Constraining the nature of galaxy haloes with gravitational mesolensing of QSOs by halo substructure objects
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Abstract: Gravitational lensing of background compact objects like active galactic nuclei and quasars, by intermediate mass lenses  such as globular clusters and and dark matter clumps with masses 105 – 108  Mө, is considered. It is shown that observational study of the galaxy-quasar’s associations is a powerful direct observational test of the nature of massive galaxy haloes. Optical interferometric observations with VLTI and Keck instruments are able to constrain masses and number of substructure halo objects. Evidence of gravitational lensing by globular clusters in haloes of spiral and elliptical galaxies is presented. 

1. Mesolensing as a probe of the halo substructure

      The theory of gravitational lensing was well described by Bliokh and Minakov  [8], Zakharov [35], and Schneider et al. [26]; many papers are devoted to quasar–galaxy associations (see, e.g., Thomas et al. [31]; Zhu Zong-Hong et al.[36]; Benitez et al. [5]; Menard and Bartelmann [22]; Scranton et al. [27]; for the possibility of strong gravitational magnification of quasars, see Yonehara et al. [34]).The idea that halo objects could act as lenses was used by Barnothy [1], with globular clusters, Canizares [13], with dark condensed objects, Baryshev et al.[4] , with globulars and other intermediate (meso) mass objects, to explain properties of galaxy-quasar pairs. Then Baryshev & Ezova [3] calculated probabilities of strong lensing of compact background objects by lenses with King-type mass distribution which populate galaxy haloes. The lenses were taken to be globular clusters, dwarf galaxies and clusters of dark matter with masses of 103−109Mө. They pointed out that a consequence of the mesolensing would be splitting or spreading of the star-like image to 10 – 100 milliarcsecond size. Recently, Yonehara et al. [34] arrived at similar conclusions, now as a response to the CDM predictions by Klypin et al. [20] and Moore et al. [23] on large number of substructures within galaxy haloes. We present hereafter some simple relevant calculations. The typical expected angular separation between multiple quasar images is: Ө= (4GM/c2)1/2Deff−1/2, where Deff = (DolDos/Dls) is expressed in terms of the angular size distances between the observer, the lens, and the background source (quasar). Normalized to a mass of 108Mө, with Deff in Mpc, we obtain for Ө (in mas): Ө= 100(M/108Mө)1/2(Deff /100Mpc)−1/2.Thus we see that lumps of 108Mө can produce images of 0.1'', when the effective distance of the lens galaxy is 100 Mpc. One may make a rough estimate of the probability of mesolensing for a quasar image located near the line-of-sight towards a foreground galaxy halo: P= N[(4GM/c2)/R2halo]Deff (Dls/Dos)2Bias(V), where Bias(V) represents the magnification bias correction as a function of the magnituge V of the background source [29]. If we simply assume that the halo is made out of Ni lumps of mass Mi, then this may be conveniently expressed in terms of the halo mass Mha and size Rha: P= 0.1(Mha/1012Mө)/(Rha/0.1Mpc)2(Deff /100Mpc)(Dls/Dos)2Bias(V )/Bias(V= 15)

2. Cold dark matter halo structure

      In theoretical cosmology, cold dark matter (CDM) plays the role of primordial substance, which via gravitational clustering hierarchically gathers into lumps, finally forming the bodies of galaxies on which luminous baryonic matter is concentrated. Cosmological N-body simulations of clustering are able to produce large-scale structures rather similar to those observed (groups, clusters, superclusters), which is justifiably regarded as a triumph for this original theory. Until recently, it was not possible to achieve the computational resolution to follow what happens to the CDM within galaxy haloes. Extremely interesting results for these small scales were obtained in 1999 by Klypin et al. [20] and Moore et al. [23]. In particular, Moore et al.  note that high-resolution simulations lead to the picture where ”galaxies are scaled versions of galaxy clusters”, so that the massive haloes contain large numbers of CDM lumps as sate lites of the galaxy. These lumps may have masses in the range 106 − 109 Mө and galaxies with a Milky Way halo mass could have 5000 dark satellites with masses larger than 108 Mө. These theoretical entities are a challenge in the standard picture of CDM structure formation and attempts to observationally prove or disprove their existence form an important test of the CDM scenario. 

