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EXOTIC METEORITIC PHENOMENA:THE TUNGUSKA EVENT AND ANOMALOUSLOW ALTITUDE FIREBALLS � MANIFESTATIONSOF THE MIRROR WORLD?R. Foot and T.L. YoonShool of Physis, Researh Centre for High Energy PhysisUniversity of Melbourne, Vitoria 3010, Australiae-mail: foot�physis.unimelb.edu.aue-mail: tlyoon�physis.unimelb.edu.au(Reeived February 28, 2002)There are a number of very puzzling meteoriti events inluding (a) TheTunguska event. It is the only known example of a low altitude atmospheriexplosion. It is also the largest reorded event. Remarkably no fragments orsigni�ant hemial traes have ever been reovered. (b) Anomalous low alti-tude �reballs whih (in some ases) have been observed to hit the ground. Theabsene of fragments is partiularly striking in these ases, but this is not theonly reason they are anomalous. The other main puzzling feature is the lak ofa onsistent trajetory: low altitude �reballs, if aused by an ordinary osmibody penetrating the Earth's atmosphere, should have been extremely luminousat high altitudes. But in these anomalous ases this is (remarkably) not observedto our! On the other hand, there is strong evidene that most of our galaxyis made from exoti dark material � `dark matter'. Mirror matter is one wellmotivated dark matter andidate, sine it is dark and stable and it is required toexist if partile interations are mirror symmetri. If mirror matter is the darkmatter, then some amount must exist in our solar system. Although there isnot muh room for a large amount of mirror matter in the inner solar system,numerous small asteroid sized mirror matter objets are a fasinating possibilitybeause they an potentially ollide with the Earth. We demonstrate that themirror matter theory allows for a simple explanation for the puzzling meteoritievents [both (a) and (b)℄ if they are due to mirror matter spae-bodies. A diretonsequene of this explanation is that mirror matter fragments should exist in(or on) the ground at various impat sites. The properties of this potentiallyreoverable material depend importantly on the sign of the photon�mirror pho-ton kineti mixing parameter, ". We argue that the broad harateristis of theanomalous events suggests that " is probably negative. Strategies for detetingmirror matter in the ground are disussed.PACS numbers: 96.50.Ke (1979)



1980 R. Foot, T.L. Yoon1. IntrodutionOne of the most natural andidates for a symmetry of nature is par-ity symmetry (also alled left�right or mirror symmetry). While it is anestablished experimental fat that parity symmetry appears broken by theinterations of the known elementary partiles, this however does not ex-lude the possible existene of exat unbroken parity symmetry in nature.This is beause parity (and also time reversal) an be exatly onserved if aset of mirror partiles exist [1,2℄. The idea is that for eah ordinary partile,suh as the photon, eletron, proton and neutron, there is a orrespondingmirror partile, of exatly the same mass as the ordinary partile1. Fur-thermore, the mirror partiles interat with eah other in exatly the sameway that the ordinary partiles do. It follows that the mirror proton is sta-ble for the same reason that the ordinary proton is stable, and that is, theinterations of the mirror partiles onserve a mirror baryon number. Themirror partiles are not produed (signi�antly) in laboratory experimentsjust beause they ouple very weakly to the ordinary partiles. In the mod-ern language of gauge theories, the mirror partiles are all singlets underthe standard G � SU(3) 
 SU(2)L 
U(1)Y gauge interations. Instead themirror fermions interat with a set of mirror gauge partiles, so that thegauge symmetry of the theory is doubled, i.e. G 
 G (the ordinary parti-les are, of ourse, singlets under the mirror gauge symmetry) [2℄. Parity isonserved beause the mirror fermions experiene V +A (right-handed) mir-ror weak interations and the ordinary fermions experiene the usual V �A(left-handed) weak interations. Ordinary and mirror partiles interat witheah other predominately by gravity only.At the present time there is a large range of experimental observationssupporting the existene of mirror matter, for a review see Ref. [5℄ (for amore detailed disussion of the ase for mirror matter, aessible to thenon-speialist, see the reent book [6℄). The evidene inludes numerousobservations suggesting the existene of invisible `dark matter' in galaxies.Mirror matter is stable and dark and provides a natural andidate for thisinferred dark matter [7℄. The MACHO observations [8℄, lose-in extrasolarplanets [9℄, isolated planets [10℄ and even gamma ray bursts [11℄ may all bemirror world manifestations. On the quantum level, small fundamental in-terations onneting ordinary and mirror matter are possible. Theoretialonstraints from gauge invariane, renormalizability and mirror symmetrysuggest only three possible types of interations [2,12℄: photon�mirror pho-1 The mirror partiles only have the same mass as their ordinary ounterparts providedthat the mirror symmetry is unbroken. It is possible to write down gauge modelswhere the mirror symmetry is broken [3,4℄, in some ases allowing the mirror partilesto have ompletely arbitrary masses [4℄, however these senarios tend to be moreompliated and muh less well motivated in our view.



Exoti Meteoriti Phenomena: The Tunguska Event and. . . 1981ton kineti mixing, neutrino�mirror neutrino mass mixing and Higgs�mirrorHiggs interations. The main experimental impliation of photon�mirrorphoton kineti mixing is that it modi�es the properties of orthopositronium,leading to a shorter e�etive lifetime in `vauum' experiments [13�15℄. Ashorter lifetime is in fat seen at the 5 sigma level! [15,16℄. Neutrino�mirrorneutrino mass mixing implies maximal osillations for eah ordinary neutrinowith its mirror partner [12,17℄. This provides a simple and preditive expla-nation for the apparent � 50% solar �e �ux redution observed in the solarneutrino experiments (the solar neutrino problem), as well as the observed� 50% redution in upgoing �� in atmospheri neutrino experiments. [Al-though it is also true that the mirror world solution to the neutrino physisanomalies is not in perfet agreement with all of the experimental neutrinodata at the moment.℄The purpose of the present paper is to make a detailed study of onevery explosive impliation of the mirror matter theory, and that is, that oursolar system ontains small asteroid sized mirror matter spae bodies whihoasionally ollide with our planet. In Ref. [5,18℄ it was proposed that suhmirror matter spae bodies may have aused the famous 1908 Siberian ex-plosion � the Tunguska event � as well as other smaller, but more frequentevents. In the present paper we will examine this idea in more detail. Wewill show that the mirror matter Spae-Body (SB) hypothesis provides anatural framework for a uni�ed explanation for a number of puzzling mete-oriti events whih do not seem to be naturally assoiated with an ordinarymatter SB, inluding the 1908 Tunguska event and some anomalous lowaltitude �reball events.2. Some puzzling observationsOur solar system ontains a large variety of small spae bodies (SB) �asteroids and omets � as well as the 9 known planets and the variousmoons. Although tiny, small SB may be very numerous and may have bigimpliations for life on our planet. The reason is that sometimes they mightollide with our planet releasing large amounts of energy in the proess.For example, there is interesting evidene that the mass extintion whihwiped out the dinosaurs 65 million years ago was aused by the ollision ofa large asteroid or omet with the Earth. The evidene is in the form ofan exess of the rare element iridium in lay samples dating from that timeperiod [19℄. Iridium is very rare in the Earth's rust and mantle but muhmore ommon in asteroids and omets. There is also evidene for a largemeteorite rater also dating from the same time period. It is loated in theYuatan peninsula of Mexio. The estimated size of this asteroid is of order10 kilometers in diameter with a mass of about 500 billion tons.



