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Abstract The discovery of ubiquitous habitable extrasolar planets, combined with revolutionary advances
in instrumentation and observational capabilities, has ushered in a renaissance in the search for extraterres-
trial intelligence (SETI). Large scale SETI activities are now underway at numerous international facilities.
The Five-hundred-meter Aperture Spherical radio Telescope (FAST) is the largest single-aperture radio
telescope in the world, and is well positioned to conduct sensitive searches for radio emission indicative of
exo-intelligence. SETI is one of the five key science goals specified in the original FAST project plan. A col-
laboration with theBreakthrough Listen Initiativevas initiated in 2016 with a joint statement signed both

by Dr. Jun Yan, the then director of National Astronomical Observatories, Chinese Academy of Sciences
(NAOC), and Dr. Peter Worden, Chairman of the Breakthrough Prize Foundation. In this paper, we high-
light some of the unique features of FAST that will allow for novel SETI observations. We identify and
describe three different signal types indicative of a technological source, namely, narrow band, wide-band
artificially dispersed and modulated signals. Here, we propose observations with FAST to achieve sensitiv-
ities never before explored. For nearby exoplanets, sutit&&argets, FAST will be sensitive to an EIRP

of 1.9 x 10'* W, well within the reach of current human technology. For the Andromeda Galaxy, FAST will

be able to detect any Kardashev type Il or more advanced civilization there.

Key words: Search for Extraterrestrial Intelligence — Five-hundred-meter Aperture Spherical radio
Telescope
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1 INTRODUCTION ed radio SETI survey of 692 nearby stars, also using the
GBT. It should be noted that, in congregate, all the several
The search for life beyond Earth seeks to answer one of thgozen significant radio SETI sources, spanning the last six
most profound questions regarding human beings’ placgecades, have explored only a fraction of the multidimen-
in the universe- Are we alone? Recent discoveries of t- sional parameter space of potential signals (Tarter 2003;
housands of exoplanets, including many Earth-like planyyright et al. 2018).
ets (Howell et al. 2014; Dressing & Charbonneau 2015),  The Breakthrough Listen Initiative(BLI) is a US
have generated abundant targets of interest. It is possibﬁoo M 10-year effort to conduct the most sensitive, com-
that some fraction of these planets host life sufficiently adprehensive and intensive search for advanced life on oth-
vanced to be capable of communicating via electromagneky \yorids (Worden et al. 2017: Isaacson et al. 2017). BLI
ic waves. Coherent radio emission is commonly producegl ¢ rrently utilizing dedicated time on three telescopes,

by our technology for various applications. Moreover, Mncluding the GBT (MacMahon et al. 2018) and Parkes
dio waves are also energetically cheap to produce angbyice et al. 2018) operating at radio wavelengths and the
can convey !nformatlon at maximum §peed across larggpticalAutomated Planet Finddt.ipman et al. 2019). The
interstellar distances. Cocconi & Morrison (1959) specup| | team has leveraged both standard and bespoke tools to

lated that frequencies near 1420 MHz (the hydrogen line},nsirct a flexible software stack to search data from these
are particularly well suited for interstellar communicati 5,4 other facilities for signals of interest.

Later it was suggested that frequencies between the hy- The Five-hundred-meter Aperture Spherical radio

perfine hydrogen transition and tbtedou.bllng OH Imes_ Telescope (FAST) is the largest single aperture radio tele-
(1400 MHz~ 1700 MHz) could be considered a “cosmic scope in the world (Nan 2006; Nan et al. 2011; Li & Pan
water-hole” (Oliver & Billingham 1971), where intelligent 2016). With the newly cryogenically-cooled FASFband
species might transmit a deliberate beacon to other teChnﬁCrray of 19-beams (FLAN: Li et al. 2018), FAST is poised
logically advanced species to become one of the most sensitive and efficient instru-
Radio astronomy has long played a prominent role innents for radio SETI experiments. Since the early days of
the search for extraterrestrial intelligence (SETI). leasg g conception, Nan et al. (2000) and Peng et al. (2000) in-
ingle dish radio telescopes, with their enormous collectyicated that FAST will be a leading facility to search for
ing area, flexibility of operation and large beams relative t gignals from extraterrestrial intelligence (ETI). Nan &t a
interferometers, are ideal for both targeted and Iarga—are(zooo) also highlighted that a dedicated SETI survey with
SETI surveys. Drake (1961) conducted some of the earliFasT will be 2.5 times more sensitive and will be able
est SETI experiments near 1420 MHz towards two stars Ugg cover five times more stars than the aforementioned
ing the National Radio Astronomy Observatory’s (NRAO) Project Phoenix FAST surveys will be complimentary
26-meter radio antenna. Other radio telescopes such &$ sensitive SETI experiments being carried out by BLI.
the Arecibo radio telescope (Arecibo), Parkes radio telety 2016, BL| signed a Memorandum of Understanding
scope (Parkes), and NRAO's 91-meter, 300-foot and 14Qith the National Astronomical Observatories, Chinese

foot dishes have also been employed for SETI experimen;&cademy of Sciences (NAOC) for future collaboration
(Horowitz & Sagan 1993; Horowitz et al. 1986; Tarter et al. it FAST.

