arXiv:hep-ph/0107132 v2 16 Jul 2001

June 2001

The mirror world interpretation of the 1908 Tunguska event and other more recent events

R. Foot^∗

Research Centre for High Energy Physics School of Physics University of Melbourne Parkville 3052 Australia

Abstract

Mirror matter is predicted to exist if parity (i.e. left-right symmetry) is a symmetry of nature. Remarkably mirror matter is capable of simply explaining a large number of contemporary puzzles in astrophysics and particle physics including: Explanation of the MACHO gravitational microlensing events, the existence of close-in extrasolar gas giant planets, apparently ‘isolated’ planets, the solar, atmospheric and LSND neutrino anomalies, the orthopositronium lifetime anomaly and perhaps even gamma ray bursts. One fascinating possibility is that our solar system contains small mirror matter space bodies (asteroid or comet sized objects), which are too small to be revealed from their gravitational effects but nevertheless have explosive implications when they collide with the Earth. We examine the possibility that the 1908 Tunguska explosion in Siberia was the result of the collision of a mirror matter space body with the Earth. We point out that if this catastrophic event and many other similar smaller events are manifestations of the mirror world then these impact sites should be a good place to start digging for mirror matter. Mirror matter could potentially be extracted & purified using a centrifuge and have many useful industrial applications.

∗E-mail address: foot@physics.unimelb.edu.au

One of the most natural candidates for a symmetry of nature is parity (i.e. left-right) symmetry. While it is an established experimental fact that parity symmetry appears broken by the interactions of the known elementary particles, this however does not exclude the possible existence of exact unbroken parity symmetry in nature. This is because parity (and also time reversal) can be exactly conserved if a set of mirror particles exist [1,2]. The idea is that for each ordinary particle, such as the photon, electron, proton and neutron, there is a corresponding mirror particle, of exactly the same mass as the ordinary particle. For example, the mirror proton and the ordinary proton have exactly the same mass. Furthermore the mirror proton is stable for the same reason that the ordinary proton is stable, and that is, the interactions of the mirror particles conserve a mirror baryon number. The mirror particles are not produced (significantly) in Laboratory experiments just because they couple very weakly to the ordinary particles. In the modern language of gauge theories, the mirror particles are all singlets under the standard G ≡ SU(3) ⊗ SU(2)_L ⊗ U(1)_Y gauge interactions. Instead the mirror fermions interact with a set of mirror gauge particles, so that the gauge symmetry of the theory is doubled, i.e. G ⊗ G (the ordinary particles are, of course, singlets under the mirror gauge symmetry) [2]. Parity is conserved because the mirror fermions experience V + A mirror weak interactions and the ordinary fermions experience the usual V − A weak interactions. Ordinary and mirror particles interact with each other predominately by gravity only.

At the present time there is a large range of experimental evidence supporting the existence of mirror matter (for a review see Ref. [3]). Mirror matter is necessarily stable and dark and appears to provide a viable candidate for the inferred dark matter in the Universe [4] as well as having important implications for early Universe cosmology [4,5]. Mirror dark matter also has self interactions just like ordinary matter which may allow it to escape the fate of collisionless cold dark matter candidates such as hypothetical neutralinos which now appear to be ruled out by the observations [6]. Moreover, mirror matter, like ordinary matter can form stars, planets and smaller bodies and there is interesting evidence for all these things. In particular mirror stars are a natural candidate [7] for the observed MACHO gravitational microlensing events [8]. Furthermore mirror planets would provide a simple explanation [9] for the existence of close-in extrasolar planets which has been puzzling astronomers since their unexpected discovery in 1995 [10]. There is also evidence that the ‘dynamical mirror image’ system of an ordinary planet orbiting a mirror star has also been observed but interpreted as an ‘isolated’ planet because light from the mirror star was not detected [11].

The significance of mirror matter for astrophysics and cosmology is clear, perhaps of equal importance though is the implications of mirror matter for particle physics. While ordinary and mirror matter interacts with each other predominately by gravity, small nongravitational interactions are actually possible. Due to constraints from gauge symmetry, renormalizability and parity symmetry it turns out that there are only 3 ways in which ordinary and mirror matter can interact with each other (besides gravity) [2,12]. This is via photon - mirror photon kinetic mixing, Higgs - mirror Higgs interactions and via ordinary neutrino - mirror neutrino mass mixing (if neutrinos have mass). While Higgs - mirror Higgs interactions will be tested if or when the Higgs particle is discovered, there is currently strong evidence for photon - mirror photon kinetic mixing and also ordinary neutrino - mirror neutrino mass mixing.

