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Abstract

:

Among the highly dynamical non-thermal universe, flashes of  γ -ray photons from jets in active galactic nuclei (AGNs) are always attractive. Not only are they extraordinary observational phenomena, but they also become powerful probes of the jets. Benefiting from the current advanced  γ -ray observational facilities, especially the Large Area Telescope aboard the Fermi space  γ -ray observatory and Imaging Atmospheric Cherenkov Telescope arrays, fast (intraday)  γ -ray variability has become a common feature detected in various subtypes of jetted AGNs. Moreover, extreme events with variability timescales down to a few minutes have been occasionally detected, which put a severe constraint on the classical jet model. Herein, recent studies on the detection of fast  γ -ray variability in jetted AGNs are summarized, and corresponding implications are discussed. Scenarios proposed to explain the minute-scale  γ -ray variability as well as future observational opportunities are also briefly summarized.
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1. Introduction


It is widely accepted that relativistic jets in active galactic nuclei (AGNs) play a crucial role in the nonthermal universe. Except for a few nearby star-forming galaxies, jetted AGNs are the dominant population of the extragalactic  γ -ray sky (e.g., [1]). The majority of these  γ -ray sources are blazars [2], including flat spectrum radio quasars (FSRQs) and BL Lacertae objects (BL Lacs), whose jets are closely aligned to our line of sight [3]. Due to significant relativistic beaming effects, they are characterized by their luminous and highly variable non-thermal continuum emissions from radio-to- γ -ray (GeV and TeV) energies, along with polarized radio and optical emissions [4,5]. On the other hand, jetted AGNs with relatively large jet inclination angles—the so-called misaligned AGNs (i.e., radio galaxies and steep spectrum radio quasars, or SSRQs)—are also visible in the  γ -ray sky [6,7]. In addition, the Large Area Telescope (LAT, [8]) aboard the Fermi space  γ -ray observatory reveals radio-loud Narrow line Seyfert 1 galaxies (NLS1s) as a new subclass of  γ -ray AGNs [9,10]. The spectral energy distribution of these jetted AGNs generally exhibits a two-bump structure in logνFν–logν representation, where one is believed to be synchrotron emission of relativistic electrons based on the polarized radio and optical emissions, while the other peaking in the  γ -ray domain is usually explained as inverse Compton scattering of soft photons by the same population of electrons [11]. The soft photons could be from the jet itself (i.e., the synchrotron emission), the synchrotron self-Compton (SSC) model [12]. The soft photons could also be from photons outside the jet, the external Compton (EC) models: including the UV emission from the accretion disk radiation [13], photons of emission lines from the broad-line region (BLR [14]), and the infrared emission from the dust torus [15]. Alternatively, the  γ  rays could also be explained by hadronic scenarios [16]. According to their SED properties (i.e., the peak frequencies of the synchrotron bump), these sources are traditionally divided into low-synchrotron-peaked sources (  ν  p e a k  S   <   10 14   Hz), intermediate-synchrotron-peaked sources (  10 14   Hz <   ν  p e a k  S   <   10 15   Hz), and high-synchrotron-peaked sources (  ν  p e a k  S   >   10 15   Hz) [2].




2. Fast  γ -ray Variability as a Common Feature Observed from Jetted AGNs


One of the most extraordinary phenomena in jetted AGNs is their fast  γ -ray variability (i.e., intraday variability), which provides a strong probe into the physical processes of the innermost regions of AGN jets. Benefiting from powerful observational facilities in the  γ -ray domain, this phenomenon has been detected in different subtypes of jetted AGNs. Current understandings are provided below.



