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Slide 1: I am very pleased and interested to be here today at this fabled Institute. Some of the humanistic material here on interstellar archaeology has been developed by my wife, Nancy Carrigan, a gifted artist and poet. 
Freeman and Lampton may have been the first to use the phrase “Interstellar archaeology” sometime around 1975 when they estimated the density of extinct civilizations in the galaxy. While  architecture is from a different Greek root than archaeology the words of the Chicago architect John Wellborn Root may be interesting here  “Reason should lead the way, and imagination take wings from the height to which reason has already climbed.”
Slide 2: Interestingly  the crews of the International Space Station, have already seen archaeological artifacts like the pyramids. Satellites around Mars have observed robot artifacts although this is perhaps more robot anthropology.
The aim of interstellar archaeology is to reach beyond our sun and see if we can find signatures of intelligence from other stars. In the last decades several developments such as wholesale discoveries of exoplanets and the recognition of extremophiles have made this a more promising possibility. 
Slide 3: The backdrop for interstellar archaeology is the origin of the stars with the big bang seen most recently in the BICEP2 result and biological evolution. The Kardashev scale sets the framework for investigating interstellar archaeology. I will give several examples of possible interstellar archaeology signals including SETI, cultural impacts on exoplanet atmospheres, and the Dyson sphere conjecture. Moving further into the wildly speculative I will touch on the possibility of galactic-scale signatures. Note that Guillermo Lemarchand collected many of these ideas together some years ago.
Slide 4: Nancy’s poem, The Eagle’s Child, evokes the birth of stars. When Nancy saw the pictures taken by the Hubble of star birth in the Eagle Nebula she wrote “Has it, like Sun, a circling globe with sea-fish, bird, and dexterous ape who'se built a clever eye to probe our mysteries? Does her mind escape its bounds to ponder ancient light and move a poet's pen to write?”
Slide 5: Nancy has also asked about the evolution and nature of intelligence, comparing the intelligence of the ant in the forest to the dexterous ape on the edge of space. Her astronomer asks "can I unweave the gauzy fabric of stars?"  while the ant ponders "can I untangle the matted carpet of earth?“ The poem highlights the enormous span of our evolutionary development. But it also raises questions about how different “civilizations”, for example advanced social insects and humans might sense their universes. Perhaps there is a missing panel in this triptych, the one that tells us about a super being a billion times more advanced than us. Is this the goal of our interstellar archaeology quest?
Slide 6: There are a number of possibilities for cosmic archaeological signals. One of the more interesting perspectives on this is the classification scheme suggested by Kardashev. He divided civilizations into those harvesting all the energy of a planet, of a star, and of a galaxy. Radio SETI falls below this classification so it might be type 0. Ants at 10^6 watts would be -1, SETI at, say 10( W would be type 0. A type I civilization would harness all of the energy available from a planet. Signals from exosolar planetary atmospheres fall roughly in this category. A Dyson Sphere, a star cloaked in broken up planetary material, would be an example of a  type II Kardashev civilization.  Another example would be some sort of engineering of the stellar burning process. A civilization using all of the energy of a galaxy would be type III. Jim Annis, an astronomer at Fermilab, has looked for type III Kardashev civilizations by plotting a surrogate for the galaxy brightness versus the size of the galaxy for 106 elliptical galaxies. He found no hint. The whole visible universe at 10^49 W  would be Type IV. 
Slide 7: Radio SETI kindled the modern interest in interstellar archaeology more than half a century ago. Morrison, a nuclear theorist, and Cocconi, a particle physicist, noticed that available high gain or narrow beam radar transmitters and receivers of the time could send a signal across the galaxy. Shortly it was shown that optical lasers could also do this. Nancy and I got interested in radio SETI back in the sixties when we were very young but had other fish to fry. I was helping build Fermilab so SETI was out. I wondered if a signal might carry a malevolent message rather than some hands across the galaxy platitudes. Instead of searching we wrote a science fiction novel, “The Siren Stars” about the dangers of radio signals. 
