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Kepler - An Exoplanet Bonanza…





The Biochemical Origin of Life 

“Miller-Urey” experiments: the building 
blocks of life from basic ingredients.



Habitability… 

Extreme ecosystems - life thrives in the 
most inhospitable environments on Earth



Is Intelligence a Common Outcome? 



PLANETARY RADAR SYSTEMS

HIGH-POWER TV AND RADIO

A few radar systems on Earth 
detectable across the galaxy

Hundreds of transmitters  
detectable at a few lightyears

Detectable Signatures of Intelligence

HIGH-POWER LASERS

Lasers can outshine the Sun by  
thousands of times



ARECIBO PLANETARY RADAR

✴ Brightest terrestrial 
radio transmitter. 

✴ 2 MW at S-band 

✴ Frequently used in 
CW mode 

✴ EIRP ~2 x 1013 W

LEAKAGE?

DETECTABLE ACROSS THE GALAXY!



UNITED STATES AIR FORCE SPACE SURVEILLANCE SYSTEM 
“SPACE FENCE”

✴ 768 kW @ 217 MHz 
(originally 108 MHz) 

✴ Pure continuous wave 
(CW) sinusoid 

✴ EIRP ~1010 W 

✴ 120º x 1.5’ Fan Beam 
(3000 times the solid angle 
of Arecibo Planetary Radar)

LEAKAGE?



Could outshine the Sun by three 
orders of magnitude at 1000 
lightyears…

∼10−3 γ
ns m2

∼ 5 γ
ns m2

Solar-type star at 1000 ly

5 MJ pulsed laser + 
10m reflector at 1000ly

Keck Twin 10m Telescopes - Mauna Kea, Hawaii

National Ignition Facility - LLNL, Livermore



SEARCHING ACROSS THE ELECTROMAGNETIC SPECTRUM
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Using multiple telescopes, we can search across the 
electromagnetic spectrum for indicators of advanced 
technology.

Low Frequency ArrayAreciboGreen Bank 
Telescope

Infrared Spatial  
Interferometer

Optical Telescopes



A Unique Moment in our History



Arecibo Observatory, Puerto Rico

The most sensitive single radio 
telescope in the world.



Arecibo Observatory, Puerto Rico

The most sensitive single radio 
telescope in the world.

National Science 
Foundation Senior Review:

…the NSF Review Committee recommends 
that Arecibo be closed or operate with a much 
smaller budget…



The Robert C. Byrd  
Green Bank Telescope,  
West Virginia

Fully steerable with very  
wide frequency coverage.



The Robert C. Byrd  
Green Bank Telescope,  
West Virginia

Fully steerable with very  
wide frequency coverage.

…the NSF Review Committee recommends divestment 

from the Robert C. Byrd Green Bank Telescope…
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“The only black tie event in Silicon Valley” 
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1 Million USD Prize

What message would you send to represent Earth to ET?





The Breakthrough Listen Initiative:    Overview

HTTP://BREAKTHROUGHINITIATIVES.ORG 

1 Million Stars 100 Galaxies

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

More scientific data publicly available than any project in history

Milky Way Galactic 
Plane Survey

http://breakthroughinitiatives.org


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, λ/Δλ= 105   
• 10%

Green Bank Telescope (Green Bank, WV) 
• Radio search focusing on targeted and raster observations 
• Nearly continuous frequency coverage 300 MHz - 100 GHz  
• Flexible IF system can deliver up to 10 GHz dual-pol analog 

bandwidth 
• Extremely radio quiet (Federally protected radio quiet zone) 
• ~20%

Parkes Telescope (New South Wales, Australia) 
• 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) 

galactic plane surveys (Parkes Multibeam Receiver) 
• Wide-band single-pixel and Phased Array Feed upgrades possible. 
• ~20%