A simple consequence of the parity symmetry is that each of the ordinary neutrinos (ν) will oscillate maximally into its mirror partner (ν^′) [12–14]. This provides a very elegant explanation for the solar neutrino puzzle since the maximal ν_e → ν^′_e oscillations imply an approximate 50% flux reduction for a large range of δm^2 which is in broad agreement with the solar neutrino data [15,16]. Moreover this solution predicted the approximate energy independent recoil electron energy spectrum observed by super-Kamiokande [17] as well as the ∼ 50% flux reduction found in the Gallium experiments [18]. In the case of the atmospheric neutrino anomaly the inferred 50% reduction of up-going ν_μ is also nicely explained by maximal ν_μ → ν^′_μ oscillations [19]. If the solar and atmospheric neutrino anomalies are due to oscillations into mirror neutrinos then oscillations between generations can be governed by small mixing angles which seems theoretically most natural. This reasoning is supported by the LSND experiment which has provided strong evidence for small angle ν_e → ν_μ oscillations [20].

It is true, though, that the solution to the neutrino physics anomalies implied by the mirror matter theory does not give a perfect fit to every neutrino experiment. However this is probably a good thing, since it is unlikely that every experimental measurement is correct. In the case of solar neutrinos, the low Homestake result (1/3 c.f. 1/2 in the 5 other solar neutrino experiments) and also the recent SNO results [21] do not favour the simplest mirror matter solution. In addition the atmospheric data slightly prefer ν_μ → ν_τ to ν_μ → ν^′_μ [22] (although the extent to which ν_μ → ν^′_μ is disfavoured depends significantly on how the data is analysed [23]). Because these disfavouring results are only at the 1.5-3.3 sigma level (and are largely dominated by systematics) they do not provide a strong case against the mirror matter theory. Importantly things will eventually become clear as more accurate measurements are done. The forthcoming NC/CC SNO measurement should provide a solid result one way or the other.

Another important way that ordinary and mirror matter can interact with each other is via photon - mirror photon kinetic mixing. In field theory this is described by the interaction L = ϵ 2 F^{μν}F^′_{μν}, (1) where F^{μν} (F^′_{μν} ) is the field strength tensor for electromagnetism (mirror electromagnetism). This type of Lagrangian term is gauge invariant and renormalizable and can exist at tree level [24,2] or maybe induced radiatively in models without U(1) gauge symmetries (such as grand unified theories) [25–27]. One effect of ordinary photon - mirror photon kinetic mixing is to give the mirror charged particles a small electric charge [25,26,2]. That is, they couple to ordinary photons with electric charge ϵe.

The most important experimental constraint on photon - mirror photon kinetic mixing is that it modifies the properties of orthopositronium [26]. This effect arises due to radiative off-diagonal contributions to the orthopositronium, mirror orthopositronium mass matrix. This means that orthopositronium oscillates into its mirror partner. Decays of mirror orthopositronium are not detected experimentally which effectively increases the observed decay rate [26]. Because collisions of orthopositronium destroy the quantum coherence, this mirror world effect is most important for experiments which are designed such that the collision rate of the orthopositronium is low [28]. The only accurate experiment sensitive to the mirror world effect is the Ann Arbour vacuum cavity experiment [29]. This experiment obtained a decay rate of Γ_{oP s} = 7.0482±0.0016 μs^{−1}. Normalizing this measured value with the recent theoretical value of 7.0399 μs^{−1} [30] gives Γ_{oP s}(exp) Γ_{oP s}(theory) = 1.0012 ± 0.00023 (2)

which is a five sigma discrepancy with theory. It suggests a value ϵ ≃ 10^{−6} for the photon - mirror photon kinetic mixing [31]. Taken at face value this experiment is strong evidence for the existence of mirror matter and hence parity symmetry. It is ironic that the last time something important was discovered in high energy physics with a table top experiment was in 1957 where it was demonstrated that the ordinary particles by themselves appear to violate parity symmetry.