A problem for radio SETI  is where to look. Another problem is that an antenna has to be pointed at the receiver for present day technology to work across the galaxy. This meant there had to be an intent to communicate! The sender had to act like a beacon or lighthouse.  As Tarter has pointed out it is possible to see cultural signals like TV programs from a light year or so away. Searching for this kind of signal is in the spirit of interstellar archaeology just as artifacts like pottery shards, garbage dumps, or pyramids give us messages from the past through archaeology. Most of these archaeological signals were not intended as messages to the future. They did not require a conscious decision to try to communicate. 
In an effort to categorize various approaches to interstellar archaeology I will show rough estimates for the lifetimes of the signals, and the power and mass involved. For cultural SETI the lifetime is the lifetime of the transmitting civilization. Power levels might be 10^6 to 10^9 watts.
So far no SETI signal has been detected as far as I know.
Slide 8: A second possibility for interstellar archaeology is to examine the atmospheres of planets beyond our Sun for signs of “civilization”. When Galileo looked out toward Jupiter with the first astronomical telescope four centuries ago he saw the moons of Jupiter. In his day this was the first search for “exo-planets”. Now astronomers like Lisa Kaltenegger and 
Sara Seager are making amazing discoveries about exoplanets. One of the most remarkable features of exoplanet observations has been the detection of some of their atmospheres. Could atmospheric signatures give some marker for intelligence? Before that question can be addressed one first has to ask if signatures of life can be found. Almost four decades ago Lovelock suggested the presence of oxygen and the vegetative red edge in planetary spectroscopy could be a signature for life. 
In recent years we have found atoms and molecules sometimes associated with life.
Slide 9: There has been interesting progress on the atmosphere of HD189733b 63 light years away. Methane, water, carbon monoxide, and carbon dioxide have been detected with Hubble’s NICMOS infrared spectrograph.  Tinetti , one of the principal observers, notes that the planet is hot, too hot for even cows to survive. Interestingly, this data even shows evidence of high altitude haze and energy redistribution (wind). Spitzer has observed the signature of silicon dioxide, possibly due to clouds. Speculatively, could this be a hint of a computer environment? Obviously a natural explanation involving a “hot Jupiter” atmosphere is very likely the correct one.
Slide 10: Could atmospheric signatures give some marker for intelligence? In our own atmosphere the rise of CO2 by 35% in industrial times is probably a sign of “intelligence” or the lack of it at work. For interstellar archaeology what is needed is a unique cultural signal. A good illustration is the freons (CFC). Indeed this terrestrial signature was first investigated by Lovelock partly in connection with  investigations of how to detect life on Mars. However, researchers like Kaltenegger have made the point that these detections require very powerful infrared telescopes.
The degree of difficulty here is characterized by  perturbations on the mass scale of a planetary atmosphere perturbation, say 1015 tons. The effective lifetime for the CO2 perturbation is on the order of a century in our case.
Slide 11: Half a century ago Dyson suggested that an advanced civilization could harvest the light coming out of a star by surrounding the star with the shards of a broken up planet. The rationale would be to harvest the star’s visible energy either partly or completely. At first the signature for a Dyson sphere sounds intriguing, that is an object with a black body temperature around room temperature and the luminosity of a star. It is an infrared object perhaps without a visible star. On the other hand building a Dyson sphere is an enormous engineering challenge typically requiring a thousand year’s of the star’s energy output. There are also stability issues but we’re dealing with an advanced society so they might solve the problem by active control. Perspectives on construction, whether it would be possible at all, and stability still need thought and work!
Slide 12: An ideal instrument for a Dyson sphere study is an all sky survey, like the ground based 2MASS project. The detectors should be sensitive to infrared over a wide wavelength band centered in the 10 micron regime. This corresponds to the 300 degree Kelvin temperature range. For my search these two requirements narrowed the choice to the IRAS satellite that flew in the mid-eighties. IRAS had filters at 12, 25, 60, and 100 microns. There was zodiacal and cirrus light in the 60 and 100 μm filters. A central use for IRAS was to study cosmic dust. As a result there was no premium on resolution and the mirror had a diameter of 0.6 m.  Still, the performance was quite satisfactory for an initial Dyson Sphere all sky survey. The sensitivity was in the 0.5 to 1 Jansky range while the angular resolution was on the order of 1 minute. Two hundred fifty thousand point sources were identified. The data base is widely available and quite comprehensive. The ground based 2MASS survey contains several thousand times more sources with much better resolution. It is of limited use for a Dyson Sphere survey because a 300 degree Kelvin source must be twenty times the IRAS minimum in the 12 micron filter to register in the 2MASS 2.17 micron filter. Now Spitzer and WISE data also contain some very useful information. In this context Jason Wright has recently discussed WISE  at the SETI Institute.