2.1. Blazars


Mrk 421, a high-frequency peaked BL Lac (HBL, [17]), is the first one with sub-hour very high energy (VHE)  γ -ray variability detected by Whipple Observatory [18]. A more extreme phenomenon where the VHE  γ -ray flux doubling time was as short as a few minutes has been observed from two other bright HBLs, PKS 2155−304 (2 min, [19]) and Mrk 501 (3 min, [20]), by H.E.S.S. and MAGIC, respectively. Since strong flares where these photons from “a hot hell” [21] are detected are highly unpredictable, together with the limited field of view of the current generation of Imaging Atmospheric Cherenkov Telescope arrays, such a detection requires not only the right telescope, but also the luck of pointing it in the right direction at the right time. So far, there has only been one other known detection of minute-timescale  γ -ray variability from BL Lacs: BL Lacertae (10 min, [22]) which is the prototype of its kind and a low-frequency-peaked BL Lac. Nevertheless, intraday VHE  γ -ray variability has also been detected for the BL Lacs by ground  γ -ray observational facilities [23].



It was a surprise when an ultrafast VHE  γ -ray variability event was detected from a FSRQ: PKS 1222+21 (10 min, [24]). Since the  γ -ray spectra of FSRQs are generally softer than those of BL Lacs and due to the possibly severe absorption of the VHE  γ -ray photons for interaction with soft photons (i.e., the extragalactic background light (EBL) and photons from the accretion system), there are only a few known VHE FSRQs so far. Searching for fast  γ -ray variability of the former kind in the GeV domain to which the space-borne  γ -ray observatories are sensitive is preferred. Actually, sub-day GeV  γ -ray flux variations have been found in a few sources since the Compton Gamma Ray Observatory era [25]. Thanks to the Fermi-LAT, the number of such detections has significantly increased—see [26,27,28,29]; also see similar detections in the VHE regime [30]. However, due to its routine survey observation mode, the minimum variability timescale detected by Fermi-LAT is usually limited to a few hours. Interestingly, benefiting from a target of opportunity (ToO) repointing of Fermi-LAT, extremely fast GeV  γ -ray flux variability with a doubling time of less than 5 minutes that is comparable with those VHE  γ -ray detections has been detected in a giant outburst of 3C 279 [31]. It is the second detection of minute-timescale  γ -ray variability for FSRQs, and the first one in the GeV regime. Meanwhile, a third case has been detected by Fermi-LAT: a variability timescale down to ∼5 min for CTA 102 in April 2017 [32]. All of these observational results strongly suggest that this extreme phenomenon is not rare among FSRQs.



Blazars could be bright beacons at early cosmic time, harboring super-massive black holes (SMBHs) heavier than one billion solar masses [33]. Studies of high-redshift blazars not only shed light on the formation and growth of the first generation of SMBHs and the role that relativistic jets play at that time, but also provide information on whether and how the jet properties change with cosmic time [34], along with their potential impacts on the evolution of AGNs and their host galaxies [35,36]. The farthest known  γ -ray blazar detected by Fermi-LAT to date is NVSS J151002+570243 ( z  = 4.3, [37]), along with six other sources with redshifts over 3 [38]. Studies of blazars with redshifts between 2 and 3 reveal their fast  γ -ray variability (∼2–3 h in the source frame, [39,40,41]). Moreover, a systematical temporal analysis of Fermi-LAT data of the seven sources beyond redshift 3 has been performed [42]. Significant long-term  γ -ray variability has been found from five sources in monthly  γ -ray light curves, in which three of them were reported for the first time. Furthermore, intraday  γ -ray variations were detected from NVSS J053954−283956 ( z  = 3.1) and NVSS J080518+614423 ( z  = 3.0). The doubling variability timescale of the former source is limited to as short as ≲1 h (in the source frame). Together with variability amplitude over one order of magnitude (also see [43]), NVSS J053954−283956 is the most distant  γ -ray flaring blazar so far (see Figure 1). Interestingly, the intraday optical variability of NVSS J163547+362930 ( z  = 3.6) was found based on archival Palomar Transient Factory (PTF)/intermediate PTF (iPTF) light curve. Since the variation of the optical emission of FSRQs has generally been observed simultaneously with the variation of their  γ -ray emissions, fast  γ -ray variability of NVSS J163547+362930 could soon be detected by Fermi-LAT.




