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Abstract

The Class A stellar engine (also known as a Shkadov thrustarypherical arc mirror, designed to use
the impulse from a star’s radiation pressure to generatauattforce, perturbing the star’'s motion. If this
mirror obstructs part of the stellar disc during the tran$ian exoplanet, then this may be detected by
studying the shape of the transit light curve, presentirgteer potential means by which the action of
extraterrestrial intelligence (ETI) can be discerned. Weleh the light curves produced by exoplanets
transiting a star which possesses a Shkadov thruster, amdhglw the parameters of the planet and the
properties of the thruster can be disentangled. providadr#dial velocity follow-up measurements are
possible, and that other obscuring phenomena typical tplamet transit curves (such as the presence
of starspots or intrinsic stellar noise) do not dominateeskendifficulties aside, we estimate theri-

ori probability of detecting a Shkadov thruster during an eapgpt transit, which even given optimistic
assumptions remains stubbornly low. Despite this, manplexet transit surveys designed for radial ve-
locity follow-up are on the horizon, so we argue that thisagm a useful serendipitous SETI technique.
At worst, this technique will place an upper limit on the nienbf Class A stellar engines in the Solar
neighbourhood; at best, this could help identify unuswatgiting exoplanet systems as candidates for
further investigation with other SETI methods.
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1 Introduction

For much of its sixty-year history, the Search for Extragetrial Intelligence (SETI) has relied heavily upon
the detection of artificial radio signals emitted in the fregcy range often referred to as the “Water Hole”
or terrestrial microwave window [1], a band of frequencidseve the Earth’s atmosphere is transparent
and interference from Galactic and cosmic background tiadiags minimal. This band also happens to
contain the 21 cm (or 1.42 GHz) spectral line emitted by raddtydrogen atoms when the alignment of
proton-electron spins "flip” from parallel to anti-pardlld&s hydrogen is the most abundant element in the
Universe, it is often argued that extraterrestrial ingelhices (ETIs) with radio technology will be scanning
frequencies near to the 21cm line, and may even choose tosgnils at frequencies related to it (e.g.
21r cm or 214 cm). This would suggest that Earth-like intelligent speaeuld be detected by searching
frequencies in the Water Hole for narrowband transmissiotsoadband pulses|[2].

This motivation has inspired many radio SETI surveys cdraat to date, placing constraints on the
number of civilisations emitting in the surveyed bands ia 8vlar neighbourhood. Most recently, a SETI
survey of 86 stars in the Kepler field known to host transigxgplanets estimates that less than 1% of
the targets host civilisations that emit in the 1-2 GHz batdtrengths comparable to those producible by
humankind[[3]. Recent SETI searches using Very Long Basétiterferometry (VLBI,[4]) show that the
next generation of telescope arrays such as the Square éilerArray (SKA) will be able to survey the
local neighbourhood to even higher fidelity, while efficigrdiscriminating potential signals from human
radio frequency interference (see alsb [5]).

Equally, SETI scientists have recognised that searchiadimited region of the electromagnetic spec-
trum may be counter-productive to the overall goal of dédectEven at the beginning of radio SETI, some
argued for searches in the optidal [6], noting that techgybkin to the then recently-invented laser would
be a highly efficient means of interstellar communicatiathtin its potential to traverse much larger dis-
tances at the same energy cost, and the ability to encodeinformation per unit time due to their higher
carrier frequency. While extinction by interstellar dusufd destroy or mask a signal, ETIs can strike a
balance by reducing the carrier frequency and emitting énntbar infrared [7]. Recent searches for laser
pulses in the spectra of local main sequence stars [(&ld]) [&also yet to bear fruitful detections.

While both radio and optical SETI have their orthogonal ad&ges and disadvantages, they share a
weakness common to all transient astrophysics - repeiyatildetection. The few cases where SETI
searches uncovered a potential signal (e.g. the “Wow!” aigih 1977, [10/ 111]), the candidate signal
was not rediscovered. In the most memorable case where areaply artificial signal was detected
repeatedly, it was soon shown to be a previously undiscavea&ural phenomenon - the pulsarl[12] 13].
As pulsing transmitters are generally more energy efficirdre is a strong element of serendipity in
detecting intentional transmissions, and as such survexs be carefully designed [14,]15]. While it is
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possible that ETIs may deliberately repeat their signateae their acquisition easier, they are under no
compulsion to do so.

If the goal is to detect unintentional transmissions, thea tbstacle can be avoided, as these trans-
missions are expected to be produced as part of the typitialti@s of an extraterrestrial civilisation.
Unfortunately, unintentional transmissions by their veagure are not designed to travel large interstellar
distances - terrestrial radio leakage could be detectedtvgmt and future instrumentation at no more than
a few hundred parsecs [16], and their content is likely todss linformative than that transmitted by a
dedicated beacon. Indeed, in the case of radio signal leakagay only be possible to detect civilisations
in their earliest uses of radio communication, as they mahwo subsequently reduce signal leakage as a
cost-cutting measurg [17], or to shield themselves frongdesus eavesdroppers [18] 19].