3. Description of the proposed programme

      Gravitational mesolensing of background quasars by intervening galaxy halo objects may be used as a tool to test the above fundamental prediction of the  CDM model. We suggest to observe with the VLT (NAOS/CONICA) a sample of bright quasars whose lines-of-sight pass through the haloes of foreground galaxies (projected distance less than 100 kpc). Our first sample of quasar-galaxy pairs are so selected that the expected splitting of the image is about 100 mas or larger for gravitating lumps of 107 Mө. By selecting bright quasars (V < 16 mag) we automatically increase the probability of including lensed images because of the magnification bias [29], which may be a few magnitudes. In fact, in the Hubble diagram, these quasars are brighter than the AI quasars as defined by Teerikorpi [30], which should be unlensed, optically quiet most luminous quasars.

     We first observe these objects where possible lenses should be the easiest to detect, so that in case of positive detection we can increase the sample for the next phase. Also, the sample is so selected that in case of all negative detections, we may already start constraining relevant quantities, such as the masses of halo lumps. It is first enough to measure the angular size of the elongated image without detailed structure information. Because of the necessity to restrict to rather nearby galaxies in order to have a large enough angular image size, Deff at most a few hundreds Mpc, the amplified lensing probability becomes of the order of 0.1. If lensing and amplification significantly contribute to the well-known excess of high-z quasars close to low-z galaxies [3], then it is clear that in observed samples of galaxy-quasar pairs mesolensing must be common. In future, with a better angular resolution, one may select pairs with larger lensing probabilities.

      We have taken  pairs with V < 16 for quasars, the projected quasar-galaxy distance < 100 kpc and the image size for substructure mass of 107Mө > 100 mas. The first sample contains 5 pairs visible during period 76A.

List of targets proposed in this programme

	Target/Field
	α(J2000)
	δ(J2000)
	mv
	Diam. Additional

info Q (arcsec)

	PKS 1004+13
	10 7 26.2 
	12 48 56
	15.2
	0.141

	PG 1008+133
	10 11 10.8
	13 04 12 
	16.3
	0.141

	HE1104-1805
	11 06 33.6 
	-18 21 25
	16.2
	0.035

	PG 1216+069
	12 19 20.9
	6 38 38
	15.6
	0.100 

	PG 1254+047
	12 56 59.9 
	4 27 34
	16.2
	0.078 

	PKS 1355-41
	13 59 0.2
	-41 52 53
	15.9
	0.097


Target Notes: The QSO targets will be used as a reference point source for the WFS. All QSOs will be observed in the coronagraphic imaging in Ks band for a maximum detectivity of the faint mesolensed QSO images. If mesolensed images are detected, we shall then also observe it in the H band to better characterize the system.

4. Quasars lensed by globular clusters of spiral and elliptical galaxies

      Quasars are observed in pairs with galaxies of various types. If distant quasars and nearer galaxies are associated via halo globular clusters, then the distribution of quasars around elliptical galaxies must follow in a certain way the distribution of globular clusters around these galaxies. Does the distribution of quasars around elliptical and spiral galaxies have peculiarities of its own [12]?

      To select quasar–galaxy pairs, we use the available catalog of 8382 pairs [9] compiled from the LEDA database [24] and the catalog of quasars [32]. We also select new pairs from the fourth version of the SDSS catalog of quasars and galaxies (www.sdss.org). The selection criteria are the following.

1. We select quasars and galaxies with available data on their spatial coordinates α, δ, and z. The apparent magnitudes are also known for the quasars.

2. Each quasar in a pair must be farther than the galaxy, i.e., zqso > zgal.

3. The quasars must be projected onto the galaxy halos. The halo size does not exceed 150 kpc.

4. We consider nearby quasars with z < 0.3.

5. We select pairs with zgal/zqso > 0.9.

       We will call the pairs with a > 0.9 close quasar–galaxy pairs, because the quasar and the galaxy in such a pair are close to one another not only in angular separation, but also in redshift. Criterion 4 also reduces the sample by removing the distant quasars that can be paired with distant galaxies, which are undetectable in the surveys under consideration.