1982 R. Foot, T.L. YoonMore reently, there is evidene that an objet of order 50 metres insize ollided with the Earth in 1908 ausing a very large explosion in theTunguska river region of Siberia. However, while the impat 65 million yearsago left hemial traes (the exess of iridium) as well as a rater, the morereent Tunguska objet is somewhat more inonspiuous � and muh morepuzzling. 2.1. The Tunguska eventIn the early morning of June 30th 1908 a powerful explosion ourred inthe Tunguska river region of Siberia. The explosion �attened about 2,100square kilometers of forest in a radial pattern (see �gure 1). The energyreleased in the explosion has been estimated to be the equivalent of roughly20 megatons of TNT or 1000 atomi bombs. There was also evidene thatthe inner two hundred square kilometers of trees was burned from above.The broad features of the event suggest a huge explosion in the atmosphereat an altitude of about 5�8 km whih produed a downward going spherialshokwave. The spherial shokwave toppled the trees in the radial patternand the heat from the explosion aused the �ash burn of the trees. For areent review of what is known about the Tunguska event, see Ref. [20℄.It is a remarkable fat that after onsiderable experimental study withmore than 40 sienti� expeditions to the site, the origin of the Tunguskaexplosion is still an open question. To explain the forest fall and other fea-tures requires a relatively low altitude explosion (� 5�8 km height), whihsuggests that the osmi body was able to withstand huge pressures with-out breaking up or ompletely ablating. Roughly, an ordinary body shouldbreak up when the pressure at its surfae exeeds its mehanial strength.Furthermore, a large body, like the Tunguska body, would not lose muhof its osmi veloity during its atmospheri �ight while it remains intat.Thus, as the body moves loser to the Earth's surfae the pressure quiklyinreases in proportion to the inreasing density of the Earth's atmosphere.It has been argued that the neessary low altitude of the explosion, indiatedby the broad features of the forest fall, suggests that the body should be me-hanially strong of asteroidal omposition rather than ometary. However,the break up of a mehanially strong body made of non-volatile materialmay be expeted to lead to multiple explosions and marosopi fragments(as well as signi�ant hemial traes, suh as iridium exess) overing the`impat region'. Yet, the evidene suggests a single predominant explosion.Furthermore, while there is evidene for subsequent explosions these werevery small, and seem to be at muh lower altitude. In the words of Vasi-lyev [21℄:
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Fig. 1. The forest devastation at Tunguska. The top �gure shows the fallen treeson the banks of the Khushmo river as seen by Kulik in 1928. The bottom �gureshows the area and orientation of the fallen trees.`We may tentatively onlude that along with a great energy release from 5 to 8kilometers above the Earth, there were a number of low-altitude (maybe even rightabove the surfae) explosions that ontributed to the total piture of destrution....It should be emphasised that though the pathiness of the e�ets assoiatedwith the Tunguska explosion has been noted in the literature more than one, itsorigin has not been disussed. This seems to be due to serious di�ulties of itsinterpretation in terms of the existing Tunguska osmi body models.'



1984 R. Foot, T.L. YoonOn the other hand, the lak of remnants ould point to a body made ofvolatile material suh as ies, whih ould have ompletely vaporized in theatmosphere. However, suh a body should not have survived to low altitudesbefore breaking up, espeially sine omets should impat with relativelyhigh veloities (v & 30 km/s) beause of their elliptial orbits. While itis believed that ies are the main omponents of omets, it is also knownthat omets typially ontain signi�ant amounts of non-volatile materialsas well2. Thus, a ometary origin of the Tunguska osmi body annotreally explain the lak of fragments and hemial traes. In either ase, theevidene for lower altitude seondary explosions does suggest that signi�antpiees of the original body survived the main explosion � but where are thetraes?It is an interesting observational fat that, on smaller sales, there donot seem to be events whih exatly mimi the Tunguska example. It isthe only known ase of a osmi body exploding at low altitudes in theatmosphere. Yet, there are very puzzling examples of small bodies whihhave been apparently observed to survive to low altitudes and strike theground. In a sense they are `Tunguska-like' beause of their lak of fragmentsand hemial traes (whih is even more mysterious beause the small bodieshave lost their osmi veloity and strike the ground with relatively lowveloities of order 1 km/s). We will disuss some examples of these rathermysterious impat events in Setion 2.2 below. More generally �reballsdisintegrate or explode at high altitudes (& 30 km). An example of a highaltitude explosion (or `airburst') is given by the Lugo �reball [23℄.On January 19, 1993 a bright �reball rossed the sky of northern Italy,ending with an explosion roughly over the town of Lugo. The energy of theexplosion � estimated to be about 14 thousand tons of TNT or one atomibomb � generated shok waves whih were reorded by six loal seismistations. By means of the seismi data, it was possible to alulate theheight of the explosion, whih was estimated to be approximately 30 km.No fragments were reovered. This event appears to be similar to the Tun-guska event, but with about 1000 times smaller in energy release and alsothe explosion ourred at signi�antly higher altitude (30 km rather than�5 km). Literally hundred's of other airburst events have been reorded bythe US department of Defense satellite system (with energies in the rangeof 1�100 thousand tons of TNT). Interestingly, they all appear to airburst2 The puzzling nature of the Tunguska event has also led to suggestions that its originwas purely geophysial (see for example, Ref. [22℄). Given the lak of diret materialevidene for the standard extraterrestrial explanation (i.e. asteroid or omet), suhalternative explanations are interesting and possible. However, there were numerouseye witness reports observing the large �reball heading towards Tunguska. It isalso true that some details of these reports were ontraditory, they nevertheless dosupport an extraterrestrial explanation for the event (in our opinion).



Exoti Meteoriti Phenomena: The Tunguska Event and. . . 1985at high altitudes. The Tunguska explosion appears to be unique for tworeasons: It is the largest reorded atmospheri explosion and also the onlyknown example of a low altitude airburst.2.2. Some examples of anomalous small �reballsThere are many reported examples of atmospheri phenomena resem-bling �reballs, whih annot be due to the penetration of an ordinary me-teoroid into the atmosphere (for a review of bolides, inluding disussion ofthese anomalous events, see Ref. [24℄). Below we disuss several examplesof this strange lass of phenomena.(i) The Spanish event � January 18, 1994.On the early morning of 1994 January 18, a very bright luminous objetrossed the sky of Santiago de Compostela, Spain. This event has been in-vestigated in detail in Ref. [25℄. The eye witnesses observed the objet tobe low in altitude and veloity (1 to 3 km/s). Yet, an ordinary body pene-trating deep into the atmosphere should have been quite large and luminouswhen it �rst entered the atmosphere at high altitudes with large osmi ve-loity (between 11 and 70 km/s). An ordinary body entering the Earth'satmosphere at these veloities always undergoes signi�ant ablation as thesurfae of the body melts and vapourises, leading to a rapid diminishing ofthe bodies size and also high luminosity as the ablated material is heated tohigh temperature as it dumps its kineti energy into the surrounding atmo-sphere. Suh a large luminous objet would have an estimated brightnesswhih would supersede the brightness of the Sun, observable at distanes ofat least 500 km [25℄. Sound phenomena onsisting of soni booms shouldalso have ourred [25℄. Remarkably neither of these two expeted phenom-ena were observed for this event. The authors of Ref. [25℄ onluded thatthe objet ould not be a meteori �reball.In addition, within a kilometer of the projeted end point of the �objet's�trajetory a �rater� was later disovered [25℄. The �rater� had dimensions29 m�13 m and 1:5 m deep. At the rater site, full-grown pine trees werethrown downhill over a nearby road. Unfortunately, due to a faulty telephoneline on the 17th and 18th of January (the �reball was seen on the 18th)the seismi sensor at the nearby geophysial observatory of Santiago deCompostela was inoperative at the ruial time. After a areful investigation,the authors of Ref. [25℄ onluded that the rater was most likely assoiatedwith the �reball event, but ould not de�nitely exlude the possibility of alandslide.No meteorite fragments or any other unusual material was disovered atthe rater site.



