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      For decades SETI astronomers have been searching the sky for radio signals of extraterrestrial intelligence origin but have found nothing. Perhaps the problem is that they are looking for the wrong type of signal. They have been seeking discrete frequency transmissions similar to terrestrial AM or FM radio signals. But there is no guarantee that another civilization would be using this particular method of communication. Broadband transmissions, covering the entire radio frequency spectrum, would be a more logical choice because they would be more easily detected regardless of which frequency one’s radio telescope happened to be tuned to. Such broadband emission, called “synchrotron radiation,” is readily produced by magnetically decelerating a beam of cosmic ray electrons. By arranging that the electrons track in a straight line as they decelerate, the synchrotron radiation can be confined to a narrow beam that has minimal decrease of its intensity over interstellar distances, thereby ensuring that the target civilization will be receiving a strong signal.

      This kind of radio transmission essentially describes the signals that astronomers routinely observe coming from pulsars. In particular, there is considerable evidence to suggest that these signals are artificial. Indeed, they are the most complex ordered phenomenon known to astronomy, and to this date, they have not been adequately accounted for by any natural-cause model. The neutron star lighthouse model, for example, falls far short of this challenge. Many astronomers, though, will experience difficulty relinquishing the paradigm they have come to accept, even when confronted with its shortcomings.

      In reading this book, keep in mind that several sets of relationships must be taken into account to fully understand the symbolic message that the pulsar network is conveying. One part ties in with another to form a complete picture. Thus, it is helpful to contemplate these findings as a whole. It is also useful to read the books Earth Under Fire and Genesis of the Cosmos, as they provide background material essential to understanding the pulsar message.
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        One other thing it can be is an intelligent civilization attempting to communicate with other worlds, because everybody has said that’s how you’d mark yourself. You do something that can’t be done in nature. You make the pulse rate of a nearby pulsar exactly right, not deviating in the least year after year.
      

      FRANK DRAKE, 1974

      
        
          Discovery
        

        It was July 1967. The world’s first scintillation radio telescope had just been completed, a device that would allow astronomers to detect rapidly varying radio emissions coming from distant stars. Cambridge University graduate student Jocelyn Bell and her astronomy professor, Anthony Hewish, were making final adjustments to the field of radio aerials that lay stretched out across the English countryside. Little did they know that within a month Jocelyn would stumble upon one of the most important astronomical discoveries of the century. They had finished scanning an area of the sky located in the direction of the constellation of Vulpecula. Jocelyn was looking over the yards and yards of pen chart data that scrawled the signals from their antenna array and noticed something quite unusual. One of the radio sources whose radio signal twinkling they had been observing appeared to be emitting a steady series of radio pulses, or “beeps,” each lasting a few hundredths of a second. Hewish at first dismissed the pulses as radio interference from a terrestrial source such as sparking from a passing automobile. The signal had faded and could not be detected on subsequent observations, but one night it reappeared. After several months of observation, seeing that the signal came from a fixed location in the sky, he became convinced that they had detected a new kind of astronomical source.

        At the end of November, after obtaining a suitable fast-response chart recorder, they were able for the first time to get an accurate fix on the timing of the pulses. Six hours of observations had shown that the pulses had a very regular recurrence period of 1.33733±0.00001 seconds. Additional months of observation added two more decimal places to the precision of the source, and today we know its period to better than six parts per trillion, yielding a pulsation period of precisely 1.337301192269±0.000000000006 seconds per cycle! This discovery caused quite a stir among the project’s scientists. Nothing like it had ever been seen before. It seemed to them that they may have detected signals being sent from an alien civilization. Months of careful observation had revealed that the radio source lay about two thousand light-years away. The idea that the object was a radio beacon operated by extraterrestrial intelligence (ETI) was seriously considered, for this was the first time in the history of astronomy that a source of such precise regularity had been encountered. In fact, they initially named this source LGM-1, the acronym LGM standing for Little Green Men.1

        Near the end of December, Jocelyn discovered a second pulsating radio source in the constellation of Hydra, which lay in an opposite part of the sky. This one, which had a period of 1.2737635 seconds, was later christened LGM-2. With the discovery of this second source, the Cambridge astronomers began to doubt their ETI hypothesis. Since the two pulsars were found to be separated from one another by over 4,000 light-years, they figured that if they were ETI transmitters, they would necessarily have been built by different civilizations. But then it seemed to them very unlikely that more than one civilization would have chosen to communicate with us at this particular point in time and in addition use a similar method of sending precisely timed pulses.