Initially I used a filter-based approach to the Dyson Sphere search. The 100 micron filter was thrown out because of Cirrus and later the 60 micron filter was also discarded. The temperature could be found using a color-color approach. With that one could show that less than one in 600 of the 20,000 or so sources could be a Dyson Sphere and that the number was probably somewhat lower. A problem was that the filters did not give much guidance about the nature of the sources.
Slide 13: Calgary has prepared a database of more than 11000 IRAS LRS spectra, roughly double the number in the original IRAS release. Calgary classified each source along the lines of this table. After a preliminary scan of several hundred random sources it was clear that Dyson Sphere-like candidates fell in the C, F, H, and U categories. C includes carbon stars, F are featureless spectra, H are typically hydrogen clouds, etc, and U are unusual objects. Later I also included P objects with red continua and a sharp blue rise. Later still P was discarded again. To avoid dust problems with the 60 and 100 micron filters I used a color-color temperature curve based on the 12 and 25 micron filters to select ”low” temperature objects in the 100 to 600 degree Kelvin range.
Slide 14: With quality factor, temperature, and category cuts the search was narrowed to several thousand sources. In the next stage the search was originally limited to pure Dyson spheres in part by selecting on the IRAS IDTYPE variable for no catalog sources (0). It became apparent that this could be extended easily to partial Dyson Spheres by including stellar catalog cases (2). Finally I realized I should have also included multiple catalog cases and “other”. As a result the only  class I ended up excluding was extragalactic objects (1) leaving a sample of about 1500 sources. 
Least squares tests were introduced for the next stage by fitting the LRS data to a Planck distribution that is a function of the amplitude and the temperature. The distribution of the LRS points is a function of many factors including the possibility of non-stellar lines, non-Planck and multi-Planck aspects, source variability in many cases, and differences between the long and short wavelength parts of the spectrometer. In that sense the fit is as much a screen as a statistical measure. 
These sources were directly scanned for spectral lines, clear classifications as conventional objects, large data scatter, and visible stars with another plausible identification. This left a sample of 65 sources. The weighted least squares was used to eliminate sources above 0.25 and a few more > 0.19 associated some other reasonable identification or very bright 2MASS object. This process left sixteen interesting sources of which three had rather better fits. However each of these sources had some sort of flaw or uncertainty. 
As far back as 1966 Sagan and Walker showed that Dyson Spheres could be detected out to 1000 parsecs. They did note the problem of confusion with natural signals and suggested that SETI searches could be used to sort out the problem. A number of objects can be confused with a Dyson Sphere. Very young stars or protostars are typically in situations where there is a lot of dust and a lot of star formation. An example is Orion.
Planetary nebula might be confused with Dyson Spheres with temperatures in the 200 ºK region. Other possibilities include late type stars with shells such as carbon stars or “Miras” variables.  Very thick dust clouds occur when there is an extreme phase of mass loss. Since this is a fast process these are apparently rare. In addition for a thick cloud of dust one sees an agglomeration of blackbody spectra for many different temperatures.
Slide 15: The results of searching for Dyson sphere candidates with the IRAS LRS was published in ApJ in 2009 . The source on the left is an illustration of a surrogate, a carbon star with an 11.3 μm silicon carbide (SiC) emission feature typical of carbon stars. Note the black body spectrum under the line. The dotted line shows a Planck spectrum fitted to the 12 and 25 micron filters. Several DIRBE measurements are shown as open circles. (DIRBE was the infrared tracker on COBE. The triangles show the 2MASS values. There are low and high wavelength LRS points. The source on the right is the best of a weak lot. The open squares are from the Midcourse Space Experiment (MSX, a Star Wars tool) points. At low wavelength it may have been that the wide angular resolution of DIRBE overlapped a second source. This source could be a Dyson sphere or a distant and invisible red giant with no noticeable 11.3 µm emission peak.