The Breakthrough Listen Initiative:    Technology

FPGA Computing Boards

Commodity Compute Elements

High Speed Digitizers 

Many-GHz processing capability 

200 - 400 Gbps data recording 

1010 channel spectroscopy 

GPU-accelerated multi-parameter 
search pipeline (dispersion, Doppler 
effects)  

Interference identification, 
classification 



The Breakthrough Listen Initiative:    Technology

 Constant gravity environment 
  High efficiency (35%) 
   λ/Δλ = 100,000 (for 1 arcsec slit) 
 Passively compensated space-frame 
 1 m/s velocity precision 
 Cost: $2.6 million (NASA and Ken and Gloria Levy) 

The Levy Spectrometer 

Telescope Beam 



August 2015 
Instrumentation development and  
observation planning 

November 2015  
APF Observations Begin 

January 2016 
GBT Observations Begin 

October 2016 
Parkes Observations Begin 

The Breakthrough Listen Initiative:    Timeline



How	to	Build	a	SETI 
Instrument	in	6	Months

• Step	1:	Use	existing	antenna

(Courtesy Breakthrough Listen Chief Engineer Dave MacMahon) 



How	to	Build	a	SETI 
Instrument	in	6	Months

• Step	2:	Use	existing	digitizers	and	gateware



How	to	Build	a	SETI 
Instrument	in	6	Months

• Step	3:	Upgrade	observatory’s	10	GbE	switch



How	to	Build	a	SETI 
Instrument	in	6	Months

• Step	4:	Install	cluster	
– 1	head	node	
– 8	compute	nodes 
24	x	5	TB	disks	each  
TITAN	X	GPU	

– 1	storage	node 
36	x	5	TB	disks



How	to	Build	a	SETI 
Instrument	in	6	Months

• Step	5:	Tune	existing	software	(guppi_daq)	
– Packet	Sockets	
– Direct	I/O	
– RAID0	
– XFS	
– 6	Gbps	to	disk 
(750	MB/s)	per 
compute	node



How	to	Build	a	SETI 
Instrument	in	6	Months

• Step	6:	Integrate	with	telescope	control	system



How	to	Build	a	SETI 
Instrument	in	6	Months

• Step	7:	Take	data!	 
BL@GBT	First	Light	December	30,	2015











NEARGALCAT  
(Karachentsev, Makarov, Kaisina, AJ, 2013)



Known Earth-like Exoplanets or Solar System-
like Exoplanet Systems 

Serendipitous Alignments, e.g. multiple 
exoplanets in a single system along a line of 
sight to the Earth, “eavesdropping SETI” 

Exotica, e.g. natural amplifiers, astrophysical 
masers, a la Cordes, 1993  

Globular Clusters (Rosanne DiStefano et al) 

Other Targets…



Frequency (MHz)

Ti
m

e 
(S

ec
on

ds
)

KOI 812

1468.1529 1468.1529 1468.153 1468.153 1468.1531 1468.1531

0

50

100

150

Frequency (MHz)

Ti
m

e 
(S

ec
on

ds
)

KOI 812

1468.1529 1468.1529 1468.153 1468.153 1468.1531 1468.1531

0

50

100

150

Frequency (MHz)

Ti
m

e 
(S

ec
on

ds
)

KOI 812

1468.1529 1468.1529 1468.153 1468.153 1468.1531 1468.1531

0

50

100

150

Frequency (MHz)

Ti
m

e 
(S

ec
on

ds
)

KOI 812

1468.1529 1468.1529 1468.153 1468.153 1468.1531 1468.1531

0

50

100

150

Frequency (MHz)

Ti
m

e 
(S

ec
on

ds
)

KOI 812

1468.1529 1468.1529 1468.153 1468.153 1468.1531 1468.1531

0

50

100

150
Frequency (MHz)

Ti
m

e 
(S

ec
on

ds
)

KOI 812

1468.1529 1468.1529 1468.153 1468.153 1468.1531 1468.1531

0

50

100

150

Frequency (MHz)

