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Abstract

Centaurus A (Cen A) is the nearest galaxy hosting an active galactic nucleus (AGN), which produces powerful radio and X-ray jets extending to hundreds of kiloparsecs from the center. At 15 kpc northeast (NE) and 12 kpc southwest (SW) in the halo along the jet from the nucleus of Cen A, dust clouds accompanying the Hα emission are detected. For both NE and SW clouds, past studies suggested that star formation may have been induced through interactions between the AGN jet and the surrounding intergalactic media. For these clouds, we performed dust model fitting of infrared (IR) spectral energy distributions (SEDs) created from the archival data of WISE, Spitzer, and Herschel. Then we compare the IR emission properties of the dust clouds with the far-ultraviolet (UV) emission using the archival data of GALEX/FUV. As a result, we find that the interstellar radiation field intensity G0 (and thus the dust temperature) in the NE cloud suggests star formation activity, while that in the SW cloud does not. The local far-UV intensity and G0 in the NE region are significantly larger than those expected for the far-UV radiation originating from the central region of Cen A and its dust-scattered component, respectively. In contrast, the local far-UV intensity and G0 in the SW region are compatible with them. The polycyclic aromatic hydrocarbon (PAH) emission is detected for both NE and SW clouds. The mass abundance ratios of PAH to dust are similar for both clouds and significantly lower than that in the central region of Cen A. We suggest that the dust clouds and the PAHs in the clouds are associated with the broken ring-like structure of H I gas which is thought to be a remnant of the past gas-rich merger and that shocks by the jet responsible for the middle lobe on the north side may have triggered the star formation in the NE cloud.
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1. Introduction
Outflows and relativistic jets originating from active galactic nuclei (AGNs) are expected to affect the star formation in their host galaxies (i.e., AGN feedback). Generally, two opposite scenarios, negative and positive feedback ones, have been proposed so far. In the negative feedback scenario, a large amount of energy released via outflows and jets heats or sweeps cold gas out of their host galaxies to suppress the star formation (e.g., Silk & Rees 1998; McNamara & Nulsen 2007; Fabian 2012). On the other hand, in the positive feedback scenario, shocks driven by AGN jets compress gas to enhance the star formation (e.g., Croft et al. 2006; Silk 2013; Cresci et al. 2015; Carniani et al. 2016).
Centaurus A (Cen A), also known as NGC 5128, is the nearest and well-studied radio galaxy located at a distance of 3.8 ± 0.1 Mpc (Harris et al. 2010). At its center, there is a 5 × 107 M⊙ supermassive black hole (Neumayer 2010), which powers symmetric twin radio lobes extending to ∼5 kpc (i.e., inner lobes) and further up to hundreds of kiloparsecs (i.e., outer lobes). In addition, on the north side from the nucleus, so-called Northern Middle Lobe (NML) exists between the inner and outer lobes at 10 − 40 kpc from the nucleus (Neff et al. 2015). In contrast, there is no apparent radio counterpart to NML at a similar distance on the south side (see Figs. 1 and 8 as discussed later). Morganti et al. (1999) suggested that NML is connected to the northern inner lobe via a large-scale jet which extends from 6 to about 15 kpc from the nucleus. Cen A also hosts a massive disk of dust, gas, and young stars in its central region, which is considered to have been formed as a result of a merger with a small gas-rich disk galaxy in the past (Malin et al. 1983; Quillen et al. 1993; Schiminovich et al. 1994). As shown by the white contours in Fig. 1, in the outside of this disk at a distance 10 − 15 kpc from the nucleus, a broken ring-like structure of an H I cloud is detected from the northeast (NE) to the southwest (SW) of the nucleus (Schiminovich et al. 1994; Oosterloo & Morganti 2005; Struve et al. 2010). The NE and SW ends of the H I cloud are located in the direction of the jet axis in the projected view.
	[image: thumbnail]	Fig. 1. Overview of Cen A and the relevant structure. The background color image is taken from the Herschel 250 μm map. The gray and the white contours show the radio jet structure of Cen A, which is obtained with the Australia Telescope Compact Array (ATCA) at 1.4 GHz (Morganti et al. 1999) and the H I column density in the halo (Auld et al. 2012), respectively. The red squares in the northeast and southwest halos indicate the regions where the Hα emission was detected by Santoro et al. (2016) and Keel et al. (2019), respectively. The yellow squares denote the boundaries of the northeast and the southwest region defined in the present study (e.g., Figs. 2 and 4). The yellow circle corresponds to the aperture region for the SED fitting described in Section 4.2.