Slide 16: This galactic Aitoff plot shows the distribution of the 16 least unlikely candidates. The reach for one solar luminosity sources extended out to on the order of 1000 light years. This is in-line with the distributions of the candidates and also the first cut sample selection of several thousand sources which are not uniform over the sky (expected for nearby sources) but also do not show the galactic bulge. The Arecibo coverage is also shown. In retrospect, one interesting feature is the six sources rather near the galactic center.
The appropriate lifetime for the Drake equation is a characteristic Dyson sphere lifetime. The power output is the output of a star while the mass corresponds to a planetary mass.
Slide 17: Peter Backus, formerly of the SETI Institute, Jim Annis of Fermilab, and I have carried out a SETI search with the Allen Telescope of some of these lackluster Dyson sphere candidates. Neutral hydrogen, known in radio spectra for many decades, often appears in SETI scans. The panel shows a 2 MHz portion of the spectrum near the famous neutral hydrogen line for the “best” Dyson sphere candidate shown in the last slide. Parenthetically, our search covers some of the radio bands used for cell phones and TV.
While it is amusing to think about the shoulder on the hydrogen line in all likelihood  it is due to a second cloud with a bluer Doppler shift, common in our search.
Slide 18: Effect 4 is looking for galaxies filling with Dyson spheres. This is one tool for looking for intelligence beyond the Milky Way. Half a century ago Enrico Fermi, Fermilab’s namesake, may have noted that slow space travel is possible, it just requires patience. For example Voyager 1 is travelling fast enough to escape the sun. If 100 times the energy had been available it would have been able to cross the galaxy in sixty million years. Surprisingly it is not so hard to imagine a whole galaxy filled with Dyson spheres. Two things are required, slow interstellar travel and replication at ten to a hundred times the scale of the automobile output of Toyota over several decades.  Fermi supposedly next asked why we didn’t see space men on earth. This turns out to be a hard paradox to dodge.  If a civilization was busily turning stars into Dyson spheres it could create a “Fermi void” in the visible light from a patch of the galaxy with a corresponding upturn in the emission of infrared light. Recently Dyson observed  “a type III Kardashev civilization in our own galaxy would change the appearance of the sky so drastically that it could hardly have escaped our attention.” In a similar vein Annis noted “It is quite clear that the Galaxy itself has not transformed into a type III civilization based on starlight, nor have M31 or M33, our two large neighbors.”
Slide 19: Jim Annis, an astronomer at my laboratory, has looked for signs of  type III Kardashev civilizations in both spiral and elliptical galaxies. For ellipticals he plots a surrogate for the galaxy brightness versus the size of the galaxy for 106 elliptical galaxies ranging from 16  to 133 Mpc. This plot follows an astronomical paradigm called the fundamental plane somewhat like theTully-Fisher relation. Most of the galaxies lie rather close to the line. The outlier line is 1.5 magnitudes higher, representing a 75% diminution of the light output. No galaxies reach the outlier suggesting that there are few 75% efficient type III Kardashev civilizations. This limit would seem to apply for a fully enveloping Type III Dyson Sphere civilization that populated most of the galactic stars.
For this type of signature the lifetime in the equivalent Drake equation is on the order of a stellar life, the power is the output of a galaxy, and the mass is the mass of the galaxy.
Slide 20: As Dyson and Annis noted one can look at galactic pictures for Dyson sphere filled galaxies or Fermi voids. The Whirlpool galaxy illuminates the challenges. The sky area covered by M51 is about 6000 kly2. A rough qualitative estimate suggests that there are no unexplained voids at the level of 5% of the M51 galactic area. Transverse arm widths in the outer reaches are O(10 kly) so that it would be hard to identify void features below this level. Even if an interesting void in the visible with a corresponding infrared enhancement was identified for some galaxy it would be hard to make a case for a non-natural explanation. As an alternative, Jim Annis suggested looking at elliptical galaxies. 