1986 R. Foot, T.L. Yoon(ii) The Jordan event � April 18, 2001.On Wednesday 18th April 2001, more than 100 people attending a funeralproession saw a low altitude and low veloity �reball. In fat, the objetwas observed to break up into two piees and eah piee was observed to hitthe ground. The two impat sites were later examined by members of theJordan Astronomial Soiety. The impat sites showed evidene of energyrelease (broken tree, half burnt tree, sheared roks and burnt ground) but

Fig. 2. Some pitures of the impat sites (Courtesy of the Jordan AstronomialSoiety[25℄).no ordinary rater (see �gure 2). [This may have been due, in part, to thehardness of the ground at the impat sites.℄ No meteorite fragments werereovered despite the highly loalized nature of the impat sites and lowveloity of impat. For more of the remarkable pitures and more details,see the Jordan Astronomial Soiety's report [26℄. As with the 1994 Spanishevent (i), the body was apparently not observed by anyone when it was athigh altitudes where it should have been very bright. Overall, this event



Exoti Meteoriti Phenomena: The Tunguska Event and. . . 1987seems to be broadly similar to the 1994 spanish event (i). For the samereasons disussed in (i) (above) it ould not be due to an ordinary meteori�reball.(iii) The Poland event � January 14, 1993.Another anomalous event, similar to the Spanish and Jordan ases wasobserved in Poland, January 14, 1993 [24, 27℄. Again, a low altitude, lowveloity (v � 1 km/s) body was observed. In this partiular ase therewas evidene of an enormous eletrial disharge at the `impat site', whihdestroyed most of the eletrial applianes in nearby houses.There are many other similar examples, some of whih have been de-sribed by Ol'khovatov in Ref. [22℄.2.3. Other anomalous events � speedy meteorsIn standard theory, light produed by a meteoroid during its interationwith the Earth's atmosphere is aused by the ablation proess: The surfaeof the meteoroid melts and vapourises due to the extreme heating of itssurfae by the interations with the atmosphere, leading to emission lines asthe atoms in the surrounding vapour de-exite. However, observations [28℄ ofthe Leonid meteors have shown that radiation from these extremely speedymeteors (entering the Earth's atmosphere at about 71 km/s) starts at anextremely high altitude, up to 200 km in height. At these high altitudes theatmosphere is so sparse that the ablation proess should not be ourringat all: there is simply not enough air moleules to heat and evaporate anentering meteoroid � yet radiation exists beause it is observed in rathergreat detail [28℄.Clearly, the observations 2.1 and 2.2 [and maybe even 2.3℄ indiate thatthere are many strange happenings a foot. These largely unexplained phe-nomena do provide motivation to examine the fantasti possibility that theymay be manifestations of the mirror world.3. The interations of a mirror matter spae-bodywith the atmosphereThere is not muh room for a large amount of mirror matter in our solarsystem. For example, the amount of mirror matter within the Earth hasbeen onstrained to be less than 10�3MEarth [29℄. However, we do not knowenough about the formation of the solar system to be able to exlude theexistene of a large number of Spae Bodies (SB) made of mirror matterif they are small like omets and asteroids. The total mass of asteroids inthe asteroid belt is estimated to be only about 0.05% of the mass of theEarth. A similar or even greater number of mirror bodies, perhaps orbiting



1988 R. Foot, T.L. Yoonin a di�erent plane or even spherially distributed like the Oort loud isa fasinating and potentially explosive possibility3 if they ollide with theEarth. The possibility that suh ollisions our and may be responsiblefor the 1908 Siberian explosion (Tunguska event) has been speulated inRef. [5,18℄. The purpose of this paper is to study this fasinating possibilityin detail.If suh small mirror bodies exist in our solar system and happen to ol-lide with the Earth, what would be the onsequenes? If the only foreonneting mirror matter with ordinary matter is gravity, then the onse-quenes would be minimal. The mirror SB would simply pass through theEarth and nobody would know about it unless it was so heavy as to grav-itationally a�et the motion of the Earth. While we know that ordinaryand mirror matter do not interat with eah other via any of the knownnon-gravitational fores, it is possible that new interations exist whih ou-ple the two setors together. In Ref. [2, 12℄, all suh interations onsistentwith gauge invariane, mirror symmetry and renormalizability were iden-ti�ed, namely, photon�mirror photon kineti mixing, Higgs�mirror Higgsinterations and via ordinary neutrino�mirror neutrino mass mixing (if neu-trinos have mass). While Higgs�mirror Higgs interations will be tested if orwhen the Higgs partile is disovered, there is urrently strong evidene forphoton�mirror photon kineti mixing [15℄ and also ordinary neutrino�mirrorneutrino mass mixing [12, 17℄. Of most importane though for this paper isthe photon�mirror photon kineti mixing interation.In �eld theory, photon�mirror photon kineti mixing is desribed by theinteration L = "2F ��F 0�� ; (1)where F �� (F 0��) is the �eld strength tensor for eletromagnetism (mirroreletromagnetism). This type of Lagrangian term is gauge invariant andrenormalizable and an exist at tree level [2,31℄ or may be indued radiativelyin models without U(1) gauge symmetries (suh as grand uni�ed theories)[13, 32, 33℄. One e�et of ordinary photon�mirror photon kineti mixing isto give the mirror harged partiles a small eletri harge [2, 13, 32℄. Thatis, they ouple to ordinary photons with eletri harge "e.The most important experimental impliation of photon�mirror pho-ton kineti mixing is that it modi�es the properties of orthopositronium[13℄. This e�et arises due to radiative o�-diagonal ontributions to theorthopositronium, mirror orthopositronium mass matrix. This means thatorthopositronium osillates into its mirror partner. Deays of mirror or-3 Large planetary sized bodies are also possible if they are in distant orbits [30℄ ormasquerade as ordinary planets or moons by areting ordinary matter onto theirsurfaes [6℄.



Exoti Meteoriti Phenomena: The Tunguska Event and. . . 1989thopositronium are not deteted experimentally whih e�etively inreasesthe observed deay rate [13℄. Beause ollisions of orthopositronium de-stroy the quantum oherene, this mirror world e�et is most importantfor experiments whih are designed suh that the ollision rate of the or-thopositronium is low [14℄. The only aurate experiment sensitive to themirror world e�et is the Ann Arbour vauum avity experiment [16℄. Thisexperiment obtained a deay rate of �oPs = 7:0482�0:0016 �s�1. Normaliz-ing this measured value with the reent theoretial value of 7:0399 �s�1 [34℄gives �oPs(exp)�oPs(theory) = 1:0012 � 0:00023 ; (2)whih is a �ve sigma disrepany with theory. It suggests a value j"j ' 10�6for the photon�mirror photon kineti mixing [15℄. Taken at fae value thisexperiment is strong evidene for the existene of mirror matter and heneparity symmetry. It is ironi that the last time something important wasdisovered in high energy physis with a table top experiment was in 1957where it was demonstrated that the ordinary partiles by themselves appearto violate parity symmetry.Of ourse, this vauum avity experiment must be arefully heked byanother experiment to make sure that mirror matter really exists. Atuallythis is quite easy to do. With the largest avity used in the experimentof Ref. [16℄ the orthopositronium typially ollided with the avity walls3 times before deaying. If the experiment was repeated with a larger avitythen the mirror world e�et would be larger beause the deohering e�et ofollisions would be redued. For example if a avity 3 times larger ould beused (whih means that the orthopositronium would typially ollide withthe walls just one before deaying) then the mirror world would predit ane�et roughly 3 times larger.There are several important impliations of photon�mirror photon ki-neti mixing with the relatively large value of j"j ' 10�6, some of whihhave been disussed previously [18, 35, 36℄. One very interesting e�et isthat it allows mirror matter spae-bodies to interat with the Earth's atmo-sphere. Imagine that a mirror SB of veloity v is entering the Earth's atmo-sphere and plummeting towards the ground. The mirror SB is onstantlybombarded by the atmosphere in front of it, initially with the veloity, v.Previous work [18℄ has shown that the air moleules lose their relative for-ward momentum after travelling only a distane of a few entimeters withinthe mirror SB. The ollision proess is dominated by Rutherford satteringof the atmospheri nulei (of atomi number Z � 7) o� the mirror SB nu-lei (with mirror atomi number Z 0) of e�etive eletri harge "Z 0e. TheFeynman diagram for the sattering proess is shown in �gure 3.