1980; Verschuur 1973). Most of these early studies were

limited to only a few stars. One of the largest SETI ex-\ith EAST and quantify their expected outcomes based
periments of the 20th centuriProject Phoenixwas con- o test observations. Section 3 highlights two targeted
ducted from the Arecibo, Parkes and NRAO'’s 43-m tele-gg experiments, namely, a survey of nearby galaxies
scopes, and surveyed around 1000 nearby stars (Tartghq nearby stars with newly-discovered exoplanets. In or-
1996; Dreher 1998; Backus 1998; Cullers 2000; Backugjer 1o conduct these surveys, a dedicated instrument is
& Team 2002). Later studies by Siemion et al. (2013) Uvequired which can capture baseband raw voltages to ac-
tilized the 100-meter Robert C. Byrd Green Bank Radiogjjre the data products for various signal searches. The
Telescope fereafterGBT) for a targeted search toward- greakthrough Listerieam has developed tools to capture
S 86 stars in thekepler field. Most recently, Enriquez pasepand voltages into the Green Bank Ultimate Pulsar
et al. (2017) published the most comprehensive targepqcessing Instrument (GUPPraw format and then con-

Here, we outline novel SETI experiments possible

1 We note that our implicit definition of advanced species aalysid- 2 The GUPPI support guide can be found i@t ps:// safe.
ers civilizations who have developed radio communicatiapabilities. nrao. edu/ wi ki / bi n/ vi ew Cl CADA/ GUPPI Support Gui de
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vert them to the various spectral and temporal resolutionizations). Each of the 250 million channel spectrometers
s during the offline processing (MacMahon et al. 2018has a 4 Hz spectral resolution and covers a 450 MHz band,
Lebofsky et al. 2019). More details about this backendrom 1025 to 1475 MHz. The spectrometers search in real-
are also addressed in Section 2. Section 3 quantifies FASiIme for narrow-band signals and output files that contain
SETI's potential among two distinctive groups of target-a list of narrow-band signals with their frequency, Julian
s, namely, nearbylransiting Exoplanet Survey Satellite time, power, position in the sky as well as other meta infor-
(TESS planets and the Andromeda galaxy. In Section 4mation. TheFAST-SetiBursinstrument also continuously
we discuss three potential signal types, which are likelyecords raw voltage streams from all 19 beams and both
to provide a new window for radio SETI experiments. In polarizations (38 signals at 500 MHz bandwidth, each to-
Section 5, we estimate the sensitivities of these FAST SETtaling 38 billion samples per second). This instrument and
surveys. We also describe a FAST experiment which cargssociated software are open source and available for use
with just a few hours of observing, potentially place theby all FAST observers for SETI and FRB science related
most stringent limits on the presence of artificial transmit projects. A more detailed description of this FAST specific
ters within its operable frequency range. A brief summanbackend can be found in Zhang et al. (2020).

is provided in Section 6. It should be noted that FAST-SetiBurst cannot do a co-
herent search for drifting narrow-band signals as it only
2 FAST SETI SYSTEM stores thresholded spectra. Moreover, for more complicat-

FAST has an active, segmented primary surface of 500 mee_d classes of signal searches, baseband raw-voltages are

S . . . equired to be utilized and coherent searches need to be
ters in diameter, with a maximum effective aperture of 300 %4

. L . . performed. Section 4 outlines some of these searches that
meters. The receiver cabin is driven by six cables con* : . .
.. _are possible to carry out if raw-voltages can be acquired

and tracking can be accomplished by reshaping the primgllj-nd processed. Figure 1 also displays a prospective GPU

. . uipped compute nodes that can be connected to the exist-
ry surface and maneuvering the focal cabin on the curve8q bp P

. ing multicast switch network to capture coarsely channel-
aperture plane. Such a concept provides access to a muc