      Bukhmastova [9] selected 8382 pairs based on criteria 1–3.Now we selected 64 close quasar–galaxy pairs with the additional constraints 4 and 5.  We will call the sample of pairs based on the LEDA database and the catalog of quasars [32] sample 1 [12].

    Let us select  pairs based on the fourth version the Sloan Digital Sky Survey (www.sdss.org). 5224 quasars with z < 0.3 and 321 516 galaxies are involved in the selection. We found the 64 pairs and call the sample 2 [12]. 

5. Analysis of the selected pairs

      Let us analyze the derived samples of close quasar–galaxy pairs. Let us determine the linear distances from the galaxy centers at which the quasars from pairs are projected. Figures 1 and 2 show the distributions of quasars from samples 1 and 2, respectively. The distance from the galaxy center to the quasar projection in kpc is along the horizontal axis and the number of quasars is along the vertical axis.

Sample 1 of close quasar–galaxy pairs is represented mostly by spiral galaxies. Our main assumption is that the quasars of sample 1 are associated with spiral galaxies via globular clusters in the halos of these galaxies. Thus, Fig.1 leads us to conclude that 80% of the globular clusters in spiral galaxies are located in their halos at distances up to 40 kpc. Note that the clustered halo objects are predominantly within 10 kpc; further out, the number of such objects decreases sharply. Below, we will establish whether this is actually the case.

To establish the types of galaxies represented in sample 2, let us turn to the paper by Fukugita et al. [16], who classified the galaxies according to their color indices. We conclude that about 70% of the galaxies in the pairs of sample 2 are elliptical ones. In the section on globular clusters in the elliptical galaxies А, А1644, А2124, А2147, А2151, А2152 of the Abell cluster and in the galaxies IC 4051, M49, and M87, we will establish whether this means that the data in Fig.2 reflect the spatial distribution of globular clusters in elliptical galaxies.
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 Fig. 1. Distribution of 64 quasars from sample 1                                             Fig. 2. Same as Fig. 1 for sample 2.

relative to the centers of the galaxies onto the 

halos of which they are projected.

6. Globular clusters in spiral galaxies and quasar-galaxy associatios

      To establish the peculiarities of the distribution of globular clusters in the halos of spiral galaxies, we use data on the locations of 150 globular clusters in the Milky Way halo [18]. Analysis of these data is presented in Fig.3. It follows from this analysis that more than 80% of the globular clusters are actually located at distances of no larger than 40 kpc. To determine the density profile of globular clusters in the halos 
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Fig. 3. Distribution of 150 Milky Way globular clusters                    Fig. 4. Distribution of globular clusters of the Andromeda Galaxy

 relative to  the Galactic center                                                           in the halo plane. The equatorial coordinates recalculated to 

                                                                                                            galactocentric distances are along the axes.
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Fig. 5. Density profiles of globular clusters in the                              Fig. 6. Radial distribution of galaxies seen through the  halos  of

Andromeda Galaxy (upper straight line) and quasars                    nearer galaxies (upper straight line). The density profile of QSO's (lower straight line) projected onto the halos of spiral                        projected onto the halos of elliptical galaxies (lower straight 

galaxies. The logarithm of the galactocentric  distance                        line). The logarithm of galactocentric distance of each object (2

of each object (in kpc) is along the  horizontal axis; the                     corresponds to  100 kpc) is along the horizontal axis; the  

logarithm of the number of  objects (globular clusters                        logarithm of the number of objects per unit area of the halo  ring

and quasars) per unit area of the halo ring is along the                       is along the vertical axis. The distribution of quasar  projections

vertical axis. The distribution of globular clusters in the                    onto the halos of elliptical galaxies is well described by a power

plane of the halos of spiral galaxies and the distribution                     law with an index α ≈ −1.5.

of quasar projections onto the halos of spiral galaxies are

well described by a power law with an index α ≈ −2.4.