Of course this vacuum cavity experiment must be carefully checked by another experiment to make sure that mirror matter really exists. Actually this is quite easy to do. With the largest cavity used in the experiment of Ref. [29] the orthopositronium typically collided with the cavity walls 3 times before decaying. If the experiment was repeated with a larger cavity then the mirror world effect would be larger because the decohering effect of collisions would be reduced. For example if a cavity 3 times larger could be used (which means that the orthopositronium would typically collide with the walls just once before decaying) then the mirror world would predict an effect 3 times larger.

There are several important implications of photon - mirror photon kinetic mixing with the relatively large value of ϵ ≃ 10^{−6} suggested by the orthopositronium vacuum experiment. These include:

• Exploding mirror stars (mirror supernova) will emit a burst of (ordinary) gamma rays. This would occur because at the temperatures ∼ 10 MeV reached at the center of a typical supernova explosion the kinetic mixing will convert e^{′+}e^{′−} → e^+e^− which subsequently produces a relativistic fireball, which seems to qualitatively explain many of the features of the observed gamma ray bursts [32].

• Such a large value of ϵ ≈ 10^{−6} will lead to the light mirror particles (e^{′±}, γ^′, ν^′) being brought into equilibrium with the ordinary particles above T = 1 MeV in the early Universe [33]. While this is not a problem for the recent measurements [34] of the Cosmic Microwave Background [35], it does suggest that standard BBN needs modification. For example, there might exist a large electron neutrino asymmetry which can compensate for the faster expansion rate leading to acceptable values of the light element abundances [36]. Another possibility is that there might exist a large negative cosmological constant which will slow down the expansion rate at T ∼ 1 MeV [14].

• Mirror stars can become visible if they have some embedded ordinary matter. This is because the ordinary matter is heated by the mirror matter though photon - mirror photon kinetic mixing. Maybe the recently observed halo white dwarfs [37] (which are controversial [38]) are really mirror stars [39] or even mirror white dwarfs. Because of their age they may have accreted enough ordinary matter to be observable.

Perhaps the most remarkable possibility though is that there is some significant amount of mirror matter in our solar system. We don’t know enough about the formation of the solar system to be able to exclude the existence of a large number of Space Bodies (SB) made of mirror matter if they are small like comets and asteroids. The total mass of asteroids in the asteroid belt is estimated to be only about 0.05% of the mass of the Earth. A similar or even greater number of mirror bodies, perhaps orbiting in a different plane or even spherically distributed like the Oort cloud is a fascinating and potentially explosive possibility^† if they collide with the Earth. The possibility that such collisions occur and may be responsible for the 1908 Siberian explosion (Tunguska event) has been speculated in Ref. [3]. The purpose of this paper is to study this possibility in detail and to point out the important ramifications of this idea which is that mirror matter should be present in the ground at the ‘impact’ sites and could be extracted as we will discuss.

If such small mirror bodies exist in our solar system and happen to collide with the Earth, what would be the consequences? If the only force connecting mirror matter with ordinary matter is gravity, then the consequences would be minimal. The mirror SB would simply pass through the Earth and nobody would know about it unless it was so heavy as to gravitationally affect the motion of the Earth. However if there is photon - mirror photon kinetic mixing as suggested by the orthopositronium vacuum cavity experiment, then the mirror nuclei (with Z^′ mirror protons) will effectively have a small ordinary electric charge ϵZ^′e. This means that the nuclei of the mirror atoms of the SB will undergo Rutherford scattering off the nuclei of the atmospheric nitrogen and oxygen atoms. In addition ionizing interactions can occur which can ionize both the mirror atoms of the space body and also the atmospheric atoms. The net effect is that the kinetic energy of the SB is transformed into light and heat (both ordinary an mirror varieties) and a component is also converted to the atmosphere in the form of a shockwave, as the forward momentum of the SB is transferred to the air which passes though or near the SB.