. o o o ized baseband raw-voltage spectra from ROACHy@ard-
larger region of the sky-{14° to +66° in declination) q ¢ them to GUPPI f tted it ;
compared to Arecibo (Li et al. 2018). The FLAN is the s and convert fhem to ormatted raw-voltages for

largest of its kind, compared to the seven beams of Arecib(c))ffllne processing. ThBreakthrough Listeteam has de-
loyed such computing clusters at the GBT (MacMahon

and 13 beams of Parkes, which provides both unprece- i

- S et al. 2018) and Parkes (Price et al. 2018). We refer readers
dented survey speed and efficiency in discriminating raE h ‘ for further detail h hitectf)
dio frequency interference (RFI) for SETI. FLAN has a o these references forfurther detals on the architedure

Ty between 18-24K, which, combined with the effec-SUCh a computing cluster. o
tive aperture, amounts to a gain of 16 K-Jyand will en- To demonstrate capabilities of the FAST telescope for

able 2.5 times more sensitive SETI surveys than ArecibCQ’ETl’ We_ COI’]dL.JCte.d pre_hmmary o.bservat|ons ,W'th the
(10 K Jy~! gain and 30 Krsys)s at similar frequencies. FAST-SetiBurstith five minute tracking observations to-

As one of the major FAST surveys, the Commensaf’vaerI GJ 273 b on 2(_)19 Septeml_)er_ 10.GJ 27_3 b is one
Radio Astronomy FAST Survey (CRAFTS, Li et al of the closest Earth-sized planets inside the habitable zon

(2018)) will utilize FAST's 19-beam receiver to conduc- of an M-dyvarf stgr (Tuomi et al. 2019), mgkmg it one of
t searches for pulsars and HI galaxies, HI imaging an&he most interesting targets for deep dedicated SETI ex-
periments. The preliminary result from the FAST-SetiBurst

ly namedFAST-SetiBurs(Fig. 1), has been installed for backend is depicted in Figure 2. The data were taken with
a commensal SETI — which can record thresholded speé"—HZ channel width, 0.25s integration time and processed
é/vith a threshold cutoff in signal-to-noise ratio (SNR) of

tra — focusing on narrow-band signals. This instrument i ; ) _ i )
similar in design and operation to the seven beam backen%o' The noise level is consistent with the expectation from

at Arecibo (Chennamangalam et al. 2017). The SETI Sect_he radiometer equation for a system of 20 K and effective

i 1
tion of theFAST-SetiBursinstrument consists of 38 ultra- 92" of 16KJy". As these are thresholded sgectra, thgy
high resolution FPGA/GPU based spectrometers for eackAnot be added for the entire length observing duration

of the 19 beams of the multibeam receiver (for both polar—"ke in the case of Enriquez et al. (2017). Thus, vdhs

fast radio bursts (FRBs). An additional backend, name

S http://ww. nai c. edu/ \ %/ East r o/ RXst at us/ 4 https://casper.ssl.berkel ey. edu/ wi ki /
rcvrtabz. shtm ROACH- 2_Revi sion_2
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FAST Multibeam Digital Backend
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Control to all Roach2 boards, all
1 GHz synth 1PPS FRB/SETI nodes, and both head
nodes

10 MHz
reference

Fig.1 The schematic diagram of the FAST multibeam digital backfemdhe FLAN. Note that the radio frequency (RF) signals
transmitted over fibers from the focal cabin are digitizeddtaneously, which allows for a potential correlatiorvibetn beams. There
are other multiple observatory based backends alreadglledtwith the multicast switches, represented githid lines One possible
configuration for connecting a dedicated computer clusteoilaboration with théBreakthrough Listemeam is signified wittdotted
boxes This computing cluster could consist of one headnodezatilfor system monitoring and metadata collection, 19-agmpodes
with GPUs for recording and offline processing, and a deditatvitch for interconnectivity between these compute sode

of 0.25 seconds, for GJ 273 b located at 12 light years, theapabilities. A Kardashev Type | civilization is defined as
estimated effective isotropic radiated power (EIRP) limit one that can harness all the stellar energy falling on their
around & 100 W. planet (around 10 W for an Earth-like planet around a
Sun-like star) and a Type |l civilization as one that can
harness the entirety of the energy produced by their star

6
Kardashev (1964) proposed a classification scheme fdpround 16°W for the Sun). The Kardashev Type Ill case
technological civilizations based on their energy uttiaa ~ VOUld be capable of harnessing all the energy produced by

3 SETISURVEYS WITH FAST
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Fig. 2 The “waterfall-plot” is the preliminary result using tfST-SetiBursbackend. Theed pointsin the figure represent signals
with SNR greater than 30 that have been extracted by theipgeontaining mostly narrow-band and broad-band RFI.dgetify a
relatively clean window between 1300-1450 MHz.