of spiral galaxies in more detail, let us turn to the data on 1164 candidates for globular clusters in the Andromeda Galaxy [17]. Figure 4 shows the distribution of these globular clusters in projection onto the galactic plane. The distances from the galaxy center (point 0.0) to the globular clusters are along the axes. We counted the halo globular clusters in rings of a fixed radius. The upper straight line in Fig.5 represents the density profile of globular clusters in the Andromeda Galaxy. We see that the radial density of globular clusters in the halos of spiral galaxies is well described by a power law in the form nGC(rp) = A0*rpα ,                                                                                                                                      where  α=−2.1 ± 0.3 and α=−2.5± 0.3 for the Andromeda and the Milky Way, respectively; nGC is the number of globular clusters per unit area of the halo ring; and rp= R is the galactocentric distance of the globular cluster in projection onto the galactic plane.

      Let us select the close pairs from samples 1 and 2 in which the quasar is projected onto the halo of a spiral galaxy. The result is indicated by the lower straight line in Fig.5. For these quasars, α=−2.6 ±0.3 in a segment up to 80 kpc. Figure 5 leads us to conclude that the distribution of globular clusters in the plane of the halos of spiral galaxies and the distribution of quasar projections onto the halos of spiral galaxies are described by a power law with a mean index α≈−2.4, i.e., the quasars from close quasar–galaxy pairs may follow the halo globular clusters in their radial distribution.

7. Globular clusters in elliptical galaxies and quasar-galaxy associatios

      Let us select the quasar–galaxy pairs from samples 1 and 2 in which the quasar is projected onto an elliptical galaxy. We will construct a dependence similar to that in Fig.5. The result indicated by the lower line in Fig.6 leads us to conclude that the distribution of quasars in the halos of elliptical galaxies obeys a power law with an index α=−1.5±0.3 up to 80 kpc. The quasars father than 80 kpc may be background ones unassociated with the presumed gravitational lenses of the halo.

    The upper straight line in Fig.6 was constructed by analyzing the galaxy-galaxy pairs. We selected the galaxy–galaxy pairs from the SDSS catalog in a similar way as the quasar–galaxy pairs. It was necessary to determine how the radial distribution of galaxies seen through the halo of a nearer galaxy fell off. We see that the galaxies are distributed uniformly in projection onto the sky. Note that the radial distribution of galaxies seen through the halos of nearer galaxies and the distribution of quasars projected onto the halos of elliptical galaxies at distances larger than 80 kpc are identical. The distribution 263 globular clusters in the elliptical galaxy М49 within 30 kpc of its center is clearly presented in Cote et al. [15]. This galaxy contains a total of 6000 globular clusters within 100 kpc of its center. Cote et al. [14] analyzed the distribution of 278 globular clusters in the elliptical galaxy М87 within 30 kpc of its center. There are 13 500 globular clusters within 100 kpc of its center. Woodworth and Harris [33] provided the spatial distribution of globular clusters in the galaxy IC 4051. The density of globular clusters in elliptical galaxies increases toward the center.  This led Blakeslee [6] to conclude that the radial density of globular clusters in the halos of elliptical galaxies  A754, А1644, А2124, А2147, А2151, and А2152 is well described by a power law in form (1) with a mean α≈−1.5. Thus, Fig.6 suggest that the distribution of globular clusters in the plane of the halos of elliptical galaxies and the distribution of quasar projections onto the halos of elliptical galaxies are described by a power law with an index α≈−1.5, i.e., the quasars from close quasar–galaxy pairs follow the halo globular clusters in their radial distribution.