What happens to the mirror matter SB as it plummets towards the Earth’s surface depends on a number of factors such as its initial velocity, size, chemical composition and angle of trajectory. Of course all these uncertainties occur for an ordinary matter SB too. Interestingly it turns out that for the value of the kinetic mixing suggested by the Orthopositronium experiment, ϵ ≈ 10^{−6}, the air resistence of a mirror SB in the atmosphere is roughly the same as an ordinary SB assuming the same trajectory, velocity mass, size and shape (and that it remains intact). This occurs because the air molecules will lose their relative forward momentum (with respect to the SB) within the SB itself because of the Rutherford scattering of the ordinary and mirror nuclei as we will show in a moment. (Of course the atmospheric atoms still have random thermal motion). This will lead to a drag force of roughly the same size as that on an ordinary matter SB, implying an energy loss rate of dE dx = C_dρ_{air}A v^2 2 , (3)

where ρ_{air} is the density of the air, v is the velocity of the SB and A is the cross sectional area. The drag coefficient, C_d is of order unity - its precise value depending on the shape of

† Large planetary sized bodies are also possible if they are in distant orbits [40].

the body. We will take C_d ∼ 1. Eq.(3) is a standard result and quite easy to derive: The pressure of the atmosphere on the surface of the body increases linearly with the velocity of the body. Also the number of atoms striking the surface will increase linearly with the air density and also velocity (since the volume that the body sweeps out in a given time t is just Avt). Eq.(3) implies that the bodies velocity decreases exponentially with distance (x), v = v_ie^{−x/D} , (4) where v_i is its initial velocity and D = 2Rρ_{SB} C_dρ̄_{air} ∼ 10 ( R 5 meters ) ( ρ_{SB} 1 g/cm^3 ) km. (5)

In this equation, ρ_{SB} is the density of the SB and R ≡ V/A is the ‘size’ of the body (V is its volume). Note that we have used ρ̄_{air} ≈ 10^{−3} g/cm^3 which is the air density at about 5 km altitude (the density at sea level is about twice this value) for a rough estimate of the mean density encountered as it travels through the atmosphere. The above calculation shows that the rate of energy loss of the SB in the atmosphere depends on its size and density. If we assume a density of ρ_{SB} ≃ 1 g/cm^3 which is approximately valid for a mirror SB made of cometary material (such as mirror ices of water, methane and/or ammonia) then the body will lose most of its kinetic energy in the atmosphere provided that it is less than roughly 5 meters in diameter. Of course things are complicated because the the SB will undergo mass loss (ablation) and also potentially fragment into smaller pieces and of course potentially melt & vaporize. Thus even a very large body (e.g. R ∼ 100 meters as estimated for the Tunguska explosion) can lose its kinetic energy in the atmosphere if it fragments into small pieces.

An important difference between an ordinary and mirror SB is the rate and way in which it fragments, heats up and undergoes ablation because these properties depend very much on the interactions between the SB and the atmosphere. An ordinary matter SB undergoes huge pressure on its surface when it enters the atmosphere with cosmic velocity (∼ 30km/s) while in the case of a mirror matter body the effects of the pressure are distributed within the body to some extent, rather than just at the very surface. Let us now examine this in more detail.

Assume that the mirror matter SB is composed of atoms of mass M_A0 and the air is composed of atoms of mass M_A. The (mirror) electric charge in units of e of the (mirror) nuclei, which we roughly assume to be half neutrons and half protons, will be Z = M_A/2M_P (Z^′ = M_A0 /2M_P ), where M_P is the proton mass. Let us assume that the trajectory of the SB is a straight line along the ẑ axis of our co-ordinate system. In the rest frame of the SB, the change in forward momentum of each of the on-coming atmospheric atoms is then^‡ dP_z dt = Γ_{coll}M_A(v cos θ − v) = −2Γ_{coll}M_Av sin^2 θ 2 , (6)

‡ The following equation is valid provided that M_A0 Æ M_A but our conclusions will remain roughly the same for other cases of interest such as for M_A0 ¸ M_A.

where θ is the scattering angle in the rest frame of the SB and Γ_{coll} is the collision rate of the atmospheric atom with the mirror atoms in the SB. Of course the collisions also generate transverse momentum (i.e. in the x̂, ŷ directions) which is reduced by thermalization effects as the atoms in the atmosphere interact with themselves. For the present calculation we are only interested in the relative net momentum between the SB and the atmosphere and we can neglect this transverse motion in a rough approximation (which means that we can replace v by v_z below). The collision rate Γ_{coll} is given in terms of the cross section, relative velocity and number density in the usual way: Γ_{coll} = σv_z ( ρ_{SB} M_A0 ) . (7)

Thus Eq.(6) becomes dP_z dt = −2 ( M_A M_A0 ) ∫ dσ dΩ ρ_{SB}v^2_z sin^2 θ 2 dΩ . (8)