all the stars in a galaxy, around®0V for a Milky Way-  Andromeda Galaxy with 21 such hexagons. A dedicated
like galaxy. The likelihood of the existence of such civi- FAST SETI survey of M31 with 10 minutes per pointing
lizations among a given number of stars might be spars€see Table 1 and Sect. 5 for sensitivity discussion) will be
thus, a comprehensive search for Type Il and Type lll civ-able to identify any continuous and isotropic transmitters
ilizations should be conducted towards a large number dirom Type Il and Type Il civilizations among one trillion
stars. We thus quantify the expected performance of twstars in the Andromeda Galaxy.
FAST SETI surveys in terms of Kardashev types, namely
a deep blind search toward the Andromeda Galaxy and 8.2 SurveyingTESSStars Across 70 MHz to 3 GHz
targeted search towaiitES Sstars with exoplanets.
Over the last two decades, more than 3000 exoplanets
3.1 Andromeda System (M31) with FLAN have been discovered, among which several dozen have
been confirmed to be inside the putative habitable %one
ccording to recent estimates, the average number of plan-
ets per star is greater than one (Zink et al. 20T&SSvas
launched in April of 2018 and first surveyed the southern
sky before turning to the northern sky in the summer of
2019.TESSfully covers its 24x96° field-of-view every
minutes, while measuring 200 000 bright stars on a t-
wo minute cadence in search of Earth-sized planets. Such
a large field of view allows for 80% coverage of the entire
sky in its first two years (Stassun et al. 2018). Pre-flight es-

Nearby galaxies such as Andromeda (M31) and M33 ar
ideal targets for SETI surveys aiming for very advance
civilizations. Radio interferometers, such as the Verygear
Array (VLA) and MeerKAT, provide decent sensitivity
and a spatially dynamic range for wide-field SETI ob-
servations towards such nearby galaxies. The data rat
of such interferometric surveys, however, will remain ex-
tremely challenging for the near futdreFor example,
the recent VLA SETI experiments by Gray & Mooley

I(Zsog:ir';olvz;rnd dsotAv:j(,vllaMnEixi?c\:YJenrj ITZItOel(\j/I:-(I)za (\;Z%erggl_timates of the planetyield suggest tiaSSwill find 1250
P ' planets, 250 of which are at most twice the size of Earth

around 1250 MHz, the FLAN provides unprecedented sen- . .
. . I d likely bright dwarf stars. A 10000 plan-
sitivity over a 400 MHz bandwidth. Figure 3 highlight- arouind fikely bright dwart s.ars. As many as pian

t Id be identified in full-f i d faint
s the FLAN's tiling scheme, which forms a hexagon ofe S couia e icentiiied In Tl-irame mages around tainter

about26’ across with four pointings and covers the entireStars (Barclay et al. 2018). These stars are less likely to
P g have been studied with deep observations in earlier SETI

5 The Breakthrough Listen Initiativés in the process of deploying
a state-of-the-art 128-node computing cluster at Meerkich will be
one of the largest backends ever deployed for radio astrgriormitigate 6 www. phl . upr. edu/ proj ect s/
these challenges. habi t abl e- exopl anet s- cat al og
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Fig.3 Proposed RFI-resistant SETI towards the Andromeda Galpplyimg the FAST 19-beam receiver, surveying one trillien s
tars. The right panel showcases four pointings filling a gexa with each pointing drawn in a different color. A total 2 such

hexagon tiles are required to cover the Andromeda Galaxg.ifflage file was taken fromigitized Sky Survegrchival data lfttp-
s://archive.eso.org/dss/dss
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Fig.4 Three negatively-dispersed simulated pulses. The newigldeed pipeline which utilizes ML techniques will be caleabf
searching for these types of dispersed pulses which thdastétransient technique is unlikely to investigate.

Table 1 A Collection of Receivers Expected to be Available with FAST

Receiver Name RF Band (MHz)  Number of beams  Polarizatioffsys (K)  EIRP limits (W)

Al 70-140 1 Circular 1000 9:510'2
A2 140-280 1 Circular 400 381012
A3 560-1120 1 Circular 150 1:410'2
Ad 1100-1900 1 Circular 60 5710t

FLAN 1050-1450 19 Linear 20 14t
A5 2000-3000 1 Circular 25 2:41011

EIRP limits are calculated for putative 1 Hz bandwidth sigred a distance of 200 light years observed with 5 minute
integration (see Sect. 5). TH&, s values are taken from Nan et al. (2011).