Ti
m

e 
(S

ec
on

ds
)

KOI 812

1468.1529 1468.1529 1468.153 1468.153 1468.1531 1468.1531

0

50

100

150

Frequency (MHz)

Ti
m

e 
(S

ec
on

ds
)

KOI 812

1468.1529 1468.1529 1468.153 1468.153 1468.1531 1468.1531

0

50

100

150
Frequency (MHz)

Ti
m

e 
(S

ec
on

ds
)

KOI 812

1468.1529 1468.1529 1468.153 1468.153 1468.1531 1468.1531

0

50

100

150
Frequency (MHz)

Ti
m

e 
(S

ec
on

ds
)

KOI 812

1468.1529 1468.1529 1468.153 1468.153 1468.1531 1468.1531

0

50

100

150
Frequency (MHz)

Ti
m

e 
(S

ec
on

ds
)

KOI 812

1468.1529 1468.1529 1468.153 1468.153 1468.1531 1468.1531

0

50

100

150

NARROW-BAND SIGNALS

Doppler “drift” correction

✴ Low energy - Radio photons are 
cheap 

✴ Easy to generate, easy to receive - 
Earth technology makes photons 
look attractive 

✴ As fast as possible - c 

✴ Easily distinguished from natural 
sources - narrowest astrophysical 
sources 100s of Hz wide (masers) - 
very few astrophysical sources 
with nanosecond structure. 

✴ Robust to the interstellar medium



Power Spectrum Auto Correlation

An example…  Binary Phase Shift Keying (BPSK) 

BROADBAND EMISSION

✴ Modern radio communication largely 
broadband 

✴ Preferable for interference 
robustness 

✴ Wide bandwidths permit rich 
information content



Wikimedia

Illustrating LOF using a neighborhood of k=3
Fe

at
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MACHINE LEARNING-BASED SEARCHES

Issac Shivvers et al.Local Outlier Factor (LOF) ranking approach 

Find those signals that are most isolated in 
150-dimensional feature space.

Breunig et al. 2000



An “Open Source SETI Analysis Toolkit”
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COLLABORATORS  
WANTED! 

siemion@berkeley.edu







MeerKAT - South Africa 
64 15m dishes - a ‘Southern JVLA’

FAST - China 
500m single dish - a ‘Super Arecibo’

MWA - Australia 
2048 dipole antennas - 80-300 MHz

FUTURE OPPORTUNITIES… 



SEARCHING FOR EXTRATERRESTRIAL INTELLIGENCE WITH THE SEARCHING FOR EXTRATERRESTRIAL INTELLIGENCE WITH THE 

WITH… JAMES BENFORD, JIN CHENGJIN, JAYANTH CHENNAMANGALAM, JIM 
CORDES, FRANK DRAKE, HEINO FALCKE, DUNCAN FORGAN, MIKE GARRETT, 
SIMON GARRINGTON, LEONID GURVITS, MELVIN HOARE, ERIC KORPELA, 
JOSEPH LAZIO, DAVID MESSERSCHMITT, IAN S. MORRISON, TIM O'BRIEN, ZSOLT 
PARAGI, ALAN PENNY, LAURA SPITLER, JILL TARTER, DAN WERTHIMER



(tintegration = 10 min, SNR = 15)  

FOR AN EXTRATERRESTRIAL TRANSMITTER @ 50 LY 

SETI ON THE SETI ON THE 
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Transiting Exoplanet 
Survey Satellite (TESS)

GAIA



ALLEN TELESCOPE ARRAY

JACK WELCH ET AL

“ANTONIO” FEED

200 MHZ - 10 GHZ @ 80K
500 MHZ - 15 GHZ @ 50K



X Pol
Y Pol

Arecibo ALFA Receiver

ALFA Splitter / Beam Selector iBOB

Beam Selector Signal
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SERENDIP V.v

XAUI
Digital
Link 100 Mbit

Ethernet 
Control

10 Gbit 
Ethernet

Spectral Data

100 Mbit
Ethernet 
Control

iADC

SERENDIP V.v (2012)



SERENDIP V.v 
Sky Coverage 2009-2012: 6000 hours observed

Siemion et al. (in prep)



✴ All open source hardware and software.