There are various different processes which can contribute to the scattering cross section. For the velocities of interest, v^<∼ 70 km/s, the cross section is dominated by Rutherford scattering^§ of the mirror nuclei of effective electric charge ϵZ^′e off the ordinary nuclei of electric charge Ze modified for small angle scattering by the screening effects of the atomic electrons (at roughly the Bohr radius r_0 ≈ 10^{−8} cm). It is given by (see e.g. [42])^{∗∗}: dσ dΩ = 4M^2_Aϵ^2e^4Z^2Z^{′2} (4M^2_Av^2_z sin^{2 θ}_2 + 1/r^2_0)^2

. (9)

Thus we obtain from Eq.(8) and Eq.(9) the following differential equation for the distance travelled by each atmospheric atom (z) within the SB : dP_z dt = M_A v_z dv_z dz ∼ Z^2Z^{′2}ρ_{SB} ϵ^2e^44π M_A0 M_Av^2_z log_e ( 1 M_Av_zr_0 ) , (10)

which is valid for M_Avr_0 ≫ 1. For M_A ≈ 15M_P , M_Avr_0 ≈ 50(v/30 km/s) which means that the above equation is approximately valid for the velocities of interest (the initial velocity, v_i, of a SB is typically between 15 and 60 km/s). Solving the above differential equation (neglecting the log factor which is of order 1) we find that the relative motion between the air molecules and SB is lost (upto random thermal motion) after travelling a distance within the SB of z ∼ v^4M^2_AM_A0 16πZ^2Z^{′2}ρ_{SB}ϵ^2e^4 ∼ ( 10^{−6} ϵ )2 ( v 30 km/s )4 centimeters, (11)

§ Although the cross section is dominated by Rutherford scattering, ionizing collisions may also be important for generating light and perhaps may also allow the body to build up electric charge within [41].

∗∗ We use standard particle physics units h/(2π) = c = 1 unless otherwise stated.

where we assumed ρ_{SB} ≈ 1 g/cm^3 and M_A ≈ M_A0 ≈ 15M_P (with Z ≈ Z^′ ≈ 7). For ϵ = 10^{−6}, Eq.(11) indicates that the atmospheric atoms lose essentially all of their relative momentum (of course they still have thermal motion) after penetrating a distance of the order of a few centimeters into the SB. (This distance may be somewhat greater for a body made of a heavy element such as mirror iron). If the SB remains intact then the above result implies that the air resistence of the mirror SB through the atmosphere is roughly the same as that of an ordinary matter SB, as we already assumed earlier and have now proved. This does not mean that only the outer regions of the mirror SB will be heated by the atmosphere. The atmospheric atoms still have rapid thermal motion which will penetrate deep into the mirror SB. This is of course completely unlike a SB made of ordinary matter which remains cool inside. This ‘internal heating’ of the mirror SB should make it easier for the body to fragment and/or possibly build up enough internal pressure to explode. However, because the huge pressure from the atmosphere is dissipated over some distance within the body rather than just at its surface, the rate of ablation of a mirror SB may be significantly less than that of an ordinary SB.

Incidentally, if ϵ^<∼ 10^{−8} instead of the value 10^{−6} indicated by the orthopositronium vacuum cavity experiment, a small or moderate sized SB would not lose significant energy in the atmosphere because the atmospheric atoms would pass through the body without losing much of their relative momentum. In this case the SB would release most of its energy underground in the Earth’s crust. The distance over which this would occur would simply be given roughly by Eq.(11) with the replacement ρ_{SB} → ρ_E (ρ_E is the density of the Earth) and M_A ↔ M_A0 , which is L ∼ v^4_i M^2_A0 M_A 16πρ_EZ^2Z^{′2}ϵ^2e^4 ∼ ( v_i 30 km/s )4 ( 10^{−9} ϵ )2 km, (12) which was advertized earlier in Ref. [3].