At the positions indicated by the green lines in Fig. 1, two bright filaments are detected along the direction of the radio jet. In the so-called inner filament which is located at 8 kpc NE from the center of Cen A, young stars with ages of 1−4 Myr are detected, suggesting that a radio jet-induced bow shock may have triggered the star formation (Crockett et al. 2012). On the other hand, at about 15 kpc NE from the center of Cen A, the jet passes in the vicinity of the H I cloud where the so-called outer filament is detected, suggesting that jet-cloud interaction may have caused star formation in the outer filament, too (Mould et al. 2000; Rejkuba et al. 2002; Oosterloo & Morganti 2005). Indeed, from the optical observation of the outer filament using Very Large Telescope, Santoro et al. (2015) detected the Hα emission and confirmed that the kinematics of the ionized gas in the part of the outer filament closely matches the ambient H I gas which is considered to have been disturbed through an interaction with the radio jet. Santoro et al. (2016) further investigated a small Hα-emitting region in the outer filament (NE small red square in Fig. 1). According to the emission line ratios of the ionized gas in this region, the overall ionization is thought to be due to the AGN radiation in Cen A, although the embedded star formation also affects the line ratios locally (Santoro et al. 2016). Moreover, Auld et al. (2012) detected a far-infrared (IR) cold dust cloud around the NE part of the H I cloud with Herschel, from which they found that a far-ultraviolet (UV) emission filament revealed by GALEX apparently coexists with the dust cloud at its edge (NE Y-shaped green line in Fig. 1). This far-UV filament may originate from the embedded star formation and be obscured by the dust cloud.
Similarly, at 12 kpc SW from the center of Cen A, Auld et al. (2012) detected a cold dust cloud accompanying H I gas, where there is no evidence for the UV emission. The recent observation by Keel et al. (2019) detected optical emission features including the Hα line which are spatially coincident with the peaks of the SW dust and H I clouds (SW red square in Fig. 1). Keel et al. (2019) indicated that the ratios of these emission lines are consistent with a picture of photoionization in normal H II regions, suggesting that the AGN activity may have enhanced star formation in the SW region as well as in the NE region. Katayama et al. (2020) performed Paβ line mapping of Cen A with SIRIUS (Simultaneous InfraRed Imager of Unbiased Survey) camera on the InfraRed Survey Facility (IRSF) 1.4 m telescope, and found that there is no significant Paβ emission for both of the optical emission regions in the NE and SW. The upper limit of the Paβ/Hα in the NE region is, nevertheless, compatible with that for a typical H II region. On the other hand, the upper limit of the Paβ/Hα in the SW region is significantly lower than that expected for a typical H II region. Hence it was proposed that the Hα fluxes detected in the SW region are likely to originate from the dust scattering of Hα photons which come from the central region of Cen A (Katayama et al. 2020).
Regarding the properties of the halo dust in Cen A studied in the past, only the temperatures of the entire clouds in the NE and SW were obtained, using the Spitzer/MIPS and Herschel/SPIRE far-IR data (Auld et al. 2012). Together with the star-formation rates estimated from the GALEX UV fluxes of the clouds, Auld et al. (2012) suggested that the dominant mechanism of dust heating for both NE and SW clouds could be explained by the starlight of the evolved stellar population within the central region of Cen A, not requiring the contribution of UV from local star-formation within the clouds, if any. Thus they could not find the evidence of the star formation in the IR observations towards the NE cloud although the UV flux suggested it, which might have originated from the lack of spatial resolution in their analysis or the lack of fidelity in some data points of the spectral energy distribution (SED). In this paper, we conduct a better SED fitting using the near- to far-IR (WISE, Spitzer, Herschel/PACS, and Herschel/SPIRE) data and derive spatially-resolved dust temperatures to search for the sign of star formation.
We focus on the emission and scattering properties of the dust in the NE and SW halo clouds of Cen A, which were not discussed in the past study. Through dust model fitting of SEDs, we derive the far-UV radiation field intensities (Section 3.1), which are directly compared to the far-UV intensities at the clouds from the central region of Cen A (Section 3.2). We also estimate the far-UV dust scattering components in the clouds on the basis of the dust properties derived with the SED fitting, which are compared to the local far-UV luminosities measured for the clouds (Section 3.3). Furthermore, we investigate the spatially-resolved dust temperature and PAH distributions for both NE and SW regions by pixel-by-pixel SED fitting to relate them with possible star formation in the halo clouds (Section 3.4).
2. Observations and data analysis
2.1. Infrared observations
For the analysis of SED fitting, we retrieved archival IR data of WISE (Wright et al. 2010), Spitzer (Werner et al. 2004), and Herschel (Pilbratt et al. 2010) for a wavelength range of 3.4 − 500 μm, and conducted aperture photometry. The details of the data used in this study are described below, while the image of each data is shown in Fig. 2.
	[image: thumbnail]	Fig. 2. Near- to far-IR images in the northeast (left) and the southwest (right) region of Centaurus A, whose sizes are 400″ × 400″ as denoted by the yellow squares in Fig. 1. For each panel, from top left to bottom right: WISE 3.4, 4.6, 12, and 22 μm, Spitzer 24 μm, Herschel/PACS 70 and 160 μm, Herschel/SPIRE 250, 350, and 500 μm images. The 24, 70, and 160 μm images are smoothed with Gaussian kernels of [image: equation], [image: equation], and [image: equation], respectively. The image color scale of each band is linearly drawn and the same for the northeast and the southwest region. The color bar range of each image is set to 97% of the pixel value distribution.