However, just as a planetary biosphere displays atmospbiamarkers that can be used in some cases
to infer the presence of lifé [20, 21], planetary systemsibited by intelligent species are likely to present
noomarkergor sometimes “technomarkers”) which are difficult to hiddsing the classification system
for civilisations proposed by [22], these noomarkers acelpced strongly by Type Il civilisations, which
manipulate energy resources equivalent to typical stellainosities, rather than the Type | civilisations
more reminiscent of humankind, whose access to energyneesois limited to the much smaller planetary
scale. Having said this, we should note that noomarkersymextiby asteroid mining [23], may be present
in the Solar System, albeit weakly, before human civilmatieaches the Type Il classification, if recently
founded commercial ventures to mine asteroids are suctddsse e.g. http://deepspaceindustries.com/
and http://www.planetaryresources.com/).

Megastructures on the scale of celestial objects constthe# most studied type of noomarker, the
classic example being the Dyson sphéere [24]. Indeed, SEFtkes for this type of artifact [25, P6.]27] are
often referred to as “Dysonian SETI” in deference to its nwesli-known advocate [28]. Megastructures
or macro-engineering projects are motivated by a Malthugiew of the future development of humanity.
Rising demand from an increasing population eventuallyanters the paucity of supply, as terrestrial
resources are exhausted. When this happens, the high ¢oatscm-engineering projects can soon be
outweighed by the enormous benefits they can bring, not tdgiorethe predicted costs ofot carrying out
the project[[29]. This is hardly an ironclad proof that ETIli#f @ways build megastructures, and one can be
easily led astray when speculating on the motives of adwhtemhnological civilisations, but at the very
least it suggests that there are some evolutionary trajestéor technological civilisations that include
the construction of Dysonian-type artifacts, especidliygivilisation adopts an optimisation-driven rather
than expansion-driven developmental stratégy [30].

There have been many suggestions of other noomarkers thah@nable to SETI searches, such as
pollution in planetaryl[31] and stellar atmosphetes [32Heliberate “salting” of the host star with unusual
isotopes (e.g.[[33, 34]). These suggestions are motivatédebfact that there is a great deal of study of
stars and planets for their own sake.

From the first detection of an extrasolar planet (or exof)aar®@und a main sequence star almost two
decades ago [35], there has been a drive to discover andctdrgse a large number of exoplanets, as the
properties of the exoplanet population allows astronortessiderstand the physical processes at work in
planet formation. While exoplanets can be detected in awadf ways (se€ [36] for a general review),
the majority of the known exoplanet population has beenatieteusing one or (or both) of the following
methods. Theadial velocitymethod (cf[37]) studies the star’s spectral lines for emmeof changes in
velocity along the line of sight to the observer. As stars plaghets orbit a common centre of mass, the
evolution of the star’s radial velocity encodes informatiegarding the planet’s orbital period and semi-
major axis, as well as the minimum mass of the planéfsin i, wherel, is the true mass andis the
inclination of the orbit (withi = 90° equivalent to the star, planet and observer existing indineesplane).
The transit method (cf[38]) requires the observer to sthdystar’s flux as a function of time. If the planet
passes between the star and the observer, this producesingjiof the stellar flux proportional to the size
of the silhouette cast by the planet on the stellar disc. Tdresit method constrains the planet’s physical
radiusr, relative to the stellar radiug,. The combination of both methods allows the inclination éo b
measured, and the true mag$ to be determined.

While other detection methods exist, such as gravitationatolensing (e.g.[[39]) or direct imaging
(e.g. [36]), radial velocity and transit studies have ndyaevealed the largest quantity of exoplanets
to date, but also the most detailed data on individual exagilaystems, when both methods are used in
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tandem.

Exoplanet detection benefits SETI in several ways; firdtlyravides invaluable data on the frequency
of potentially habitable terrestrial planets, constragnone of the seven (or more) terms of the master
equation of SETI, the Drake Equation, which is cast in vagiguises/[40, 41, 42, 43]. Secondly, exoplanet
studies can in principle identify objects which are highkely to not be merely habitable, but inhabited.
For example, exoplanet transit spectroscopy, which uséts-weavelength observations of transits to study
the planet’'s atmospheric absorption as a function of wangtle is likely to prove effective as a probe for
the presence of biomarkers ([44] and references withinydhit provides an extensive, rich dataset of as-
trophysical phenomena on planetary system scales, whicheatudied in a serendipitous or “piggyback”
fashion for evidence of artificial signals or noomarkers.

In particular, the transit detection method allows the &xgipossibility of indirectly detecting megas-
tructures through their obscuration of the parent sfar] istrates how transit curves could contain a
deliberate signal placed by ETlIs in the form of large geoimetructures, which have transit signatures
distinct to that of an occulting spherical disc. Such suites could be placed in an orbit where observing
civilisations would be able to easily detect an exoplaraetdit (cf [46]), with the lifetime of the resulting
signal potentially very long indeed [47].