Returning to the most interesting case of large photon - mirror photon kinetic mixing, ϵ ≃ 10^{−6} which is indicated by the orthopositronium experiment, our earlier calculation suggests that most of the kinetic energy of a mirror matter SB is released in the atmosphere like an ordinary matter SB if it is not too big (^<∼ 5 meters) or fragments into small objects. It seems to be an interesting candidate to explain the 1908 Tunguska explosion (as well as smaller similar events as we will discuss in a moment). The Tunguska explosion toppled approximately 2,100 square kilometers of trees in a radial pattern (i.e. like spokes on a wheel) with an atmospheric release of energy estimated to be the TNT equivalent of roughly 1000 atomic bombs [43]. There was also evidence that the inner 300 square kilometers of trees was burned from above. The broad features of the event suggest a huge explosion in the atmosphere at an altitude of between about 2.5 and 9 km which produced a downward going spherical shockwave [43]. The spherical shockwave toppled the trees in the radial pattern and the heat from the explosion caused the flash burn of the trees [43]. An interesting feature of this event is the lack of any extraterrestrial fragments or any (ordinary) crater(s). The estimated mass of the SB is of the order of 100 thousand tons [43]. That is no typo. It is a remarkable result that such a large amount of extraterrestrial material apparently vanished without leaving behind significant remnants. Over the last 75 years about 35 scientific expeditions to the Tunguska site have been made with many types of search techniques, but all coming back empty handed. There have also been searches for microparticles in tree resin with some success [44]. However their tiny abundance is hardly consistent with what might have been expected. It seems therefore to be a real possibility that the Tunguska event was due to a mirror matter SB which would not leave any ordinary fragments (the observed microparticles, if there are indeed of extraterrestrial origin, may simply be due to a small proportion of ordinary matter accreted within the mirror matter SB). Furthermore, the internal heating of the mirror SB by the interactions of the atmospheric atoms within the SB may actually cause the required atmospheric explosion.

It is also interesting to note that there is evidence that smaller ‘Tunguska-like’ events are actually quite common, occurring on a yearly basis. Such events have been catalogued by Ol’khovatov [45] with the most recent such event occurring only a few months ago in Jordan [46]. There are many events (see e.g. Ref. [47,46]) where low altitude ‘fireballs’ are observed, yet such fireballs (if they are due to an ordinary matter SB) should originate from huge and enormously bright fireballs higher up in the atmosphere because of ablation and fragmentation. These bright parents of low altitude fireballs are inexplicably not observed. Even more remarkable is that these ‘fireballs’ have been observed in some cases to actually hit the ground (we will discuss an explicit example of this in a moment), yet no meteorite fragments were recovered. The strange properties of these events has lead to purely geophysical explanations. For example, it has been proposed that they are due to some poorly understood coupling between tectonic and atmospheric process rather than to some type of SB [45]. Mirror matter represents an exciting and fun alternative possibility which can be tested in a number of ways as we will now briefly discuss.

First, it requires large photon - mirror photon kinetic mixing of the order given by the orthopositronium experiment for the mirror SB to release its energy in the atmosphere. Thus, we could simply repeat the orthopositronium experiment to make sure that mirror matter exists with the required kinetic mixing. More work could be done in trying to understand the detailed properties of mirror matter space bodies interacting with the Earth’s atmosphere which might allow the idea to be more rigorously compared with observations. For example, the 1997 Greenland event was observed with satellites and a ground based video camera [48]. This event has been estimated to be due to a 36,000 Kg SB which fragmented and exploded over Greenland. No fragments or even meteoritic dust in the snow was found by search teams [48]. The study [48] also found that the SB had an anomalous ablation coefficient [48] which might be something which could be used to possibly test the mirror matter hypothesis for these space bodies.

Perhaps the most spectacular way to test the idea though is to actually find it! Mirror matter could be searched for in the ground at the various impact sites. Any mirror matter fragments would have melted when they hit the ground and reformed becoming mixed with ordinary matter at some distance underground. The small effective ordinary electric charges of the mirror electrons (ϵe) which is given to them by the photon - mirror photon kinetic mixing should easily lead to enough electrostatic repulsion (which is linear in ϵ) to resist gravity which means that the mirror matter will eventually stop (if it solidifies). There may be some amount close to the surface which could potentially be extracted and purified. Importantly, many of these sites are very localized and very accessible. For example, in the recent Tunguska-like event which occurred in Jordan (about 50 kilometers from the capital Amman) only a few months ago [46] the fireball was observed (by a crowd of about

100 people in a funeral procession) to break up into two pieces and observed to actually hit the ground! The two sites where the ‘objects’ landed featured a half burnt tree and a half burnt rock (see Ref. [46] for the remarkable pictures) but no ordinary crater and no ordinary matter fragments.^{††} One could take samples of earth below the burnt tree (or the parts of the burnt tree itself) and try to extract mirror atoms. This might be possible by taking samples and putting them into a centrifuge which should allow the mirror matter to be separated from the ordinary matter (or at least greatly purified). It would be a very exciting experiment and lots of fun too!