1990 R. Foot, T.L. Yoon

atom in the space-body

p
p

p
p

Proton from an
air molecule

Mirror proton from a mirrorFig. 3. Rutherford sattering of the mirror nulei o� the atmospheri nulei. Thesattering is only possible beause of the photon�mirror photon kineti mixing,indiated by the ross (X) in this diagram.The interation ross setion is simply the standard Rutherford formula(modi�ed for small angle sattering by the sreening e�ets of the atomieletrons at the Bohr radius, r0 � 10�8 m) [37℄ suppressed by a fator "2:d�olld
 = 4M2A"2e4Z2Z 02(4M2Av2 sin2 �2 + 1=r20)2 ; (3)where MA is the mass of the air moleules4.Anyway, the Rutherford sattering auses the ordinary air moleules tolose their forward momentum within the mirror spae-body (assuming thatj"j � 10�6 as suggested by the experiments on orthopositronium [15℄). Itfollows that the air resistane of a mirror SB is roughly the same as anordinary SB assuming the same trajetory, veloity, mass and size and thatthe body remains intat. The (kineti) energy loss rate of the body throughthe atmosphere is then dEdx = �Cd�atmSv22 ; (4)where �atm is the mass density of the air, v the speed, S = �R2 the rosssetional area and R the e�etive radius of the mirror SB. Cd is an order4 Ordinarily, the Rutherford formula only applies (for standard ordinary matter sat-tering) at high veloity (v & 1000 km/s) beause the Born approximation, fromwhih it an be derived, is only valid for weak potentials and high inident energies(see e.g. Ref. [37℄). In the ase of ordinary-mirror matter sattering � that we areonsidering � the potential is suppressed by a fator of " � 10�6, whih means thatthe Rutherford sattering formula is appliable even for very low veloities suh asv � 1 km/s.



Exoti Meteoriti Phenomena: The Tunguska Event and. . . 1991of unity drag fore oe�ient depending on the shape (and veloity) of thebody. In Eq. (4) the distane variable x is the distane travelled.Equation (4) is a standard result but we will derive it anyway. Speif-ially, an on-oming air moleule whih interats with the mirror SB andsurrounding ompressed air loses its relative momentum, thereby slowingdown the body. Conservation of momentum tell us that the hange in theSB veloity is then: Æv = � MAMSB v: (5)Multiplying this by the number of air moleules [of number density n(h)℄enountered after moving a distane dx, we havedv = � MAMSB vn(h)Sdx= ��atmvSdxMSB : (6)Note that this equation is equivalent to Eq. (4) with Cd = 2. The fatorCd arises beause, in general, not all air moleules in the path of the bodywill lose their relative momentum to the body; it is a ompliated aerody-nami and hydrodynami problem, whih depends on the shape, speed andtrajetory of the body. Solving Eq. (6), we �nd an exponentially deayingveloity: v = vie�x=D (7)where vi is the initial veloity of the SB andD = xR x �atmSMSB dx (8)For an air density of ��air � 10�3 g=m3,D � 10� R5 meters�� �SB1 g=m3� km : (9)In general, one must also take into aount the e�et of mass loss or`ablation'. For an ordinary matter body, the air moleules do not pene-trate the body, but merely strike the surfae and boune o�. The energyis therefore dissipated right at the surfae whih auses it to rapidly meltand vapourise. This means that R typially dereases quite rapidly for anordinary matter body. For a mirror matter SB, some of the energy is dissi-pated within the body by Rutherford sattering of the ordinary air moleules



1992 R. Foot, T.L. Yoonwith the mirror atoms of the SB and also by ollisions of the air moleuleswith other air moleules. Furthermore the heating of the surrounding air aswell as the air trapped within the body should provide an e�ient means oftransporting the heat. The air an transfer heat from the surfae regions ofthe mirror SB to the rest of the body. As a rude approximation, we anassume that the entire mirror matter SB, as well as a signi�ant frationof air moleules within and surrounding the SB are heated to a ommontemperature Tb. We all this the `isothermal approximation'. Anyway, theimportant point is that in the mirror matter ase, the energy imparted tothe SB is dissipated within it, rather than just at its surfae. Instead ofrapid surfae melting, the SB initially has very low ablation (relative to thease of an ordinary SB). The kineti energy of the impating air moleulesis dumped into the mirror SB and surrounding air, and rapidly thermalizedwithin it.Broadly speaking two things an happen depending on the hemial om-position of the SB and also on its initial veloity and trajetory: If the tem-perature of the mirror SB and surrounding air reahes the melting pointof the body, then the entire body will break up and melt and subsequentlyvapourise. On the other hand, if the temperature remains below the meltingpoint, then the body should remain intat. Note that one a SB breaks upinto small piees it rapidly dumps its kineti energy into the atmospheresine its e�etive surfae area rapidly inreases, whih also rapidly inreasesthe atmospheri drag fore.For a body that remains intat, there are two interesting limiting ases.For large bodies with size muh greater than 10 metres, the atmospheridrag fore is not large enough to signi�antly slow the body down during itsatmospheri �ight, while for small bodies less than about 10 metres in size,they typially lose most of their osmi veloity in the atmosphere. We willexamine eah of these limiting ases in turn, starting with the most dramatiase of large bodies suh as the Tunguska SB.4. Heating of a large mirror spae-bodypenetrating the Earth's atmosphereIn this setion, we shall examine the ase of a large mirror SB enteringthe Earth's atmosphere. For large spae-bodies, R � 10 metres, the atmo-spheri drag fore does not slow them down muh [f. Eq. (9)℄, whih meansthat we an treat their veloity as being approximately onstant during theiratmospheri passage. For a SB in an independent orbit around the Sun, theveloity at whih the body strikes the atmosphere (as seen from the Earth)