experiments. Thus, many of them will be ideal targets fowith exoplanet systems discovered B¥SS As indicated

a dedicated SETI project with FAST. in Table 1, such a survey would provide some of the most
We expect to use all receivers listed in Table 1 (Al’constraining limits (see Sect. 5) on possible narrow-band

A2, A3, A4 and A5) from 70 MHz to 3 GHz to conduct a transmission yet achieved in radio SETI. It should be noted

deep and comprehensive search towards a subset of stif@t although these limits are calculated for narrow-band
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signals, the proposed observations would provide correplan to conduct searches on two different types of broad-

spondingly robust limits for other signal types. band signals: wide-band artificially dispersed pulses and
signals exhibiting artificial modulation.

4 SIGNAL SEARCHES

] 4.2.1 Artificially-dispersed pulses
4.1 Narrow-band Signals

o Astrophysical sources such as pulsars (Hewish et al. 1968),
Narrow-bgnd & Hz) ra@o signals arg one of th? most rotating radio transients (McLaughlin et al. 2006) and
Fommon signal pres a|med.for.by radio SETI. Ub|qu.|tousFRBS (Lorimer et al. 2007) exhibit broad-band pulses that
in early terrestrial communication systems, such S|gnalglre dispersed due to their propagation through the inter-
can.be produced W'th reIat.lver low energy and. tra\_’er_s%ening ionized medium. This dispersion causes the higher-
the interstellar medium easily. They can be readily dlstln-frequenCy component of the pulse to arrive earlier than

guished from natural astrophysical sources. These signa{ﬁe lower-frequency component. FAST has already demon-

could either be transmitted intentionally or arise as Ieak-Strateol its ability to find such signals by discovering agbun

age from extrasolar technologies. The apparent frequeryy .. pulsars in less than a year, (Qian et al. 20i8)

CY (,Jf a distant r.1arrow—band transmtter '§ expected to ex(':Iuding finding a pulsar with interesting emission proper-

hibit Doppler drift due to the relative motion between theties (Zhang et al. 2019). Siemion et al. (2010) speculat-

transmltt_er and recelver., For a radio signal transmitted aly on an interesting hypothesis that an advanced civiliza-

rest relatlv_e to the Earth’s barycenter at frequengythe tion might intentionally create a beacon of “pulses” with

Doppler drift rate can be expressed as artificial (nonphysical) dispersion. In addition, they als
w2 Ry suggested that the energy requirement for such a signal

YDoppler = —— 7 () is relatively similar to the energy required for a persis-

wherew is the angular velocityR is the radius of Earth tent narrow-band signal. There have been a few attempt-

ande is the speed of light. For a transmitter operating aS ©© Search for such signals (von Korff 2010; Harp et al.
1400 MHz, the frequency drift rate is0.14 Hz 5. While 2018); however, no detailed investigations have been car-

the motion of the Earth is well known and can be exact-ried out. Figure 4 depicts examples of three different types

ly removed, the intrinsic or rotational/orbital drift of an of a.rtificiallly-dispersed engineered sign.als VYhiCh araele
arbitrary extraterrestrial transmitter is unknown, andsth ly distinguishable from rllaturally-occurrlng dispersedspu
Doppler drift represents a search parameter for narrowts: TheBreakthrough Llstem_aam has developed tools to_
band SETI. In a common data dumping time, say 15, théearch forthese clg_ss_es of signals (Zhang et al. _2018).W|th
implied Doppler drift will be much smaller than the broad- € €xcellent sensitivity of FAST, the aforementioned tar-
ening of any known interstellar spectral lines, thus necedJeted searches would be ideal to investigate such signals.
sitating the fine spectral resolution of SETI. . ) i .

FAST is collaborating with th&reakthrough Listen 4.2.2 Modulating signals of extraterrestrial origins
group, who has developed an efficient narrow-band searqfjoqylation schemes are methods of encoding information
software package which includes a search for such drifting ¢, high-frequency carrier waves, making the transmis-
signals, namedurboSETI'. For the proposed SETI cam- sjon of that information more efficient. Most of these meth-
paign with FAST, we will utilizeturboSETI to conduct 445 modulate the amplitude, frequency and/or phase of the
a similar search and candidate selection procedure as dgsrrier wave. Broad-band radio emissions exhibiting such
scribed in Enriquez et al. (2017). underlying modulation represent a third important class
of radio emission indicative of an artificial origin, as we
would expect any transmission containing meaningful in-
formation to exhibit some form of modulation. Harp et al.
Traditionally, radio SETI has focused on searches fok2015) carried out a simple modulation signal search using
narrow-band signals. In this section, we highlight some 0]correlation statistics towards known astrophysical sesirc
the newly-developed tools that have as yet not been fufSuch as pulsars, quasars, supernova remnants and maser-

ly explored for SETI. Along with narrow-band signals, we S I the last few years, great progress in the field of ma-
chine learning (ML) has opened up a myriad of new op-