        Fearing they would be inundated with reporters if their discovery became known to the public, the astronomers kept their find a tightly guarded secret until February, when they submitted a paper about it to Nature magazine.2 Their paper, however, avoided making an extraterrestrial intelligence (ETI) interpretation. Rather, they proposed that these signals might be emitted from the surface of a highly dense compact star, such as a white dwarf or neutron star, that was expanding and contracting, dimming and brightening, in a very regular manner. A decision to stick to their initial ETI hypothesis would most assuredly have condemned them to attacks from skeptical colleagues and would very likely have jeopardized their chances of publishing their findings in refereed journals. Besides, their study had originally been designed to investigate natural astronomical phenomena, not to search the skies for signs of extraterrestrial intelligence. In the following months, the Cambridge scientists discovered two other extremely regular pulsating sources with comparable periods of 0.253065 and 1.187911 seconds, duly named LGM-3 and -4, respectively. Later, when these sources became known as pulsars, the four were renamed PSR 1919+21, PSR 0834+06, PSR 0950+08, and PSR 1133+16.*1

        Multiple-source ETI communication, however, would not be all that unusual if the signals were coming from several intercommunicating civilizations, forming a kind of galactic collective or commune. In such a case, the idea of several communicators being on line and using similar methods of transmission would seem rather plausible. Today many scientists interested in the Search for Extraterrestrial Intelligence, an endeavor known as SETI, believe that such a galactic commune could very well exist. For example, the MIT radio astronomer professor Alan Barrett was one scientist who in the early 1970s was quoted by the New York Post as having wondered whether pulsar signals “might be part of a vast interstellar communications network which we have stumbled upon.”3 But the idea of a communication collective had not received much discussion back in 1967, and so doubts arose.

        Another reason why the Cambridge astronomers began to question their ETI hypothesis had to do with the way the radio signals were being sent. Rather than being transmitted at discrete frequencies like our own radio and television stations, pulsar transmissions covered a broad range of radio frequencies. The astronomers Robert Jastrow and M. Thompson, for example, reasoned as follows:

        If an extraterrestrial society were trying to signal other solar systems, its interstellar transmitter would require enormous power to send signals across the trillions of miles that separate every star from its neighbors. It would be wasteful, purposeless, and unintelligent to diffuse the power of the transmitter over a broad band of frequencies. The only feasible way to transmit would be to concentrate all available power at one frequency, as we do on earth when we broadcast radio and television programs.4

        Nevertheless, the development of particle-beam weapon technology during the 1980s brought us a step closer to realizing that broadband ETI communicators are not such a far-fetched idea after all. With this technology it is possible for us today to build a space-based device capable of projecting an intense beam of high-energy electrons that would in turn generate a highly collimated laserlike radio wave beam. This particle-beam communicator would consist of two main components: a particle accelerator and a particle-beam modulator unit (fig. 1). The particle accelerator would produce a beam of high-energy electrons traveling at very close to the speed of light. The beam modulator would apply magnetic forces transverse to this particle beam causing its electrons to deflect slightly and to convert some of their forward kinetic energy into synchrotron radiation, electromagnetic wave emission that characteristically spans a broad range of frequencies.

        Synchrotron radiation was first discovered in the early 1940s when physicists at the General Electric Research Laboratory in Schenectady, New York, first powered up the Synchrotron, one of the world’s first high-energy particle accelerators. During its operation, they noticed that a fascinating blue-white glow was radiating from the accelerator’s high-energy electron beam. It was later found that this emission had a very broad spectrum that ranged from low-energy radio and microwaves on up to high-energy ultraviolet and X-rays. Electrons traveling near the speed of light are known to emit this broadband radiation whenever they are magnetically deflected from their normal straight-line trajectories. Their high speed causes them to emit this radiation as a narrow conical beam aimed in their direction of travel (fig. 2).

        
          [image: image]
        

        
          Figure 1. An ETI particle-beam communicator device I proposed that could be used to transmit pulsarlike radiation pulses to other civilizations in the Galaxy (see chapter 7 for details).
        

        Although it was first discovered in the laboratory, synchrotron radiation was later found to be quite commonly produced in nature. Radio astronomers typically detect its presence wherever high-energy cosmic ray particles are being deflected by magnetic fields. It is detected coming from solar flare particles trapped in the Earth’s Van Allen radiation belts, from cosmic ray electrons magnetically trapped in supernova remnants, and from the tremendously energetic cosmic ray barrages emitted from the luminous quasarlike cores of exploding galaxies.