WISE mapped Cen A in the four bands centered at 3.4, 4.6, 12, and 22 μm using 1024 × 1024 arrays with a pixel scale of [image: equation]. For this study, the observation data were taken from NASA/IPAC Infrared Science Archive (IRSA)1, which were processed for flat-fielding, sky subtraction, and calibration of every frame with a pixel scale of [image: equation].
The Spitzer observations of Cen A were carried out using the Multi-Band Imaging Photometer for Spitzer (MIPS) in the 24, 70, and 160 μm bands. We obtained all the data from NASA/IPAC IRSA. However, as noted in Auld et al. (2012), the 70 μm images suffered an unremovable artifact of the observing system, while the 160 μm images missed a part of the NE region where the dust cloud exists. Therefore we used only the 24 μm images from the Spitzer data in this study. For the 70 and 160 μm bands, instead, we utilized the data derived with Photodetector Array Camera and Spectrometer (PACS) on Herschel.
Cen A was observed by Herschel using PACS (70 and 160 μm) and SPIRE (Spectral and Photometric Imaging Receiver; 250, 350, and 500 μm) in a scan-map mode as part of the Very Nearby Galaxy Survey program. We retrieved the observation data from the Herschel Science Archive2 whose observation IDs were 134288855 and 134288663 for the PACS and the SPIRE data, respectively. The PACS 70 and 160 μm maps have the pixel sizes of [image: equation] and [image: equation], while the SPIRE 250, 350, and 500 μm maps have those of 6″, 10″, and 14″, respectively.
We performed aperture photometry of all the IR data for the NE and SW regions to measure the near- to far-IR fluxes. As seen in Fig. 2, the SW region appears to be systematically brighter in the far-IR images than the NE region, since the background sky around Cen A is contaminated with the Galactic cirrus from the south to the north (Auld et al. 2012; see also Fig. 1). In order to remove the cirrus contaminations as accurately as possible, we measured the background levels at positions close to the photometry region. For both NE and SW regions, the photometry apertures are defined as a circular region of 130″, while the background regions are defined as an annular region from 1.2 to 2.5 times the aperture radius for both regions. The background regions are used for the analysis in Sections 3.1 and 3.4. Figure 3 shows the photometry fields of the NE and the SW region on the sky-subtracted Herschel 250 μm map, with the contours of the H I column density (magenta) and the GALEX/FUV intensity distribution (white). Auld et al. (2012) concluded that the H I gas shown in Fig. 3 is associated with Cen A because the systemic velocity of the H I gas significantly exceeds that of a Galactic H I cloud toward this direction. The spatial distribution of the dust emission matches well with that of the H I gas, and thus it is assumed that the dust is also associated with Cen A rather than of the Galactic cirrus origin.
	[image: thumbnail]	Fig. 3. Photometry fields of (left) the northeast and (right) the southwest region of Cen A. The background color images are sky-subtracted Herschel 250 μm maps, where the color scales are the same for both images. The yellow circles are the adopted photometry apertures. The magenta contours show the H I column density, where the contour levels correspond to 1, 5, 10, 15, and 20 × 1020 cm−2 (Auld et al. 2012; the same as in Fig. 1). The white contours show the GALEX/FUV intensity distribution, where the contour levels correspond to 0.0017, 0.002, 0.0035, and 0.006 ct s−1 per 1.5 arcsec2.



2.2. Ultraviolet observations
The UV images of Cen A were obtained with GALEX (Martin et al. 2005) as part of the GALEX Nearby Galaxies Survey program (Gil de Paz et al. 2007). The observations were carried out in the far-UV (FUV; 1344−1786 Å, λeff = 1516 Å) and the near-UV (NUV; 1771−2831 Å, λeff = 2267 Å) band. We retrieved the pipeline-reduced data of Cen A from the GALEX GR6/GR7 data release3. The data reduction procedure is described in Morrissey et al. (2007). We used the FUV intensity map which covers a [image: equation] diameter circular field with a pixel scale of [image: equation] (Fig. 4).
	[image: thumbnail]	Fig. 4. The GALEX/FUV maps of Centaurus A. Left: The overall map of Centaurus A. Yellow squares correspond to the northeast and the southwest region investigated in this paper, as in Fig. 2, for both of which past studies suggest that jet-induced star formation may have occurred therein. Right: Enlarged FUV maps of the northeast (top), the southwest (center), and the central (bottom) region. The yellow contours show the Herschel 250 μm intensity distribution, the levels of which correspond to 9, 10.5, 12, and 18 MJy sr−1. The black ellipse in the bottom panel is the photometry aperture to measure the FUV flux from the central region of Cen A. All the FUV images in the left and right panels are shown after smoothed with a Gaussian kernel of [image: equation].



