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Abstract

:

Supermassive black holes (SMBH) are believed to influence galaxy evolution through AGN (active galactic nuclei) feedback. Galaxy mergers are key processes of galaxy formation that lead to AGN activity and star formation. The relative contribution of AGN feedback and mergers to star formation is not yet well understood. In radio-loud objects, AGN outflows are dominated by large jets. However, in radio-quiet objects, outflows are more complex and involve jet, wind, and radiation. In this review, we discuss the signatures of AGN feedback through the alignment of radio and UV emissions. Current research on AGN feedback is discussed, along with a few examples of studies such as the galaxy merger system MRK 212, the radio-quiet AGN NGC 2639, and the radio-loud system Centaurus A. Multi-frequency observations of MRK 212 indicate the presence of dual AGN, as well as feedback-induced star-forming UV clumps. The fourth episode of AGN activity was detected in radio observations of the Seyfert galaxy NGC 2639, which also showed a central cavity of 6 kpc radius in CO and UV maps. This indicates that multi-epoch jets of radio-quiet AGN can blow out cold molecular gas, which can further reduce star formation in the center of the galaxies. Recent UV observations of Cen A have revealed two sets of stellar population in the northern star-forming region, which may have two different origins. Recent studies have shown that there is evidence that both positive and negative feedback can be present in galaxies at different scales and times. High-resolution, multi-band observations of large samples of different types of AGN and their host galaxies are important for understanding the two types of AGN feedback and their effect on the host galaxies. Future instruments like INSIST and UVEX will be able to help achieve some of these goals.
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1. Introduction


From an observational perspective, two important findings in extra-galactic astronomy are that (i) the star-formation density and AGN activity peak around redshift 2–3, which is known as the cosmic noon [1]; (ii) the mass of the central super-massive black holes correlates with galaxy properties like the SMBH mass-bulge velocity dispersion (M-  σ ★  ) relation [2,3,4]. We still do not fully understand the reason for these correlations. AGN are believed to expel energy through jets, wind, or radiation [5]. These processes can blow out star-forming material and hence decrease the star-formation rate (SFR) in the galaxy, known as negative feedback. On the other hand, these outflows can also compress the star-forming material, making this an ideal scenario for star-formation causing positive feedback. Hence, to understand galaxy evolution, estimation of the effect of AGN feedback is important [6,7,8,9].



Most galaxy formation models require negative feedback to produce the present day’s quenched massive galaxies. This ejects interstellar medium (ISM) gas and prevents the circumgalactic material gas from cooling and becoming accreted in the galaxies. This process helps to regulate the size and density of galaxies and produces the observed bimodality in galaxy colors. In the past two decades, theoretical models and simulations have included AGN feedback to improve galaxy formation and evolution [10,11,12,13,14,15]. The constraints provided by observations are important to improve theoretical models. The observations of negative AGN feedback come from X-ray and radio studies of galaxy clusters. X-ray cavities and hot shock gas fronts are detected in these clusters, which coincide with the radio lobes. These studies suggest that a radio jet powers the surrounding medium and hence suppresses the gas cooling [16,17]. These studies suggest that even radio jets in weak AGN can be mechanically powerful. Hence, the effect of such radio jets can also be important in isolated galaxies [18,19]. However, in radio-quiet AGN (which is the majority of the galaxy population), the origin of radio emission is still not settled. Hence, the AGN outflows (jet, wind, radiation) are complex and the relative contribution from each component is still not understood [20,21,22,23].



Along with negative feedback, in the past decade, there have been detections of positive feedback in galaxies with evidence of jet-induced star formation [24,25]. Earlier studies of AGN feedback signatures were mostly based on ionized gas, which is mostly observed as long-slit spectroscopy (emission or absorption) [26]. There has been growing evidence of AGN feedback signatures (both positive and negative) in galaxies [27,28,29,30,31,32,33].



