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Radio SETI	


Kardashev (1963) calculated the optimum radio spectrum 
for matching transmission bandwidth to background 
astrophysical noise:

Communication SETI



Radio SETI

CTA-102 had its “15 minutes” in pop-culture as an 
alien civilization

But how do we find them?



Radio SETI

CTA-102 had its “15 minutes” in pop-culture as an 
alien civilization

Today, we know CTA-102 as a quasar.

But how do we find them?



The  
Kardashev scale

Classify extraterrestrial intelligences by their total power 
supply (i.e. potential for transmission power)	


Class I: Equal to humanity’s present energy supply	

Class II : A solar luminosity	

Class III: A galactic luminosity

Kardashev (1964)



Zubrin’s adaptation
Zubrin loosely applied this scheme to describe the extent and 

approximate energy supply of a civilization:	


K1: Any planet-spanning civilization (Humanity counts)

“Trantor from space” by Slawek Wojtowicz



Zubrin loosely applied this scheme to describe the extent and 
approximate energy supply of a civilization:	


K2: Any star-system-spanning civilization (with energy supply far 
beyond the incident energy on a single planet)

Dyson (1960); image by Steve Bowers 

Zubrin’s adaptation



Zubrin loosely applied this scheme to describe the extent and 
approximate energy supply of a civilization:	


K3: Any galaxy-spanning civilization (with energy supply far beyond 
one stellar luminosity)

Zubrin’s adaptation



“Where is Everybody?”

• Enrico Fermi pointed out that 
the time for ships to cross and 
colonize the Galaxy is short 
compared to its age	


• Evidence of alien civilization in 
the Milky Way is nonexistent.  
This has been called “The 
Great Silence” (Brin 1983)



Model for minimum galaxy colonization time

Assume:	

Every colony launches a colony ship every 10,000 years	

Best cruise velocity is only 30 km/s	


!
!
Zero technological advancement	

Colonize nearest unoccupied system out to 10pc	

No boosts from halo stars



Result:	

Cruise time to nearest star is 100,000 years	

In that time 10 colony ships launched	

In that time 10 nearest stars have changed!	

Colonies now separating at ~30 km/s (disk stellar velocity dispersion)	

Each colony has independent trajectory through galaxy

Credit: Elena D’Onghia, Mark Vogelsberger – Harvard FAS Supercomputer Odyssey, Thiago 
ize – Scientific Computing and Imaging (SCI) Institute – University of Utah

Maximum galaxy-filling time is a few galaxy rotations



Result:	

We should not expect Fermi “bubbles” or “voids” unless expansion is 
faster than stellar velocities	

If expansion is faster, galaxy-filling time is even shorter	

Either way, the chances of catching a galaxy in “transition” from K2 to K3 
is <1%

Credit: Elena D’Onghia, Mark Vogelsberger – Harvard FAS Supercomputer Odyssey, Thiago 
Ize – Scientific Computing and Imaging (SCI) Institute – University of Utah

Maximum galaxy-filling time is a few galaxy rotations



Corollaries:	

• Nearly all galaxies should have zero spacefaring civilizations or be filled 

with them	

• Either the Milky Way is filled with spacefaring ETIs or we are the first

Credit: Elena D’Onghia, Mark Vogelsberger – Harvard FAS Supercomputer Odyssey, Thiago 
Ize – Scientific Computing and Imaging (SCI) Institute – University of Utah

Maximum galaxy crossing time as a few galaxy 
rotations



Hart Argued there should be 
no K2’s if a galaxy is not a K3
This argument formed the basis of Michael Hart’s argument that we 
should be alone in the MW, because it manifestly does not host a K3	


...but unless spacefaring life is unique to Earth...	


If Hart is correct:	

Other galaxies should be filled with advanced civilizations.   