Finally, mirror matter should have all sorts of useful industrial applications. Of course it is premature to speculate too much along these lines until it is actually discovered, but the point is that its possible existence is not merely of interest to people who want to understand the fundamental laws of nature or find out what the Universe is made of. Unlike Higgs particles or top quarks it may actually be a very useful new material with all sorts of practical applications. This provides another important motivation to search for it, either by repeating the orthopositronium experiment in vacuum or by digging it out of the ground. Of course I love Higgs particles and top quarks too but it is also important to remember that pure research in particle and astrophysics can sometimes lead to discoveries with widespread implications for society, in addition to the intrinsic merits and long term importance of such pure science itself.

Acknowledgement

The author is an Australian Research Fellow. The author would like to thank Z. Ceplecha for patiently answering some of my questions.

†† Potentially a mirror matter SB could leave a type of impact crater depending on the chemical composition of the SB and also on the nature of the Earth’s surface at the impact site.

REFERENCES

[1] T. D. Lee and C. N. Yang, Phys. Rev. 104, 256 (1956); I. Kobzarev, L. Okun and I.

Pomeranchuk, Sov. J. Nucl. Phys. 3, 837 (1966); M. Pavsic, Int. J. Theor. Phys. 9, 229 (1974).

[2] R. Foot, H. Lew and R. R. Volkas, Phys. Lett. B272, 67 (1991). [3] R. Foot, astro-ph/0102294.

[4] S. I. Blinnikov and M. Yu. Khlopov, Sov. J. Nucl. Phys. 36, 472 (1982); Sov. Astron.

27, 371 (1983); E. W. Kolb, M. Seckel and M. S. Turner, Nature 514, 415 (1985); M. Yu. Khlopov et al, Soviet Astronomy, 35, 21 (1991); M. Hodges Phys. Rev. D47, 456 (1993); Z. G. Berezhiani et al, Phys. Lett. B375, 26 (1996); Acta Phys. Polon. B27, 1503 (1996).

[5] R. Foot and R. R. Volkas, Astropart. Phys. 7, 283 (1997); Phys. Rev. D61, 043507 (2000); G. Matsas et al., hep-ph/9810456; N. F. Bell and R. R. Volkas, Phys. Rev. D59, 107301 (1999); S. I. Blinnikov, astro-ph/9902305; astro-ph/9911138; A. Yu. Ignatiev and R. R. Volkas, Phys. Rev. D62, 023508 (2000); Phys. Lett. B487, 294 (2000); V. Berezinsky and A. Vilenkin, Phys. Rev. D62, 083512 (2000); N. F. Bell, Phys. Lett. B479, 257 (2000); Z. Berezhiani, D. Comelli and F. L. Villante, Phys. Lett. B503, 362 (2001).

[6] A. Borriello and P. Salucci, astro-ph/0106251 and references-there-in. [7] Z. K. Silagadze, Phys. At. Nucl. 60, 272 (1997); S. Blinnikov, astro-ph/9801015; R.

Foot, Phys. Lett. B452, 83 (1999); see also R. Mohapatra and V. Teplitz, Phys. Lett. B462, 302 (1999).

[8] MACHO Collaboration, C. Alcock et al, Ap. J.542, 281 (2000). [9] R. Foot, Phys. Lett. B471, 191 (1999); Phys. Lett. B505, 1 (2001). [10] M. Mayor and D. Queloz, Nature 378, 355 (1995). [11] R. Foot, A. Yu. Ignatiev and R. R. Volkas, astro-ph/0010502. [12] R. Foot, H. Lew and R. R. Volkas, Mod. Phys. Lett. A7, 2567 (1992). [13] R. Foot, Mod. Phys. Lett. A9, 169 (1994). [14] R. Foot and R. R. Volkas, Phys. Rev. D52, 6595 (1995).

[15] R. Foot and R. R. Volkas, hep-ph/9510312; R. Crocker, R. Foot and R. R. Volkas, Phys.

Lett. B465, 203 (1999).

[16] R. Foot, Phys. Lett. B483, 151 (2000).

[17] S. Fukuda, Super-Kamiokande Collaboration, hep-ex/0103032.