4.2 Broad-band Signals and Modulation
Classification Applying Machine Learning

7 turboSETI : https://github. coml UCBer kel eySETI /
turbo_seti 8 http://crafts. bao. ac.cn/ pul sar/
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function of time in arbitrary units (credit: Zha et al. 2019)
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Fig.6 Application of a modulation classifier developed by Breakthrough Listeeam on the simulated radio-frequency data with
embedded modulations. The figure displays the t-distrib8techastic Neighbor Embedding (t-SNE) plot embedding 2dutations
using one of our models. The axes here are arbitrary as theslynrepresent the space found by t-SNE in which close painitsgh
dimension stay close in the lower dimension. As is appaudfferent modulations map to different clusters even inir2ehsional
space indicating that the model does well in extractinguiest that are specific to the different modulation schemésr{g et al.
2020).

portunities in this area. Moreover, Convolutional Neuralfig. 1 in Albelwi & Mahmood 2017 and references there-
Network (CNN) classifiers, heavily utilized in computer in). Convolution layers are trained using labeled data of
vision applications, provide advanced capabilities whita t desired classes to extract desired features from a given in-
aid of high-performance computing. In CNNSs, classifica-put signal. After training, the network learns local featir
tion of an input signal is carried out through alternatingto map a given input signal to its closest output class by
convolution and pooling layers along with a final fully— minimizing a loss function (Albelwi & Mahmood 2017).
connected layer providing the desired output classes (see
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Modulation Classification
(CNN)

. Sky localized
Ml.xltl-.beam modulating
Coincidence signal

mapping

FAST 19-beam receiver

Beam 19 | I/
e

Fig. 7 A schematic of a multi-beam modulation classification arellttalizing scheme proposed with the FLAN receiver. The firs
block represents the standard CNN based modulation pattemtification which can be carried out in each dedicatedviddal
computing node. The second block — running on the headnodeeoof the extra compute nodes — receives time-stamp, ntaxtula
type, range of signal frequencies and SNR for every canglitain each beam for a multi-beam coincidence mapping. Agyasiwith
sufficient SNR and only found in four nearby beams with sintlaaracteristics can be considered a sky localized caredida

4

H H FAST
H @ Price (2019 - Parkes)
2| H @ Price (2019 - GBT)
) Enriquez (2017)
y @ Gray&Mooley (2017)
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c _g " Verschuur (1973)
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Fig. 8 Transmitter rate (or rarity of ETI transmitter) vs EIRP ltrfor a survey of the Andromeda Galaxy with FAST compared ko al
the previous significant SETI surveys. Téaid line presents the EIRP of modern day narrow-band planetarysaahakthedotted line

is the speculative EIRP of a Kardashev Type | civilizatioheTilled regionrepresents current limits placed by some of the sensitive
modern-day surveys. Thed starsignifies the expected transmitter rate limit with a 6-hobserving campaign of the Andromeda
Galaxy employing FAST's 19-beam receiver, which achievesimbetter sensitivity than the current limits (see Enrigeteal. (2017)
and references therein for a more detailed discussion).

Recently, there have been ongoing efforts to classifystartup, DeepSi§, members of theBreakthrough Listen
various modulation types using CNNs and Deep Neuraleam have utilized datasets provided by the US Army
Networks (DNNs) for real-world applications (see O'sheaRapid Capabilities office’s Artificial Intelligence Signal
et al'_ 2018 ar.]d Zha et al. 2019 for detailed dISCfJ.SS.IOFI- 9 wwmv. deepsi g. i 0 has provided labeled real-world RF spectrum
s). Figure 5 displays one such example of ten artificiallyjataset of around 24 modulation types for ML algorithm developmen-
generated modulation signals across a wide range of fré-Such complex signals, although anthropogenic in nacoestitute a

guencies from Zha et al. (2019). Moreover, in a US-base@Z?rEE3 ;Zlifo??xv Scllzﬁsaggﬁggfswmm has never been corapsalely
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Classification challenge. In the challenge, labeled dtdase5 SENSITIVITY AND RARITY OF ETI
containing 24 modulation classes were provided with six TRANSMITTER

degrees of SNR. ThBreakthrough Listeteam was suc-
cessful in developing a CNN based classifier to achiev
95% prediction accuracy for the high SNR sighalsA
t-SNE plot embedding these 24 modulation signals wit
well-separated clusters in 2-dimensional space is shown it al. 2017) as