✴ 500 MHz - 2 GHz Bandwidth (dual 
polarization), sub-Hz spectroscopy, Doppler-
drift searching, incoherent dedispersion 
pulse searching, interference rejection, all in 
real time.

SERENDIP VI / ALFABURST @ ARECIBO

ALFA
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4 x 1 GSps-x-4 ADCs

ROACH II - A

ROACH II - B

SFP+ 10 GbE Switch
Channels 0-153 
Beams 1XY-7XY

Channels 1078-1231 
Beams 1XY-7XY

SERENDIPVI Node 1 

SERENDIPVI Node 8 

 Y polarization 100-420 MHz IF

X polarization 100-420 MHz IF ROACH II to SVI:
8 bit real + 8 bit imag 

7.8 Gbps / link

ARTEMIS Node 1

ARTEMIS Node 7

Channels 0-1231 
Beam 1XY

Channels 0-1231 
Beam 7XY

SVI to ARTEMIS:
16 bit int XX, YY, XY* real+imag 

128 us accumulations
512 Mbps / beam

Multibeam RFI + Alert Node

Candidates
Beams 1-7

ARTEMIS to RFI/Alert:
Event(SNR, Beam, DM, time)

~1000 events/sec
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Event Alerts

Detect
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⨋

Detect
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✴ Development Funded by NASA ASTID



Vishal Gajjar (new UCB Postdoc) 

Before (top left) and after (bottom right)  
Multibeam RFI Excision



GBT Receivers

212 
Polyphase
Filterbank

Reorder
Packetize

∝

2 x 5 GSps ADCs

ROACH II

SFP+ 10 GbE Switch
Channels 0-511 

X,Y polarizations

Channels 3584-4095
X,Y polarizations

SERENDIPVI Node 1 

SERENDIPVI Node 8 

 Y polarization 0.1 - 2.5 GHz IF

X polarization 0.1 - 2.5 GHz IF

ROACH II to SVI:
8 bit real + 8 bit imag 

ARTEMIS Node 1

ARTEMIS Node 2

Channels 0-4095 
X polarization

Channels 0-4095 
Y polarization

SVI to ARTEMIS:
32 bit float XX, YY, XY* real+imag 

100 us accumulations

Interference Excision + Alert Node

Candidates

ARTEMIS to RFI/Alert:
Event(SNR, Beam, DM, time)

~1000 events/sec Event Alerts

Y polarization

X polarization

COMMENSAL OBSERVATIONS @ THE GREEN BANK TELESCOPE

✴ 2.5 GHz Bandwidth (dual polarization)

✴ Installation March 2015

✴ Will operate commensally with all receivers.



Data from GBT L-band 
Date: 2015-11-29 
NHITS: 1101877 
Duration: 229.42 Min 
Kyle Archer, UCB UG 
	



Wright et al. 2014Pulsed Near-IR SETI at  
Lick Observatory, California

0.5 ns resolution 
720-1700 nm 
First light March 2015 

Maire et al 2014



SETI ON NEARBY STARS WITH LOFAR  

Observations of the 30 nearest stars to the Earth 
at the frequencies of our own TV and radio - 
September 2014 

Could detect brightest terrestrial transmitters at 
~100 MHz

EMILIO ENRIQUEZ (NIJMEGEN PHD STUDENT) ET AL. 



MEGASTRUCTURES AND MEGA ENERGY



TARGET THEORY



THE CURIOUS CASE OF KIC 8462852 (WTF 001)



THE CURIOUS CASE OF KIC 8462852 (WTF 001)
Boyajian, Wright, et al