        The pulsed radio signals coming from pulsars have also been determined to consist of synchrotron radiation. In fact, by properly controlling its modulator unit, the particle-beam communicator shown in figure 1 could be made to produce a synchrotron beam that would flash on and off and produce a signal very similar to that coming from a pulsar. Powered by a medium-sized power plant that supplied on the order of 10 to 100 megawatts, this communicator could produce a beamed signal that even at distances of thousands of light-years would have a strength similar to that coming from a pulsar. Additional details about how such a communicator might operate are given in chapter 7.

        Given that it is possible for a technically advanced civilization to produce broadband pulsarlike signals, what would be some of the advantages for them to do so, as opposed to broadcasting discrete frequency transmissions? For one thing, a broadband signal would stand a better chance of being detected by a radio telescope. Such telescopes are normally designed to receive a jumble of radio signals covering a wide range of frequencies, as would normally come from naturally occurring radio sources in the sky. A radio station broadcasting a single frequency would become lost in the background noise resulting from the thousands of radio frequencies being received. On the other hand, a broadband signal, whose intensity was made to coherently vary over all of its frequencies, would more easily stand out and be detected, and it could be detected regardless of which part of the radio-frequency spectrum an astronomer happened to be observing. If an ETI signal were instead being transmitted on a single radio-frequency channel, an astronomer would need to have the good fortune to tune in to that particular channel out of billions of available channels. It would be like trying to find a needle in a cosmic haystack. This difficulty could be overcome by retrofitting radio telescopes with specialized electronic equipment capable of rapidly processing data gathered simultaneously from millions of discrete channels. In fact, such signal-processing equipment is currently being used in the SETI program. But it is not the kind of apparatus that observational astronomers would normally use in surveying the radio-emitting sky.
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          Figure 2. Electrons traveling at near-speed-of-light “relativistic” velocities emit narrow cones of synchrotron radiation when they are magnetically deflected.
        

        Broadband signal transmissions also have the advantage of providing the recipient civilization with a way of estimating the communicator’s distance. Interstellar space is filled with a tenuous medium of unattached electrons that causes lower-frequency radio waves to travel slightly slower than higher-frequency waves. This effect is due to radio-wave scattering and not to any change in the wave’s velocity through space. The low-frequency radio waves from a communication pulse, then, would lag slightly behind the high-frequency waves coming from the same pulse (see fig. 3). Consequently, the recipients of the pulsed message could determine the sender’s distance simply by measuring the amount of this frequency-dependent time delay. Such distance ranging would not be possible if the sending civilization were transmitting signals at only one frequency. So in retrospect, it seems that some of the reasons that were once given for discounting the possibility that pulsar signals might be of ETI origin are really not so sound.

        Nevertheless, early searches for intelligent signals in space were conducted on the assumption that the transmissions would be of the discrete frequency type. The first such radio telescope search was carried out by the astronomer Frank Drake in 1959 and 1960. This project, named OZMA, used the 26-meter radio antenna at the National Radio Astronomy Observatory in Green Bank, West Virginia, to search for signals from the two closest sunlike stars, Tau Ceti and Epsilon Eridani. Figuring that ETI signals would be transmitted at a discrete frequency, they tuned their telescope to scan what they thought would be the most likely frequency, 1420.405 MHz, the 21-centimeter line wavelength that atomic hydrogen normally radiates at. However, their search turned up nothing.

        Although SETI enthusiasts carried out a variety of other searches in the years that followed, there was no organized, scientifically recognized program at that time to fund such activities. Moreover, during these early years, the scientific community was not nearly as tolerant as it is today of the idea that intelligent beings might live elsewhere in the Galaxy and might even be trying to communicate with us. It was not until 1984 that astronomers first came up with irrefutable observational evidence indicating the presence of solar systems around other stars. It is not surprising, then, that back in 1967 Hewish and his Cambridge astronomy group had backed away from their ETI interpretation for pulsars.

        The announcement of their findings created quite a stir in the astronomical community, for no other natural sources were then known to exhibit such precisely timed pulses. It became regarded as one of the most important astronomical discoveries of the decade. Jocelyn Bell subsequently received considerable press recognition and Drs. Hewish and Ryle, who were codirectors of the Cambridge University radio telescope project, shared the 1974 Nobel Prize in physics.
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          Figure 3. Compared with higher-frequency radio waves, waves of lower frequency require more time to traverse the same distance through space. By measuring the amount of delay in radio pulse arrival time, astronomers are able to estimate the distance to the pulsating source.
        

