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It's naive to think we know how
best to search today, given our
history of changing SETI fashion.

e Multiple strategy is best
(IR, Vis, Radio, pulse, continuous, targetted

sky survey...)

e Half of astronomy discoveries are serendipitous
e Examine glitches in data

e Data Mining Experiments (Virtual Observatory)




SETI ideas
morphing over
200 years









Last Century — Mostly Radio SETI

Nikola Tesla (1899)
— Announces “coherent signals from Mars”

Guglielmo Marconi (1920) strange signals
Navy observes Mars on closest approach (1924)

Frank Drake (1960)

— Project Ozma
— one channel, 1420-1420.4 MHz




1924 navy search for martian radio






OPTICAL SETI -
Example of anthropomorphic SETI

1961 Charlie Townes Paper
largely ingored until 1999
1971 Cyclops report calculates radio >> optical

Today’s lasers can communicate across galaxy




Habitable planets and stars —
Example of anthropomorphic SETI

Habitable Zone - other ways to heat
F and G stars only > many stellar types

no binary stars -—-> stable planetary orbits



Searching Across the Electromagnetic Spectrum

Low Frequency

Optical Telescopes Infrared Spatial Green Bank Arecibo Array

Interferometer Telescope

Using multiple telescopes, we can search across
the electromagnetic spectrum for indicators of
advanced technology.
























Breakthough Foundation
"LISTEN" SETI Project

$100M over 10 years

Starting with Green Bank and Parkes Radio Telescopes

Lick Observatory (optical SETI)

1,000,000 stars; 1000 galaxies; galactic plane; all sky

New instrumentation: 10 GHz bandwidth (20 billion channels)
SETI@home participants will analyze interesting parts of data

Open source data, hardware, software, gpuware, gateware




The Breakthrough Listen Initiative: Telescopes

Automated Planet Finder (Lick
Observatory)

- Search for extremely narrow emission lines from

artificial lasers
- Extremely high resolution “Levy Spectrometer”
374 - 950 nm, A/AA=10°

Green Bank Telescope (Green Bank, WV)
Radio search focusing on targeted and raster

observations
- Nearly continuous frequency coverage 300 MHz - 100

€]
- Flexible IF system can deliver up to 10 GHz dual-pol
analog bandwidth

Parkes Telescope (New South Wales,

U TE))
- Radio search focusing on surveys
- Southern hemisphere location gives great access to

galactic plane
- Multi-beam receiver allows very efficient L-band (1.2 - 1.5
GHz) sky surveys



MeerKAT



The Breakthrough Listen Initiative:

10 years - 108 dollars

1 Million Stars 1000 Galaxies

1 day of Breakthrough Listen = 1 year of any previous search

http://breakthroughinitiatives.org




LISTEN SETI Data Rates



Data Products (all data is Open)
e Candidate Signals: raw data [voltage(t)]

e \oltage Surveys (all sky? Galactic Plane)
e SETI@home raw data (mostly Southern Sky Survey)

e High Spectral Resolution Data

(SETI, Galactic Structure and Evolution)
e High Time Cadence Spectral Data

(SETI, Fast Radio Bursts, Primordial Black Holes, Transients)
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BROADBAND EMISSION

An example... Binary Phase Shift Keying (BPSK)

* Modern radio
communication largely
broadband

X Wide bandwidths permit
rich information content

Power Spectrum Auto Correlation




Passband RFI
DAt Spread spectrum Clean ‘dbase’
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Drifting RFI mitigation
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SETI@home Statistics

TOTAL RATE
8,464,550 2,000 per day
participants

(in 226 countries)

3 million years 1,000 years per day
computer time

3%10* 1,000 Tera-flops
operations















Web site: 2 million hits/day
200,000 visitors/day

(stats & games popular; science less popular)

100,000 children, families

(including congress members and their kids)

> 7,000 schools






Public Participation Scientific
Supercomputing

aka "Distributed Computing”

aka “edge resource aggregation”



Projects

e Astronomy
— SETI@home GELGEE))
— Astropulse (Berkeley)
— Einstein@home: gravitational pulsar search (Caltech,...)
— PlanetQuest (SETI Institute)
— Stardust@home (Berkeley, Univ. Washinton,...)

e Earth science
— Climateprediction.net (Oxford)

e Biology/Medicine
— Folding@home, Predictor@home (Stanford, Scripts)
— FightAIDSathome: virtual drug discovery

e Physics
— LHC@home (Cern)
o Other

— Web indexing/search
— Internet Resource mapping (UC Berkeley)



“SETI@home for pulses”
Coherent Dedispersion
2.5 MHz Bandwidth
(0.4 us samples)
28416 DMs
54 cm3 pc <| DM | <1200 cm™3 pc
Sensitivity ~ 54 Jy us
Repeating and single pulse searches
- 10 octaves pulse duration
(0.4 — 409.6 pus)
394,144,520 pulses in database
50% single, 50% repeating












Rosetta Screensaver



Thinking@Home

Stardust@home...