In this paper, we focus on a particular class of megastrackmown as the Class A stellar engine, or the
Shkadov thruster, in honour of its first description by [4Bjis object is essentially a mirror which reflects
a fraction of the star’s radiation pressure, causing a fasyenmetry which exerts a thrust on the star. This
thrust could be used to move a civilisation’s host star frisrinatural” orbit if it posed some harm to the
civilisation (e.g. a dangerous close approach to anotheiostdust cloud). We study the potential transit
signatures produced by an exoplanetin a system that cergagin an engine, and show how to disentangle
the planet’s contribution to the transit from the enginesdtation of the star. In secti@h 2 we describe the
physics of the Shkadov Thruster; in sectidn 3 we recap thetsire of a transit curve in the absence of a
stellar engine; in sectidd 4 we show how the transit curveddified in the presence of a Shkadov thruster,
and how to analyse these curves in sedtion 5; in settion 6 seeisk the implications of this work and we
summarise our conclusions in sectign 7.

2 Stellar Engines and the Shkadov thruster

In short, a stellar engine is any device or structure whicthreexs significant resources from a star in order to
generate work. Typically, the resource in question is tkdéatéon field produced by the star, although some
stellar engines use the mass of the star as propellanthe.gtellar rockets or “star lifters” as proposed by
[49] and [50].

Strictly speaking, the most well known theoretical megadtire, the Dyson sphetie [24], is not a stellar
engine, as it does not specifically generate work. The Dypbere is a spherical shell that englobes the
star, with a radius and thickness such that the radiatiosspre force from the star and the gravitational
force on the sphere are in balance, producing a static isat@l statite. While usually envisaged as
a single solid structure, it can be considered as a very leofjection of smaller bodies, arranged in a
spherical geometry. This is sometimes referred to insteaal Ryson swarm, and is used only to collect
energy.

The Dyson sphere/swarm’s function is therefore to eitheo#¥ct stellar energy, or b) provide living
space, or both. The interior of a single solid Dyson sphezsighed as an Earth-type habitat, will provide
a significantly larger amount of living space compared toemetary body, as the radius of a Dyson Sphere
will be very large relative to terrestrial planet radii.

While the Dyson sphere is not a stellar engine, most stefigine designs share similarities with the
Dysonian model - in particular, they share the Dyson sphdrahger for construction material. A full
Dyson sphere would require the systematic destructionvefraéplanetary bodies to provide raw materials
[24,[51]. [51] present a classification system for stellagieas: we will focus exclusively on their Class A
stellar engine, or Shkadov thruster (see Figuire 1).

A spherical arc mirror (of semi-angle) is placed such that the radiation pressure force genelsted
the stellar radiation field on its surface is matched by thavigational force of the star on the mirror.



Detecting Class A Stellar Engines using Exoplanet Transits 5

Figure 1: Diagram of a Class A Stellar Engine, or Shkadovstem The star is viewed from the pole - the
thruster is a spherical arc mirror (solid line), spanningetar of total angular extegt). This produces an
imbalance in the radiation pressure force produced by #rergsulting in a net thrust in the direction of
the arrow.

Radiation impinging on the mirror is reflected back towatus $tar, preventing it from escaping. This
force imbalance produces a thrust of magnitudé [51]:

L

5, (1= cosy), (1)
whereL is the stellar luminosity. This result is similar to that grzed by[[48], although their calcula-
tion assumes the temperature of the star remains constargality, the reflected radiation will alter the
thermal equilibrium of the star, raising its temperatureé producing the above dependence on semi-angle.
Increasingy increases the thrust, as expected, with the maximum theirsgjlyenerated at = = radians.
However, if the thruster is part of a multi-component megadure that includes concentric Dyson spheres
forming a thermal engine, having a largecan result in the concentric spheres possessing poorenaher
efficiency [51].

F =

3 Exoplanet Transit Curves

We briefly recap the typical shape of an exoplanet transitechere (for a review see e.@1. [38]) Rather than
attempting to simulate observations by pixelating thdatelisc and carrying out parameter fitting, as was
done by[[45], we instead construct theoretical curves irfdllewing fashion.

We work in (z,y) coordinates, where the coordinates represent the prajectithe planetary system
onto a two-dimensional “observer” plane. A single star &cpld at the origirf0, 0), possessing a stellar
disc with total aread,, = 1, i.e its radius is

in arbitrary units. A planet (with a disc are, = 0.01, and radius,, = /0.01/7) is positioned
initially at (x;, b), whereb is the impact parameter. We assume that the projection giléeet’s orbit on
the plane is a straight line rather than an arc, and move #reepin the x-axis only, across the stellar disc
until it reachegx ¢, b). As transit curves typically normalise the received flux iy steady value obtained
during a non-transiting period of the planetary orbit, wiegkte the flux using
Aint
F=1.0 1 3)

*
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Figure 2: Examples of the transit curves produced for a phaiteout a stellar engine present (with impact
parameteb = 0). The left panel shows the curve in the absence of stelldr-tilmrkening, and the right
panel shows the curve with limb-darkening. The dotted limesach plot represent (from left to right):
beginning of ingressr(), end of ingress#(;;), beginning of egress(;;) and end of egress{y).