The left panel of Fig. 4 shows an overall FUV emission distribution around Cen A where a jet-like structure with some bright emission features can be seen from the center to the NE direction. The top and middle right panels of Fig. 4, which are enlarged FUV maps of the NE and the SW region, respectively, indicate that those FUV filaments coexist with the dust cloud in the NE region, while there are no apparent FUV filamentary features in the SW region but somewhat widely extended emission seen along the inner lobe distribution. As shown in the bottom right panel of Fig. 4, although it is partially attenuated by the dust lane, there is a large amount of the FUV emission from the central region of Cen A, which indicates that active star formation is taking place in the disk.
3. Results
3.1. IR SED fitting
In order to study the emission properties of the dust clouds in the NE and the SW region, we perform IR SED fitting using the DustEM model4 (Compiègne et al. 2011), which allows us to compute the dust emission (and the extinction spectrum) assuming dust temperature distributions under a given grain size distribution and optical properties. The model described in Compiègne et al. (2011) includes the following five dust components: neutral and ionized polycyclic aromatic hydrocarbons (nPAH and iPAH, respectively), small and large amorphous carbons (SamC and LamC, respectively), and amorphous silicates (aSil). Besides the original DustEM model, we added a blackbody function to reproduce the stellar continuum emission in the near-IR, where the temperature was fixed at 5000 K and the amplitude was allowed to vary. The fitting parameters of our model are a mass abundance per hydrogen for each dust component assuming the gas column density of NH = 1 × 1020 cm−2 (YnPAH,  YiPAH,  YSamC,  YLamC, and YaSil), the amplitude of the blackbody function, and the interstellar radiation field (ISRF) parameter G0, which is a scaling factor of the radiation field intensity integrated between 6 and 13 eV relative to the solar neighborhood ISRF. We confirm the significance of the fitting by a chi-square test with a confidence level of 90%.
Figure 5 shows the results of the IR SED-fitting for the dust clouds in the NE and the SW region. The emission properties of the dust clouds derived from the fitting for each region are summarized in Table 1, where the mass abundance ratios of PAH (fPAH), small dust (fsmall), and large dust (flarge) are defined as follows:
Table 1. 
Dust emission properties for the northeast and the southwest region of the halo of Cen A.