        Shortly after the Cambridge pulsar findings were made public, other astronomers began their own searches. As a result, the number of known pulsars rose to 50 by mid-1970, to 147 by 1975, to 330 by 1981, to 550 by 1992, and to 706 by 1997, and by the end of 2005 more than 1,530 had been discovered. As many as 140 scientific papers were published on pulsars in 1968 alone, and hundreds more came out in the following years.

      

      
        The Neutron Star Lighthouse Model

        In the months after Hewish and Bell published their pulsar discovery, scientists came forth with as many as twenty different theoretical models attempting to explain the phenomenon. The earlier suggestion that pulsars might be radially pulsating white dwarf stars had to be discarded following the discovery later that year of two unusual pulsars found in the Crab and Vela supernova remnants. Both have periods under one tenth of a second, far too short to be realistically described by a radially pulsating dwarf star.

        As an alternative, astronomers eventually settled on the neutron star lighthouse model, which was proposed by Thomas Gold in June 1968.5 This conceived a pulsar to be an extremely dense, rapidly rotating mass of neutrons, called a neutron star, which was theorized to emit opposed beams of synchrotron radiation (see fig. 4). With each rotation, one or both of these beams would sweep past the Earth, producing a brief radio pulse.

        A neutron star is said to be formed when a star’s fusion reactions burn out, leaving the star’s mass in free-fall inward gravitational collapse. This compression is then said to be followed by a supernova explosion whose force further compacts the star’s core. The result is theorized to be a state of matter so dense that all the star’s nuclear particles have been transformed into neutrons and packed tightly together with the same density that exists in the nucleus of an atom. The star’s core, which initially would have a mass somewhere between 1.2 to 3 times the mass of the Sun and a diameter about like that of the Earth, would become compressed to a size of only 1 to 30 kilometers. If it could be brought to the Earth’s surface, one cubic centimeter of this substance would weigh somewhere between twenty-five million and one trillion tons!

        The neutron star idea was first proposed in the 1930s. But for many decades thereafter, astrophysicists were not sure whether to believe that such things really existed. It was not until pulsars were discovered that they began taking the idea more seriously, since no known natural object could explain pulsar signals. In their attempt to model pulsar signals, astrophysicists theorized that the neutron star would be spinning very rapidly, from several rpm up to hundreds of times per second, and that the resulting centrifugal forces would flatten it into the shape of a pancake.6 It was also thought that the star would be left with a magnetic field trillions of times stronger than the Earth’s magnetic field. This would somehow be frozen into the neutron star matter itself and would be typically skewed at an angle to the star’s axis of rotation.

        Furthermore, the neutron star was theorized to be left very hot as a result of its violent birth, its high temperature causing it to radiate a stream of high-energy electrons and other cosmic ray particles. These were thought to spew out from each of the star’s magnetic poles to form two opposed, pencil-like beams. One theory suggests that the star’s magnetic field would decelerate these electrons as they rushed outward and in so doing would cause them to emit two collimated beams of synchrotron radiation, the same type of radiation produced by our hypothetical particle-beam communicator. Since the beams were assumed to be oriented at an angle to the star’s axis of rotation, they would sweep through space as the star revolved, much like searchlights from a rotating lighthouse beacon. If the Earth happened to be in the path of one or, in some cases, both of these beams, they would be observed to flash by with clocklike precision, producing a train of regularly spaced pulses.
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          Figure 4. The lighthouse model proposed as an explanation of pulsar emission.
        

        There is, however, a fundamental problem with the neutron star lighthouse model. Whereas the model predicts that a pulsar’s individual radio beeps should be evenly spaced from one another, instead their arrival times are found to vary from one pulse to the next. A typical example of pulse-to-pulse timing variation may be seen in figure 5, which charts a succession of pulses observed from pulsar PSR0950+08. Each horizontal trace represents the signal received over a single pulse cycle, with 260 of these cycles being stacked up for comparison. The humplike pulses consist of a rise and fall in signal amplitude that typically lasts about 9 milliseconds, or about 3½ percent of the pulsar’s approximately 0.253-second pulse period. Note that each successive pulse does not occur at precisely the same phase in the pulse cycle. Instead, its timing varies with some degree of randomness. Nor is each pulse the same height as its predecessor.