Where A;,,; is the area inside the intersection of the stellar and plamediscs, andd;,; = [0, 4,].
By construction, the minimum flux is 0.99, and we neglect tedremission from the planetA,,,; is
analytically calculable provided the positions of the stiad planet are known, by solving a quartic equation
for the intersection points of the two discs, and calcutatire circular segment area subtended inside each
disc between the intersection points.

The transit curve can be deconstructed into several conmp@ndelineated by four events where the
planetary and stellar discs possess one intersection @oipti.e. the discs are in tangential contact:

1. Beginning of Transit Ingress () - where the star is as yet unaffected by transit.

2. End of Transit Ingress{;) - the planet is now fully within the stellar disc. In the abse of stellar
limb-darkening, the light curve would reach its minimumuahere.

3. Beginning of Transit Egress ;) - the planet is now moving outside the stellar disc, andékeived
stellar flux increases, and finally

4. End of Transit Egress{y’) - the planet no longer obscures the stellar disc, and thsitia complete.

Figure[2 shows the transit curves produced both in the absand presence of stellar limb-darkening.
We do not model the curves as a function of time, but ratherfasetion of planetary position. We use
a dimensionless phase paramegdor the x-axis in this and all subsequent curves, where z,/R.,
andz, is the x-coordinate of the planet's centre. In these urfits centre of the planet touches the stellar
perimeteratp = —1, 1.

To simulate limb-darkening, we modify;,,; using

| RZ — d?
= TRz (5)

the distance between the centres of the stellar and plarditas is denoted by, and we select the limb-
darkening parameter = 0.6 (whereu is typically a function of the observing wavelength). Edqonaid
is one of many different expressions used for limb-darkgnwhich are derived from stellar-atmosphere

where
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models (see [52] for a list), but this work is not particaskensitive to which parametrisation that we
adopt, but merely requires that we adopt one. Increasindithensionless impact parameter

acost
6
o ©®)

can partially mimic the curve shape in the ingress-egrestoss that is also produced by the limb-
darkening. However, both parameters can usually be disglata with an appropriate best-fit modelling
procedure (see e.d. [38]). If the oblateness of the plametriszero, or the planet possesses rings, then this
can be detected provided the photometric precision is ftbe~ 10~ [53,[54].

Let us define the transit depth (i.e. the fractional diffeeem flux before and during the transit) asnd

the ratio of the planet to stellar radiuts/R,. = k. As such, if both the stellar and planetary discs are
circular,

b=

5= k2. ©)

While in this work we model the transit curve as a functionlafytary position, not time, it will be useful
to define the equatorial crossing timescale (for a circullitp

Teq = (8)

WhereP,, is the planet’s orbital period, ang, is the planet's semi-major axis. The total transit time is

P R.
Tyor = — sin™! <—\/1 + k2 - b2) 9)
T

a

We can therefore convert our dimensionless phase intoineallty using

Tio
.- T : (10)
2
wheret = 0 represents the midpoint of the transit. If we assumerthat< R, << a, andb << 1—k (i.e.
we exclude transits that come close to grazing the uppemarlbmb of the star), the ingress timescale is:

k
Ting = TII — T = Te 1+k) — b2+ 1—k2—b2>~2767 11
o= == (V@07 =0 i1 — G
Armed with an appropriate model to fit stellar limb darkenargl remove sources of false positives such
as starspots, the transit curve, specifically the paras@lef;.:, 7ing), is sufficient to characteriseand
b. Stellar atmosphere modelling, or in some cases astenoskeigy [55] can then be used to defife to
obtainr, = kR,.

4 Transit Curvesin the presence of a Class A Stellar Engine

We model the presence of an obscuring Class A Stellar Engiaecircular segment drawn on the stellar
disc at an angl€ to the y-axis, passing through some point on the stellar fscs2) (see Figur€l3). In
practice, we will measure these values normalised to tHiastadius in the same manner as the transit’s
impact parameter, i.¢4;, 52 = [0, 1].

The engine completely obscures the star to the right harddfithe chord, and as a result when the
planetary disc passes into the region where the star is cdxbdhe transit curve will be altered, particularly
its egress features. Note that throughout this work we jpogihe engine in the positive x-axis region of the
star without affecting the generality of the result - engiimethe negative x region would simply produce
signatures at the curve’s ingress point rather than theseg@nt.