Exoti Meteoriti Phenomena: The Tunguska Event and. . . 1993is in the range5: 11 km/s . v . 70 km/s. (10)A pure mirror SB entering the Earth atmosphere would have an extremelylow initial temperature, only a few degrees above absolute zero. However,its temperature rapidly begins to rise during its atmospheri passage as thekineti energy of the on-oming atmospheri moleules (in the rest frameof the SB) are dumped into the SB and the surrounding o-moving om-pressed air. If the atmosphere was in�nite in extent, the temperature wouldeventually rise high enough so that the body melts, in whih ase it wouldrapidly dump its kineti energy into the atmosphere beause the e�etivesurfae area of the body rapidly inreases when it breaks apart. The nete�et would be an atmospheri explosion. There is evidene that suh atmo-spheri explosions atually our, and the Tunguska event is one well studiedexample.This mehanism has been disussed qualitatively in Ref. [18℄, and wewish now to examine it quantitatively. Could it reasonably be expetedto our given what is known about the Tunguska event? To answer thisquestion we must �rst estimate the rate at whih energy is dumped into themirror SB as it propagates through the atmosphere.We start with a simple model for the Earth's atmosphere. We assumethat it is omposed of moleules of mass MA � 30Mp (Mp is the protonmass), with number density pro�le:n(h) = n0 exp�� hh0�; (11)whereMAn0 ' 1:2�10�3 g/m3 is the air mass density at sea-level, and h0 �8 km is the sale height. Eq. (11), whih an be derived from hydrostatiequilibrium, is approximately valid for h . 25 km. Above that height, thedensity atually falls o� more rapidly then given by Eq. (11), but we willnevertheless use this equation sine it is a good enough approximation forthe things whih we alulate.The parameters de�ning the mirror SB's trajetory are illustrated in �g-ure 4. Its trajetory is direted towards a point on the ground O0. Consideran instantaneous point P , loated at a vertial height xd os � above theground, where the distane O0P is xd. In the frame of the SB, on-oming airmoleules strike the body and/or surrounding ompressed air (both outside5 The minimum veloity of a spae-body as viewed from Earth is not zero beause ofthe e�et of the loal gravity of the Earth. It turns out that the minimum veloity ofa spae-body is about 11 km/s, for a body in an independent orbit around the Sun(and a little less if there happened to be a body in orbit around the Earth).
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Fig. 4. Trajetory of a SB entering the Earth's atmosphere, taken to be approx-imately a straight path. All the length sales involved, x; h are all very smallompared to RE, allowing the urvature of the Earth be ignored.and within the mirror body), eventually losing most of their kineti energy(MAv2=2) after many ollisions. Their kineti energy is onverted primarilyinto thermal energy, heating the body and surrounding ompressed air.To estimate the amount of energy dumped into the mirror SB and sur-rounding ompressed air from the interation of it with the atmosphere,onsider an in�nitesimal distane dx (at the point P ). As a simple approxi-mation, let us assume that all the air moleules in the volume Sdx are sweptup by the on-oming SB and surrounding air. This approximation is similarto the one leading to Eq. (6) where detailed hydrodynami and aerodynamie�ets are ignored (equivalent to setting Cd = 2). In this approximation,the energy, d", dumped into the mirror SB and surrounding ompressed airis simply given by the number of air moleules in the volume Sdx multipliedby their average energy (with respet to the rest frame of the SB):d" = n(h)12MAv2Sdx: (12)This means that the total energy dumped into the spae-body (and sur-rounding highly ompressed o-moving air) during its passage from far away



Exoti Meteoriti Phenomena: The Tunguska Event and. . . 1995up until the point P is simply:"(xd) = 1Zxd n0exp��x os �h0 � 12MAv2Sdx : (13)We are most interested in working out the energy going into just themirror SB, rather than both SB and surrounding ompressed air. Atuallythis is another di�ult hydrodynami problem. The air trapped withinthe body and in front of it is highly ompressed. The total number of airmoleules moving with the SB ould be of the same order as the total numberof mirror moleules within the SB. With our isothermal assumption, we anlump this hydrodynami unertainty into a single fator, fa, whih is justthe fration of SB moleules to air moleules o-moving with the SB (Nair):fa = NSBNSB +Nair : (14)Here NSB is the number of mirror moleules omprising the SB. If thesemoleules have mass MA0 (for example, MA0 ' 18MP for mirror H2O ie)then NSB = MSB=MA0 . Essentially fa is the the proportion of the kinetienergy of the on-oming air moleules transferred into heating the mirrorSB. The energy dumped into the SB is then"SB(xd) = fa"(xd): (15)In addition to the fator fa, there are other hydrodynami unertaintiesoming from the �ow of air around the body. We assumed that every airmoleule in the path of the body would be swept up by the body, howeverreal life is always more ompliated. In general we must model the �ow ofair around the body � a di�ult hydrodynamial problem... . So, we mustintrodue another hydrodynami unertainty, fb. Atually, we will ombineall of our hydrodynami unertainties (fa and fb) into a single fator f .We will later take f � 0:1, but this is quite unertain. A useful quantityis the energy gained per moleule of the spae-body, �"SB= "SB(xd)=NSB.Evaluating this quantity, we �nd:�"SB= 3fn0v2MAMA0h0 exp��xd os �h0 �8�SBR os � ;' 5fos �� MA018MP��100 mR � 1g/m3�SB !� v30 km/s�2 exp��xd os �h0 � eV,(16)where MP is the proton mass and R is the e�etive radius of the mirror SB.



1996 R. Foot, T.L. YoonIf we know the energy dumped into the SB, "SB(xd), we an estimatethe temperature gained by the SB if we know the spei� heat of the body.Reall that spei� heat is just the energy required to raise the temperatureof a body by 1 degree. Atually we are partiularly interested in the energyrequired to heat the body from a temperature near absolute zero until itmelts. For this we must integrate the spei� heat from near absolute zeroto the melting temperature, and also add on the heat of fusion, whih isthe energy required to e�et the phase transition. This total energy �whih we label "m � obviously depends sensitively on the type of material.While we do not have any diret empirial guidane about the likely hemialompositions of mirror SB, we an be guided by the ompositions of ordinarymatter SB � the asteroids and omets. An important observation though isthat while iy ordinary matter bodies (omets) have only a relatively shortlifespan in the inner solar system beause they would have been melted bythe Sun (and therefore an only exist in elliptial orbits), mirror spae-bodiesmade of mirror ies ould be plentiful in the inner solar system (in irularorbits) and might be expeted to dominate over non-volatile substanes. Inthe table below, we estimate this quantity for a few plausible spae-bodymaterials. TABLE IThe physial properties [38℄ of some ited minerals in ommon meteorites [39℄.�SB Tm Q1 LF "mMineral (A0) (g/m3) (K) (kJ/mol) (kJ/mol) eV/moleuleAmmonia Ie, NH3 (17) 0.8 195 4.2 5.7 0.1Methane Ie, CH4 (16) 0.5 91 2.6 0.9 0.04Ie, H2O (18) 0.9 273 6 6 0.12Cristobalite, SiO2 (60) 2.2 1996 120 9.6 1.4Enstatite, MgSiO3 (104) 3.9 1850 200 75 � 21 2.8Forsterite, Mg2SiO4 (140) 3.2 2171 360 71 � 21 4.5Fe (56) 7.9 1809 62 13.8 0.8Magnetite, Fe3O4 (232) 5.2 1870 360 138 4.1Troilite, FeS (88) 4.7 1463 88 31 1.2Nikel (59) 8.9 1728 53 17 0.7A0 denotes mirror atom's relative moleular weight;Tm denotes melting point of A0;Q1 denotes total heat absorbed by A0 to raise its temperature from 0ÆK to itsmelting point;LF denotes heat of fusion (from solid phase to liquid phase);"m = Q1 + LF , and we have hanged to the onvenient units of eV per moleule.



Exoti Meteoriti Phenomena: The Tunguska Event and. . . 1997Assuming that no fragmentation ours (prior to melting), then a largemirror SB would melt above the ground provided that �"SB (xd = 0) > "m.Solving this ondition for the SB veloity, v, we �nd:v & 10s�os �0:5 ��0:1f �� R100 m��18MPMA0 �� �SB1 g/m3�� "m0:1 eV� km/s:(17)We emphasise that this equation was derived assuming that the body's ve-loity, v, is approximately onstant. This is roughly the ase for a large body(R � 10 metres) beause it is not slowed down muh by the atmospheridrag fore [f. Eq. (9)℄. Observe that Eq. (17) suggests that a large (R � 100m) mirror SB made of mirror ies would typially melt at some point in theatmosphere (only for R� 100 m ould a mirror iy body survive to hit theground). One it melts, the e�et of the pressure of the atmosphere on theliquid body would ause it to disperse dramatially, inreasing its e�etivesurfae area. This greatly inreases the atmospheri drag fore, ausing thebody to rapidly release its kineti energy into the atmosphere, leading inessene, to an atmospheri explosion.On the other hand, a large mirror roky body ould survive to hit theground intat; only if its veloity was relatively large (& 50 km/s) wouldit melt in the atmosphere. Of ourse, our estimation might be too simplis-ti to allow us to draw very rigorous onlusions. Nevertheless, the mirrormatter hypothesis does seem to provide a nie explanation for the main fea-tures of the Tunguska event: the low altitude explosion, absene of ordinaryfragments, and no hemial traes. Let us now take a loser look.The SB would melt at a height h = xd os � above the ground if �"SB(xd) = "m. Solving this ondition for the height, h, we �ndh=h0 ln"� v10 km/s�2 1g/m3�SB !�100 mR �� f0:1�� 0:5os ��� MA018MP��0:1 eV"m �# :(18)Foussing our attention onto the Tunguska event, whih is haraterized byMSB � 108 � 109 kg () R � 40 m for mirror ie and 20 m for mirror iron),os � � 0:5, and the height of the atmospheri explosion is h � h0. In thisase we �nd that v � 12 km/s for mirror ie;v � 40 km/s for mirror iron: (19)