        Precise regularity emerges only when many pulses are averaged together to produce a time-averaged pulse profile such as that shown as the uppermost trace in figure 5, which has been synthesized from two thousand successive pulse cycles.*2 Astronomers find that the shape of this pulse contour remains amazingly constant, being virtually identical to a time-averaged profile synthesized from data obtained some days, months, or even years later. Also unlike the individual pulses, the timing of this average pulse profile is extremely precise, its leading edge always beginning to rise at its “appointed” time. When astronomers speak of the extreme precision of a pulsar’s period, they are referring to the timing of the time-averaged profile, rather than to the timing of the individual pulses.

        Time-averaged pulse profiles for a number of pulsars are displayed in figure 6. These are most often dominated by a single peak, but some of the wider profiles contain several peaks, or components. The pulse profiles generally span anywhere from 1 to 20 percent of a pulsar’s total pulsation period, although in some cases they stretch over the entire pulse cycle.
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        Figure 5. A sequence of 260 pulses received from PSR 0950+08. Their time-averaged pulse profile, shown at the top, is obtained by adding together 2000 individual pulses. The horizontal axis plots pulse period phase, where one complete cycle is equivalent to a cycle phase of 360° (from Hankins and Cordes, Astrophysical Journal, figure 1).

        At the time when pulsars were first discovered, radio astronomers were not aware of the pulse-to-pulse timing variability. Their radio telescope equipment was set up only to average together many pulses, typically five minutes of collected data. As a result, they were able to study only the time-averaged profile, which happened to exhibit very precise timing. Thus, it was natural for pulsar theorists to assume that the individual radio pulses being averaged together in the data output were similarly very precisely timed. The neutron star lighthouse model, with its synchrotron beam rotating with clocklike regularity, emerged in the context of this assumption that the individual pulses were each precisely timed.

        However, within months of the time that Gold published his neutron star lighthouse model paper, investigators began discovering that there was considerable timing variation from one pulse to the next. This must be attributed mostly to the pulsar and not to interstellar scattering of the emitted radio waves during their journey to Earth.*3 This meant that the basic lighthouse model now had to be radically revised to produce nonregularly spaced pulses. This pulse-timing irregularity could be produced if the neutron star radiation beam were to flop back and forth as it swept through space. Alternatively, it might occur if the cosmic ray electron beam had a nonuniform substructure, its cosmic rays being concentrated into localized electron cascades, or sparks, emitted in varying directions through the beam’s aperture.

        But if the intervals between pulses were to vary in this manner, one would expect that when many pulses were averaged, the result would produce a profile whose shape and timing randomly changed from one pulse series average to the next. The finding to the contrary, that the time-averaged pulse profile was instead very constant, indicated that the lighthouse model had to be further revised. Thus, as this lighthouse beam swept around, its cosmic ray electron sparks would have to execute their back-and-forth flickering so that, when observed over many cycles, the sequence of pulses would “paint in” a time-averaged profile that was precisely timed and had a highly ordered shape. For example, the neutron star’s sparks might be imagined to pass through a kind of magnetic field “mask” that rotated together with the electron beam. This mask would have an angular width and contour similar to that of the resulting time-averaged pulse profile and would need to influence the sparks so that as they moved back and forth, the resulting sum total of their “brushstrokes” would sketch out the mask’s contour. As a result, when the series of synchrotron radiation pulses were added up, they would produce an unvarying time-averaged pulse profile that matched the shape of this mask. But pulsar theorists, then, would need to explain why this postulated magnetic field mask remained so invariant all the while that the neutron star and its cosmic ray beam were spinning so rapidly and sparking in various directions. Common sense tells us that the powerful cosmic ray beam should instead “blow” the imposed mask much like a wind blowing a flame, and consequently should produce a highly erratic time-averaged pulse profile.
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          Figure 6. Time-averaged pulse profiles for 45 pulsars. The bar at the bottom indicates the length of a quarter of a pulse cycle (Manchester and Taylor, 1977, figure 1).
        

        In summary, the lighthouse model offers a very disappointing explanation for even the most basic of pulsar signal characteristics. Its shortcomings are even further compounded when one considers the various other types of ordering that characterize pulsar signals, some of which are summarized in appendix B. One example is the phenomenon of pulse drifting. In certain pulsars, each succeeding pulse is observed to arrive slightly earlier than its preceding pulse, giving the appearance that the pulses are marching backward at a very regular rate and scanning across the contour of their resulting time-averaged pulse profile. To explain this kind of behavior, yet another level of complexity would need to be added to the lighthouse model. Its rotating cosmic ray beam now could no longer spark erratically in differing directions, but rather would have to produce sparks that swept across its co-rotating magnetic field mask in a highly regular fashion. Moreover, based on observations of certain other pulsars, this pulse-drifting model would have to be further revised to abruptly switch from one drift rate to another, and then to another, as if its drifting were being controlled by rudimentary rules of logic. Indeed, the complexity of pulsar signal ordering far surpasses that of any other known astronomical phenomenon. Even when the lighthouse model is made absurdly complex, it still falls short of satisfactorily explaining pulsar behavior, a shortcoming that today is widely recognized among pulsar theorists.

