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GRAVITATIONAL MICROLENSING: THE SEARCH OF MACHOS IN THE GALACTIC HALO



LUIGI MANCINI Dipartimento di Fisica, Universit` a di Salerno, I-84081 Baronissi (SA), Italy E-mail: [email protected]



Gravitational Microlensing represents an effective tool in searching for non– luminous astrophysical compact objects moving in the halo of the Milky Way, the so–called MACHOs. We show here the most recent experimental results for microlensing of stars in the Large Magellanic Cloud and in M31, discussing their physical interpretation. Both the directions of investigation give the indication that the Galactic halo is composed in part (∼20%) by MACHOs (MAssive Compact Halo Objects), although other explanations are possible. Among them, the self–lensing hypothesis turns out to be inadequate to describe all microlensing results. Instead, a recent analysis suggests that up to about half of the observed events towards the Large Magellanic Cloud could be due to a gravitational lens population located in its halo.



1. Introduction Today it is possible to affirm that the cosmological standard model, based on the Big Bang and Inflationary theories, gives the best description of the evolution and composition of the Universe. The present-day common view of our universe is that it is flat and predominantly dominated by a sort of unknown energy, the dark energy. Matter, in all its forms and nature, accounts only for the 26% of the total energy density of the universe. The ordinary matter (or baryonic matter), consisting of the familiar chemical elements, is just a very little portion of it and is the only kind of matter that we are able to observe in the universe in form of stars and galaxies. Since the majority of the matter of the universe remains invisible, undetectable and physically unknown, this mysterious matter is known as dark matter. “What is it made of” and “how is it distributed” are two of the most pressing questions without answers in physical sciences today. The verification of the Einstein general relativity theory by Eddington in 1919 had opened a new frontier in the modern physics. In fact, the proof that the light rays moving in a gravitational field are really deflected brought to the born of the theory of gravitational lensing. Potentially, any gravitating mass can give some kinds of information and, besides the intrinsic experimental difficulties, thanks to the gravitational lensing it is now possible to collect them. 1
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2. Baryonic Dark Matter A very important bound for the total amount of baryons in the universe comes from the agreement between the very recent observation of the cosmic background radiation by WMAP (Wilkinson Microwave Anisotropy Probe)1 and the primordial post Big Bang nucleosynthesis theory. This requires that the density of the baryons ρb , in terms of the critical density of the universe ρc , is Ωb = ρb /ρc ≈ 0.044. The critical density is the density leading to a flat universe and it is equal to 3H 2 /8πG, where H is the Hubble parameter, that governs the expansion of the universe according to the Hubble law. Baryonic dark matter is required to account for the missing matter that comes if we compare the visible matter density, Ωv ≈ 0.006, and the baryon density, Ωb ≈ 0.044, required by the standard model. Where this baryonic material is hidden, is another unresolved problem concerning the dark matter. However, it seems that the exact distribution of these baryons depends on the scale of the objects where we are looking for. In a cosmological context, most of the baryons might be in the form of an intergalactic medium still in the process of collapse, while for the clusters of galaxies most of the baryon fraction is in the surrounding hot gas of the intracluster medium. Instead, the situation is not so clear on the scale of individual galaxies. Rotation curves of galaxies imply the existence of centrally clustered dark matter haloes, but unlikely the unseen baryonic matter is sufficient to entirely explain the rotation curves. Probably most of the baryons were processed through a first generation of pregalactic or protogalactic stars knows as Population III stars. This is because the existence of galaxies and clusters of galaxies implies that there must have been density fluctuations in the early universe and, in many scenarios, these fluctuations would also give rise to a population of pregalactic stars. The precise way in which this occurs depends on the nature of the fluctuations and the nature of the dominant dark matter. Even if a large fraction of the baryons are processed through Population III stars, this does not necessarily guarantee dark matter production. However, there are many ways in which baryons can hide in dark forms: stellar remnants such as neutron stars or white dwarf, black holes, very small faint stars, brown dwarfs, planets, snowballs, and clouds of molecular H2 . These objects are generically called MAssive Compact Halo Objects (MACHOs). 