2.2. Radio-Loud Narrow Line Seyfert I Galaxies


NLS1s are a peculiar subclass of AGNs. They are believed to be in an early stage of AGN activity because of their small black hole (BH) masses 1 (between   10 5   and   10 8     M ⊙  ) and accretion systems with high Eddington ratios (≳ 0.1) which are different from normal jetted AGNs (e.g., blazars) [45]. Therefore, they serve as an intriguing population of sources, shedding important new insights into the formation of AGN jets under extreme conditions. Among a handful of  γ -ray radio-loud NLS1s, fast  γ -ray variability on a timescale of ∼3 h has been detected from 1H 0323+342 [46] (also see a hint of a similar behavior in PKS 1502+036 [47]).




2.3. Radio Intermediate Quasar: III Zw 2


In early time, a bimodal distribution of radio properties from optical-selected quasars has been found [48], and radio-loudness (i.e., ratio of the radio flux at 5 GHz to the optical flux in the  B -band) is usually adopted as a convenient tool for classification. However, based on recent deep and massive radio and optical surveys, such a bimodal distribution is not preferred [49]. Beyond the classical radio-loud and radio-quiet quasars, there is another population, the so-called “radio-intermediate quasar” (RIQ, e.g., [50]). III Zw 2, the prototype of this population, on one hand shows typical blazar behaviors including a detection of superluminal jet motion as well as violent radio variability. On the other hand, unlike blazars, its radio-loudness is moderate and its extended radio emission is very weak compared with its core emission [51].



In order to probe the connection between III Zw 2 and blazars, we have carried out a thorough investigation of its multiwavelength data from radio to  γ -ray regimes [29]. Particularly, two distinct violent  γ -ray flares have been detected by Fermi-LAT, which suggests III Zw 2 is a strong  γ -ray emitter, though no significant signal has been found in the time-averaged 7-year data. Simultaneous optical and  γ -ray variations have been observed in one flare, which is helpful to identify the association. Moreover, fast  γ -ray variability with a doubling timescale of 2.5 h has been detected in another  γ -ray flare, when a newly ejected jet knot was detected by the MOJAVE program 50 days later (see Figure 2) [52]. Note that III Zw 2 is the first known  γ -ray RIQ so far, and even for FSRQs, a minimum  γ -ray variability timescale of ∼1–2 h is extreme.




2.4. Misaligned AGNs


Due to their relatively large jet inclination angles (i.e.,   ≳  10 ∘   ), the Doppler beaming effect should not be significant, and misaligned AGNs tend to have milder  γ -ray variability (usually on timescales of months) and slower apparent knot speeds than blazars. Unexpectedly, fast VHE  γ -ray variability on timescales of ∼1 day was detected from the nearby radio galaxy M87 by H.E.S.S. [53]. Another case is IC 310, from which MAGIC observations reveal an ultrafast VHE  γ -ray variability with doubling timescales shorter than 5 min [54]. However, IC 310 exhibits a transitional behavior between a radio galaxy and a BL Lac, which makes its classification still under debate. Recently, NGC 1275 has become the third case based on its hour-scale GeV  γ -ray variability detected by Fermi-LAT [55]. Meanwhile, night-to-night VHE  γ -ray variability of NGC 1275 has also been seen by MAGIC [56].





3. Implications and Prospects


The observed minimum  γ -ray variability timescale naturally reflects the radius of  γ -ray radiation region,


   R  γ  ′  =  ct var ′  ≲ δ  ct  var , obs     ( 1 + z )   − 1   ,  



(1)




where  δ  is the Doppler factor and  c  is the speed of light. Therefore, fast  γ -ray variability indicates a compact radiation region. However, when the radius of this compact region is compared with the gravitational radius of the central SMBH, there are large uncertainties in the estimations of the Doppler factor as well as the BH mass. To avoid heavy absorption on  γ  rays from soft photons via   γ γ   process, the optical depth should not be high,