A search for K3’s will eventually succeed	


If Hart is incorrect:	

The Milky Way should be filled with K2’s.  
A search for K2’s will eventually succeed	


We should test Hart’s hypothesis by pursuing both routes



Cosmic archaeology	

Communication SETI, but 
also artifact SETI:	


• Planetary atmosphere 
alteration	


• Stellar abundances 
“beacons”	


• Stellar engineering	


• “Dyson spheres”	


• Galactic ensembles of 
“Dyson spheres”



Artifact SETI

Arnold (2005) showed how giant artifacts could produce 
clearly artificial transit signatures, and even communicate 

low-bandwidth information



KIC 12557548 (Rappaport et al. 2012)

Artifact SETI

Arnold (2005) showed how giant artifacts could produce 
clearly artificial transit signatures, and even communicate 

low-bandwidth information

http://arxiv.org/abs/1201.2662


Dyson (1960)	


Energy is never “used up”, it is just converted to a lower 
temperature	


If a civilization uses energy, that energy must emerge as 
waste heat in the mid-infrared	


A civilization using most of its star’s energy would have little 
optical luminosity but be a very bright infrared source.  	


This approach is totally general: any energy use by a 
civilization would give a star a mid-infrared excess

Artifact SETI



Advantages to a waste 
heat approach

Assumes only:	


•Conservation of energy	


•Laws of thermodynamics	


•No “obvious” new physics	


Makes no “sociological” assumptions about alien behavior or 
communication willingness or methods	


Can be applied out to very large (cosmological) distances



Disadvantages to waste 
heat approach

•Most easily applies to power supplies similar to stellar 
luminosity	


•For some classes of sources, need to deal with heavy 
contamination from dusty objects (dust reprocesses starlight 
into MIR radiation very similarly to Dyson spheres)	


•Long road to prove source is of alien origin



A Philosophical 
Challenge of SETI

“Any sufficiently advanced technology is indistinguishable from 
magic” (Clarke’s 3rd Law)	


“Magic” is the suspension of Natural Law	


Science assumes the Universe is governed by Natural Law	


If Clarke is correct, SETI risks being inherently unscientific, since it 
assumes we can identify apparent violations of Natural Law	


Unless care is taken, SETI can lead to an “aliens of the gaps” 
approach	


Communication SETI resolves this: find a signal of unambiguously 
intelligent origin — no naturalistic interpretation is possible



Communication and Artifact 
SETI are complementary
Artifact SETI	


hard-pressed to prove 
phenomena cannot be 

natural

Communication SETI	

must cast an impossibly wide 

net  
(frequencies, duty cycles, 

bandwidth, power, targets...)	




Artifact SETI	

provides candidates	


!

identifies other 
technological signatures

Communication SETI	

identifies candidates as alien	


!

provides candidates	


Communication and Artifact 
SETI are complementary



α power collected from starlight

ε power generated by other means	

(fossil fuel, nuclear, direct mass-to-energy)

γ power expelled as thermal photons

ν all other power expelled (radio waves, neutrinos, 
KE, gravity waves, etc.)

T typical temperature of waste heat radiators

We can use conservation of energy to parameterize a 
civilization’s energy budget

α + ε = γ +  ν

Artifact  
SETI

Communication 
SETI



We normalize these parameters by:	

•Starlight striking the planet (for a K1)	

•Total stellar luminosity (for a K2)	

•Total galactic luminosity (for a K3)

α power collected from starlight

ε power generated by other means

γ power expelled as photon waste heat

ν all other power expelled

We can use conservation of energy to parameterize a 
civilization’s energy budget



α ~10

ε ~10

γ ~10

ν ~0

T ~300 K

Humanity’s current parameterization:

The Earth has 0.01% excess mid-infrared radiation because 
of human activity



What are realistic values for Twaste for a many-billion 
year-old civilization?

•Waste heat temperature set by the maximum thermodynamic efficiency 
of a civilization η=1-Twaste/T★	


•Conservation of energy requires (L = A Twaste4) to be conserved 
(A=area of radiating surfaces, L=luminosity)	


•Increasing efficiency from η=90% to η=99% requires a 104 increase in A	


•Optimal values of A are uncertain, but likely roughly 1 AU2 surface area 
(Twaste = 150–600 K) constrained by available mass and existence of solids	


•Peak emission is then at 5-30 microns



We can quantify the effects of 
waste heat on spectra

F ∝ [(1-α) B(T★) + γ B(Twaste) (T★ / Twaste)4] / d2

Order-of-magnitude estimate in mid-infrared (Rayleigh-Jeans limit) for 
T★ >> Twaste, any α:

FMIR = (FMIR,no civ) [γ (T★ / Twaste)3]

