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Abstract

:

We present and discuss the properties of host galaxies of short Gamma-ray Burst (SGRBs). In particular, we examine those observations that contribute to the understanding of the progenitor systems of these explosions. Most SGRB hosts are found to be star forming objects, but an important fraction, ∼1/5, of all hosts are elliptical with negligible star formation. Short bursts often occur at very large off-sets from their hosts, in regions where there is little or no underlying host light. Such results have enabled the community to test and improve the models for the production of short GRBs. In particular, the data are in favour of the merger of compact object binaries, provided that the kick velocities from the birth site are a few tens of km/s, and merger times of ∼1 Gyr.
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1. Introduction


It was discovered in 1993 [1], thanks to the Burst And Transient Source Experiment (BATSE) instrument onboard the Compton Gamma-ray Observatory, that Gamma-ray Bursts (GRBs) are divided into two classes of objects that show different observational properties. In particular, there is a clear bimodal distribution in the parameter T90, the time interval in which 90% of the counts of the prompt gamma-ray emission are collected, which shows two peaks at ≃0.3 and ≃25 s. Moreover, the spectra of the “short” GRBs are, on average, harder than the spectra of the “long” ones (LGRBs henceforth). While the exact values of peaks of the duration distributions and the divide depends on the observing instrument, and there is a certain degree of overlap in the distributions of T90 between the two classes, these early studies demonstrated that GRBs were not homogeneous. Differences emerged also when the first GRB afterglows were discovered and studied. Before the launch of the Neil Gehrels Swift Observatory mission [2], precise positions of SGRBs could not be obtained from their prompt emission (as was possible for LGRBs), which prevented the community from observing SGRB afterglows. However, in the rare cases in which a SGRB could be pinpointed with precision good enough to permit rapid follow up observations with narrow field instruments, afterglows were not seen in any electromagnetic band ([3,4,5] and references therein) All these pieces of information contributed to the idea that SGRB had different progenitors and “central engine” from those of long GRBs. In particular, the short duration indicated very compact progenitors and the lack of an afterglow pointed to a very thin circumburst medium (which would produce the observed afterglow emission). These characteristics pointed to the direction of mergers of binary neutron stars (NSs) or of NS–black hole (BH) systems [6,7,8]. To determine which physical models for short GRBs were viable, however, we still needed to find their afterglows. This way, we could constrain essential parts of the physics of these sources, such as the energy and the geometry of the ejecta. Furthermore, afterglows could point to the locations and the environments of the galactic systems that were the abodes of these explosions. The importance of positions and environs of cosmic sources cannot be overestimated: they indicate the nature of the progenitors. For example, LGRBs occur in star forming galaxies, in positions consistent with regions where new stars are born, while no LGRB has ever been associated with passive, early type galaxies (the possible exception of GRB 050219B [9], can be still explained as a chance superposition). This finding strongly supported the notion that the progenitor of LGRBs were massive stars, which did not live long and could not move much from their birth site. The situation changed with the discovery of SGRB afterglows, made possible thanks to Swift. Thanks to its very rapid repointing capabilities, Swift has been able to find the weak X-ray afterglows of short GRBs and thus determine the positions of these sources with an error of a few arcseconds; in many cases, Swift observations have also enabled the discovery of optical afterglows, which has led to positions of sub-arcsecond precision. Thanks to this accuracy, we have determined the host galaxies of tens of short GRBs, and have found the most likely hosts of many other events. In this review, we briefly summarize the results of systematic observations, and what they imply for the SRB progenitors.




2. Statistics of SGRB Host Galaxies


In the case of SGRBs with optical afterglows, the optical source enables us to pinpoint the GRB with a sub-arcsecond accuracy, and the bright galaxy in the immediate vicinity of the afterglow is generally regarded as the host of the event. However, as Reference [10] first found out, a few SGRB with optical afterglow occur in a relatively large region devoid of galaxies down to deep upper limits, typically of magnitude m≳ 25–26. By means of probabilistic arguments, based on the size of such region, the density of field galaxies brighter than a certain magnitude, the afterglow position and the distance between a certain galaxy and the afterglow position, reference [11] derives the probability that a galaxy close by is not the host galaxy of the event (chance association, Pc). Reference [11] regards a galaxy as the host of the event only if the Pc is less than 0.05. This allows the recovery a few more host GRB (see below); however, there are still SGRBs for which the methodology mentioned above yields a large probability (larger than 5%, and sometimes as large as ∼50%) that surrounding galaxies are serendipitous objects, i.e., they are not the true host of the event. Furthermore, deep photometry with the Hubble Space Telescope and ground telescopes have not revealed nearby hosts for these events. A way to interpret these events is that one of the surrounding, visible galaxies is the host of the event, in the sense that the progenitor was born in it, but such a progenitor escaped the galaxy at high speed and reached a very large distance.