We define the obscured area of the stellar disE asAs the engine is a highly reflective mirror, there
is no limb-darkening associated with the obscured side®ttar. The depth of the transit curve will no
longer be equivalent to the ratio of the planetary and stdilsc areas, but will also depend &5:
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Figure 3: Diagram of a transit in the presence of a Class Aa&8tehgine or Shkadov Thruster (which we
will refer to throughout as a “Shkadov transit”). The Shkadlwruster subtends a chord at anglto the
y-axis, and obscures an area of the stellar digcin this case to the right of the chord. The chord passes
through a pointg;, 82) on the stellar disc (in the diagrarf, = b, the planet’s impact parameter). As the
thruster is a highly reflective mirror, there is no limb dark®y associated with it.

Aint - Aint,s
A, -2,
where A, , is the area inside the intersection of the planetary discta@®hkadov thruster. When
the planet passes into the region where the stellar discssuned, the transit curve will show the planet
beginning “egress” earlier than in the case where the engiadsent, introducing an asymmetry (see
Figure[4). We will hereafter refer to transits of this type“@skadov transits”, and we will refer to the
apparently early egress of the curve as the “Shkadov egrédiough it is strictly also correct to refer
to it as the Shkadov ingress, it is perhaps more sensibléaw ahch curve to have an ingress and egress
component rather than two of the same. As the ingress seafitime curve is limb-darkened and the
Shkadov egress is not, the ingress and egress will progigsdifferent measured gradients.
While these curves of this type are difficult to produce ratyrand as such angrima facieevidence
for macro-engineering occuring in this particular startegs what else can be divined from the curve?
Specifically, can we determine the properties of both théastengine as well as the true exoplanet param-
eters? After all, the curve’s symmetry is lost. We cannotsne&l;,; the depth of the Shkadov transit
curve,s, is now degenerate ir, and>l,:

F=10- (12)

/€2
1—-3%,/(rR2)’

In other words, what can we now measure to rec¢keb) and the properties of the thruster?

We can see the beginning of the solution to this problem bgihgl(5:, 52) fixed and varying (left
hand panel of Figurig] 5). The midpoint of ingress into the Slokahruster is fixed af; (note all curves
intersect at a phase equal®g). Increasing while holding(3;, §2) fixed reduce&;, and the duration of
the Shkadov egress also increases.

If we now consider the engine having fixed valueg et 45° and (3, 52), and instead vary the planet’s
impact parametdr, then we can see (right hand panel of Fiddre 5) how the presafitbe engine will cut
the transit short depending on its valueoPlanets with highel will encounter the obscured area earlier,
and hence egress begins earlier. As we model the silhoudtie engine’s edge as a straight line, all the
curves in the right hand panel of Figlile 5 show the same durafiegress.

5= (13)
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we refer to as the “Shkadov egress”.
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Figure 5: Left: The egress section of the light curve durimds&®lov transits for a planet with impact
parameteb = 0, as the angle between the engine and the y-&xis, increased. The dotted curve (with
the deepest transit depth) has- 0°; the dashed curve with moderate depth fias 30°, and the shallow
solid curve is¢ = 60°. Right: The dependence of the Shkadov transit light curvb@agplanetary impact
parametern, is increased, for an engine of fixéd= 45° and(5;, f2) = (0.2,0). The solid curve (with the
longest transit duration) has= 0; the dashed curve with moderate duration has 0.1, and the dotted
curve with shortest duration has= 0.3.
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Figure 6: Diagram of a circular segment, with central arfglleeighth and chord lengtla.

5 Deconstruction of A Shkadov Transit Curve
Provided that:

i ingress of the exoplanet into the stellar disc is not alscoiesd,
ii radial velocity follow-up measurements are possible, and

iii the radius of the staR,. is still measurable (through e.g. asteroseismology measemts),

this should be sufficient to estimate the transiting timkeseag,, the ingress timescalg,,, and hence the
degeneraté/v/1 — b2.

If the orbital periodP,; and the semi-major axig, are well-constrained as a result of the combined
radial velocity/transit measurements, then the transiteeshould be sufficiently informative to break the
degeneracies linkingr,, ¢, 81, 82). The measurements to be made are: the Shkadov egress tierggca

the Shkadov transit depth and the midpoint of Shkadov egress, = 3;. At the midpoint of Shkadov
egressfs = b, reducing the number of parameters to estimate by one.

5.1 The Shkadov Egress Timescale

As can be seen from Figuré 5, the time taken for the planetruptete Shkadov egress is independent of
b, and depends only of If we define the Shkadov thruster as a circular segment dfaleamgled, and
heighth (see Figurél6), then we can analytically calculate how tkea af the planetary disc obscured by
the thruster changes as the planet sweeps across the chord.