Slide 21: He suggested elliptical galaxies might be a better place to look since they exhibit little structure. The problem is that they can be thick so interior voids are difficult to identify. The Virgo A galaxy M87 55 mly away is a nice illustration of an elliptical. This galaxy appears to be quite homogeneous although the active galactic nucleus has a spectacular jet. The image is very roughly 150 arc seconds wide.
Slide 22: A lot of information on galaxies has appeared over the last decade including quite a bit of recent information on ellipticals. The ATLAS3D  collaboration has studied 260 non spiral galaxies using integral field observations to give rotation based on galaxy grids with spectra for each section. Their results may be overthrowing the original Hubble tuning fork galactic classification scheme.  66% of the galaxies previously classified as elliptical were found to be fast-rotating discs, so-called naked spirals, while the conventional ellipticals are called "slow rotators“. (See Reviews of Modern Physics, v86, Jan.–Mar. 2014,  Corteau, Cappellari, et al.) which includes lots of the ATLAS3D material. Earlier Sloan (SDSS, York et al. 2000) found bimodality in the color distribution of local galaxies, such that they can be clearly separated in a so-called ‘blue cloud’, generally consisting of star-forming spiral galaxies, and a ‘red sequence’, mostly of non-star-forming ETGs (Early Type galaxies). Benardi et al., Astron.J. 125, 1866 (2003) report some of this. For some up to date pedagogical material see U. Maryland ASTR620: Galaxies - Fall 2013  by Richard Mushotzky.
Several questions come to mind when searching for a galaxy infested with Dyson spheres. Can elliptical galaxies support intelligence? And, what are other reasons for voids?
Slide 23: This perspective gives a measure on where to look for to look for Femi voids. 
First generation stars have low metallicity, whereas stars that formed from material that has been through many generations of previous stars would have a higher metallicity.  Metallicity is important for planet formation because in the hot stellar protoplanetary disc, formation of protoplanetary bodies depends exclusively on high atomic weight elements since the protoplanetary masses are too small to retain hydrogen or helium. Earth-like planets are high Z (silicates, etc.). High metallicity should correlate with planet formation.
Spiral galaxy habitable zone models already exist. These include Lineweaver etc. (2004). They don’t like ellipticals. Prantzos (2006) modernized the estimates for earth-like planets while  Forgan and Rice (2010)  have a more sophisticated model including sterilization. Gowanlock  (2010) has said they could extend to ellipticals. At some time this needs to be done.
Slide 24: Are there inhomogeneities in ellipticals such as voids or hot spots? What gives rise to them? My colleague at Fermilab, Steve Kent, notes “if you have seen one spiral galaxy you have seen one, if you have seen one elliptical you have seen them all”. 
Some of the factors giving rise to inhomogeneities include rings, nearby globular clusters, surface brightness fluctuations, often due to stars, and dust such as dust lane warps.
Casual inspection of  M32, M49, M60, M87, M89, and M105 showed few inhomogeneities. Most prominent non-uniform features are sequential rings. On M89 (NGC 4552) some density changes of O(10%) were O(40 pixels) across for the 1000 pixel wide galaxy. These appear as both irregularities around the edge of the bright disc and beyond the edge. Some of the Hubble images are several thousand pixels across with the galaxy filling O(25%) of the image. 
 In fact, elliptical galaxies are not as regular as Kent’s aphorism suggests.
Typical equilibration times for a feature might be one billion years, a turn or so of a galaxy.
Slide 25: This graph shows a north-south profile for M105 (NGC3379) , a “standard” elliptical galaxy. This has a massive black hole in the center. There is also a ring with a 3 arc sec diameter. Statler notes there are some problems with the galaxy. “Deviations of the surface brightness profile from the r1/4 law, though small, are significant (Capaccioli, Held, & Nieto 1987).” An annoying problem is that the galactic centers (peak light) seem to be offset from the visible to 8 microns.  In addition the Spitzer “room temperature” infrared is coarse compared to Sloan and the Hubble. These factors make it hard to do differential subtraction to look for infrared hot spots.
The values on the right show the pixel sizes for some of the available resources. 