SGRB optical afterglows are, on average, one order of magnitude less luminous than the optical afterglows of LGRBs [12]. Out of the 68 SGRBs discovered by Swift up to May 2012, only 23 (≃1/3) have an optical afterglow. According to the prevailing model, the GRB afterglow emission is synchrotron radiation; the optical band is likely between the synchrotron peak frequency and cooling frequency. This is a regime in which the flux depends on both the density of the circumburst medium and the kinetic energy of the ejecta. If there is a relation between the density and the host galaxy type, optical afterglows might be biased against early type galaxies. Getting a picture as complete and unbiased as possible of the host galaxies of GRBs is critical for shedding light on the progenitors. In addition, the age of the stellar population tells us about the time it takes for the progenitor system to eventually produce a short GRB. For these reasons, reference [11] has also studied the SGRBs for which only an X-ray afterglow is known. The Swift X-ray telescope (XRT) can usually produce positions with an accuracy of ≃1.5“ at a 90% confidence level (CL). By examining the Swift archive of observations up to 2012, reference [11] finds a total of 36 objects (optical + X-ray identified) with Pc≲0.05. When breaking down this list on the basis of galaxy type (see their article and the references within), they find that 47% are late-type objects, 17% are early type galaxies, and 19% are “inconclusive”, i.e., the data are not good enough to assess the kind of galaxy. Finally, 17% SGRB are “host-less”, i.e., they cannot be associated with a galaxy with Pc<0.05. When assigning the host-less GRBs to their most probable host galaxies, one recovers similar figures: ≃50%, ≃20%, and ≃30% in the same categories as above (see Figure 1)1.



A Kolmogorov-Smirnov (KS) test does not show a correlation between the type of host galaxy of a short GRB and its duration [11]. This is of particular interest since, as mentioned in the Introduction, there is an overlap between the properties of SGRBs and LGRBs, and some events due to collapsars might have been erroneously included into the SGRB class. In principle, this could explain why one finds more star forming galaxies than elliptical objects among the hosts of SGRBs. However, this has been found not to be true. Reference [13] has shown that one can assign to a GRB event the probability that it is not to a collapsar, based on its duration. Reference [11] has attested that, even if we examine only SGRBs with very high probability (>0.9) of not being caused by a collapsar, we find a ratio of star forming galaxies to passive galaxies even larger than that of the “complete” sample.




3. The Location of SGRB Afterglows in Their Host Galaxies


3.1. Off-Set Distribution


Reference [14] carried out a systematic study of the position of SGRBs with respect their host galaxies. Such an analysis was carried out by means of extensive Hubble Space Telescope imaging (see [14] for a detailed account of the procedure). It shows that the projected physical off-sets of the afterglows from the centres of the galaxies ranges from 0.5 to 75 kpc, while the median is 4.5 kpc. This is more than three times larger than the median off-sets for LGRBs (see Figure 2)2, which is ≃1.3 kpc [15,16], but similar to the median off-sets of supernovae (SNe) Ia, which is ≃3 kpc. However, SGRBs can be placed further away from their hosts than SN Ia; the latter are not found beyond 20 kpc from their host, while 10% of SGRBs are. Reference [14] has also studied the distribution of the “host-normalized” off-sets, i.e., the ratios between the off-set of the afterglow and the host galaxy effective radii re. This is of great importance because the large physical off-sets of the afterglow per se may not indicate that SGRBs occur preferentially outside their host galaxies, as predicted in some models of compact binary mergers, if the host galaxies themselves are large. It is found that the host-normalized off-set distribution ranges from 0 to almost 15, while the median is 1.5, with only 25% of events at ≲1 re. This contrasts with the host-normalized re≃1 of LGRBs, core-collapse SNe, and even SN-Ia. The probability that LGRB and SGRB host-normalized off-sets are drawn from the same underlying population is only 3%, while the same probability for SGRBs and SN-Ia is less than 10−3; these results indicate substantial differences between the progenitors of SGRBs and the other two classes of explosions.