	[image: thumbnail]	Fig. 5. Results of the SED fitting for the northeast and the southwest region of the halo of Cen A. A purple dashed line shows the stellar continuum, while purple, green, and red dotted lines show the continua emitted by the PAH, small dust, and large dust components, respectively (see text for their definitions). Blue circles and red squares represent the fluxes observed in each band and predicted by the model SED, respectively.
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As shown in Table 1, the radiation field parameter G0 of the NE region is significantly larger than that of the SW region, suggesting that the star formation is more active in the NE region. It should be noted, however, that the radiation field intensities obtained in the NE and the SW region may be contaminated by the FUV radiation from the central star-forming disk of Cen A. On the other hand, there is no significant difference in fPAH and flarge between the NE and SW clouds, although it seems that fsmall is not constrained well.
We estimate the dust masses (Mdust) of the NE and the SW region using the following equation:
[image: thumbnail](6)
where Ytot is the dust mass abundance per hydrogen derived from Eq. (5) and mp is the proton mass (1.67 × 10−24 g). We adopt the column density of the hydrogen gas, NH, of 1 × 1020 cm−2. Furthermore, S​ap is the area of the aperture to create the fitted SEDs. The resultant Mdust of each region is shown in Table 1, which indicates that Mdust in the NE and the SW region is similar to each other within a factor of ∼2.
Auld et al. (2012) conducted the far-IR SED fitting of the NE and SW clouds using a modified blackbody model with the Spitzer 70 and 160 μm data and Herschel 250, 350, and 500 μm data. However, the 70 μm data points were given only as the upper limits because of the limited data quality of the MIPS 70 μm images. As a result of the SED fitting, Auld et al. (2012) found that Mdust are ∼105 M⊙ for both NE and SW clouds, which are similar to our results. Auld et al. (2012) also obtained the dust temperatures of [image: equation] K and [image: equation] K for the NE and SW clouds, respectively. In a subsequent section (Section 3.2), we show that these similar dust temperatures between these clouds are inconsistent with different values of G0 found in these clouds. The difference in the dust temperature is most likely due to the difference in the data used for 70 and 160 μm (i.e., Spitzer/MIPS versus Herschel/PACS). The MIPS data suffered the severe artifact and missed a part of the NE cloud as explained in Section 2.1, and therefore the SED fitting using the MIPS data may be insufficient to constrain the dust temperature.
3.2. Estimate of G0 from the GALEX/FUV map
We estimate the G0 value of each region due to the contribution of the FUV radiation from the central region of Cen A using the GALEX/FUV map. First, we measured the FUV flux within an elliptical aperture covering the galactic center, whose radii are 210″ and 70″ for the major and the minor axis, respectively (Fig. 4, bottom right). The background was measured in a box of 10″ × 10″ free of stellar continuum near the aperture region. We converted the units of the measured FUV flux from count s−1 to erg s−1 cm−2 Å−1 using the conversion formula given on the GALEX website5, and further converted to erg s−1 cm−2 by multiplying the effective bandwidth of the GALEX/FUV band.
Secondly, we corrected for the dust extinction. As for the foreground Galactic extinction, we used the attenuation value AFUV = 0.91 mag (Gil de Paz et al. 2007). To approximately correct for the intrinsic extinction due to the dust lane in the center of Cen A, we measure the IR luminosity of the central region, LIR, using the same aperture as used to measure the FUV flux, and assume the following relationship:
[image: thumbnail](7)
where [image: equation] and [image: equation] are the FUV luminosities corrected and uncorrected for the intrinsic extinction, respectively. We derived LIR from the SED fitting to the Herschel far-IR fluxes using a modified blackbody with the emissivity power-law index β = 2. Since no dust attenuation is assumed in the directions to the NE and SW regions, this would give values near the upper limits.
Thirdly, because of the definition of G0 (see Section 3.1), we converted the FUV flux with the GALEX/FUV bandwidth to the flux over 6 to 13.6 eV by extrapolating the ISRF spectrum estimated by Mathis et al. (1983). The resultant conversion factor is approximately 2.56. Finally, we obtain the corrected FUV luminosity [image: equation], and estimate G0center using the following equation:
[image: thumbnail](8)
where c is the speed of light and uISRF ( = 5.29 × 10−14 erg cm−3) is the energy density of the solar neighborhood starlight background over 6 to 13.6 eV which is estimated by Habing (1968). The distance from the center of Cen A to each region, r, is 15 kpc and 12 kpc for the NE and the SW region, respectively. The G0center value of each region thus derived by Eq. (8) is 1.22 and 1.90 for the NE and the SW region, respectively.
In comparison with the G0SED values in Table 1 which is dust-illuminating FUV radiation, G0SED in the NE is significantly larger than G0center. Therefore the result supports that the dust in the NE cloud is further heated by the local FUV emission originating from the NE region and thus the jet-induced star formation has indeed occurred there. On the other hand, G0SED in the SW is compatible with (or slightly smaller than) G0center. Therefore the result indicates that the dust-illuminating FUV radiation mainly originates from the central region of Cen A, but not locally from the SW region in the halo of Cen A.
3.3. Estimate of dust scattering of FUV photons from the central region
As seen in Fig. 4, extended FUV emission is detected from both NE and SW regions. It is therefore likely that some fraction of the FUV radiation which illuminates the dust in the NE and SW halo clouds is scattered by the same dust as that heated to emit the IR radiation. We estimate the dust-scattered FUV luminosities of the NE and the SW region, and compare them with the luminosity in each region measured with the GALEX/FUV map. We assume the dust size distribution and chemical composition proposed in Mathis et al. (1977). Then we obtain the dust-scattered FUV luminosities ([image: equation]) of the NE and the SW region using the following equations:
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where [image: equation] is the FUV luminosity of the central region derived from the GALEX/FUV map as described in Section 3.2, but the conversion of the bandwidth to calculate G0 is not necessary here. The distance from the galactic center to the halo region, r, is 15 kpc and 12 kpc for the NE and the SW region, respectively, and Csca is the scattering cross-section. The scattering and the absorption coefficient of a dust grain at a given wavelength (i.e., the GALEX/FUV band), and chemical composition (silicate and graphite), Qsca and Qabs respectively, are taken from Laor & Draine (1993). Furthermore, κabs is the mass absorption coefficient, and Mdust is the dust mass. Here we adopt the Mdust values estimated in Section 3.1 (Table 1).
The dust-scattered FUV luminosities predicted in the above calculation are shown in Table 2. On the other hand, we measure the observed FUV luminosities ([image: equation]) of the NE and the SW region by the aperture photometry in the same method as described in Section 2.1, which are also shown in Table 2. Comparing [image: equation] and [image: equation], we find that [image: equation] is much higher than [image: equation] for the NE region, again indicating that the jet-induced star formation produces the local FUV emission in the NE cloud. By contrast, for the SW region, [image: equation] is rather lower than [image: equation], while they are consistent with the power-law index q = −4.5 for the dust size distribution. The spatial coincidence between the FUV and far-IR distributions is better for the SW cloud than for the NE cloud (see the right panels in Fig. 4), which is consistent with the interpretation that the dust-scattered FUV is dominant in the SW cloud. This constraint on the dust size distribution agrees with the previous measurements derived from the Paβ/Hα ratio (Katayama et al. 2020), both of which consistently imply that the dust in the halo clouds may be relatively abundant in the very small grains through dust shattering (Hirashita & Lin 2020).
Table 2. 
FUV luminosities expected from dust scattering for the northeast and the southwest region of the halo of Cen A.