The heighth of a circular segment (inside a circle of radisand the central angle that spans the segment,

0 are related by:
h—R<1—cos (g)) (14)

The length of the chord defining the segment is

¢ =2Rsin (g) , (15)

and the area of the segment is
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A(0) = R; (6 —sind) . (16)

As the planetary disc sweeps across the thruster chordhthstér obscures a circular segment of height
hp(t) and anglé,,(t). If the thruster hag = 0°, thenh,, is parallel to ther axis and

dny

7 =h, = 1. (7)
It can be shown that if # 0°, then
hp = & cosé. (18)
Differentiating equatior{{14) gives
= (% sinep) b, = 56, (19)
Applying equation[(IB) to the planetary disc, and takingfttst derivative gives
. 7’2 .
A= ?p (1 —cosb,)0,. (20)

To solve this, we must solve féf,. From equatior((19):

L . R (21)
¢ 2r, sin (%’)
Differential equations of the form
A
j— ———— =0. 22
Y sin (%) (22)
Have the solution
(1
y(t) = £2cos 3 (—At-0C) |, (23)

whereC is a constant of integration. If we impose the initial cofudity (0) = 0, thenC' = —2. Substitut-
ing for A = 2h,/r,, and assuming is constant:

Op(t)
T

ey g oSty
Tp Tp

(24)

If we assume that

2may,
T =—, 25
o (25)
then we can calculate the egress timescale as the time &t thie 27, or
P
Fog = — —L (26)

ma, cos&’

Therefore, the egress timescale allows us to constrainglue ofr,, / cos&.
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5.2 Calculating X

To computer, from 5, we must be able to compuke;, which we can if we know(3;, 82) and¢. If we
definei = (i1,i2) andf = (f1, f2) as the points of intersection between the chord and theastilic,
normalised to the stellar radius, then

d+is=fi+f;=1 (27)

The points of intersection must obey the vector equation

itce=tf (28)

Whereé = (sin &, cos ) is the unit vector with direction along the chord.
As the points = (31, 82) rests on the chord, we can write

i+ce=p (29)

Btecse=f (30)

wherec; + ¢ = c. If £ is known, we can solve far, by rearranging:

16— e = il =1, (31)

Which then allows the evaluation @fWe can then make a similar calculation fgrandf:

i+ e8] = [f[ =1, (32)

And hence obtaif, ¢; and the chord length. With the chord length determined, this gives the central
angled and ultimatelyX,.

5.3 Breakingthe Degeneracies

To recapitulate, the Shkadov transit has 3 measurementhvene degenerate. The first is the transit
ingress timescale;,,,, which is degenerate in, andb = (,; the second is the effective transit deﬁth
which is degenerate in, andX;; the third is the Shkadov egress timescalg which is degenerate in,
and¢. Consequently, all three measurements are interdepende@suring one constrains the values the
others may take.

Assuming a value fo€ allows the observer to usg, to obtainr,, constrainingh = S, from 7,
and independent measurementsihf Measurings; from the midpoint of Shkadov egress allows the
calculation of:,, which must be consistent with the transit de&th

Therefore, model fitting of three measurements simultasigatan break the degeneracy. Bayesian
methods are used commonly in parameter fitting of standarsitr curves (e.g.[ [56, 57, 58,138] and
references within), so current techniques can be modifiadécommodate the fitting of the Shkadov transit.

5.4 Maskingthe Shkadov Signal

Until now, we have considered idealised transit curvesdhatree of the sources of noise and error that
real transit curves possess. This can include (but is natelidrio) the underlying Poisson noise produced
by photon processes, cosmic ray hits, scintillation effggbduced by atmospheric turbulence, or other
instrumental or calibration effects that (in combinatipndduce a background of time-correlated noise to
all transit curves. Perhaps more dangerously, the pres#rstarspots can produce “dents” in the transit
light curve, as the planet covers the starspot, which is binitien a cooler portion of the stellar disc
(see e.g.[[59, €0] for efforts to model this phenomenon). WV observer is trying to observe the the
duration of Shkadov egress, the presence of a starspot danthia extremely difficult. FiguFé?7 illustrates
this problem. We have added time-correlatgg noise to the theoretical curve, produced by generating
Gaussian white noise and applying the “pinkening” filteri@f]. To complicate matters further, we add a
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Figure 7: The effect of noise on detecting Shkadov tran3ite curve shows the analytically determined
Shkadov transit curve, and the dashed and dotted linesteetiee ingress and egress points for normal and
Shkadov transits, as in previous figures. The points reptéise analytic curve with addeld f noise and

a starspot placed near the beginning of Shkadov egress.

“starspot” to the curve, modelled by simply adding a Gaussidh a peak value slightly less than that of
the planet to the curve. While not a particularly accuraaesgtot model, it demonstrates that unfortunately
positioned noise sources can make the extraction of negyeSkkadov parameters particularly difficult.

6 Discussion
6.1 Probability of Detecting a Shkadov Transit

Let the following events be defined:

e T - the system possesses a detectable transiting planeawitasurable curve
e S - the system possesses a Shkadov thruster

e D - the thruster is oriented such that its presence can betddti the transit curve.

GivenT andS, we can calculate the probability that the thruster will le¢tedtable in the transit curve,
P(D|T, S). The thruster is a spherical segment of azimuthal aggleand presumably of polar angte
(as this will maximise its thrust for any giveh).