A few well-studied AGN outflows in radio-quiet AGN include MRK 231 [34], IC 5063 [35], NGC 1068 [32], etc. MRK 231 is the nearest quasar and shows wind-driven outflows. It has nuclear ultra-fast outflows (UFO) detected in X-ray, sub-kpc HII outflows, as well as kpc-scale molecular outflows [27,36,37,38]. These outflows show a wide angle and the radio jet in MRK 231 does not seem to drive the outflows [9]. Disturbed molecular gas and high excitation compared to the disk were detected along the radio jet in IC 5063 [39]. The spatial coincidence of the radio jet and outflow supports the radio jet being the dominant mechanism [40,41]. The galaxy merger, IRAS F23128-5919 hosts an obscured AGN. A multi-wavelength diagnostic showed star formation within the outflowing material [42]. Gallagher et al. [43] compiled a sample from MaNGA data and identified outflows in a sub-sample of 37 galaxies where 1/3rd of those showed signatures of star formation within the outflowing gas. The SFR ranged from 0.1 to 1    M ⊙   yr  − 1    , which could contribute to 5–30% of the total SFR in the galaxy. Recent observations, as well as simulations, suggest that both negative and positive feedback can work together and can be observed in some galaxies [44,45].



The alignment of non-thermal radio emission and UV emission also suggests jet-induced star formation [46,47]. UV emission arises from massive O-, B-, and A-type stars and hence traces star-formation within the age range of   10 6   to   10 8   yr [48,49]. Recently, Tamhane et al. [45] explored jet-ISM interaction in the central elliptical galaxy of the Abell 1975 cluster using multi-frequency observations. They concluded that radio jets that heat the gas on a large scale and over a large timescale can also trigger star formation through positive feedback over a shorter time scale. Duggal et al. [50] studied a sample of seven powerful compact steep spectrum (CSS) sources that have sub-galactic scale jets with a projected size of 1–20 kpc. UV continuum emission was detected in six sources. The UV emission showed alignment with the radio jets in five of those sources.



In this review, we discuss a few recent studies of possible AGN feedback signatures found in UV bands in different types of galaxy systems. These studies are mostly from UVIT [51] and GALEX [52]. UVIT is one of the five payloads onboard India’s first astronomical satellite AstroSat [51]. The expected spatial resolution of UVIT is ∼1.2″ to ∼1.5″, while GALEX has 5″. Both telescopes have FUV and NUV filters.




2. Galaxy Merger and Feedback


It is believed that blue star-forming galaxies move to red quiescent galaxies in the galaxy main sequence [53,54,55,56]. There are several processes through which the star-formation quenching happens, like AGN feedback [5,10,57,58,59], galaxy mergers [60,61,62], and environment effects such as ram-pressure stripping [63]. Our current understanding of galaxy formation is that galaxies grow through mergers [61,64]. The non-axisymmetric gravitational forces change the potential of the galaxies [65]. Simulations have found that mergers lead to gas inflow towards the nuclei as well as on the disk, hence increasing AGN activity and star formation [66]. Several studies have tried to understand the effect of mergers on star formation and AGN activity, as well as on galaxy evolution [67,68,69]. However, this is a complex process to understand. (i) Merger-induced star-burst and AGN activity consume gas, (ii) they also blow out the gas through negative feedback, and (iii) AGN contributes to star-formation (positive feedback) during the merger in some galaxies like ultra-luminous infrared galaxies (ULIRGs) (e.g., [70]). So, galaxy mergers and AGN may work together [71,72]. However, the contribution of each mechanism is not well understood.



A sample of dual-nuclei galaxies was investigated with UVIT [73,74]. The motivation for this work was to understand star formation, as well as to look for any signatures of feedback. This pilot study had a sample of 10 galaxies where the nuclei are separate ≤11 kpc. It included four galaxies with confirmed AGN and the remaining six galaxies had star-forming nuclei. However, the nature of the star-forming nuclei came mostly from optical spectroscopy and a Baldwin, Phillips, and Terlevich (BPT) diagram [75]. It was recently found that many of the star-forming galaxies from the BPT diagram show AGN nuclei in X-ray or IR analysis [76,77]. Here, an investigation of one of the sample galaxies, MRK 212 with multi-wavelength data revealed interesting results on the nature of nuclei and star formation [73].