Stardust (NASA)




Citizen Science Projects

SETI@home and Astropulse (UC Berkeley)
Stardust@home (UC Berkeley)
SetiQuest (Seti Institute)
Galaxy Zoo (Galaxy Classification)

Audubon Society's Christmas Bird Count (1900)

Community Collaborative Rain, Hail & Snow Monitor Network

Clickworkers (mars crater identficiation - NASA)

Ebird, NestWatch, FeederWatch, Urban Birds (Cornell Univ.)

ParkScan (monitor San Francisco Parks)

ScienceForCitizens.net






SERENDIP Instruments using 2X per year
(1,000,000 over 20 years)



SERENDIP 6

| ot wew
Bandwidth
(MH2) 1125 280
C
Frequencies Q, Ku, K, X L, 90cm
q C, L, 90cm ™
Coarse

512K 131k

channels/CC

Resolution
(Hz)

0.6 0.8



SERENDIP 6 at the Green Bank telescope

META DATA

: . | | 1.5 x 109 chans

\ . 512-1024 \
12

1024-1536 ’

1536-2048

LD.D.L > 2048-2560

2560-3072

3072-3584




SERENDIP 6 at the Arecibo telescope

Chennamangalam et al. 2016



High Speed Data Transport - Hashpipe

a1 Out
Disk

)P VL

Chennamangalam et al. 201 gework,
certain




Data analysis pipeline

Bowyer et al. 2016



RFI rejection pipeline




Sky coverage of SERENDIP 6 data from the
GBT



Sky coverage of SERENDIP 6 data from the
Arecibo



L band (20th September 2016)
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Drifting RFI mitigation

Bowyer et al. 2016
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‘RFI rejection

N =24 x 1076

1500 2000

-RFI rejection

N = 34 x 1073 (0.1%)

-
=
—

—

. | | |

45 50 55
V/MEANPOW)



Kepler has found numerous multiple
planet systems

When planets are in coniunction with
Earth the more distant planet is
beaming Its sighals at us, giving us an
opportunity to catch spillover.

Given the number of exoplanet
systems, these conjunctions are
frequent

5-10 minute obs (per band)

= 1.1-1.9 GHz

= 1.8-3.0 GHz

= 7.8-11.0 GHz

total of about 30 hours thus far



Future SETI Experiments

New wavelengths? Signal Types? Instruments?
Algorithms? Machine Learning? Data Mining?
Commensal?

Encouraging new SETI Experiments and Groups
Student and Postdoc Training




OSETI Data Mining

VERITAS, Panoramic Survey Telescope and
Rapid Response (Pan-STARRS), Catalina Sky
Survey (CSS), Palomar Transient Factory (PTF),
Zwicky Transient Factory (ZTF), Advanced
Technology Large Aperture Space Telescope
(ATLAS), Dark Energy Spectroscopic Instrument
(DESI), Kepler, the Large Synoptic Survey
Telescope (LSST), and the James Webb Space
Telescope (JWST)

David A. Williams



FAST



HERA Array 352 x 14 meter dishes
prototype tested at GBO



All Sky All the Time (low duty cycle search)

e 1973 Troitsky et al, Sporadic Radiation Resulting
from Technological Activity of Extraterrestrial
Civilization (Baku, USSR) (cross correlation of
several dipoles)

e Phase Array Feeds (Ron Ekers et al)

e Paul Horowitz, All Sky Optical Working Group
“Synoptic All-sky Pulsed Optical SETI”

e Eliot Gillum and Gerry Harp: Wide Field Camera

e Shelley Wright — SETI WideField IR Survey (SWIS)




Paul Horowitz - All Sky All the Time
Optical Pulse Search






Embrace: 20k/10k elements, 160m~2, 500-1500 MHz



expect (plan for)

e 100 GHz bandwidth

e 1000 to 1M antenna arrays

e 1000 to 1M beams (commensal experiments)
e 6:1 or 20:1 ? Feeds and receivers

e phased array feeds with low Tsys ?

e Observatory removes RFI (part of instrument)




ADC'’s

26 Gsps 3.5 bit Hittite
55 Gsps 8 bit Fujitsu
80 Gsps 8 bit Berkeley
160 Gsps 8 bit Keysight
240 Gsps 8 bit Teledyne Lecroy
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SETI SPIN OFFS



CASPER

Collaborators

Xilinx, Intel, Fujitsu, HP, Sun/Oracle, Nvidia, NSF, NASA, NRAO, NAIC,
CFA (Havard/Smithsonian), Haystack (MIT), Caltech, Cornell, CSIRO/ATNF,
JPL/DSN, South Africa KAT, Manchester/Jodrell Bank, GMRT (India),
Oxford, Bologna, Metsahovi Observatory/Helsinki University,
University of California, Berkeley; Swinburne University (Australia),

Seti Institute, University of California, Santa Barbara;

University of California, Los Angeles; CNRS (France), University of Maryland
Nancay Observatory, Univerity of Cape Town (South Africa),
ASTRON (Netherlands), Academica Sinica (Taiwan), Cambridge,
Brigham Young University, Rhodes University (South Africa)



Diamond Planet









Prostheses Control

A.L.



Summary and Conclusion

No ET so far
Still working on it



SETI HAIKU



Searching for life
Answers are revealed
About ourselves

Paula Cook, Duke University



One million earthlings
Bounded by optimism
Leave their PC's on

Dan Seidner



