and bright-star environ-
ment while breaking the coincidence. The search is
then a measurement of an excess of PSF-consistent short
transients at stellar positions over both the blank-sky
and the star-offset rates. Glints and satellite trails are
not perfectly isotropic, being concentrated near the geo-
stationary belt and in twilight, so the blank-sky sample
should be matched in airmass, hour angle and time of
night.

Impulsive spikes and quasi-periodic pulsations in M-
dwarf flares have been recorded on 5-100 s timescales in
one-second-cadence optical imaging, at ~0.7 day~! per
active M dwarf (A. F. Kowalski et al. 2016; M. Aizawa

et al. 2022). They are chromatic and confined to mag-
netically active dwarfs, and they will be present in the
bulge sample at some rate set by the dwarf contami-
nant fraction. Sunlit debris and asteroid glints land on
cataloged stars by chance at a computable rate (H. Cor-
bett et al. 2020; G. Nir et al. 2021). Neither class is
likely to survive a single-band cut plus a same-star pair
or triplet, the latter with an Arago core resolved in the
launch ramp, but a tens-of-seconds PSF-shaped bright-
ening of a star is not, by itself, unique.

6. DISCUSSION AND CONCLUSIONS

In this paper, we have presented the optical and near-
infrared branch of the light-sail leakage transient of
GL15, and have replaced that paper’s filled-beam leak
with the Kirchhoff sequence of array, sail mask and ob-
server. We have shown that there is a single Fresnel-
matched array diameter at a given wavelength (Equa-
tion 1), that the leaked luminosity is Liso > 0.020 v Fyin
independent of the acceleration (Equation 6), and that
the duration at burnout follows from the specific angu-
lar momentum of low orbit about the origin world for a
free-flying co-orbital array (Equation 7), Teg ~ 32 s for
a few-day optical transit. The leaked far-field of a filled
disk is the Kirchhoff sequence of array, sail mask and ob-
server, with a Poisson—Arago core on axis equal in peak
to the second Airy ring of the unocculted array. Labora-
tory beamforming matches that peak on a chip and ex-
ceeds the 8 percent geometric leak once the array is tiled
for power, fleax =~ 0.5 in grating lobes. The detectable
sweep of that trajectory toward the bulge is 5 x 10~° rad
if the array is an ideal filled disk and 9 x 10™* rad
if the near-in sidelobes are filled as in the laboratory.
A pointed flash is visible from anywhere in the Galaxy
with Roman’s GBTDS (rmax = 152 kpc at 8¢ in F146);
a null search limits fyRren S 0.7 (tiled, laboratory)
or < 11 (filled disk) for an unfocused, Fresnel-matched
optical beamer at my ~ 10% kg, Umax > 100kms™!,

~
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(b) null-search limit at vy = 400 km s~!
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Figure 3. (a) Range of an 8¢ matched-filter detection as a function of transit speed, for a 10* kg payload at 1 gee. (b) The 95
percent upper limit on fi, Rz ¢n that a null search would imply, as a function of the sidelobe-fill parameter S, from Equation (13)
at Vmax = 400kms~'. S = 1 is the ideal Kirchhoff envelope; S = 0 is a filled-sidelobe floor at the same peak &, the laboratory
tiled-array case (fieak =~ 0.5). Curves in (a) terminate where the signal falls below threshold at the distance of the bulk of the

stellar population. Fuclid does not appear as a useful limit in (b).

a ~ 1 gee, and A in 0.3-2.3 um. A pair is launch leak
plus arrival reflection, separated by the interplanetary
transit time; a central chord adds the Arago core as a
third same-band peak tens of seconds before the rings,
so the launch plus reflection is a triplet. The recom-
mended search requires (i) that Roman preserve a com-
pact record of rejected ramp jumps while the GBTDS
configuration is still open, (ii) that Rubin retain PSF-
consistent single-snap positive residuals, and (iii) that
all three be searched against blank-sky and star-offset
controls.

We have ignored a number of engineering chal-
lenges, the solutions to which may affect the observ-
able transient, in particular the aperture intensity of
2 x 108 Wm™2, which no known continuous-wave optic
survives, and the possibility that a real array is focused
or oversized and therefore produces no leak. Because
our system is motivated by minimizing wasted energy,
we reason that any beam-driven light sail that does leak
at optical wavelengths is likely to employ a strategy simi-
lar to what is presented here. High-cadence archival sur-
veys and vanishing-source searches (J. K. Ratzloff et al.
2019; E. C. Bellm et al. 2019; K. Oshikiri et al. 2023;
B. Villarroel et al. 2020) have already sampled second-
to-minute optical transients over large sky areas, but
none has the bulge stellar column, the star-coincidence

requirement, and the tens-of-seconds ramp sampling of
the GBTDS together, and none has been searched with
the pair, triplet and single-band cuts, so they do not cur-
rently limit f}, for this signature. If optical beam-driven
light sails are commonly employed in our galaxy, this ac-
tivity could be revealed by a PSF-matched ramp search
of Roman, Rubin and Euclid at no additional observing
cost. Nearby multiply-transiting systems near projected
conjunction, the strategy we proposed in GL15, remain
the right targets for dedicated instruments; the surveys’
statistical reach is over 108-10° distant stars.
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