Galaxy Merger System: MRK 212


MRK 212 (Figure 1A) is a pinwheel galaxy (UGC 07593 NED02: S1) in an ongoing merger system with its companion (UGC 07593 NED01: S2) at redshift 0.022893. The SDSS image shows that the nuclei projected separation is 11.8 arcsec (∼5.6 kpc). Both nuclei show radio emission in the 1.4 GHz Faint Images of the Radio Sky at Twenty cm image (http://www.cv.nrao.edu/first/), making it a good candidate for being DAGN (dual AGN). DAGN are close pairs of AGN, which is also an expected output of galaxy mergers where both the parent galaxies host central SMBH [78,79,80,81,82,83]. The coalescence of the pair of SMBH will generate gravitational waves that are of great interest for future astronomy [84]. On the other hand, the pair of AGN at different separations can help us to understand the evolution of SMBH, as well as the galaxy [83]. This requires very high-resolution multi-waveband observations to detect DAGN and there are still only a handful of detections. However, the number has started to increase in the past few years [80,81,82,85,86,87,88]. For MRK 212, the SDSS has only one spectrum assigned to S2 that is star-forming in nature.



The 8.5 GHz image (Figure 1B; [73]) revealed two radio structures at a separation of ∼6 kpc, where S1 shows an unresolved structure with some extension in the north–south direction and S2 shows a double radio structure (A, B) of size ∼2 Kpc, which is 1″ offset from the optical nuclei (C). The Ku-band 15 GHz data showed a resolved extended structure associated with S1, while a compact core was associated with S2 (C) (Figure 1B). The 1.4 GHz upgraded Giant Metrewave Radio Telescope (uGMRT) (http://www.gmrt.ncra.tifr.res.in/) image shows two unresolved structures associated with S1 and S2. The optical spectra of both nuclei were obtained from the Himalayan Chandra Telescope (HCT; [89]). A deep 15 ksec UVIT image detected several UV-bright clumps (Figure 1C; [73]).



The double-lobe structure of S1 of size 750 pc at 15 GHz and a spectral index value of −0.81 ± 0.10 resembles a compact symmetric object [90]. However, the 1.4 GHz radio power (∼  10 21   W   Hz  − 1   ) is lower than the compact spectrum object (CSO: [90]) and overlaps with the low-power AGN. The total radio power was compared with the average power of an individual supernova (  2 ×  10 20    W   Hz  − 1   ) [91]. While a number of SNe could produce the observed radio luminosity, it is unrealistic to show a double structure around the nuclei. Rubinur et al. [73] concluded that the radio source associated with S1 is a CSO-like weak AGN. The compact core detected at the centre of S2 has a radio luminosity of ∼  10 21   W   Hz  − 1   . This core is not detected at lower frequency images, and the detection at the highest observed frequency suggests that an inverted spectrum supports the synchrotron self-absorbed emission from the base of an unresolved jet. The HCT spectra put S1 and S2 in the composite region of the BPT diagram. From the fitted SDSS spectrum of S2, Hernández-Ibarra et al. [92] also classified it as an AGN. Based on the detection of the compact radio core, as well as optical spectra, Rubinur et al. [73] concluded that S2 is a weak AGN, hence confirming the dual AGN in MRK 212.



An extended radio structure is detected in the 8.5 GHz VLA image (components A, B in Figure 1B,C). The spectral indices for components A and B are   α = − 0.53 ± 0.10   and   − 0.34 ± 0.10  , respectively [73]. The relatively flat spectral indices are consistent with the emission from SF regions where free–free emission could be mixed with synchrotron emission from supernovae. The UVIT NUV image shows UV bright knots (Figure 1C). These two clumps are situated 1″ away from S2 and coincide with the radio-extended structure (A, B) at 8.5 GHz. The calculated SFR is higher compared to other selected regions on the disk or spiral arms. The 1.4 GHz uGMRT flux densities of A and B are 0.53 mJy and 0.37 mJy, respectively. As these clumps (A, B) are situated near the AGN nuclei S2 and on both sides, the star-formation in these clumps could have been triggered by the jet of S2 (if present) through AGN feedback. At the same time, these could be merger-induced star formation. A more sensitive high-resolution radio study could reveal a connection, if present, between the structures detected at 15 GHz and 8.4 GHz, and confirm or rule out the feedback scenario. The overall extinction corrected specific SFR (sSFR) and stellar mass (  M ★  ) show that both S1 and S2 are actively star-forming systems in the galaxy main-sequence plot (purple stars: Figure 1D). This overlaps with the results found for the rest of the nine dual-nuclei galaxies of the sample (black points: Figure 1D) [74].