él'he required power for a certain ETI transmission to be
detected depends on its directionality and other character
H’stics of the signals. We thus introduce the EIRP (Enriquez

— 2
We plan to deploy a similar signal modulation anal Akt /o ”
- © p_)arT ocep oy_ a simiiar signa mo wation ana y_wherecr is the required SNRjv is the bandwidth of the
sis pipeline incorporating energy detection and modutatio . . . . N
transmitted signal;.,s is the integration time for the ob-

classification via a CNN classifier in collaboration with : R . .
. . ._servation,A’}; is the effective aperture of the receiver on
theBreakthrough Listeteam. Such signal searches require C e o . .
: . Earth,n,, is the number of polarizations, add is the dis-
recording of baseband raw voltages which would be possi- . o _
. . . tance between the transmitter and the receiver, i.e. yaista
ble to carry out with the proposed computing cluster in col-

. . . . to the star.
laboration with theBreakthrough Listeteam (see Fig. 1). . . . . _
. It is straightforward to estimate the required transmit-
One of the challenges of these searches is that a large frat<|:ﬁ ower o be detected for anv source at a certain dis
tion of the RFI tends to utilize one of a limited number gp y

. . tance. Barclay et al. (2018) estimated that the median dis-
of modulation schemes. However, sky localized modula- . . -
. ._tance of stars with potential exoplanets t&SSwill find
tion patterns of known and unknown types are of great in-

. . . tob d 200 light .F FAST-equivalent sys-
terest to SETI. The FLAN provides a unique opportunity 0 be aroun g years_ ora equiva e_n_ SYS
- . L .~ tem of 300 meter aperture with a 70% antenna efficiency,

to scrutinize such signals using its coverage from 19 in

. . N the required EIRP is of the order of k90" W with a
dependent sky pointings with a small but significant over-

. . . . 1Hz channel with 5-minutes of integration. Similarly, we
lap. Anthropogenic signals are likely to appear in multiple . . .
. . . S also estimated EIRP limits at other wavebands in Table 1.
beams while a real sky localized signal — originating from

) t should be noted that humans routinely produce planetar
a point source — can cover three to four nearby beams. yp P y

. . 3 S
schematic of such a pipeline is displayed in Figure 7. Suc adar signals with EIRP of the order 6fL0"” W, which is

. S . igher than EIRP limits at all wavebands in Table 1. Thus,
multi-beam coincidence mappings have been successful . _ . )
- . . FAST will be able to put tighter constraints on any putative
utilized in searches for the FRBs at other telescopes wit . . .
. . . narrow-band signals towards stars with newly discovered
multi-beam receivers (see for example Price et al. 2019). . .
exoplanets in the solar neighborhood.

For FRBs, a comparison of detected time-stamp, disper- .

) P ) P b For the survey of the Andromeda Galaxy, as depicted
sion measure and SNR can be carried out across all beams _. . . .
. e in Figure 3, we can easily cover the entire galaxy using
for every candidate. Similarly, for every detected modu- : .

. . L . just 21 hexagon patterns, which correspond to 84 point-
lation signal, corresponding time-stamp, modulation type. . . . . ) .
ings. With 10 minutes of integration time per pointing,

range of signal frequencies and SNR can be compare .
acrgss all bgeams V(\q/e lan to employ such a techni pue t AST will be able to detect an EIRP of 240" W at the
' b ploy d .77 Mpc distance of Andromeda.

ignificantly red th ber of fal itives f h o . .
signinicantly reduce the nUmBuEr o7 1aise positives Tor suc This is three orders of magnitude higher than the

modulation signal searches with FAST. total energy budget of a Kardashev Type | civilization
Thus, such techniques could allow a sensitive searctr10'” W) but significantly lower than the energy budget

with FAST for modulated signals from ETIs toward- of Kardashev Type 11410?® W) and Type Il (~10*¢ W)

s the targets mentioned in Section 3. Furthermore, theivilizations. Thus, such a dedicated survey will be able

Breakthrough Listetieam has also developed CNN basedto put tight constraints on the presence of a transmitting

ML classifiers to detect narrow-band (Zhang et al. 2018)Type Il and Type IlI civilization among the 1 trillion stars

and dispersed pulses (Zhang et al. 2018) which are aldo the Andromeda Galaxy.