   τ  γ γ    (  x ′  )  =   σ T  5   n ′   (  x t ′  )   x t ′   R ′  ≲ 1 ,  



(2)




where   σ T   is the scattering Thomson cross section,    n ′   (  x ′  )    is the differential comoving number density of the target photon per energy,   x t ′   is the energy of the target photon in dimensionless units, and   R ′   is the absorption length [57]. Either the jet radiation itself and/or external emissions (e.g., from accretion disk or broad emission lines) can serve as the absorbing soft photons. Alternatively, the absorption from the EBL could be important, especially for the high redshift sources [58]. Meanwhile, it is reasonable to assume that the minimum variability timescale is a good approximation of the radiative cooling timescale [59],


   t cool ′   (  γ br  )  ≃ 3  m e  c /  ( 4  σ T   γ br   u cool ′  )  ≃  t var ′  ,  



(3)




where   γ br   corresponds to cooling break energy in the electron distribution.   γ br   can be estimated as    (  ν  SSC , br   /  ν  syn , br   )    in the synchrotron self-Compton (SSC) model for HBLs and    (  ν  EC , br   /  ν  ext , br   /  δ 2  )    in the external Compton (EC) model for FSRQs.   ν  syn , br   ,   ν  SSC , br   ,   ν  EC , br   , and   ν  ext , br    correspond to the peaking frequencies of synchrotron, SSC, EC, and external soft photon emissions, respectively. The cooling photon density   u cool ′   can also be obtained from the observed synchrotron luminosity or the external emissions (e.g., the accretion disk emission), respectively. Note that this formula can only applied within the Thomson regime (for the Klein–Nishina regime, see e.g., [60]). Based on these two approaches, one can provide lower limits of the Doppler factor, which is a crucial quantity of AGN jets. Such a constraint could be rather severe when applied to the detection of minute-scale  γ -ray variability,   δ ≳ 50  . It is significantly higher than the typical value given by the kinetic radio observations,   ≲ 10  . In the classical one-zone jet model for a conical geometry, distance scale between the  γ -ray radiation region and the central SMBHs,   r γ  , is proportional to the size of the radiation region,


   r γ  ≃  R γ  / θ ≃  R γ  Γ ≃  R γ  δ ,  



(4)




where  θ  is the jet opening angle and  Γ  is the jet bulk Lorentz factor, and thus a compact radiation region should be deeply embedded in the radiation field of the broad line region. Note that radio observations suggest a causal jet (  Γ θ ∼   0.2 [61]) rather than the assumption   Γ θ   = 1 adopted in the above formula. Detections of ultrafast  γ -ray variability among FSRQs put a strong challenge to this standard picture, since in this case  γ  rays would be heavily absorbed from the intense external photons. For high-redshift blazars, detections of their fast  γ -ray variability should not be a surprise because highly beamed sources are more likely to be seen there due to the Malmquist bias. However, based on these detections, no significant difference of the Doppler factor between high-redshift blazars and nearby ones is found. Therefore, SDSS-FIRST detected jetted AGN with   z >   3, which is fairly less than the expectation according to the  Swift -BAT-detected high-redshift blazars [35], is likely due to selection effects rather than a result of a decrease of the average bulk Lorentz factor at higher redshifts. For the radio-loud NLS1s and RIQ III Zw 2, the detected fast  γ -ray variability provides firm evidence that their central engine resembles that of blazars. Considering that the radio core of III Zw 2 is similar to those of young radio sources, along with a faint relic of the distant radio lobe, one possibility is that the jet has recently been re-triggered. Since III Zw 2 is hosted by a merging galaxy and the galaxy merger phenomenon is believed to be a possible path for generating radio-loud AGNs, III Zw 2 could be an interesting target that provides crucial information of the early activity of AGN jets as well as their triggering mechanisms. Finally, detections of fast  γ -ray variability from misaligned AGNs are quite appealing. Since the Doppler beaming effects are modest for misaligned AGNs and hence the scenarios which work for blazars should not be applied to misaligned AGNs, they offer a novel perspective to approach this intense high-energy phenomenon.