3. AGN Feedback in Radio-Quiet AGN


The majority of galaxies host radio-quiet AGN [93,94,95,96,97]. There are several questions related to radio-quiet sources that are still debatable, like the dominant process that produces radio emission, the mechanism through which they transfer energy, and their impact on the host galaxies [98,99].



Seyfert galaxies host radio-quiet AGN. Several Seyfert galaxies show kilo-parsec radio structures, which are sometimes distorted from the parsec scale structure [97]. A few Seyfert galaxies also show episodic AGN activity. Mrk6 exhibits a highly complex morphology: two pairs of self-similar bipolar bubble-like radio structures that are oriented nearly perpendicular to each other [100]. Another such example is NGC2992 [101]. However, most of these studies were performed with the GHz band observation, which can miss the total extent of radio emission as well as some emissions from the old epoch. Recently, a sample of Seyfert was observed with GMRT at 325 and 735 MHz to study the same (Rubinur et al. in preparation). One of the sample galaxies, NGC 2639, was studied with radio, UV, and CO data by [102].



3.1. Episodic AGN activity and feedback: NGC 2639


This is a Seyfert 2 type galaxy with a LINER (low-ionization nuclear emission-line region) like spectrum at a luminosity distance of 48.2 Mpc (redshift 0.01113) [103]. This galaxy hosts a SMBH of mass    M BH  = 1.48 ×  10 8     M ⊙    [104] with an Eddington ratio   4 ×  10  − 4     [102].



The uGMRT 735 MHz observation of NGC 2639 revealed a jet of size ∼9 kpc (white contours in Figure 2A) in the NE–SW direction [102], while the 325 MHz image showed an unresolved structure in the same direction (Rubinur et al., in preparation). Rao et al. [102] proposed that the uGMRT detected jet (∼9 kpc) was the fourth episode of AGN activity, as NGC 2639 is known to have hosted three episodes of AGN activity before [105]. These include a (i) 1.5 Kpc jet in the north–south direction (Black contours in Figure 2A); (ii) 360 pc jet in the east–west direction detected at 5 GHz VLA map (Figure 2B); and (iii) the 3pc jet detected with VLBA in the NE–SW direction (Figure 2C). These four jets do not show any connecting emissions and have clear hotspots or edges that distinguish them from each other.



The spectral age derived from BRATS (https://www.askanastronomer.co.uk/brats/) (Broadband Radio Astronomy Tools) found the age of the jet episodes with sizes of 9 kpc, 1.5 kpc, and 360 pc to be   34  − 6   + 4    Myr,   11 .  8  − 1.4   + 1.7     Myr, and   2 .  8  − 0.5   + 0.7     Myr. These spectral ages proved the AGN jet duty cycle to be ∼60%. Sanders [106] proposed that Seyfert galaxies can have 100s of episodic AGN activity with a timescale   10 4  –  10 5   yr during their statistical lifetime of 3–  7 ×  10 8    yr. However, as mentioned earlier, episodic AGN activities are detected only in a few Seyfert galaxies, and the fourth episode in NGC 2639 is the highest number of detected epochs. This high-sensitivity uGMRT MHz observation shows that the detection of episodic activity might be a matter of detecting low surface brightness emission from Seyfert/LINERs. While looking for the origin of these multiple jet episodes using the minor merger rate from the stellar mass and an assumed mass ratio, Rao et al. [102] found that the timescale favors three minor mergers that may have resulted in a new accretion disk and hence outflows.



The CARMA CO(1-0) (https://mmwave.astro.illinois.edu/edgedata/), GALEX FUV, and NUV images show a deficiency of molecular gas and UV emission in the central ∼6 kpc of the galaxy, which is surrounded by a brighter ring (Figure 3). Using the molecular gas data from the CALIFA (Calar Alto Legacy Integral Field Area) (https://califa.caha.es/) survey, Ellison et al. [107] found that the central region of NGC 2639 has a lower gas fraction than the star-forming regions. This suggests that AGN has blown out the central molecular gas which leads to low star formation, as seen by GALEX data. Hence, evidence for a star-formation quenching phase is found in the central region of NGC 2639. Rao et al. [102] calculated the amount of work (pressure time volume   P V  ) required to push the CO gas ring and the time-averaged power from 5 GHz flux densities. It turned out that only 0.5% of east–west jet power or a small fraction from the north–south jet would have been sufficient to push back the CO gas and create the hole.