Auld et al. (2012) obtained FUV luminosities similar to ours for both NE and SW clouds to calculate the star formation rate (SFR) of 0.0038 and < 2 × 10−4 M⊙ yr−1 for the NE and SW clouds, respectively. They concluded that the dust emission is unrelated to star formation, at least in the SW cloud, due to the low SFR and the lack of the FUV emission, which is consistent with our result. For the NE cloud, however, considering the emission and scattering properties of the dust in more detail, we find that the dust-heating G0 and the local FUV luminosity cannot be explained by the contribution of the FUV flux from the central region of Cen A alone, as shown above, which positively supports the local star-formation activity.
3.4. Dust luminosity ratio maps
For the purpose of mapping the dust properties of the NE and SW halo clouds more robustly, we create spatially-resolved luminosity ratio maps by pixel-by-pixel SED fitting with a simplified model consisting of emissions from stars, PAHs, warm dust, and cold dust. For the stellar continuum, we use a blackbody function where the temperature is fixed at 5000 K, while the amplitude is allowed to vary. We adopt the Draine & Li (2007) model for the PAH emission, and allow only the amplitude of the PAH emission to vary. For the warm and cold dust components, we adopt modified blackbody models with the emissivity power-law index β = 2, where the temperatures are constrained within ranges of 45 ± 5 K and 15 ± 5 K for the warm and cold dust, respectively, while the amplitudes are allowed to vary.
Prior to performing the SED fitting, we removed the background from the 3.4 − 500 μm images using the values estimated with the photometry described in Section 2.1. Besides, we rebinned all the images with a pixel scale of 14″ commonly, which is the pixel size of the Herschel 500 μm image. Then we performed the pixel-by-pixel SED fitting to derive the luminosities of the PAH, the warm dust and the cold dust emission for every pixel to construct the maps of the warm to cold dust luminosity ratio (Lw/Lc) and the PAH to total dust luminosity ratio (LPAH/Ltot), where Ltot = LPAH + Lw + Lc.
Figures 6 and 7 show the resultant Lw/Lc and LPAH/Ltot maps, respectively, for the NE and the SW region of Cen A. For the NE region, the Lw/Lc ratio distribution roughly corresponds to the GALEX/FUV intensity distribution, indicating that the dust in the cloud is heated by the on-going star formation activity that intensifies the FUV radiation. On the other hand, for the SW region, the Lw/Lc distribution shows no apparent correspondence with the GALEX/FUV distribution, both of which have no clear peaks, thus indicating no star-formation activity. Regarding the LPAH/Ltot maps in Fig. 7, the PAH emission intensities are enhanced in the directions toward which the dust clouds are present as shown by the Herschel 250 μm intensity distribution for both of the NE and the SW region. Hence both clouds contain appreciable amounts of PAHs. In other words, it is confirmed that the PAH emission does not necessarily trace the star formation activity in the case of the SW cloud.
	[image: thumbnail]	Fig. 6. Warm and cold dust luminosity ratio maps for (left) the northeast and (right) the southwest region in the halo of Cen A. The green contours show the GALEX/FUV intensity distribution, where the contours correspond to the levels of 0.00155, 0.002, 0.0035, and 0.006 ct s−1 per 1.5 arcsec2 and 0.0015, 0.00155, 0.0017, and 0.00185 ct s−1 per 1.5 arcsec2 for the northeast and the southwest region, respectively. The yellow contours show the Herschel 250 μm intensity distribution, where the contours correspond to the levels of 9, 10.5, 12, and 18 MJy sr−1.



	[image: thumbnail]	Fig. 7. PAH and total dust luminosity ratio maps for (left) the northeast and (right) the southwest region in the halo of Cen A. The contours are the same as in Fig. 6.



4. Discussion
4.1. Difference between the northeast and southwest clouds
The SED fitting result (Table 1) and the dust luminosity ratio maps (Fig. 6) clearly indicate on-going star formation in the NE halo cloud and no star formation activity in the SW halo cloud, although both clouds are located at a similar distance of ∼10 kpc from the center of Cen A. The results support the interpretation on the origin of the Hα emission from the SW (i.e., scattering of the Hα photons from the galaxy in the previous study; Katayama et al. 2020). The difference could be explained by difference in the environments between the NE and the SW region; one possibility might be difference in the amount of interstellar and intergalactic media (ISM and IGM) in each region. Charmandaris et al. (2000), however, found that the masses of H I gas are 2.14 × 107 M⊙ and 2.17 × 107 M⊙ for the NE and SW clouds, respectively, and thus comparable to each other. The dust masses obtained in the present study also show similar values between the NE and SW clouds as shown in Table 1, and therefore the dust-to-gas mass ratios are similar between the NE and the SW cloud, too. Hence this possibility is not likely.
Another possibility to explain the difference between the NE and the SW region would be difference in the jet structure of Cen A. The left panel of Fig. 8 shows a full view of the radio jet structure of Cen A, which was observed by Murchison Widefield Array (MWA, Tingay et al. 2013) at a central frequency of 200 MHz. As shown in Fig. 8, in the NE region, the inner lobe and Northern Middle Lobe (NML) extend to ∼7 kpc and ∼10 − 40 kpc, respectively, from the center of Cen A (Neff et al. 2015). The red circles in Fig. 8 show the regions we study in the present paper. The NE region is located in the interface between the inner lobe and NML. In contrast, in the SW region, the inner lobe extends to ∼5.5 kpc from the center, but there is no apparent jet structure corresponding to NML at the position of the SW red circle in Fig. 8. Hence the prominent difference in the environments between the NE and the SW region is whether the middle lobe structure is present (NE) or absent (SW). Therefore it may be shocks by the jet which produced NML that have triggered the star formation in the NE cloud.
	[image: thumbnail]	Fig. 8. Radio jet structure in the halo of Cen A. Left: The background image is the MWA 200 MHz map. The contours correspond to the levels of 0.3, 0.5, 0.7, 1.0, 1.5, 2, 10, and 50 Jy/beam. The red circles correspond to the aperture region for the SED fitting in our study. Right: The background image is the Herschel 250 μm map. The green and the white contours show the GALEX/FUV map (as shown in Fig. 3) and the radio jet structure of Cen A as shown in the left panel, respectively. The red circles are the same with those in the left panel.