1998 R. Foot, T.L. YoonReall the range of expeted veloities of the SB is 11 km/s < v < 70 km/s.Thus, it seems that both mirror ies and mirror non-volatile material mayplausibly explain the Tunguska event.An interesting observation is that if large mirror SB are predominatelymade of mirror ies, then Eq. (18) suggests that smaller suh bodies shouldexplode at higher altitudes beause of their smaller R values. Roughly speak-ing, the energy gained per moleule (in a large SB) is proportional to thearea swept out divided by the number of SB moleules (i.e. / S=V / 1=R).That is, the energy gained per moleule is inverserly proportional to thebody's size. Thus, smaller bodies should heat up faster. Furthermore, theenergy gained also depends on the body's veloity, but the harateristis ofthe Tunguska event suggest a mirror body near the minimum value possible,11 km/s [see Eq. (19)℄. SB with higher veloities, whih are possible, wouldalso lead to higher altitude explosions. Thus, the unique low altitude explo-sion assoiated with the Tunguska event seems to have a simple explanationin this mirror matter interpretation. Smaller mirror SB of Tunguska hem-ial omposition should always melt and thereby explode higher up in theatmosphere. This feature is in aordane with the observations of airburstevents disussed in part II.To onlude this setion, let us mention that there are many puzzlingfeatures of the Tunguska event whih we have yet to address here. Forexample, the origin of the optial anomalies, inluding abnormal sky-glowsand unpreedented bright notiluent louds 6. The most puzzling aspet ofwhih is that they seem to appear a few days before the Tunguska event (fora review, see e.g. [20℄). We make no laims that the mirror matter spae-body hypothesis de�nitely explains all of the observed e�ets; our main taskis to see if it an explain the main harateristis of the event (the lowaltitude atmospheri explosion, absene of fragments and hemial traes,visual sightings of the bolide). We suggest that the broad features of a SBmade of mirror matter are indeed onsistent with the main features of theTunguska event. Further work needs to be done to see to what extent it anexplain the other reported features.
6 These optial anomalies are in addition to the visual sightings of the bolide on June 30,1908. The visual sightings ould be explained in the mirror SB hypothesis beausepart of the kineti energy of the SB is transferred to the air, whih is eventuallyonverted into ordinary heat and light as the high veloity air moleules (at least 11km/s) eventually interat with (more distant) surrounding `stationary' air.



Exoti Meteoriti Phenomena: The Tunguska Event and. . . 19995. Heating of a small mirror spae-body penetratingthe Earth's atmosphereIn this setion we will examine the ase of a small mirror SB entering theEarth's atmosphere. For small bodies, R . 10 metres, the atmospheri dragfore e�etively �stops� the body in the atmosphere � it loses its osmi ve-loity and would reah the Earth's surfae with only a relatively low impatveloity in the range 0:1 km/s . vimpat . 3 km/s (providing of ourse thatit does not melt or break up on the way down).Beause the veloity is not onstant in this ase, we must ombineEq. (12) with Eq. (6): d" = n(h)12MAv2Sdxdv = � MAMSB vn(h)Sdx: (20)That is, d" = �vMSB2 dv: (21)Thus, if the body loses most of its osmi veloity in the atmosphere, thenintegrating the above equation (and putting in the hydrodynami fator, f),we �nd: "SB � fMSBv2=4: (22)Here v is the initial veloity of the SB.The above equation for the energy transferred to heating the SB analso be onveniently expressed in terms of heat energy per moleule, �"SB�"SB=NSB: �"SB = fMA0v2=4' f � MA018MP �� v11 km/s�2 5 eV. (23)Clearly, the only small mirror spae-bodies whih an survive to strike theground without ompletely melting must have relatively high values for "mand relatively low initial veloities near the minimum � 11 km/s. In thefollowing table we ompare �"SB with "m for some plausible mirror SB ma-terials.



2000 R. Foot, T.L. Yoon TABLE IIComparison between "m and ~"SB for a small mirror SB (R . 10 metres).Mineral ~"SB (eV per moleule) "m (eV per moleule)H2O & NH3 Ie 0:5� f0:1�� v11km=s�2 0.1CH4 Ie 0:5� f0:1�� v11km=s�2 0.04Cristobalite, SiO2 1:5� f0:1�� v11km=s�2 1.4Enstatite, MgSiO3 2:5� f0:1�� v11km=s�2 2.8Forsterite, Mg2SiO4 3:5� f0:1�� v11km=s�2 4.5Fe 1:5� f0:1�� v11km=s�2 0.8Magnetite, Fe3O4 7� f0:1�� v11km=s�2 4.1Troilite, FeS 2� f0:1�� v11km=s�2 1.2Nikel 1:5� f0:1�� v11km=s�2 0.7As this table shows, a small mirror SB an potentially reah the Earth'ssurfae without melting provided that f . 0:1 if they are made of typialnon-volatile materials (and f . 0:02 if the are made of ies). While valuesof f as low as � 0:1 are presumably possible7, values as low as 0:02 seem lesslikely. This means that a small mirror matter SB an possibly survive to hitthe Earth's surfae provided that it is made of a non-volatile ompositionsuh as mirror roky siliate materials or mirror iron materials.Can suh a small mirror matter SB be responsible for the observedanomalous events disussed in Setion 2.2? Reall that an ordinary mat-ter SB explanation of these events su�ers from two main di�ulties. First,any low altitude ordinary body must have had a large highly luminous par-ent body. Seond, a body having survived to low altitudes, losing its osmiveloity, should have left reoverable fragments. Remarkably both of thesedi�ulties evaporate in the mirror matter interpretation.7 Roughly speaking Eq. (23) also applies to ordinary matter bodies whih lose theirosmi veloity in the atmosphere; parts of whih ertainly do sometimes survivewithout ompletely melting. In addition to meteorite falls, there are also well do-umented spae debris, suh as parts of satellite (e.g. Skylab debris). Satellite partsenter the Earth's atmosphere at about 8 km/s, just below the minimum veloity ofSB's.