Several scenarios were proposed soon after the detections of minute-scale  γ -ray variability (for a recent summary see, e.g., [62]). Firstly, flares could be initiated by relativistically moving sub-regions through the jet material, the so-called “jets in a jet” [63,64]. Interaction between the jet and external materials (i.e., a star or cloud [65]) may bring such mini-jets where particles are accelerated by the magnetic reconnection process [66]. Alternatively, by analogy with the magnetospheric model usually adopted for radio-loud pulsars, charged particles are accelerated by unscreened electric fields in a charge-starved vacuum gap of the SMBH magnetosphere [67]. The advantage of this magnetospheric scenario is that it could work beyond blazars (e.g., misaligned AGNs). Due to the lack of Doppler boosting, the  γ -ray luminosity predicted in this scenario should be quite modest when compared to blazars. However, note that the peaking luminosity of the  γ -ray flare of NGC 1275 from which the fast variability is detected reaches up to   10 44   erg   s  − 1    (in the proper frame, assuming  δ  = 4, [55]).



The physical processes behind the ultrafast  γ -ray variability are still poorly known. What is the connection between this phenomenon and the fundamental processes of AGN jets? For example, it is suggested to be happening at a highly magnetized place that is likely close to the jet base. Therefore, is there a link between the ultrafast  γ -ray variability and the jet launching process? Meanwhile, is the triggering mechanism different among diverse subtypes of jetted AGNs (e.g., between FSRQs and BL Lacs)? Or does the triggering mechanism correspond to some basic magnetohydrodynamic instabilities which might be irrelevant for the jets? Note that there have only been seven detections of minute-scale  γ -ray variability for jetted AGNs so far, and the majority of these were detected in the TeV domain. The next generation of ground  γ -ray facility, the Cherenkov Telescope Array [68], which has a lower energy threshold, wider field of view, and significantly enhanced detection sensitivity, accompanied with  γ -ray sky alerts [69,70], will be helpful in answering these questions.
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The “intrinsic” BH mass of the NLSy1 is still under debate [44].
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Figure 1. Fermi-Large Area Telescope (LAT)  γ -ray light curves of NVSS J053954 − 283956 corresponding to the flare from which the fast variability has been detected. The horizontal solid line along with two dashed lines in each panel represent the average flux and its   1 σ   error range. The red histogram represents the TS value in each time bin. Red solid lines are exponential fits of the ascent phase of this flare. (Top) The 3-day time bin light curve, in which the flare is marked by two vertical red lines; (Bottom) Zoomed-in intraday  γ -ray light curves from which the doubling timescale is constrained as short as one hour (in the source frame). This figure can be also seen in Li et al. (2018) [42]. 
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Figure 2. (Left) The multiwavelength light curves of III Zw 2. In the  γ -ray (Fermi-LAT) panel, the black circles correspond to the fluxes and the red triangles are the 2 σ  upper limits. The red bars are the TS values in each data bin. In the optical panel, green, blue, and yellow circles are the magnitudes of  I ,  R , and  B  bands observed in Yunnan Observatories, respectively. The red circles are CRTS  V  band magnitudes minus 0.8 mag (for more details see Section 2.3 in Liao et al. (2016) [29]). In the radio panel, the green circles are OVRO single-dish flux densities, and the blue and purple circles are the MOJAVE core and parsec jet VLBA flux densities. The two solid red vertical lines mark the peaking times of the two  γ -ray flares and the dashed red vertical line corresponds to the time of the simultaneous Planck, Swift, and Fermi campaign. (Right) Zoomed-in Fermi-LAT  γ -ray light curves for the  γ -ray flare on May 2010, including the 2-day bin (upper panel), 12-h bin (middle panel), and 3-h (bottom panel) light curves. A exponential fit of this intense flare is also shown along with the 3-h light curve. This figure can be also seen in Liao et al. (2016) [29]. 
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