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Abstract:



Changes of the magnification ratio of images in a lensed blazar, caused by microlensing on individual stars, have been proposed as a probe of the size and velocity of the emission region in the lensed source. We study whether similar changes in the magnification ratio can be caused by the microlensing on the intermediate size structures in the lensing galaxy, namely stellar clusters and giant molecular clouds. Our numerical simulations show that changes in the magnification ratio of two images with similar time scales (as seen in QSO B0218+357) can be obtained for relativistically-moving emission regions with sizes up to 0.01 pc in the case of microlensing on clumps in giant molecular clouds.
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1. Introduction


A large mass located between a source of electromagnetic radiation and the observer will bend the trajectories of the photons and thus distort the observed image. In particular, the effect known as strong gravitational lensing leads to the occurrence of multiple images of the same source. The radiation forming different images of the source will travel along different paths, undergoing a different time delay. As a consequence, in the case of time variable sources, the observer will experience the same variability pattern from the various images, but with a time delay dependent on the geometry of the source–lens–observer system.



The strong gravitational lensing on the mass distribution of the whole galaxy may be accompanied by additional effects due to individual stars in the lensing galaxy (i.e., microlensing). Microlensing affects the images on much smaller angular scales, not observable with imaging instruments, but results in changes of the magnification that can be observed (e.g., [1]). As this effect is sensitive to small changes in the size and location of the emission region, it can be used to study the morphology of sources at unprecedented distance scales. Recently, microlensing was invoked to explain the time variability displayed in the GeV band by the known gravitationally-lensed blazars PKS1830-211 [2,3] and QSO B0218+357 [4]. These authors interpret the changes in the magnification ratio of the leading and trailing component as microlensing due to individual stars in the lensing galaxy. Based on this, they put strong limits on the size of the emission region (≲[image: there is no content]–[image: there is no content] cm) and the relative projected speed of the source and the lens, on the order of [image: there is no content] km/s. Those findings are, however, at odds with the standard model of blazars, where the high-energy emission is generated in a compact region moving at a relativistic velocity along the jet. The relativistic velocity is in fact needed to explain the observed properties of blazars, such as high luminosity during flares, fast intrinsic variability, and, indirectly, also the lack of strong absorption of TeV gamma rays.



QSO B0218+357 is a blazar located at a redshift of [image: there is no content] [5]. It is gravitationally lensed by B0218+357G [6], most probably a spiral galaxy seen face-on, located at a redshift of [image: there is no content] [7]. Two distinct components A and B with an angular separation of only 335 mas and an Einstein ring of a similar size are visible in the radio image of QSO B0218+357 [8]. They are separated by a time delay of [image: there is no content] days (B lagging behind A), showing a flux ratio of the A and B components of [image: there is no content] [9]. A similar value for the time delay, but with a larger uncertainty of ∼1.5 days, was obtained using radio measurements over the same epoch [10]. The ratio of magnified fluxes varies from 3.7 to 2.6 over the frequency range 15.35 GHz to 1.65 GHz [11], presumably due to free–free absorption [12]. Moreover, [13] claimed a small amplitude chromatic variability of the flux ratio at radio frequencies on time scales of tens of days. In 2012, QSO B0218+357 underwent a high state in gamma rays, with a series of outbursts registered by the Fermi Large Area Telescope (LAT) in the GeV range, allowing [14] to measure the gamma-ray delay of [image: there is no content] days. Decomposition of the emission into two separated components, delayed by ∼11.5 days, revealed changes in their relative magnification ratio [4].



We investigated whether the observed variability in the magnification ratio of both components observed at GeV energies can be explained by microlensing on larger structures than stars [15]. We studied open clusters (OC), globular clusters (GC), and giant molecular clouds (GMC) as possible lenses during the 2012 high state of QSO B0218+357. The size of such objects would result in much larger regions in the source plane being magnified by a single microlensing event than for the case of individual stars. Thus, microlensing on intermediate size objects (if plausible) can relax the strong constraints on the size of the gamma-ray emission region and its velocity, making the interpretation consistent with the standard paradigm of blazars. In this contribution, we summarize our findings recently published in [15].




2. Experimental Section


We considered lensing of QSO B0218+357 by different types of structures with intermediate size (fraction of pc to tens of pc) and mass ([image: there is no content]–[image: there is no content][image: there is no content]) [15]. In the case of a GC lens, huge magnifications (on the order of 100) are technically possible on the dense core of the GC. However, the probability of such an event is very low. In contrast, the less dense OCs do not provide coherent lensing by the whole structure, only microlensing on the caustics between more massive nearby stars.



The most promising intermediate targets for microlensing seem to be GMCs. They are large gas structures with masses on the order of [image: there is no content][image: there is no content] and radii ∼20 pc [16]. In the Milky Way, there are over [image: there is no content] GMCs, out of which [image: there is no content] have mass above [image: there is no content][image: there is no content] [17].



Since GMCs are much more irregular than star clusters (filaments, clumps, and cores can be identified, see [18] and references within), microlensing can occur on those substructures. The optical depth of a source being microlensed at a given moment by a clump in a GMC can be estimated as:


τclump=kGMCNGMCNclump(θE(Mclump)DL)2rdisk2=2×10−3kGMC3MGMC105M⊙NGMC104rdisk10kpc−2,



(1)




where [image: there is no content] is the number of GMC in the lensing galaxy, [image: there is no content] and [image: there is no content] are the number and mass of clumps in a typical GMC, and [image: there is no content]. [image: there is no content] is the Einstein radius for a mass of M. The inhomogeneity factor [image: there is no content] accounts for the distribution of GMC in a lensing galaxy. Based on the H2 distribution in our Galaxy (derived from CO measurements) [19], [image: there is no content] is expected to be on the order of unity for the A image, and on the order of ten for the B image. Note that as the projected position of the lensed source traverses the GMC, it can cross multiple individual clumps on time scales of months. Therefore, the probability of the image of a lensed source to cross a GMC—and thus being periodically magnified via microlensing on individual clumps—scales with the projected area of the GMCs, resulting in a value factor ∼60 larger than obtained in Equation (1).