Exoti Meteoriti Phenomena: The Tunguska Event and. . . 2001First, the lak of ordinary fragments is easily explained if the SB is madeof mirror matter. One might expet reoverable mirror matter fragments,but these might have esaped notie (espeially if " is negative, as we willexplain in the next setion).Seond, low altitude mirror SB need not have been large and highlyluminous at high altitudes. Ablation should our at a muh lower rate fora mirror SB beause the pressure of the atmosphere is dissipated within thebody (rather than just at its surfae as would be the ase for an ordinarymatter body entering the atmosphere). More importantly, air an be trappedwithin the body and an transport the heat away from the surfae regions.The mehanism for produing ordinary light from a mirror SB is thereforeompletely di�erent to an ordinary matter body. For a mirror SB, we anidentify three basi mehanisms for produing ordinary light:� Interations with the air through ionizing ollisions (where eletronsare removed from the atoms) and exitations of the air moleules.� The potential build up of ordinary eletri harge as a onsequeneof these ionizing ollisions whih an trap ionized air moleules withinthe body. This build up of harge an lead to eletrial disharges [40℄.Note that this trapping of air annot our if the SB is made of ordinarymatter.� Heating of any ordinary matter fragments (if they exist!) within themirror matter spae-body, whih subsequently radiates ordinary light.The �rst two of these mehanisms listed above are atually most impor-tant for very speedy (mirror) meteoroids (as we will explain in a moment)but nevertheless may still play a role even if the veloity is near the mini-mum � 11 km/s as we suspet to be the ase for the anomalous low altitude�reballs (suh as the 2001 Jordan event and the 1994 Spanish event). Asmall mirror matter body an thereby be relatively dim at high altitudes(espeially if it is of low veloity, v � 11 km/s). As it moves through theatmosphere it slows down due to the atmospheri drag fore. The kinetienergy of the body is onverted into the heating of the whole body and thesurrounding ompressed air both outside and within the body. Any ordinarymatter fragments within the body will also heat up and emit ordinary light,but the body need not be extremely bright at high altitudes. The heatingof the whole body ould make the body at like a heat reservoir, perhapsallowing trapped air and ordinary matter fragments to emit some ordinarylight even at low altitudes where it is moving relatively slowly (espeiallyas our estimates in table II suggest that the body will be heated to nearmelting temperature whih is typially & 1800 K for plausible non-volatilemirror SB materials).



2002 R. Foot, T.L. YoonLet us brie�y expand upon the e�et of ionizing ollisions and the po-tential build up of ordinary harge within the SB due to trapped ionizedair moleules. This mehanism is most important at very high altitudes(& 100 km), sine impating air moleules an strike the mirror SB withtheir full veloity. At lower altitudes ompressed air develops within andin front of the body whih an shield the mirror SB from diret impats atosmi veloity. Note that this mehanism is also most important for SBentering the atmosphere with high veloity. The impating air atoms haveenergy, E = 12MAv2 � 70� v30 km/s�2 eV: (24)For a high veloity SB, v � 70 km/s, the energy of the impating air atomsis su�iently high for ionizing ollisions to our. For ordinary SB, theprobability of ionizing ollisions at these veloities is quite low [41℄, howeverfor mirror SB energy loss due to ionizing ollisions an potentially be om-parable to Rutherford sattering. This might explain the anomalously highaltitude beginnings of the observed light from ertain speedy meteors [40℄. Itmight also explain the release of eletrial energy in some anomalous eventssuh as the 1993 Polish event brie�y mentioned in Setion 2.2, beause ion-izing ollisions should lead to a build-up of ordinary eletri harge withinthe mirror SB from trapped ionized air moleules.Of ourse, if the body is made (predominately) of mirror matter and doessurvive to hit the ground, it would not leave any signi�ant ordinary matterfragments. This obviously simply explains the other mysterious feature ofthe anomalous small �reball events � the lak of ordinary fragments (de-spite the fat that the body was atually observed to hit the ground at lowveloities). An important onsequene of the mirror matter interpretationof the anomalous small �reball events is that mirror matter should exist insolid form (if they are indeed due to non-volatile mirror matter material8)and may therefore be potentially reoverable from these impat sites as wewill explain in the following setion.6. Finding mirror matter in/on the ground and the sign of "The photon�mirror photon kineti mixing indues small ordinary eletriharges for the mirror eletron and mirror proton. A very important issuethough is the e�etive sign of this indued ordinary eletri harge (the8 Transfer of heat from the air to the mirror body would quikly melt any volatile mirrormatter omponents (if they are on the Earth's surfae), even if it ould survive to hitthe ground.



Exoti Meteoriti Phenomena: The Tunguska Event and. . . 2003orthopositronium experiments are only sensitive to j"j, they do not provideany information on the sign of "). There are basially two physially distintpossibilities: The indued harge is either of the same sign or opposite, thatis, either the mirror eletrons repel ordinary eletrons, or they attrat them.In the ase where ordinary and mirror eletrons have ordinary harge ofthe same sign, the ordinary and mirror matter would repel eah other. Inthis ase, a fragment of mirror matter ould remain on the Earth's surfae,largely unmixed with ordinary matter. In the ase where the mirror eletronshave a tiny ordinary eletri harge of the opposite sign to the ordinaryeletrons, the mirror atoms attrat the ordinary ones. In this ase it wouldbe energetially favourable for mirror matter to be ompletely immersed inordinary matter, releasing energy in the proess.In the �rst ase, the maximum repulsive fore at the mirror matter �ordinary matter boundary an be rudely estimated to be of order9:F eletrostatimaximum � N surfaeatoms "Z1Z2e2r2bohr� (NSB)2=3 "Z1Z2e2r2bohr ; (25)where N surfaeatoms is the number of surfae atoms [whih is related to the totalnumber of atoms, NSB by, N surfaeatoms � (NSB)2=3℄ and Z1 (Z2) is the atominumber of the ordinary (mirror) nulei. The eletrostati fore opposes thefore of gravity, so a mirror rok an be supported on the Earth's surfaeprovided that F eletrostatimaximum > F gravity. F gravity is simply given byF gravity = gMrok= gMA0NSB; (26)where g ' 9:8 m=s2 is the aeleration of gravity at the Earth's surfae.Thus, we �nd: F gravityF eletrostatimaximum � gMA0r2bohr (NSB)1=3"Z1Z2e2 : (27)For a marosopi sized body, NSB is of order the Avagadro's number, NA.Putting in the numbers we �nd:F gravityF eletrostatimaximum � 10�6�10�6" ��NSBNA �1=3 ; (28)9 This equation ompletely neglets the shielding e�et of eletrons whih means itis probably an over estimate (by an order of magnitude or two) of the maximumeletrostati repulsive fore. Nevertheless, it is perhaps good enough for our purposes.



2004 R. Foot, T.L. Yoonwhere we have taken Z1 � Z2 � 10 and MA0 � 20MP . Clearly, in this asewhere the indued ordinary eletri harge of mirror partiles are of the samesign as their ordinary ounterparts, mirror matter bodies an be supportedagainst gravity if " � 10�6 as suggested by experiments on orthopositronium[15℄. If they impat with the Earth at low veloity then one might expetmirror fragments to exist right on the ground at the impat sites (or perhapspartly embedded in the ground).Of ourse, a pure mirror rok or fragment would be invisible, but oneould still touh it and pik it up (if " � 10�6). If it ontained embeddedordinary matter, then it would then be visible but surely of unusual appear-ane. Of ourse, the fat that no suh mirror roks have been found maybe due to their sarity. The oldest terrestrial age of an iron meteorite thathas been reovered on Earth (in Tamarugal in the Ataama desert, Chile) is1.5 million years [42℄. This represents a rude upper estimate for the typialtime that an extraterrestrial body ould remain and be found on the Earth'ssurfae before it is buried by tetoni movements of the Earth's rust. Theatual rate of anomalous low altitude bolide events aross the entire Earthshould be roughly 10�100 times the observed event rate (sine they are onlyobserved in populated regions). Thus, sine Jordan-like events are observedto our roughly on a yearly basis10, one might expet them to our on theplanet roughly one every few weeks. Eah event might leave small roksand fragments over an area of about 1 m2. Thus, the total area overed bymirror roks and fragments integrated over the last million years is roughlyexpeted to be less than of order 107�108 m2 (or between 10�100 squarekilometers) � a very small fration of the Earth's surfae. Nevertheless,the odds of �nding a mirror matter rok ould be greatly improved if onewere to arefully searh the `impat sites', suh as the one in Jordan andthe one in Spain. Nevertheless, the fat that no strange invisible roks havebeen reovered suggests perhaps that the indued ordinary eletri hargeof mirror partiles is of opposite sign as their ordinary ounterparts. In thisase things are more interesting but somewhat more ompliated.If ordinary and mirror matter attrats eah other, as it would do if say "is negative (or if one had a piee of mirror anti-matter and " were positive)then a fragment of mirror matter should beome ompletely immersed in theground (or at least the bulk of it). In the proess energy will be released,but exatly how muh is a non-trivial solid state problem.10 In this estimate, we use the smaller Jordan-type events disussed in Setion 2.2, ratherthan large Tunguska-type atmospheri explosions (Setion 2.1), beause the formerseem to be more likely to leave large non-volatile fragments (`miror roks') whihshould be easier to �nd then small fragments whih might be left after atmospheriexplosions.