3.2. Light Fraction Distribution


Reference [14] has also studied the so-called fractional flux for SGRB host, that is, the fraction of total host light in pixels fainter than or equal to the light in the pixel at the location of the transient [17]. Similar studies have already been performed in the case of hosts of core-collapse SNe, SN Ia, and LGRBs [16,17,18]. In their study of SGRB hosts, ref. [14] considered the fractional flux for UV light, with a rest-frame wavelength of less than 400 nm, and that for optical light, with a rest-frame wavelength larger than 400 nm. Naturally, this kind of study has to be restricted to those events that have an optical afterglow, giving a total of 20 SGRBs. Results are striking: 45% of SGRB are placed on the lowest level of optical brightness, i.e., 0, and 55% are on the lowest level of UV emission. The median fractional optical flux is ≃0.15, while the median fractional UV flux is ≃0.



By comparing the SGRB fractional UV flux distribution with the host’s galaxy own UV light distribution by means of a KS test, there is a quite low probability p=0.01 that the two distributions are drawn from the same intrinsic population, while this probability rises to 0.04 considering the optical light. These results show some similarities but differences as well with respect to those for SN Ia. About 34% of Ia SNe are placed on pixels that have zero UV flux; this percentage is lower but comparable to that for SGRBs. However, only 6% of SN Ia occur on regions of zero optical flux. The difference between SGRBs and LGRBs is even more obvious: the median fractional optical flux of LGRBs is 0.80, while 5% of LGRBs occur on pixels with zero flux. A comparable analysis for core collapse supernovae yields results similar to those of LGRBs.





4. Implications of Galaxy Demographics, Off-Sets and Fractional Flux Distributions


The ratio between star forming and passive hosts informs us about whether the SGRB rate is driven by star formation or stellar mass. A ratio 1:1 would indicate that the SGRB rate is driven by stellar mass alone, since the stellar mass in the two types of galaxies is roughly equal up to redshift ≃1; if instead the star formation rate influences the SGRB rate, one would expect a number of star forming, late galaxies larger than that of passive, early type galaxies. According to [11], the ratio of star forming galaxies to passive objects is ≃2.5:1 (see Figure 1), quite different from 1:1, and an F-test run shows that there is only a 4% probability that the observed distribution of host galaxy type can be derived from a population in which the intrinsic ratio is 1:1. Only if all the objects in the “inconclusive” category were early type would become the ratio 1:1, but this circumstance is rather unlikely. As a consequence, one can infer that the SGRB rate is proportional to both the star formation rate and the stellar mass.



The number of hosts falling in the category of star forming galaxies is larger than those belonging to the class of early, elliptical galaxies, in which few to no stars are being formed. However, the latter still represent an important fraction of the total. This behaviour resembles that of type Ia supernovae, which take place in both star forming galaxies and elliptical galaxies. This similarity already suggests that the progenitors of SGRBs, like those of SN Ia, are evolved systems.



It is also possible to argue that, if the delay time, i.e., the time from the birth of the progenitor system until the SGRB, were several billion years, then one should prevalently find early type galaxies associated with SGRBs at z∼0. This does not appear to be the case, suggesting instead that the delay times are shorter. This conclusion is in agreement with a systematic study of the spectral energy distributions (SED) of SGRB hosts [11,19], which shows stellar populations with ages ≲ a few Gyr. As a consequence, the average delay time for SGRB should be ∼1 Gyr.