possible to deploy.
5.1 Rarity of ETI Transmission Limit Compared with

Other SETI Surveys

1 https://git hub. cond mor adshef a/ m _si gnal _ As mentioned in Section 1, ove-r the past.60 years sever-
nodul ati on_cl assi fication al SETI surveys have been carried out using a number of
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radio telescopes. These surveys include targeted searchéscconi, G., & Morrison, P. 1959, Nature, 184, 844
towards nearby stars and nearby galaxies, and blind sufullers, K. 2000, Bioastronomy 99, 213, 451
veys of the sky. Enriquez et al. (2017) suggested a quarPrake, F. D. 1961, Physics Today, 14, 40
titative comparison parameter to compare these differenp"€ne" J- W. 1998, Acta Astronautica, 42, 635

. . .. Dressing, C. D., & Charbonneau, D. 2015, ApJ, 807, 45
SETI surveys. The rarity of ETI transmitters or transmit-

i ] Enriquez, J. E., Siemion, A., Foster, G., et al. 2017, ApJY, 84
ter rate is one possible way to compare these surveys. This 1

) 04
parameter can be defined as, Gray, R. H., & Mooley, K. 2017, AJ, 153, 110
. 1 Harp, G. R., Ackermann, R. F., Astorga, A., et al. 2015,
Transmitter rate= log( ) 3)
starsVrelative 1506.00055

Here, Nyars is the number of stars surveyed angaive i Harp, G. R., Ackermann, R. F., Astorga, A., etal. 2018, A69,8
the relative bandwidth of radio spectrum covered. Figure 8 66_ .
displays the transmitter rate as a function of sensitivty f Hewish, A., Bell, S. J., Pilkington, J. D. H., Scott, P. F., &ltns,
these surveys. It can be seen that a 14-hour (84 pointingl_s| R. A.’ 1968, Nature, 217, 709

. . orowitz, P., Matthews, B. S., Forster, J., et al. 1986,Usa67,
x 10-minutes) survey of the Andromeda Galaxy, utilizing

. . 525
F_ATST_S 1_9-beam receiver, will be_ well below the_ most SeN-orowitz, P., & Sagan, C. 1993, The Astrophysical Journts, 4
sitive limits placed by all the earlier SETI experiments. 218

Howell, S. B., Sobeck, C., Haas, M., et al. 2014, PASP, 128, 39
Isaacson, H., Siemion, A. P. V., Marcy, G. W.,, et al. 2017,

FAST is the largest single-aperture radio telescope in the Publications of the Astronomical Society of the Pacific, 129
world and provides unprecedented sensitivity. In a collab- 054501 _
oration with Breakthrough Listenwe have equipped the Kardashev, N. 5. 1964, Soviet Astronomy, 8, 217
) _g n . d pp. ) Lebofsky, M., Croft, S., Siemion, A. P. V,, et al. 2019, PASP,

FLAN multi-beam receiver of FAST with a SETI pipeline, 131 124505
namely, FAST-SetiBurstwhich has been tested targeting | ; p ’& Pan. Z. 2016. Radio Science. 51. 1060
GJ 273 b, one of the closest known exoplanets and derived; p., wang, P., Qian, L., et al. 2018, IEEE Microwave
an EIRP detection limit of 10" W. Based on these char-  \agazine, 19, 112
acteristics of the FAST SETI systems, we outline two u-Lipman, D., Isaacson, H., Siemion, A. P. V., et al. 2019, PASP
niqgue FAST SETI experiments, both of which will push 131, 034202
the current limits placed by earlier studies. First, a sur-Lorimer, D. R., Bailes, M., McLaughlin, M. A., Narkevic, D.,J
vey of the Andromeda Galaxy (M31) will detect an ETI & Crawford, F. 2007, Science, 318, 777
with EIRP > 2.4x 10'° W, corresponding to a comprehen- MacMahon, D. H. E., Price, D. C., Lebofsky, M., et al. 2018,
sive coverage of Kardashev type Il and Il civilizations in ~ PASP. 130, 044502
an external galaxy. Second, a surveyT&SSexoplanets MacMahon, D. H. E., Price, D. C., Lebofsky, M., et al. 2018,
will detect an ETI with EIRP> 1.9x 101" W, whichiswell ~PASP, 130, 044502 ,

I ... McLaughlin, M. A., Lyne, A. G., Lorimer, D. R., et al. 2006,
within the reach of current human technology. Along with

band si | h ill also deol Nature, 439, 817
narro_w_ andsigna sear.c_ ?S’ We_ will also deploy Compref\lan, R. 2006, Science in China: Physics, Mechanics and
hensive searches for artificially-dispersed pulses and mod
. . ) Astronomy, 49, 129
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