For T★ = 4000K, Twaste=250K, γ=0.1, F/Fno civ = 400	


(6.5 magnitudes MIR excess)

For T★ = 4000K, Twaste=250K, γ=1, F/Fno civ = 4000 	


(9 magnitudes MIR excess)

Assume that for large civilizations: ν~0
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Old elliptical

Arp 220 (ULIRG/starburst)
 10% Old Elliptical + 90% Blackbody
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Search for K3’s with 0.75<α<~0.95

Dynamical masses are compared to 
luminosities to find low L/M galaxies



Search for K3’s with 0.75<α<~0.95

Small bias against high α in that low-
surface galaxies are absent from most 

catalogs because they are faint



G: Glimpsing Heat from 
Alien Technologies

Phase I: K3 search of resolved galaxies  
Phase II: K2 search of point sources 

Phase III: K3 search of unresolved galaxies

^



Resolved galaxy-spannning civilizations will be easier 
to uniquely identify

We can distinguish K3’s from most other sources because the will 
be above the Galactic plane, and they will be resolved by WISE if 
they are galaxies in the local universe.  This rules out most Galactic 
sources and cosmological (redshifted) false positives



Credit: NASA

Morphology can distinguish dust from K3’s



The WISE All-Sky Catalog 
contains many spurious sources



We work outside of the plane 
to avoid confusion with Galactic 

sources

(We also avoid high source-density regions of the LMC and Orion)



Rejecting blue sources 
removes most stellar 

artifacts



We visually inspect all 
apparently red objects



We have a clean catalog 
of 31,000 real, 

extended, red sources



We correct the default photometry to 
match careful extended source 

photometry of the South Galactic Cap

kindly provided by Tom Jarrett



We search for any very red sources new 
to science

We also classify the “reddest” well-known sources, non-discrete 
sources (maxima in diffuse nebular emission), and artifacts



We generate a mock catalog of sources to 
determine which K3’s we have ruled out

Left: Red points have α < 0.25	

Right: Red points have 250 K < Twaste < 350 K
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0th order result

• MIR-bright K3’s are very rare among 
~100,000 resolved galaxies in WISE catalog	


• Only ~25 candidates with γ > 0.5, ~1000 
with γ > 0.25	


• This result is newly enabled by WISE



Referee comment on Davis (1955)	

(First upper limit on Solar neutrino 

production)

Any experiment such as this, which does not have the 
requisite sensitivity, really has no bearing on the 

question of the existence of neutrinos. To illustrate my 
point, one would not write a scientific paper describing 
an experiment in which an experimenter stood on a 
mountain and reached for the moon, and concluded 
that the moon was more than eight feet from the top 

of the mountain.



Our pilot program shows promise
To push sensitivity to γ down:	


	
 Better model the dust	


	
 Identify and exclude giant stars,  AGN	


	
 Focus on sources where sensitivity is high



Future Work
Galaxies:	


•Thorough examination of ~2 dozen sources with γ > 0.5	


•Broader photometric work (BVIJHKW1-4) to more 
thoroughly model dust in ~900 sources with γ > 0.25	


•Identify anomalously MIR-bright galaxies, especially 
ellipticals where sensitivity to γ is good	


Stars:	


•Use optical-NIR colors to identify sources free from 
extinction by dust	


•Prepare for GAIA parallaxes to identify MIR-bright, non-
giant stars



We examine low surface brightness 
galaxies (lots of Dyson spheres?)

Curious…



What does a null result 
imply?

•Civilizations with MIR waste heat comparable to starlight do not 
exist	


•High values of (α + ε) are logistically impossible	


• … are physically impossible	

•They inevitably stop growing their energy supply	

•They are inevitably short lived	


•New physics (violation of conservation of energy, laws of  
thermodynamics, FTL communication) is employed by all or most 
spacefaring civilizations	


•Civilizations inevitably operate at low values of Twaste , or minimal 
values of γ, beyond our detection or confusion threshold



Conclusions

•Communication and Artifact SETI are 
complementary	


•Hart’s analysis argues a either a K2 or K3 search 
should eventually succeed	


•Alien waste heat is likely emitted in the MIR	


•0th order result is that MIR-bright K3’s are rare!	


•Null result can imply new physics, or uniqueness of 
humanity.
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