Interestingly, there are independent reasons to believe that at least one of the images of QSO B0218+357 crosses a GMC in the lensing galaxy. The different reddening of the two images of QSO B0218+357 can be interpreted as an additional absorption of the leading image with the differential extinction [image: there is no content] [20]. Moreover, a molecular absorption line has been detected in the leading image. It corresponds to a rather large H2 column density of [image: there is no content] cm−2 [21]. Even more interestingly, a similarly large column of absorbing gas has been also detected in the other known gravitationally lensed gamma-ray quasar PKS1830-211 [22], for which microlensing was suggested [3].



We study the possible variation of the magnification obtained in microlensing on clumps in GMCs by using a numerical simulation code based on the inverse ray shooting method (e.g., [23]). The deflection angles of individual rays are computed using the typical thin sheath approximation of the lens. The source plane is divided into a grid of cells, and the magnification is computed as the ratio of the number of rays hitting a given cell to the average number of rays emitted in the solid angle of this cell. The maps are divided in 1000 × 1000 cells, and [image: there is no content]–[image: there is no content] rays are simulated per map. We define the resolution of the maps as the linear size of the cells in which the magnification is computed.



For the sake of simplicity, we simulate a GMC as a spherically-symmetric structure (projected in the simulations on the XY plane of the lens) composed of individual extended clumps. We assume that each clump has a homogeneous mass density. The mass distribution function of the clumps follows a power law distribution between 0.8 [image: there is no content] and [image: there is no content][image: there is no content] with an index [image: there is no content] [24]. The radius of each clump, [image: there is no content], is estimated according to the empirical correlation with its mass [24]:


[image: there is no content]



(2)








3. Results


In the simulations, we use a typical mass and radius of GMC of [image: there is no content][image: there is no content], RGMC=20pc. We consider two different scenarios of the distribution of clumps; homogeneous (i.e., [image: there is no content]) and more peaked towards the centre of the GMC (i.e., [image: there is no content]). In Figure 1, we show the magnification map obtained for both cases.


Figure 1. Microlensing by a giant molecular cloud (GMC) with [image: there is no content][image: there is no content], RGMC=20pc composed of homogeneously distributed clumps (top panels) or a distribution of clumps in the GMC following [image: there is no content] (bottom panels). Left panels: surface density (in the reference frame of the lens) of the mass of the lens, with individual clumps marked with black points. Middle panels: magnification map in the reference frame of the source. Right panels: fraction of the map with a magnification above a given value. Individual panels reproduced from [15].
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The magnification map tracks the changes of the magnification of one of the images, depending on its position projected on the lens plane. For homogeneously distributed clumps in a GMC, most of the magnification happens on individual clumps. Magnifications by a factor of 2–3. can be achieved on distance scales of a fraction of pc.



In the case of a more peaked mass distribution, the microlensing is enhanced in the inner pc. A combination of multiple individual clumps can produce stronger magnifications (>5). Note that such magnifications are possible for sources with sizes up to ∼0.01 pc.




4. Discussion


If the gamma-ray emission of QSO B0218+357 is produced in the classical blob-in-jet models, apparent superluminal motion of the emission region is expected. The interpretation of the change of the magnification ratio of the two images in terms of microlensing on individual stars in the galaxy excludes such a movement [4]. On the other hand, the change in the magnification factor can also be produced by microlensing on extended structures with masses of hundreds of [image: there is no content]. In order to explain the changes of the magnification ratio seen in the Fermi-LAT data on the time scale of 20 days, one requires features in the magnification map with a length of ∼0.1 pc for an apparent superluminal motion with proper motion of 0.2 mas/year. Such features occur naturally, due to microlensing in individual clumps of a GMC. Enhancement periods with time scales of a few tens of days can be obtained for the peaked distribution of clumps up to a magnification factor of [image: there is no content]. Moreover, such a scenario operates up to much larger (up to ∼0.1 pc) sizes of the emission region in QSO B0218+357 than for the scenario presented in [4].



In order to compare the predictions of our model with the changes in the magnification ratio claimed by [4], we compute the total magnification ratio. It is calculated as the product of the strong lensing magnification (obtained at radio frequencies) and the magnification from microlensing on clumps in a GMC. In Figure 2, we show one of the possible paths obtained in the simulations, which follows the changes of the magnification ratio seen in the Fermi-LAT data.


Figure 2. Changes of the total magnification ratio of the leading to trailing component seen in Fermi-LAT data during the 2012 high state of QSO B0218+357 (black circles, [4]). The black solid line shows the changes of the magnification ratio obtained along one of the simulated paths of the trailing image through a GMC with a mass of [image: there is no content][image: there is no content]. Strong lensing with a magnification ratio of 3.6, with proper motion of 0.2 mas/year and size of the gamma-ray emission region of 0.01 pc are assumed. Figure reproduced from [15].
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For typical speed and size of the gamma-ray emission, the microlensing on clumps of a GMC can account for changes of the magnification ratio of similar amplitude and time scales, as observed by Fermi-LAT. We therefore conclude that microlensing occurring on clumps of a GMC is a tempting alternative to explain the variability of the magnification factor seen in the GeV gamma-ray observations of QSO B0218+357.
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