In NGC 7252 and the jellyfish galaxy JO201, AGN activities were found to suppress the star formation in the central region [108,109]. Both positive and negative feedback were observed in NGC 5728 [110]. The SFR surface density map from the GALEX NUV band showed a signature of suppressed SFR in the central region of NGC 3982 [111]. The Seyfert galaxy NGC 4051 shows the signature of multiple jet episodes [112,113], as well as a hole with a diameter of ∼10 parsecs in its molecular gas distribution [114]. A recent MaNGA study [115] suggested that AGN feedback can significantly affect central star formation, but may be inefficient in driving galaxy-wide quenching in low-redshift galaxies. These studies showed that a detailed study of low-power AGN outflows, molecular gas, and star formation in radio-quiet galaxies with high resolution is important to understand feedback processes and their time scales.




3.2. Radio Loud Galaxies


Radio-loud brightest cluster galaxies (BCGs) have been found to show strong signatures of negative feedback from radio and X-ray data. Here, we look for signatures of jet-induced star formation in some of these objects from the literature. Very few such radio-loud objects show positive feedback: the examples in the nearby Universe are 3C 34 [116], 3C 285, and Minkowski’s object (MO) [117]. 3C 34 is a radio galaxy with FR-II type AGN at redshift 0.69 [118]. It is situated in the center of a compact galaxy cluster, and te [OIII] line emission of the host galaxy is extended, which overlaps with the radio lobes [119]. Hubble Space Telescope (HST) images reveal a long blue optical emission in between the western lobe. Using fitted SED with a galaxy stellar population and spectral aging estimation of the radio jets, Best et al. [120] concluded that the supersonic shocks associated with the jet propagation induced the star formation on its path. 3C 285 is another double-lobed FR-II radio galaxy with a complex structure with filaments. The eastern lobe shows unresolved knots. An   H α   region known as 3C 285/09.6 [121] has been detected at a projected distance of 70 kpc on the eastern and shows jet-induced star formation. NGC 541, a galaxy in the Abell 194 cluster, hosts double-lobed FR-I radio AGN. A star-forming region, known as Minkowski’s Object (MO) is situated along the radio jet at a distance of 20 kpc [122] of NGC 541. The calculated SFR density, gas density, and depletion time support that star formation is triggered by the radio jet and hence supports positive feedback [117,123].



Centaurus A (Cen A: Figure 4) is a large radio source (   4 ∘  ×  3 ∘   ) hosted by the giant galaxy NGC 5128 [124,125]. This system has been studied through multi-band observations that revealed many interesting features, such as a warped disk and optical shells [126,127]. Recent simulations show that Cen A went through a merger approximately 2 Myr ago [128]. The radio structure shows radio lobes at different scales [129,130,131,132] (Figure 4B). The lobe at a distance of 15 kpc from the host galaxy is called the northern middle lobe (NML), which looks like an extension of the northern inner lobe (NIL) at a distance of about 8 kpc [133]. Different explanations exist for the origin of NML [134,135,136]. Cen A shows star formation along the jet, which is believed to be due to positive feedback [137,138] where the radio jet might interact with the gas around the NGC 5128 from the past merger activity [139]. However, it should be noted that the star-formation efficiency is quite low [140]. From the HI kinematics, Oosterloo and Morganti [141] found the signature of jet interaction with a large HI reservoir in the NE direction. UV bright filaments have been detected in the northern direction where young star clusters are also present. These filaments are known as inner and outer filaments, depending on the distance [136].



Joseph et al. [142] studied the star-formation properties in the Northern Star-forming Region (NSR) of size 17 × 14 arcmin with the UVIT FUV and NUV multiple filters (F148W, N219M, and N245M) (white dotted box: Figure 4A). These UVIT observations revealed a complex structure of star-formation regions and some new candidates for star-forming regions. These images show that most of the UV bright objects are situated near the outer filament in a double structure, which is consistent with a two-segment structure: a V-shaped segment and an elongated segment. Fewer UV sources are observed near the inner filament compared to the outer filament, and they show an elongated structure. There is also UV emission present between the inner filament and NGC 5128. After excluding the Galactic sources and background galaxies, 83 star-forming regions were detected, of which 61 are situated in outer regions and 16 are in inner regions. They compared these star-forming structures with radio images and used the starburst99 [143] model and FUV-NUV color to estimate the age of the star-forming sources. The main findings were (i) the star-forming structure is along the jet vector, (ii) two distinct populations of stars are present in inner and outer regions, which may have two different origins, and (iii) a catalog including new UV sources likely connected to Cen A was provided [142].