For the observer to see a thruster (wfth= 0°), then the position angle of the midpoint of the thruster
a, defined along the line of sight of the observer (Fidure 8) thasin the rangér/2 — 1, 37/2 + ¥].
Therefore

37 /24
P(D|IT,S)=P(n/2—¢ < « <37r/2+w):/ do/, (33)
w/2—
which gives
T+ 2¢
P(D|T,S) = Py (34)

The maximum thrust achievable requings= 7 /2, which would give a probability of effectively 1. In
this case, there is only one possible configuration whicts s give a Shkadov transit, where the mirror
is positioned precisely behind the stellar disc, or eqenty o = 0 exactly (although this particular
configuration still allows for occultations of the planetttne Shkadov thruster - see following section). If
1 = 0, then the probability is 0.5 - the thruster is now an infinitidin line across the stellar disc, which
is either on the observer-facing side of the star or the otheheir calculations of thruster-assisted stellar
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Figure 8: Orientation of the thruster to the line of sightdained by the angle.

motion, [51] use) = 30° = 0.523 rad, giving a probability?(D|T, S) = 2/3. In the case wheré # 0°,
we may expect that this probability will increase, as thaltazimuthal extent of the thruster will be larger.
Of course, this conditional probability is less relevarartt® (D), which is given by

P(D) = P(D|T,S)P(S|T)P(T). (35)

The probability that a system possesses a Shkadov thrgsten that the system possesses a transiting
exoplanet,P(S|T), is not well constrained at all. We do not know to sufficienbfidence how many
planetary systems possess intelligent life, and even leasis how many of these intelligent beings would
wish to build a Shkadov thruste?(T) is a combination of the probability that the star system hgs a
planets at all, and the probability that the plane of a plamebit aligns sufficiently well with the observer’s
line of sight, which for a circular orbit is

R, +1p

a

Palign = (36)
We can hazard a guess B{D) by appealing to parameter estimates for the Drake equatiabtain
P(S|T'), assuming all stars have planets dng,,, is of ~ 0.005 for an Earth orbiting a Sun-like star at 1
AU. If a fraction f; of planetary systems possess intelligent life, a fracfioaf intelligent species choose
to communicate, and a fractigfy of intelligent species decide to build Shkadov thrustdrentwe can
make an educated guess of

P(S) = P(S|T)P(T) ~ 107, fr. (37)

Given that recent surveys suggest tfigt. < 0.01 in the solar neighbourhood|[3], arfé is unconstrained,
even for the very unlikely case gf- = 1, the probability of detection is likely to remain aroun@* —
10~5. More realistic values ofr < 0.01 suggest that the probability of detection has an upper lirhit
< 1075, There are~ 10° exoplanets detected to date, and only a fraction of the plameulation in
the vicinity of the Earth will be amenable to detection andrelcterisation via exoplanet transits, which
suggests that the number of locally detectable Shkadosgtémziwill be small. This reasoning is sufficient
to rule out funding dedicated searches for Shkadov transits exoplanet transit surveys are likely to
continue for the foreseeable future (see next section) SH scientists will have many opportunities to
study public catalogues of data at low cost to attempt theatien of Class A stellar engines.

6.2 Limitationsof the Analysis

In this work, we have made several simplifying assumptiangtie sake of more clearly illustrating the
Shkadov transit as a potential detection method. In doingv&have ignored aspects of the Shkadov
transit curve that may prove important in future efforts hba@cterise it.
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Perhaps most glaringly, we have ignored thermal emissimm the planet in this analysis. By doing
so, we discount the possibility of detecting secondarypsel or occultations, as the planet passes behind
the star. Depending on the orientation of the thruster, arstary eclipse may be artificially lengthened if
the thruster obscures the planet as it moves into occuitatiche mirror may reflect the night-side thermal
emission back toward the observer, leading to a secondpgecurve that is “unbalanced”: the thermal
emission at the thruster side will appear enhanced compatad non-thruster side. This may prove to be
another means by which a Shkadov transit can be charaderise

We have assumed circular orbits in this analysis. The edcénof the planet’s orbit plays an impor-
tant role in characterising the transit curve. In partigutacan produce inequalities in the ingress/egress
timescale of the transit. While in practice the differeno®ants to less than a few percent|[38], 62], highly
eccentric orbits will confuse with the Shkadov signal. Tleeat to which this confusion will occur de-
pends both on the eccentricity and the orbital longitudeesfgstron. Indeed, it may be the case that to
fully characterise the Shkadov transit in this case, thersgary eclipse will be required to measure the
difference between the impact parameter of the trabgif, and the equivalent impact parameter for the
occultationp,..., to constraire.

Amongst our assumptions, we have required that the stelthus R, remains measurable despite the
presence of the thruster. Stellar atmosphere modellingngéxternal information on the star’s properties
remains the primary means of inferrifiyy, but these models are constructed in the absence of tedicallo
interference with the stellar environs. The engine’s presartificially increases the effective temperature
of the star. As the effective temperature is a key input @eian most stellar atmosphere models, there
is a possibility that the radius will be misestimated. It & immediately clear what radius the star would
relax to after the thruster is placed, and it is possible thatstar will present an increased oblateness
depending on its rotation. In any case, using simple statimosphere models may be insufficient (or at
least inaccurate).