3. Gravitational Microlensing A good way to detect MACHOs was proposed by Paczy´ nski2 . He suggested that MACHOs could be revealed indirectly by their gravitational fields, which are able in principle to generate lensing effects by deflecting the light of background source. This phenomenon, called gravitational lensing, predicted by general relativity, was observed for the first time in 1979, when two very close quasars were clearly identified as being the lensed images of a single object. In a cosmological situation, where the lens is a galaxy or even a cluster of galaxies and the source is a very distant quasar, one indeed sees two or more images
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which are typically separated by an angle of some arcseconds. Actually, today the astronomers are able to detect a very considerable number of different configurations where gravitational lensing shows with a spectacular variety of images: Einstein circles, Einstein crosses, gravitational arcs, etc. Instead, in a galactic context, for a lens with a mass lower than one solar mass and located at a distance lower than 1 Mpc, the separation angle turns out to be of the order of some milliarcseconds. Thus, the images can not be seen separated by present-day instrumentations. However, the measured brightnees of the source star varies with the time as the lens passes near the line of sight between the observer and the source. The name microlensing is associated precisely with this process. The corresponding light curve of the source is characterized by a symmetric peak as the microlens passes in front of it and the height and the width of the peak depends on how close it passes to the line of sight, as well as on its velocity and mass. This time dependent particular variation of the light curve of the source is easily observable and it is a clear evidence of a microlensing event. An important parameter of microlensing is the optical depth τ , that is the number of lenses inside the microlensing tube, which is a tube centered along the line-of-sight observer-source, of radius proportional to RE , the so called Einstein radius given by RE = (4GM/c2 )(Dol Dls /Dos ), where G is the Newton constant, c is the velocity of the light, M is the mass of the lens and Dol , Dls and Dos are the distance between observer and lens, lens and source, observer and source, respectively. The optical depth is just an estimate of the probability that at a given time a source star is being microlensed. Assuming that the halo of the Milky Way (MW) is made entirely of MACHOs, one find an optical depth towards the nearest galaxy, the Large Magellanic Cloud (LMC), of τ ≈ 5 × 10−7 . This means that in order to obtain a reasonable number of microlensing events, an experiment has to monitor several million of stars in the LMC or in other rich fields of stars like, for example, the Andromeda galaxy (M31), for a reasonable number of years. Another useful parameter is the microlensing rate Γ, and its distribution as a function of the event durations. This quantity is nothing else than the flux of lenses inside the microlensing tube, i.e. the total rate at which the monitored stars are amplified above a certain observational threshold. We direct the reader to Mollerach & Roulet3 and Schneider, Kochanek & Wambsganss4 for all the various aspects of gravitational lensing and microlensing. 4. Microlensing results concerning the search of MACHOs Microlensing observations have now become a useful tool in searching for non– luminous astrophysical compact objects. Originally conceived to establish whether the halo of the MW is composed of this type of objects, the ongoing search is also sensitive to the dark constituents of other galactic components of our galaxy (bulge, disk, spiral arms), as well as the halo and the components of other target galaxies (essentially Magellanic Clouds and M31).