4C 41.17 is one of the best studied radio galaxies at z = 3.79 [144] and shows jet-induced star-formation at high redshift. Recently, regarding the gas mass density and SFR surface density of 4C 41.17, Nesvadba et al. [145] found that the jets are not currently forming stars and they argued that radio jets help in star formation, but without enhancing it, especially after the jet has broken out of the interstellar medium.



Recently, LOFAR 144 MHz images revealed a large-scale radio plume in the central galaxy GIN 049 in galaxy cluster Abell A160 that passes through the spiral galaxy J036 [146]. Further investigation of this system with uGMRT and MUSE data showed that the radio plume of GI 049 interacted with JO36 in the past 200–500 Myr, which resulted in a burst of star formation with SFR 14    M ⊙   yr  − 1    . This is another example of positive feedback [146].





4. Summary and Future Scope with UV Telescopes


In this article, we discussed the signatures of AGN feedback, mainly focusing on the alignment between observed radio and UV emission. However, it should be noted that it was not possible to include all AGN feedback-related discoveries from all the existing UV telescopes. The presented works are mainly from UVIT [73,111] and GALEX [102]. A few studies that used HST UV data are also mentioned [45,50]. The high-resolution UV data have detected star-forming clumps near the nuclei of MRK 212 showing a signature of possible positive AGN feedback. The UV deficiency in the center of NGC 2639 suggests AGN negative feedback. These studies show that detailed high-resolution multi-frequency observations of a large sample of galaxy mergers and radio-quiet galaxies are important for understanding the feedback effect throughout the lifetime of the galaxies. The detection of a fourth episodic jet of NGC 2639 from uGMRT also shows the importance of high-resolution, high-sensitive low-frequency radio observations. The detailed study of Cen A star-forming regions revealed two distinct stellar populations and new star-forming regions that might be triggered by the jet [111].



Next, we briefly discuss upcoming UV missions that are expected to provide better images and spectra in this field. The HST has been providing high-resolution images (in both UV and optical) and spectra since the 1990s. However, the field of view is very small (0.002   deg 2  ) and the HST is approaching the end of its lifetime. The GALEX mission, which worked between 2003 and 2013, had a resolution resolution of   5  ″    and a FOV of 1.4   deg 2  . The UVIT has been providing images with ∼1.5″ resolution since the launch of Astrosat in 2015. Initially, it was planned to have a 5-year lifespan. However, some of the filters are still working and providing good results. A future UV mission, INdian Spectro-scopic and Imaging Space Telescope (INSIST; PI: Annapurni Subramaniam: [147]) has been approved by the Indian Space Research Organisation (ISRO) (https://www.isro.gov.in/) in 2019. This is an observatory-class mission with an expected resolution of ∼0.2″, FOV of ∼5′–15′ and a detection limit of ∼26 mag in UV for an exposure time of 1 kilosec. More details about the instruments of the mission can be found in [147]. Ultraviolet Explorer (UVEX) is NASA’s upcoming mission, targeted in 2030. This is a medium-class explorer mission (https://www.ipac.caltech.edu/project/uvex). UVEX will also have imaging and spectroscopy in both NUV and FUV bands. This is a dedicated mission for an all-sky survey in UV, with an expected PSF size of 2.5″ and a FOV of 12   deg 2  . This is expected to make 50/100-times deeper images than GALEX, as well as to provide spectroscopy with a resolution of ∼1000.