8. Conclusions and observational tests

      Active galactic nuclear  projected onto the halos of nearer galaxies may be seen as quasars-galaxy associations.  Among them there are quasars that are close to the galaxies not only in angular separation, but also in redshift. Such quasar–galaxy pairs are called close pairs. In this paper, we developed further the hypothesis that such pairs appear, because the flux of the nucleus of the more distant galaxy passes through halo globular clusters of the nearer galaxy, resulting in magnification and splitting of the image of the source that we interpret as a quasar. To corroborate this hypothesis, we analyzed the distribution of quasars in the plane of the halos of these galaxies. The quasars from close pairs were found to follow the density profile of globular clusters in the halos of elliptical and spiral galaxies with slopes of  α≈ −1.5 and α≈−2.4 for elliptical and spiral galaxies, respectively. This suggests that quasars do not appear near galaxies by chance and that quasars are associated with galaxies via halo globular clusters. The quasars from close quasar–galaxy pairs can be observed to study the splitting of their images. The presumed splitting angles between the images are very small (several milliarcseconds), but they are nevertheless accessible to such telescopes as the VLTI in Chile. Another observational test consists in the following. If the quasars from pairs are actually the central sources of galaxies magnified by globular clusters in the nearer galaxy, then, since zgal/zqso > 0.9 in close pairs, the stars of the host galaxy of the quasar will be mixed with stars of the nearer lensing galaxy for an observer. This may give rise to lines in the galaxy spectra corresponding to two redshifts. 


It is interesting to test a hypothesis that host galaxies of quasars close to us with z <0.3 belong to a class optical-double or interacting galaxies (see pairs in [12]). According to this hypothesis, the observer sees a quasar through halo closer galaxy, not being true host galaxy. The true host galaxy lays on the line of sight with a visible host galaxy, and probably interacts with it (as an example of such galaxy see fig.7).
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Fig.7 The quasar PKS 2349 (the star-like object near the center) and a galaxy (surrounding fuzzy patch), but the quasar is not at the galaxy's center! In fact, the galaxy and the quasar seem to be colliding or merging. This and other recent HST observations suggest that  the close quasar-galaxy pairs are interesting objects for more careful observational studies.
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Fig. 8  Close quasar-galaxy pairs appear in a variety cases  from normal to highly disturbed systems.  The column of HST images on the left represents normal galaxies; the center, colliding galaxies; and the right, peculiar galaxies: PG 0052+251, PHL 909, IRAS04505-2958, PG 1012+008, 0316-346, IRAS13218+0552 (see the text).

In Fig.8 we present several examples of close quasar-galaxy pairs (z<0.3).Top left: This image shows quasar PG 0052+251,  at the core of a normal spiral galaxy. Surprisingly the host galaxy,  that appear undisturbed by the strong quasar radiation, which is natural for the gravitational lensing hypothesis. Bottom left: Quasar PHL 909  lies at the core, but not in the center(!) of an apparently normal elliptical galaxy. Top center: The photo reveals evidence of a collision between two galaxies where the close quasar-galaxy pair appears.. The debris from this collision may be fueling quasar IRAS04505-2958.  Bottom center: quasar PG 1012+008,  merging with a bright galaxy (the object just below the quasar).   providing strong evidence for an interaction between them. This may be the case of lensing of nuclear core (of the father galaxy) by the globular cluster in the halo closer galaxy. Top right: a tidal tail of dust and gas beneath quasar 0316-346, suggests that the host galaxy has interacted with a passing galaxy that is not in the image. Bottom right: evidence of  merging between host galaxy of quasar IRAS13218+0552 and closer galaxy with systems of globular clusters (potential lenses) in its halo. . The elongated core in the center of the image may comprise the two nuclei of the merging galaxies. Actually we have a catalog of 130 pairs with expected similar behavior [12]

      The probability to find an irregular galaxy in a pair with quasar is higher than for other types of galaxies [9]. Here we were unable to perform similar studies with irregular galaxies, because we found no close pairs  among the 203 quasar–irregular galaxy pairs found in [9]. However, the following fact is of considerable interest: despite the smaller number of quasar–irregular galaxy pairs compared to the number of quasar–elliptical galaxy and quasar–spiral galaxy pairs, the relative contribution of irregular galaxies in pairs is considerably higher, i.e., among the elliptical and spiral galaxies, 1–2% of their total number are in pairs with quasars, while among the irregular galaxies, about 9% of their total number are in pairs with quasar [11].This suggest that there may be an enhanced number of compact objects with masses and radii typical of globular clusters around the irregular galaxies at distances of 50−100 kpc. Detection of these effects would be yet another observational tests on the possibility of an association between quasars and nearby galaxies.
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