1st Workshop of Astronomy and Astrophysics for Students- Naples, 19-20 April 2006



4



Trim Size: 9.75in x 6.5in



1st Workshop of Astronomy and Astrophysics for Students



The main problem in microlensing is that the crucial observable, the event duration, suffers degeneracy in the three fundamental microlensing parameters: mass, distance and transverse velocity (to the line of sight) of the lens. In principle, we are not able to infer the location and the physical nature of the lenses. This makes it difficult to distinguish between the two principal geometric arrangements that may explain galactic microlensing: (i) MW microlensing, in which the lensing objects are part of the MW; (ii) self lensing, in which both the lenses and the sources are located in the target galaxy. We discuss now the most recent microlensing experimental results and their interpretation towards the LMC and M31. We shall not consider microlensing events found in the Galactic bulge, for the obvious reason that no information about the Galactic halo is available from that direction. 4.1. Microlensing towards the LMC While the MW is a well formed spiral galaxy, the LMC is an irregular galaxy, which presents two main components: a disk and a central bar. Moreover, the LMC is tilted to the plane of the sky, with the north-east side closer to us than the south-west. In the last years different observational campaigns towards the LMC (MACHO, EROS, OGLE, MOA, SUPERMACHO) have been done or are still working with the aim to detect MACHOs. Among these, only the MACHO and EROS groups have reported their results. The EROS collaboration, started to take data in 1991, improved his experiment in 1996 becoming EROS2 and the data taking ended in February 2003. They detected no events5 . Instead, the MACHO Project has detected 16 microlensing events6 , see Fig. 1. It finished in 1999, after 5.7 years of continuous monitoring. No evidence for microlensing towards the LMC with event duration between a few hours and 20 days has been found and a combined analysis of the data from MACHO and EROS has shown that objects in the mass range 10−7 < M/M¯ < 10−3 contribute less than 10% to the dark matter in the Milky Way. Planets and brown dwarfs fall into this range, so these promising objects are not major contributors to the mass budget of the dark halo. The MACHO collaboration, analyzing their results, has concluded that MACHOs are a substantial constituent of the Galactic halo, but not the dominant component. The corrected final estimate of the optical depth is τ = 1.0±0.3×10−7 , while the maximum likelihood estimate of the mass of the lensing objects is ≈ 0.5 M¯ 7,6 . Finally, the fraction f of dark matter in form of MACHOs in the Galactic halo is estimated to be ∼ 20%6 . Yet, the interpretation of these data is a matter of controversy and other hypothesis have been proposed: a warp of the Milky Way (MW) disk, which covers the line of sight towards LMC, has been proposed to support a lens disk population; on the other hand, the debris torn from the LMC by tidal forces may be a source of MACHOs; a non planar geometry of LMC, i.e. a misalignment of the bar from the the disk, has also been proposed; another hypothesis was to consider LMC
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Figure 1. R-band image of the LMC showing the locations of the 30 MACHO fields and the microlensing events.



components fatter than it is conventional, with material extending to scale heights of ∼ 6 kpc above the plane of the LMC disk. The analysis of Jetzer et al.8 has shown that possibly the observed events are distributed among different galactic components (disk, spheroid, galactic halo, LMC halo and self lensing). This means that the lenses are not part of the same population and their astrophysical features can differ deeply from one another. The microlensing surveys towards the Small Magellanic Cloud have detected very few events, which did not help to clarify the problem as it was hoped. However, we note here a very important fact: whatever the dominant lens population is, it produces a signature in the microlensing optical depth as a function of position across the face of the LMC. Few years ago, a new accurate description of the LMC geometry and dynamics was proposed by van der Marel et al., thanks to the DENIS and 2MASS surveys9 . From this study emerges that the distribution of neutral gas is not a good tracer, and thus leads to an incorrect LMC model. Instead, using the carbon star data, they have provided an accurate measurement of the dynamical center of the stars, which turns out to be consistent with the center of the bar. Moreover, they have pointed out that the shape of the LMC disk is not circular, but elliptical. In this case, the
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position angle of the line of nodes is different from that of the major axis of the LMC disk. These facts change completely the previous geometry and a noticeable asymmetry between the two sides of LMC divided by the line of the nodes arises when studying the positions of the MACHO microlensing events towards LMC. Using the van der marel’s LMC picture, it was possible to derive and compare the spatial signatures for a variety of lens populations. So that, new accurate estimates of the optical depth for any source/lens configuration have been obtained, raising an evident near–far asymmetry of the optical depth values for lenses located in the LMC halo10 . This asymmetry is due to the fact that the LMC disk is inclined so that the lines of sights towards the far side of LMC go through a larger portion of the LMC halo. The flaring of the LMC disk is a further source of the asymmetry of the optical depth between the far and the near side of LMC. Instead, Galactic halo microlensing should produce a slight optical depth gradient across the face of the LMC. Finally, the asymmetry is completely lost, as expected, in the self–lensing case. From this analysis clearly emerges that self lensing cannot account for all the observed events. This conclusion is also supported by a statistical analysis of the outcome of an evaluation of the microlensing rate10 . Very recently Calchi Novati et al. have discussed the contribution of a LMC dark matter halo lens component11 . They have collected several clues, which suggests that a sizeable fraction of the observed events, up to about half of the total, could indeed be part of the LMC halo. In fact, they have compared the observed timescales with those expected for the two different MACHO populations, the MW and the LMC one, finding that the preferred values for the MACHO mass are 0.5 and 0.2 M¯ respectively and, through a Kolmogorov-Smirnov test, that the latter solution is preferred. Moreover, they have studied the spatial distribution of the observed events again. As a result they have shown that, independently of the value of the MACHO mass, the observed distribution matches better than expected for a LMC halo population with respect to that of a MW halo population. In Fig. 2 the normalized differential rate for both MW and LMC halos for 0.2 and 0.5 M¯ are reported together with the value of the microlensing events observed durations. The profile corresponding to the case of 0.5 M¯ MW lenses is almost coincident with that of 0.2 M¯ LMC lenses. 4.2. Microlensing towards M31 The Andromeda galaxy, the MW largest neighbour galaxy, shows a spectacular rotating disk of stars and gas, together with a large central bulge. Due to the high distance between MW and M31 (roughly 750 kpc), all stars in M31 are not optically resolved. Pixel lensing technique is required in order to study temporal variations of surface brightness, possible signatures of microlensing events. As for the case of the LMC, different experimental groups (VATT, WeCAPP, POINT-AGAPE, MEGA, NainiTal) have monitored or are still monitoring M31. Several events have been reported and two collaborations, analyzing independently the same data, have
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Figure 2. Normalized differential rate for both MW and LMC haloes for 0.2 and 0.5 M¯ , dashed and solid lines respectively. Superimposed are the value of the observed durations.