Exoti Meteoriti Phenomena: The Tunguska Event and. . . 2005In the realisti ase of materials of varying density and omposition, amirror body should be expeted to ome to rest within the Earth, probablyonly just below the surfae (� meters).Thus, irrespetive of the sign of ", mirror matter should be found in theimpat sites � either on the ground or buried beneath the surfae � if theanomalous low altitude �re balls are indeed aused by mirror SB. In someases (e.g. the 2001 Jordan event) these sites are highly loalised and easilyaessible. One ould ollet samples of earth underneath the impat siteand try to searh for the presene of mirror matter fragments in the sample.Although hemially inert, mirror matter still has mass so its presene anbe inferred by its weight. If one ould ount the number of ordinary atoms(and their mass) in the sample, maybe by using a mass spetrometer, thenthe presene of invisible gravitating matter ould be inferred.Another omplementary way to test for mirror matter is by searhingfor its thermal e�ets on the ordinary matter surroundings. Consider thease where there is indeed mirror matter embedded in the ground. Themirror matter will be heated up by the interations with the ordinary atoms.However, the mirror matter will thermally radiate mirror photons (whihquikly esape) providing a ooling mehanism. Heat will be replaed fromthe ordinary matter surroundings whih will beome ooler as a result.To make this quantitative, onsider a spherial mirror body of radiusR0 surrounded by a muh larger volume of ordinary matter. In this ase,the energy lost per unit time to mirror radiation is given by the Stefan�Boltzmann law: Qrad = �T 04A0; (29)where T 0 is the surfae temperature of the mirror body and A0 is its surfaearea. As energy esapes, this auses a temperature gradient in the surround-ing ordinary matter as it thermally onduts heat to replae the energy lost.If we onsider a shell of radius R surrounding the mirror body (R > R0)then the heat rossing this surfae per unit time is given by:Q = ���T�RA; (30)where � is the oe�ient of thermal ondutivity, and A = 4�R2. Thus,equating the thermal energy transported to replae the energy esaping (asmirror radiation), we �nd: �T�R = ��T 04R02�R2 : (31)This means that the hange in temperature of the ordinary matter surround-ing a mirror matter body at a distane R, ÆT (R), is given by:



2006 R. Foot, T.L. YoonÆT (R) = ��T 04R02�R� � T 0270 K�4� R05 m�2�50 mR � K; (32)where we have taken � = 0:004 al/K.s.m, whih is the average value inthe Earth's rust. [Of ourse, the atual value of � is the one valid at thepartiular impat site.℄ Clearly, an important but non-trivial solid stateproblem is to �gure out the rate at whih heat an be transferred fromthe surrounding ordinary matter into the mirror matter objet, i.e. whatis T 0? If there were perfet thermal ondution between the mirror matterand surrounding ordinary matter, then T 0 = T (R0). However, beause thethermal ondution is not perfet (and must go to zero as "! 0), it followsthat T 0 < T (R0). It is possible that T 0 ould be signi�antly less thanT (R0); more work needs to be done to �nd out. However, if T 0 is not sosmall (it should be largest for mirror matter bodies with " < 0 and largemirror thermal ondutivity, suh as mirror iron or nikel, beause theyan draw in heat from the surrounding ordinary matter throughout theirvolume) then Eq. (32) suggests that mirror matter fragments an leave asigni�ant imprint on the temperature pro�le of the surrounding ordinarymatter. Thus, we may be able to infer the presene of mirror matter inthe ground simply by measuring the temperature of the Earth at variousdepths11. 7. ConlusionOne of the most fasinating ideas oming from partile physis is theonept of mirror matter. Mirror symmetry � perhaps the most naturalandidate for a symmetry of nature � requires a new form of matter, alled`mirror matter', to exist. The properties of mirror matter make it an idealandidate to explain the inferred dark matter of the Universe. In addi-tion, the mirror matter theory predits maximal neutrino osillations and ashorter e�etive orthopositronium lifetime � both e�ets whih have beenseen in experiments.If mirror matter really does exist, then some amount should be out therein our solar system. While there is not muh room for a large proportionof mirror matter in the inner solar system, it is oneivable that numeroussmall (asteroid sized) mirror matter spae-bodies might exist. In fat, it is11 It may be worth looking at satellite infrared temperature maps of the Tunguska regionto see if there is any disernable temperature anomaly.



Exoti Meteoriti Phenomena: The Tunguska Event and. . . 2007possible that many of the observed �reballs are in fat aused by the entryinto the Earth's atmosphere of suh mirror matter spae-bodies 12. We haveshown that the interation of a mirror matter spae-body with the Earth'satmosphere seems to provide a very simple explanation for the Tunguskaevent as well as the more puzzling low altitude �reball events (suh as the1994 Spanish event and 2001 Jordan event disussed in Setion 2.2).Our analysis assumes that the photon�mirror photon kineti mixing in-teration exists, whih is supported by experiments on orthopositronium.This fundamental interation provides the mehanism ausing the mirrorspae-body to release its kineti energy in the atmosphere thereby makingits e�ets `observable'. Thus, one way to test the Tunguska mirror spae-body hypothesis is to repeat the orthopositronium experiments. If mirrormatter really exists and there is a signi�ant photon�mirror photon intera-tion (" > 10�9), then this must show up if areful and sensitive experimentson orthopositronium are done.A more dramati way to test the mirror spae-body hypothesis is to startdigging! If these events are due to the impat of a mirror matter spae-body,then an important impliation is that mirror matter should exist on (or in)the ground at these impat sites. We have argued that the harateristis ofmirror matter fragments on the Earth's surfae depend rather ruially onthe e�etive sign of the photon�mirror photon kineti mixing parameter, ",with the evident lak of surfae fragments at various `impat sites' suggestingthat " < 0. In this ase, mirror matter should exist embedded in the groundat the various `impat sites' and an potentially be extrated.One of us (R.F.) wishes to greatfully aknowledge very valuable orre-spondene with Zdenek Cepleha, Luigi Foshini, Saibal Mitra and AndreiOl'khovatov. T.L. Yoon is supported by OPRS and MRS.REFERENCES[1℄ T.D. Lee, C.N. Yang, Phys. Rev. 104, 256 (1956); I. Kobzarev, L. Okun, I.Pomeranhuk, Sov. J. Nul. Phys. 3, 837 (1966); M. Pavsi, Int. J. Theor.Phys. 9, 229 (1974).[2℄ R. Foot, H. Lew, R. R. Volkas, Phys. Lett. B272, 67 (1991).12 Interestingly, reent studies using the Sloan digital sky survey data have found [43,44℄that the number of ordinary spae-bodies (greater than 1 km in size) seems to besigni�antly less (� 3 times) than expeted from rater rates on the moon [45℄.While both ordinary and mirror matter spae-bodies would leave raters on the moon(assuming " � 10�6), mirror spae-bodies may be invisible (or very dark) if theyontain negligible amount of ordinary matter. Thus, large mirror spae-bodies mayhave esaped diret observation, but their presene may have been hinted by themeasured lunar rater rate.
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