      

      
        ETI Beacons?

        Even after the astronomical community settled on the lighthouse model, some astronomers still entertained the possibility that at least some pulsars might be ETI beacons. Such speculation surfaced in 1974 with the discovery of PSR 1953+29, a pulsar with a very constant pulsation rate. The SETI pioneer and pulsar astronomer Frank Drake was one who suggested this pulsar might have an ETI origin. Dr. Drake is known, among other things, for having initiated Project OZMA and for having developed an equation for estimating the high probability of intelligent civilizations existing elsewhere in the Galaxy. Regarding this pulsar, he commented:

        All the other pulsars are spinning down, slowing up if you will. Not this one. We can detect no spin-down in this pulsar, making it clearly a very different beast. One other thing it can be is an intelligent civilization attempting to communicate with other worlds, because everybody has said that’s how you’d mark yourself. You do something that can’t be done in nature. You make the pulse rate of a nearby pulsar exactly right, not deviating in the least year after year.7

        Observation made over the following years showed that this pulsar’s period, in fact, was slowing down, but at a rate thousands of times slower than is typical of most pulsars. It was not by any means unique in this respect since astronomers have subsequently found over a dozen other pulsars that are slowing down at an even slower rate. Pulsar theorists once again came to the rescue of the lighthouse model and added special case assumptions that they believed could account for such an unusually slow loss of rotational speed. But maybe astrophysicists should not be so quick to dismiss the ETI interpretation. If extraterrestrial civilizations are attempting to communicate with us and are distinguishing their transmissions by doing “something that can’t be done in nature,” then pulsar signals certainly are the closest thing known to fit this criterion.

        The chapters that follow present evidence that pulsars are nonrandomly placed in the sky, with particularly distinctive beacons being situated at key galactic locations that are meaningful reference points from the standpoint of interstellar communication. Of course, these seemingly intelligent sky location placements could be dismissed as just a freak occurrence, albeit a very rare one. Others may instead regard them as evidence of an underlying intelligence operating in nature. Here, we will explore the alternate theory, that pulsars are artificial beacons created by advanced ETI civilizations.

        But if pulsars have been engineered by intelligent beings, the manner in which they produce their signals must somehow be explained. It is doubtful that their signals originate from space-station communicators of the kind portrayed in figure 1. Although such large-scale synchrotron beacons could be designed to produce pulsarlike transmissions, observation suggests that pulsar signals originate from near the surfaces of star-sized bodies.

        The determination that pulsars are quite massive comes from observations made of pulsars that are orbited by a companion star or planet. In such binary pulsars, the gravitational pull of the circling companion causes the pulsar to describe a small orbit in space, thereby inducing a sinusoidal variation in its pulsation period. By analyzing these cyclical variations and taking into account observations of a pulsar’s optically visible companion star, astronomers have become convinced that binary pulsars are indeed relatively large celestial bodies having masses comparable to that of our Sun. If we assume the hundreds of solitary pulsars that fill the sky are not much different from these binaries, we are left to conclude that all pulsar signals similarly arise from objects of rather large mass.

        In such a case, does this mean that we must rule out the notion that pulsars may be ETI communication beacons? The answer is no. For example, we might imagine a scientifically advanced civilization seeking out a hot stellar core and making use of its outgoing cosmic ray electron wind for communication purposes. In other words, the electron-accelerator component shown in figure 1 would be replaced with a naturally existing stellar cosmic ray source. By using advanced technology of the sort described in chapter 8, magnetic fields might be artificially generated near the star’s surface that would, in turn, decelerate the star’s cosmic ray electrons and cause them to produce one or more beams of synchrotron radiation (fig. 7). By modulating these fields, synchrotron pulses could be produced similar to those coming from pulsars. As in the particle-beam communicator, these beams would be stationary and would be accurately targeted on remote locations. Depending on their degree of divergence, the beam diameters at their remote destinations might vary from the size of a typical solar system (100 times the diameter of the Earth’s orbit) to about 100 light-years capable of encompassing many star systems.