Slide 26: Here is an image for M105 using the digital sky survey in visible light. The major divisions of the grid are thirty arc seconds. I have tinkered with the gray scale to make the pixelation and “noise” better. The azimuthal contours have been smoothed at 2 pixels. The pixels here are 1 arc second. The next slide shows a much better Hubble images in the visible. The point here is that there are azimuthal fluctuations at about a 10% level.
Slide 27: This is a Hubble image in the visible for M105 after subtracting a spheroidal model of the galaxy. The interesting but hard to see directly 3 arc second diameter ring is visible. It is about 500 ly in diameter. The pixel size is 7 light years so stellar-spaced features are within view. M105 has a mass of 10^11 suns. Very roughly there are 3000 stars per pixel. To get a 10% effect every tenth star would have to be populated. In any case, one can see features in the visible but the room temperature infrared Spitzer filter has a pixel thirty times a s large as the visible Hubble. Subtraction is going to be a problem. Perhaps visible light voids are the way to go. [The image is Fig. 5 from Gebhardt, et al., Ap. J. 119, 1157 (2000).]
Slide 28: Jason Wright’s G hat or “Glimpsing Heat from Alien Technology Sources” was discussed here at the SETI Institute in November. Wright plans to exploit the information available from WISE. WISE has 3.4, 4.6, 12, and 22 micron filters with typical angular resolutions of six arc seconds. The spirit of this is like my first IRAS search but with much better data and angular resolution.
Slide 29: This busy table ranks various examples of interstellar archaeology on the Kardashev scale. The values in the Table are intended only to be suggestive. The Kardashev scale does roughly correspond to the magnitude of the challenge or “degree of difficulty” faced by the corresponding civilization. Groups on Earth have already beamed purposeful radio messages to outer space, so-called active SETI. Planetary atmospheres are more challenging. Producing a detectable extrasolar signature requires a step up on non-natural atmospheric changes so far introduced in Earth’s atmosphere by a factor of 103. Stellar salting to cause optical spectral modification and nuclear waste dumping are well beyond any technology or resources available on Earth now. In addition the signatures would not shed much light on the circumstances of the originating civilization. Breaking up a planet to build a Dyson sphere completely transcends the will, ability, and long term dedication of contemporary civilization. There is not even a mildly plausible technique for stellar engineering. Surprisingly the step from a Dyson sphere to a galaxy filled with Dyson spheres only involves a strengthened capability for space travel. On the time scale of Dyson Sphere construction this type of relatively slow space travel can be discussed even now. The radar plot shows the log of the reach of these approaches in kilo light years.
One measure of the likelihood of finding a signature of interstellar archaeology is the lifetime of the signature. Extremely rough estimates for these lifetimes are given in the Table. The lifetimes also appear in the appropriate versions of the Drake equation. This does raise a question about whether even a modified version of the Drake equation is appropriate for interstellar archaeology. For example, perhaps some factor proportional to the degree of difficulty should appear. More consideration needs to be given to this.
Annis has raised the interesting possibility that his approach to looking for Kardashev Type III civilizations could be applied to study other astronomical distributions to look for non-natural outliers. Indeed, this embodies some of the spirit of recent discussions about blue stragglers by Livio and Beech.
Slide 30: In summary, there are a number of interstellar archaeology signatures. Most are difficult to imagine, construct, and then detect. Examples include cultural SETI, cultural planetary atmospheric signals, and Dyson spheres at the stellar and galactic scale. There are many surrogates. The best possibilities at the moment seem to be ordinary cultural SETI and planetary atmospheres. Useful steps along the way are searches for more exoplanets and for signs of life. For Dyson spheres and stellar engineering work needs to be directed toward investigating engineering techniques, limitations, and ways to overcome the challenges.
Echoing Fermi it is striking that once a civilization mastered something like Dyson sphere construction it could expand over a galactic rotation period.
We are now at the stage of Galileo. The road ahead looks difficult but progress may be possible.
Perhaps we can draw from the perspective of Chicago poet Larry Janowski : “I wish I were taller but when looking at the stars it doesn’t matter.”