What is to be done instead? Interferometric measurenieBfof@steroseismology [55] may prove to
be of assistance. Indeed, these measurements may be stiffic@nfirm the existence of the Shkadov
thruster through its effects on the star’s structure. Thesual transit curve would merely serve as a flag to
SETI scientists to require follow-up with one of these tdghes!

It may even be the case that stars that do not possess mgnsiginets may still possess a Shkadov
transit-esque signal, depending on the strength of thaisgbdts. Indeed, the screening of one side of
the stellar disc may set up a permanent Rossiter-McLaugfflact, which would be detectable in the net
spectral line profile of the star (cf._[64,165]). While perBapeaker than the signals produced in systems
with exoplanet transits, future efforts to detect Shkadhoudters, or projects which carry out photometric
monitoring of stars, should be cognisant of this potentgial.

6.3 Detectability in Current and Future Surveys

A crucial factor in the ability to characterise Shkadov it is the need for radial velocity follow-up,
otherwise the semi-major axis of the planet’s orbit will @mundetermined. Without this piece of infor-
mation, the unmodified ingress timescalg, cannot be used to produce the degenératél — b2 term,
and the full deconstruction of the Shkadov transit is nosjiis.

If we are to identify current and future surveys that areljike be able to yield fully characterised
Shkadov transits, we should therefore focus on surveysateamenable to radial velocity follow-up.
The formidable success of tiepler space telescope in detecting a large number of transitioglexet
candidates|[[66] might lead us to think of it first, and indeestiuments such as HARPS-N have been
designed with radial velocity follow-up of Kepler targets @ primary objective [67, 68]. However, parts
of the Kepler sample will be too faint for current ground-bastrumentation to perform radial velocity
follow-up [69].

Future surveys with a wide, shallow observing strategy sischESS/[70], or PLATC [71] are designed
with radial velocity follow-up in mind. Selecting brightslar candidates will allow for better ground based
measurements of the radial velocity, and provide a mucletesgmple of candidates to search for Shkadov
transits. At the most extreme end, the GAIA satellite wilbyide a very large sample of low cadence
measurements of stellar photometric and spectroscopiatiars, providing a catalogue for follow-up
missions to produce transit candidates [72].
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The detection of a Shkadov transit is not contingent on highipion or sensitivity beyond being visible
to RV instruments - although, depending on the Shkadov sdimescale, which is typically more abrupt
than a standard transit egress, cadence may be a factoarfiidate Shkadov transit is detected, missions
designed to accurately characterise exoplanet transipsaioe atmospheres, such as CHEOPS [73] or
EChO [74] could be used to confirm that the curve does indead alShkadov transit. In particular, these
instruments can investigate the wavelength dependend¢e@hkadov component. The Shkadov egress
point may slightly shift with increasing wavelength due tfirdction, but we may expect the wavelength
dependence of the unobscured transit ingress to be stronger

Despite this, if the aim is merely to detect the Shkadov itaaad not to characterise its properties,
then virtually any planetary system where a transit can bectled can yield evidence of a Shkadov transit.
In this sense, searching for Shkadov transits can act as asneédlagging planetary systems for further
SETI studies using other techniques.

7 Conclusions

We have outlined a means by which Class A stellar engines ljgad®v thrusters) can be detected in
exoplanet transit curves, if the stellar engine partialbpaures the stellar disc during the transit. This
constitutes a new serendipitous SETI detection method;iwdhdes not require the civilisation to be inten-
tionally transmitting, and is present in the optical/iméd over a broad wavelength range. Also, as transit
curves are periodic in nature, the signal is by definitioresgpble.

We have shown the shape of the light curve in the presencelaka &8 stellar engine, and demonstrated
the deconstruction of the curve into the properties of bo¢httansiting planet and the thruster (provided
radial velocity follow up studies of the system are possilnd the star’s radius remains estimable). We note
that both the primary and secondary eclipses may be affeatelthat interferometric and asteroseismology
measurements may help to characterise the nature of ther stiegjine.

However, we also note that the detection of the featuresenlitfint curve produced by a Shkadov
transit can be easily masked by phenomena such as starsgetsuch, SETI scientists attempting to
characterise Shkadov transits will require an excelleasgrof the sources of noise present in the light
curve. Other measurements of stellar properties from radlacity studies, interferometric imaging and
asteroseismology may prove crucial in the full deconsionadf the properties of the stellar engine.

Exoplanet transit missions are of paramount importancenotetstanding the physical processes of
planet formation, and are likely to remain so in the futures Aich, while the probability of detecting
a stellar engine is likely to be very low, current and futurstiuments will provide a large dataset from
which to mine. We believe this will prove to be an extremelgfustool in constraining the population of
Class A stellar engines in the Milky Way.
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