        These communication beacon cosmic ray sources need not necessarily be neutron stars; they could also be larger-diameter bodies such as white dwarfs or X-ray stars. It is known that such hot stellar cores, which are a common late stage in the evolution of a star, typically radiate copious quantities of cosmic ray electrons. They are much larger in diameter than neutron stars (~20,000 kilometers, rather than 1 to 20 kilometers) and are about a million times less dense, their interiors consisting of closely packed atoms rather than of closely packed neutrons. As mentioned earlier, when pulsars were first discovered, astrophysicists theorized that their emissions might be produced by white dwarfs that were either rapidly rotating or radially pulsating. But when short-period pulsars such as the Crab and Vela pulsars were discovered, the white dwarf models had to be abandoned since, due to their relatively large size, they could neither rotate nor radially oscillate rapidly enough to explain such rapid pulsations. As a result, pulsar astronomers adopted the neutron star model as the only feasible alternative. However, if pulsar signals are of ETI origin, produced by artificially modulated magnetic fields, rather than by natural mechanical movement of the star itself, a much larger size hot stellar core could also serve as a satisfactory cosmic ray source. The previous mechanical limitations would no longer apply. More will be said about this ETI beam model in chapter 7.
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          Figure 7. A stationary-beam pulsar beacon. Fields engineered near the surface of a cosmic ray–emitting star project radio synchrotron beams to targeted locations. See chapter 7 for further details.
        

        Let us next examine what characteristics besides the precise timing of the time-averaged pulse profile might lead us to conclude that pulsars are communication beacons operated by intelligent beings.

      

    

  
    
      
        TWO
      

      A GALACTIC MESSAGE
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        The One-radian Marker

        Scientists of a communicating galactic civilization have to deal with the problem that their message must surmount an inherent language barrier. They might solve this by framing their message in terms of universal symbols that would be understandable to any advanced civilization. Easily recognizable mathematical or geometric relationships, laws of nature, or major astronomical points of interest might serve as common reference points where a meaningful conversation could begin.

        One key location in our own galaxy that would be an obvious candidate as a reference point is the Galactic center, the fulcrum mass around which the stars of the Milky Way orbit. All civilizations in our galaxy would perceive this unique site as a central location. NASA scientists referenced this Galactic center location in the space plaque message that was sent out in 1972 onboard the Pioneer 10 spacecraft. It was hoped that an alien civilization capable of space flight might one day come upon Pioneer 10 after the craft had journeyed far outside the solar system and discover the message etched on the gold-plated aluminum plaque affixed to its side (see fig. 8). The long horizontal line extending to the right of the “starburst” diagram on this plaque indicates the solar system’s relative distance from the Galactic center, while the other binary coded lines radiating in radial fashion indicate the directions, relative distances, and pulsation periods of fourteen prominent pulsars. By means of these celestial markers, it is hoped that an alien civilization might triangulate the spacecraft’s point of origin and thereby locate our planet. As will be seen shortly, the pulsars that this diagram innocently uses as reference points may be part of a network of ETI navigation beacons that may themselves be transmitting a message to us.

        To receive the Pioneer 10 message, the recipient civilization would actually have to intercept the spacecraft and recognize that its plaque carried a message. However, suppose that a civilization were to attempt to communicate by beaming flashing radio signals through interstellar space. How might beings communicating in this way use the Galactic center reference so that their signal was not mistaken for a natural radio source? One method could be to carefully choose the direction in which they beamed their signal so that the recipient civilization would see it coming from a location that was uniquely positioned relative to the Galactic center, a location that had a particular geometrical meaning easily recognizable to the recipient.

        In fact, a careful study reveals that certain very distinctive pulsars are located at positions that point out key locations relative to the Galactic center. Consider figure 9, which plots the sky locations of a set of 1,533 pulsars on a standard galactic coordinate map. The map’s coordinate lines measure galactic longitude (ℓ) and latitude (b) much like the longitude and latitude lines on a world map.*4 Our Galaxy’s spiral arm disk would stretch out along the map’s equator with the Galactic nucleus being located at the map’s center. We can get an idea of how the Milky Way’s edge-on spiral arm disk and central bulge would appear on such a map by referring to figure 10, which presents a similar mapping of the distribution of the Galaxy’s diffuse infrared emission.

        
          [image: image]
        

        
          Figure 8. The Pioneer 10 space plaque. The central starlike diagram points out in relation to the Earth the locations and directions of the Galactic center and 14 pulsars.
        