The analysis of afterglow off-sets strongly indicates that the SGRB do not trace star forming regions and they are weakly, if at all, correlated with the stellar mass of the host galaxy. This indicates that they travel large distances from their birth sites. Moreover, their progenitors must be very different from those of LGRBs, and to some extent not similar to that those of SN Ia. A further insight into the nature of the progenitors can be derived if we compare the ages of the host galaxy populations and the off-sets of the SGRBs. Assuming that the delay between the birth of the progenitor system and the merger is comparable to the average stellar population age, one can infer the typical velocity at which the system moved from the birth site, that is, the “kick” velocity. First, reference [14] notes that there does not appear to be a correlation between the normalized off-set and the mass of the host galaxy (see the previous section). This result suggests that the gravity of the host galaxy does not play an important role in determining the kick velocity. Secondly, the distribution of off-sets leads to a distribution of projected speeds of the SGRB progenitors between 2 and 150 km−1 s−1. When considering the velocity dispersion of stars in the host, one finds projected kick velocities of ≃20–140 km−1 s−1 with a median of ≃60 km−1 s−1. This velocity range is consistent with the interval of kick velocities derived for NS–NS binaries in the Milky Way. Again with the aim of shedding light on the progenitors of short GRBs, it is interesting to compare the off-set observations with the predictions of population synthesis models of NS–NS binary mergers [20]. As is shown in Figure 2, the observed distribution is broadly consistent with that predicted one, although the simulations predict a somewhat larger off-set. This might be explained by the fact that, in order to build the off-set distribution, one needs an optical afterglow; this excludes ≃2/3 of SGRBs. In particular, an optical afterglow may be weaker and thus more likely to go undetected if the environment density is small (see above); this condition is more likely for GRBs occurring far away from the host galaxy. As a consequence, including events with X-ray only position may actually improve the agreement between the population synthesis and the real distribution of off-sets.




5. GW170817/GRB 170817A in the Context of SGRB Host Galaxies


On 17 August 2017, the SGRB 170817A was detected by Fermi and INTEGRAL, only two seconds after the Gravitational Wave signal [21] which flagged the coalescence of a binary neutron star system was detected by aLIGO. Subsequent electromagnetic follow up observations showed a new optical transient where Fermi, INTEGRAL and the aLIGO error regions overlapped. These observations proved that the SGRB and the new electromagnetic source were indeed the outcome of the merger observed in the GW channel.



The host galaxy of the GRB 170817A/GW 170817 event was NGC 4993, at ≃40 Mpc from Earth. The property of this galaxy and the position of the source with respect to the galaxy body are consistent with those illustrated above. NGC 4993 is morphologically a lenticular galaxy, dominated by its bulge, although it also appears to be slightly distorted. The effective light radius of this object is re≃3 kpc in the optical band, while it is ≃2 kpc for near-infrared observations [22]. The transient occurred at a projected distance of ≃2 kpc from the galaxy centre. These figures yield a normalized off-set of ≃0.7. The star formation rate of the galaxy is negligible, estimated to be less than a few thousandths of M⊙ yr−1. According to [23], however, ≃20 percent of NGC 4993 stellar population is ≃1 Gyr old, while the rest is older than 5 Gyr. The fact that the merger occurred close to the centre of the host galaxy, together with the old age of stellar populations, suggests a relatively small kick velocity, although statistical and dynamical considerations indicate that it might have been as large as a few hundreds of km s−1 [23]. At the position of GRB 170817A, no bright source is detected; the fractional flux is ≃0.6. This value is at the higher end of those seen in cosmological SGRBs (see previous sections). However, reference [23] points out that we may not detect the light from the faintest regions of the host galaxies of cosmological SGRBs, while the host galaxy of SGRB 170817A is located much closer to us.




6. Conclusions


About 50% or more of GRB host galaxies are late-type, star forming systems; only ≃20% are definitely early-type, elliptical, passive objects. The remaining fraction is made of hosts we cannot identify or understand the features. These figures strongly indicate that the amount of star formation plays an important role in determining the SGRB rate, together with the stellar mass of the host. However, some SGRB hosts do not have star formation, and SGRBs often occur in the lowest UV luminosity pixel of their hosts. These facts indicate that SGRBs are not connected with recent star formation. Indeed, the age of stellar populations in the host galaxies is ≲ a few Gyr, suggesting that the timescale between the creation of the SGRB progenitor and the SGRB event itself is of the order of 1 Gyr. The median off-set of SGRBs is 4.5 kpc (about three times that of LGRBs) and, together with the typical stellar population age, points out typical projected speeds of ≃60 km−1 s−1 for the progenitors from their birth site to the final explosion. All the results described above indicate, or at least are consistent with, the scenario in which SGRB progenitors are binary systems made of two compact objects, either two neutron stars or a neutron star and a black hole.
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Figure 1. Pie diagram that shows the types of SGRB host galaxies. Source: Figure 13a in [11]. 
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Figure 2. Cumulative distribution of projected physical off-sets for 22 short GRBs with sub-arcsecond positions (red; from [11]). Also shown are the cumulative distributions for long GRBs (black), core-collapse SNe (green), Type Ia SNe (blue); and predicted off-sets for NS–NS binaries (grey). Source: Figure 5 in [14]. 
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