Regarding the time elapsed after the jet compression of the NE cloud, it should be 0.1 − 10 Myr considering the expansion of NML of ∼40 kpc traveled with the light speed and the lifetime of the synchrotron radiation in NML (Neff et al. 2015), the range of which covers typical time scales for star formation (i.e., 1 − 10 Myr) as well as the ages of 1 − 4 Myr for the young stars in the NE region (Crockett et al. 2012). On the other hand, the jet that has produced the inner lobe does not appear to reach and thus may have not yet exerted any influence on the SW cloud (and the NE cloud, either).
4.2. Origins of the dust in the northeast and southwest regions
To compare the properties of the dust in the halo with those in the central region of Cen A, we perform the SED fitting for the central region of Cen A using the same method as described in Section 2.1. Here, we add the Spitzer 8 μm data, which are available only for the central region, to the SED fitting. The photometry aperture and the background region are defined as a circular region of 450″ and an annular region from 500″ to 600″, respectively.
Figure 9 shows the result of the SED fitting, while the properties of the dust emission derived from the fitting are summarized in Table 3. Comparing Tables 1 and 3, fPAH in the central region of Cen A, which is close to the value typical of the ISM in our Galaxy (∼4.6%; Li & Draine 2001; Weingartner & Draine 2001; Chastenet et al. 2019), is significantly higher than those in the NE and the SW region. Generally, fPAH correlates with the metallicity because, in the low metallicity environments, the shielding of dust grains is reduced and then PAHs are expected to be photodissociated by the strong UV radiation. For example, Smith et al. (2007) found that the PAH intensity is suppressed in galaxies with low metallicities. The metallicity tends to increase as a galaxy evolves, and therefore when fPAH takes a small value, the galaxy is assumed to be in a relatively early stage of evolution.
Table 3. 
Properties of the dust emission for the central region of Cen A.

	[image: thumbnail]	Fig. 9. Same as Fig. 5, but for the central region of Cen A.



Since both the NE and SW clouds contain appreciable amounts of dust and PAHs, they cannot be of primordial gas origins. Given that fPAH in the clouds are lower than that in the central region of Cen A, the PAHs are likely to have been produced in the host galaxy and ejected at an early evolutionary stage of the galaxy. Since the dust-to-gas mass ratios (Section 4.1) and fPAH are similar between the NE and SW clouds, both clouds are likely to be of the same origin. Judging from the spatial correspondence as seen in Fig. 1 as well as the lower fPAH, we suggest that those clouds, and thus the dust and the PAHs therein, are associated with the broken ring-like structure of H I gas which is thought to be a remnant of the past gas-rich merger (Struve et al. 2010) that has triggered the star formation in the central region of Cen A.
5. Conclusions
We have performed dust model fitting to the near- to far-IR SED of Cen A created from the archival data of WISE, Spitzer, and Herschel in order to study jet-induced star formation in the NE and SW clouds in the halo of Cen A. We have also compared the IR emission properties of the NE and SW dust clouds with the far-UV emission using the archival data of GALEX/FUV.
Based on the interstellar radiation field intensity G0 derived by the IR SED fitting, we find that the NE halo cloud indicates active star formation, while the SW halo cloud does not. For the NE cloud, the local far-UV intensity and G0 are significantly larger than those estimated from the far-UV radiation originating from the star-forming disk in the central region of Cen A. These results consistently support that the jet-induced star formation have indeed occurred in the NE halo cloud. On the other hand, for the SW cloud, G0 agrees with that from the central region of Cen A.
Moreover, the local far-UV intensity detected in the SW cloud can be explained by scattering of the far-UV radiation from the central region by the dust in the SW cloud. Judging from the fact that the major difference in the environments between the NE and the SW region is whether a middle lobe structure is present (NE) or absent (SW), it may be shocks by the jet which produced NML that have triggered the star formation in the NE cloud.
For both NE and SW clouds, the mass abundance ratios of the PAH to the dust (fPAH) and the dust-to-gas mass ratios are comparable to each other, indicating that they are likely of the same origin. In contrast, fPAH for both clouds are significantly lower than that in the central region of Cen A. We suggest that the dust and the PAHs in the clouds originate from a remnant of the past gas-rich merger that has triggered the star formation in the central region of Cen A.