Both INSIST [147] and UVEX [148] are motivated by strong scientific goals, which include understanding galaxy formation and evolution, the nuclei of galaxies, stellar populations, transients, large sky survey, etc. AGN feedback is an important part of galaxy evolution and a slowly emerging picture is that both positive and negative feedback may be present in galaxies coupled with galaxy mergers or secular and environmental processes. In addition, AGN feedback may work differently in different objects (like radio-loud and radio-quiet) and in different time scales. Here, the future instruments INSIST and UVEX in the UV band will play a crucial role, along with JWST (https://webb.nasa.gov/), LSST (https://www.lsst.org/), and EUCLID (https://www.euclid-ec.org/) in other bands.
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Figure 1. Multi-band images of MRK 212. Note that images are not at the same scale. (A) Optical color composite DECalS image. The parent galaxies are defined as S1 and S2. The separation is ∼5.6 kpc. (B) VLA X band contours overlaid with Ku-band (15 GHz) image and contours. The X-band contour levels are 20, 40, 60, and 80% of the peak flux density. Both sources S1 and S2 are detected. The extended structure is detected at 8.5 GHz (A,B), which is situated 1″ (∼500 pc) away from the optical center of S2. (C) The UVIT NUV image is overlaid with Ku-band 15 GHz radio contours (black). The inset shows a zoomed version of the radio structures. The NUV image revealed two clumps near the center of S2, which coincide with A and B in the radio 8.5 GHz image (white contours). The compact core (C) detected in the 15 GHz image associated with S2 coincides with the optical center. (D) The    sSFR - M  ★   plot. Black points are all 10 dual-nuclei UVIT sample galaxies where MRK 212 (S1, S2) are shown with magenta star symbols. The data were adapted from [73,74] and images were reproduced. 
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Figure 2. The four radio jet episodes of NGC2639. (A) The radio multi-band contours overlaid with the optical image. The color image is the SDSS r-band image. The white contours show the 735 MHz upgraded Giant Meterwave Telescope (uGMRT), which showed a jet of size ∼9 kpc in the north–east–south–west direction. The beam of this image is 5.48 arcsec × 3.0 arcsec at PA =   54.6   degrees. Contour levels:   ( 1 , 2 , 4 , 32 ) × 0.6   mJy   beam  − 1   . The black contours are from the 5.5 GHz VLA total intensity image with the ∼1.5 kpc jet in the north–south direction. The contour levels are   ( 2 , 4 , 8 , 64 ) × 0.03   mJy   beam  − 1    and the beam size is 1.02 arcsec × 0.89 arcsec at PA =   − 5.8   degrees. (B) The 5 GHz VLA radio image with beam size 0.43 arcsec × 0.30 arcsec at PA =   − 85.4   degrees. This image shows ∼360 parsec lobe in the east-west direction. Contour levels:   ( − 2 , − 1 , 1 , 2 , 4 , 8 , 16 , 32 , 64 , 128 ) × 0.164   mJy   beam  − 1   . (C) The 8.3 GHz VLBA image with a beam size of 7.7 mas × 6.2 mas at PA =   − 4.9   degrees. It shows ∼3 parsec jet at PA = 130 degrees. Contour levels:   ( − 2 , − 1 , 1 , 2 , 4 , 8 , 16 , 32 , 64 ) × 0.239   mJy   beam  − 1   . Data are adapted and figures are reproduced from Rao et al. [102], Sebastian et al. [105]. 
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Figure 3. Multi-band images of NGC 2639 (left). This is a set of three-band images taken from the CARMA EDGE page for visualization: (top) the CALIFA H α  image; (middle) the CO moment-0 map (bottom) V-band image; the CO(1-0) moment 0 map shows the deficiency at the central region of radius ∼6 kpc. A hint of the same is seen in the H α  image. (right) The GALEX FUV and NUV images overlaid with the uGMRT 735 MHz radio contours in black. The contour labels are the same as in Figure 2A. The central ∼6 kpc shows a relative deficiency of FUV and NUV similar to the CO(1-0) map [102]. 
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Figure 4. Image of Cen A: (A) color composite image with UVIT filters N245M in red, N219M in green, and F148W in blue colors. The circular image shows the 0.5-degree UVIT field of view. The scale is at the bottom. The Northern Star-forming Region (NSR) is shown in the dotted white box. The red boxes and the circular regions show a few interesting sources which were revealed by UVIT. Boxes 1 and 2 are part of the outer filament; Box 3 is part of the inner filament, and Box 4 shows new candidates for possible jet-induced star-forming sources. The circular regions A and C are UV sources, and a pair of stars are present in B. A detailed zoomed version of each thumbnail can be found in [142]. (B) The radio 6.3 cm total intensity image shows the full jet emission. These images are reproduced from [129,142]. 
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