constrained the content of the M31 and MW haloes. The MEGA group has found 14 events12 and their conclusion was that the observed event rate is consistent with the rate predicted by their numerical simulation for self lensing and that the MW halo fraction is f < 30%. On the other hand, the POINT-AGAPE collaboration, by restricting their selection pipeline to bright, short-duration variations, have announced 6 events, see Fig. 3. One of these is likely to be a M31-M32 intergalactic self–lensing event. In order to give a physical interpretation of this result, the POINT-AGAPE team has constructed a full simulation of the expected results, where all the aspects of the observation and selection criteria have been considered. Their simulation predicts that M31 self lensing alone should give us less than 1 event, whereas they observe 5, one of which is located 220 away from the centre of M31, where the expected self–lensing signal is negligible. This means that the observed signal is much larger than expected from self lensing alone and the final conclusion is that at least 20% of the halo mass in the direction of M31 must be in the form of MACHOs if their average mass lies in the range 0.5 − 1 M¯ . A result compatible with that found by the MACHO collaboration in the direction of LMC. References 1. Spergel et al., astro-ph/0603449, Submitted to Astrophysical Journal 2. B. Paczy´ nski, Astrophysical Journal 301, 503 (1986) 3. S. Mollerach & E. Roulet, “Gravitational Lensing and Microlensing”, World Scientific, Singapore (2002). 4. P. Schneider, C.S. Kochanek & J. Wambsganss, “Saas-Fee lectures on Gravitational Lensing” (2004) 5. P. Tisserand, L. Le Guillou, C. Afonso et al., astro-ph/0607207
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Figure 3. Boundaries of the observed fields, and the positions of the centre of M31 (cross) and of the 6 microlensing events.



6. C. Alcock, R.A. Allsman, D.R. Alves et al., Astrophysical Journal 542, 281 (2000) 7. D.P. Bennett, Astrophysical Journal 633, 906 (2005) 8. P. Jetzer, L. Mancini & G. Scarpetta, Astronomy & Astrophysics 393, 129 (2002) 9. R.P. van der Marel, D.R. Alves, E. Hardy et al., Astronomical Journal 124, 2639 (2002) 10. L. Mancini, S. Calchi Novati, P. Jetzer & G. Scarpetta, Astronomy & Astrophysics 427, 61 (2004) 11. S. Calchi Novati, F. De Luca, P. Jetzer & G. Scarpetta, astro-ph/0607358, in press on Astronomy & Astrophysics 12. J.T.A. de Jong, L.M. Widrow, P. Cseresnjeset al., Astronomy & Astrophysics 446, 855 (2006) 13. S. Calchi Novati, S. Paulin-Henriksson, J. An et al., Astronomy & Astrophysics 443, 911 (2005)]
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