        As a whole, the pulsars plotted in figure 9 tend to congregate toward the galactic equator, the midline of the spiral arm disk. However, as we proceed to the left toward higher galactic longitudes, it is apparent that the number of pulsars drops precipitously past ℓ = 57±1°. We can get a clearer view of this cut-off by displaying our pulsar data in bar-graph form, as shown in figure 11.1 The horizontal axis plots galactic longitude and lays out the Galaxy’s 360-degree circumference in a series of 72 five-degree-wide longitude increments. The vertical axis plots for each longitude increment the number of pulsars lying within five degrees of the galactic equator. The 5° longitude increments have been chosen to begin from ℓ = 357.24°, rather than ℓ = 0°, in order to more clearly portray the sharp decline after ℓ = 57±1°. Within its ±5° latitude slice, the map charts a total of 1,010 pulsars, or about 66 percent of a total sample of 1,533 pulsars.*5 2
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          Figure 9. A galactic coordinate map showing the distribution of 1,533 pulsars (plotted from the ATNF pulsar database). The central horizontal line represents the galactic equator. The Galactic center is situated at the map’s center. The anticenter (ℓ = 180°, b = 0°) lies at the map’s left and right extremities.
        

        A threefold drop-off in pulsar population is evident past ℓ = 57.24°. Actually, if one-degree slices are made, one finds that the decline actually begins one degree from this point at about 56°. This feature is real and not an artifact of any observational selection effect. The Arecibo telescope, which has the advantage of being able to detect pulsars that are very faint and distant, has surveyed the sky nine degrees of longitude past this decline in population and has found few pulsars. Moreover, the Green Bank and Jodrell Bank radio telescopes, which have wide sky coverage ability, have supplemented Arecibo in surveying this entire region. The sudden drop-off from a high pulsar population persists even when we plot just the brightest, and hence most easily detectable, pulsars. It also persists if we expand our latitude coordinate range to include pulsars lying within ±10° of the galactic equator.
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        Figure 10. Sky distribution of diffuse infrared emission from the Milky Way
at a wavelength of 1 to 3 microns. Data is from NASA’s Diffuse Infrared
Background Experiment onboard the COBE satellite (courtesy of NASA and
COBE Science Working Group).

        The cut-off at this particular galactic longitude region cannot be attributed to a decline in pulsar population beyond one of the Milky Way’s spiral arms because there is no arm aligned along the one-radian direction. The spiral arms instead cut across at an angle to this direction. The sudden drop-off also cannot be attributed to the molecular gas ring that circumscribes the Galactic nucleus at a distance of about 14,000 light-years. The line-of-sight optical depth of this ring reaches a maximum around
ℓ = 30° to 40° and gradually decreases to a minimum value by
ℓ = 52°. Consequently, if pulsars were born from stars that may have formed in this ring, their populations should instead have decreased well before the one-radian cut-off.
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        Figure 11. The number of pulsars lying within 5° of the galactic equator plotted
as a function of galactic longitude. The left and right arrows indicate longitudes
lying one radian from the Galactic center.
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          Figure 12. The 1,000-foot-diameter radio telescope at Arecibo, Puerto Rico.
The Arecibo Observatory is part of the National Astronomy and Ionosphere
Center, which is operated by Cornell University under a cooperative agreement
with the National Science Foundation (photo courtesy of David Parker, 1997/Science Photo Library).
        

        The lighthouse model, which interprets pulsars as spinning neutron stars formed naturally in supernova explosions, predicts that pulsars should be distributed in the Galaxy in much the same way as supernova remnants.3 These remnants are scattered throughout the galactic disk and increase in concentration toward the Galactic center, conforming to the distribution of the relatively massive, so-called population I–type stars, which are believed to be the progenitors of supernovae. However, the supernova remnant distribution profile shows no comparable drop-off at the one-radian longitude. The decline away from the Galactic center is more gradual, the downward slope being greatest around
ℓ = 30° to 40°.

        From a geometrical standpoint, however, the position of this decline in pulsar population relative to the Galactic center is quite striking, for it occurs near the point on the galactic equator that lies one radian of arc from the Galactic center; see left arrow in figure 11. What is a radian and why is this particular galactic longitude so special from the standpoint of extraterrestrial communication? The radian is a universal concept that comes from the study of geometry. Let us begin by drawing a circle like that shown in figure 13. If we mark off a length along the circle’s circumference that has the same length as the circle’s radius, then the angle that subtends this arc, as measured from the center of the circle, is one radian. It takes a total of 2π radians to completely circumscribe a circle. Consequently, one radian will equal 360 degrees divided by 2π, or about 57.2958 degrees. Regardless of the size of the circle, this angle will always be the same.
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