[18] SAGE Collaboration, J. N. Abdurashitov et al, Phys. Rev. Lett. 83, 4686 (1999);

GALLEX Collaboration, W. Hampel et al, Phys. Lett. B447, 127 (1999); GNO Collaboration, M. Altmann et al, Phys. Lett. B490, 16 (2000).

[19] R. Foot, R. R. Volkas and O. Yasuda, Phys. Rev. D58, 013006 (1998); P. Lipari and M.

Lusignoli, Phys. Rev. D58, 073005 (1998); N. Fornengo, M. C. Gonzalez-Garcia and J. W. F. Valle, Nucl. Phys. B580, 58 (2000).

[20] LSND Collaboration, C. Athanassopoulos et al, Phys. Rev. Lett. 81, 1774 (1998). [21] SNO Collaboration, nucl-ex/0106015.

[22] SuperKamiokande Collaboration, Phys. Rev. Lett.85, 3999 (2000). [23] R. Foot, Phys. Lett. B496, 169 (2000). [24] R. Foot and X-G. He, Phys. Lett. B267, 509 (1991).

[25] B. Holdom, Phys. Lett. B166, 196 (1986). [26] S. L. Glashow, Phys. Lett. B167, 35 (1986). [27] M. Collie and R. Foot, Phys. Lett. B432, 134 (1998). [28] S. N. Gninenko, Phys.Lett. B326, 317 (1994).

[29] J. S. Nico, D. W. Gidley, A. Rich and P. W. Zitzewitz, Phys. Rev. Lett. 65, 1344 (1990). [30] G. S. Adkins, R. N. Fell and J. Sapirstein, Phys. Rev. Lett. 84, 5086 (2000). [31] R. Foot and S. N. Gninenko, Phys. Lett. B480, 171 (2000). [32] S. I. Blinnikov, astro-ph/9902305.

[33] E. Carlson and S. L. Glashow, Phys. Lett. B193, 168 (1987).

[34] Boomerang Collaboration, C. B. Netterfield et al., astro-ph/0104460; Maxima Collaboration, A. T. Lee et al, astro-ph/0104459; Dasi Collaboration, N. W. Halverson et al, astro-ph/0104489.

[35] See e.g. S. Hannestad, astro-ph/0105220; Phys. Rev. Lett. 85, 4203 (2000). [36] See e.g. H-S. Kang and G. Steigman, Nucl. Phys. B372, 494 (1992); J. Lesgourgues and S. Pastor, Phys. Rev. D60, 103521 (1999); P. Di Bari and R. Foot, Phys. Rev. D63, 043008 (2001).

[37] R. A. Ibata et al., Ap. J. 524, L1 (1999); ibid 532, L41 (2000); S. T. Hodgkin et al., Nature 403, 6765 (2000); R. A. Mendez and d. Minniti, Ap. J. 529, 911 (2000); B. R. Oppenheimer et al., Science 292, 698 (2001).

[38] D. S. Graff, astro-ph/0104210; B. K. Gibson and C. Flynn, astro-ph/0104255; I.

Neill Reid, K. C. Sahu and S. L. Hawley, astro-ph/0104110; B. M. S. Hansen, astroph/0105018.

[39] R. Foot, A. Yu. Ignatiev and R. R. Volkas, Phys. Lett. B503, 355 (2001). [40] Z. K. Silagadze, Acta. Phys. Pol. B32, 99 (2001); R. Foot and Z. K. Silagadze, astroph/0104251.

[41] Z. Ceplecha, Private communication.

[42] E. Merzbacher, Quantum Mechanics (Second Edition) Wiley 1970, p 230. [43] See e.g. N. V. Vasilyev, The Tunguska Meteorite problem today,

http://www.galisteo.com/tunguska/docs/tmpt.html and references there-in. [44] G. Longo et al., Planetary and Space Science, 42, 163 (1994).

[45] http://www.geocities.com/olkhov/tunguska.htm and A. Yu. Ol’khovatov, Mif o Tungusskom meteorite (Myth about Tunguska meteorite), Moscow, ITAR-TASS- Association “Ekologia Nepagnannogo” (1997) (in Russian).

[46] http://www.jas.org.jo/mett.html [47] J. A. Docobo et al., Meteoritics and Planetary Science 33, 57 (1998). [48] H. Pedersen et al., Meteoritics and Planetary Science, 36, 549 (2001).