1 https://irsa.ipac.caltech.edu/Missions/wise.html


2 http://archives.esac.esa.int/hsa/whsa/


3 http://galex.stsci.edu/GR6/


4 https://www.ias.u-psud.fr/DUSTEM/


5 https://asd.gsfc.nasa.gov/archive/galex/FAQ/counts_background.html
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All Figures
	[image: thumbnail]	Fig. 1. Overview of Cen A and the relevant structure. The background color image is taken from the Herschel 250 μm map. The gray and the white contours show the radio jet structure of Cen A, which is obtained with the Australia Telescope Compact Array (ATCA) at 1.4 GHz (Morganti et al. 1999) and the H I column density in the halo (Auld et al. 2012), respectively. The red squares in the northeast and southwest halos indicate the regions where the Hα emission was detected by Santoro et al. (2016) and Keel et al. (2019), respectively. The yellow squares denote the boundaries of the northeast and the southwest region defined in the present study (e.g., Figs. 2 and 4). The yellow circle corresponds to the aperture region for the SED fitting described in Section 4.2.
In the text



	[image: thumbnail]	Fig. 2. Near- to far-IR images in the northeast (left) and the southwest (right) region of Centaurus A, whose sizes are 400″ × 400″ as denoted by the yellow squares in Fig. 1. For each panel, from top left to bottom right: WISE 3.4, 4.6, 12, and 22 μm, Spitzer 24 μm, Herschel/PACS 70 and 160 μm, Herschel/SPIRE 250, 350, and 500 μm images. The 24, 70, and 160 μm images are smoothed with Gaussian kernels of [image: equation], [image: equation], and [image: equation], respectively. The image color scale of each band is linearly drawn and the same for the northeast and the southwest region. The color bar range of each image is set to 97% of the pixel value distribution.
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	[image: thumbnail]	Fig. 3. Photometry fields of (left) the northeast and (right) the southwest region of Cen A. The background color images are sky-subtracted Herschel 250 μm maps, where the color scales are the same for both images. The yellow circles are the adopted photometry apertures. The magenta contours show the H I column density, where the contour levels correspond to 1, 5, 10, 15, and 20 × 1020 cm−2 (Auld et al. 2012; the same as in Fig. 1). The white contours show the GALEX/FUV intensity distribution, where the contour levels correspond to 0.0017, 0.002, 0.0035, and 0.006 ct s−1 per 1.5 arcsec2.
In the text



	[image: thumbnail]	Fig. 4. The GALEX/FUV maps of Centaurus A. Left: The overall map of Centaurus A. Yellow squares correspond to the northeast and the southwest region investigated in this paper, as in Fig. 2, for both of which past studies suggest that jet-induced star formation may have occurred therein. Right: Enlarged FUV maps of the northeast (top), the southwest (center), and the central (bottom) region. The yellow contours show the Herschel 250 μm intensity distribution, the levels of which correspond to 9, 10.5, 12, and 18 MJy sr−1. The black ellipse in the bottom panel is the photometry aperture to measure the FUV flux from the central region of Cen A. All the FUV images in the left and right panels are shown after smoothed with a Gaussian kernel of [image: equation].
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	[image: thumbnail]	Fig. 5. Results of the SED fitting for the northeast and the southwest region of the halo of Cen A. A purple dashed line shows the stellar continuum, while purple, green, and red dotted lines show the continua emitted by the PAH, small dust, and large dust components, respectively (see text for their definitions). Blue circles and red squares represent the fluxes observed in each band and predicted by the model SED, respectively.
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	[image: thumbnail]	Fig. 6. Warm and cold dust luminosity ratio maps for (left) the northeast and (right) the southwest region in the halo of Cen A. The green contours show the GALEX/FUV intensity distribution, where the contours correspond to the levels of 0.00155, 0.002, 0.0035, and 0.006 ct s−1 per 1.5 arcsec2 and 0.0015, 0.00155, 0.0017, and 0.00185 ct s−1 per 1.5 arcsec2 for the northeast and the southwest region, respectively. The yellow contours show the Herschel 250 μm intensity distribution, where the contours correspond to the levels of 9, 10.5, 12, and 18 MJy sr−1.
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	[image: thumbnail]	Fig. 7. PAH and total dust luminosity ratio maps for (left) the northeast and (right) the southwest region in the halo of Cen A. The contours are the same as in Fig. 6.
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	[image: thumbnail]	Fig. 8. Radio jet structure in the halo of Cen A. Left: The background image is the MWA 200 MHz map. The contours correspond to the levels of 0.3, 0.5, 0.7, 1.0, 1.5, 2, 10, and 50 Jy/beam. The red circles correspond to the aperture region for the SED fitting in our study. Right: The background image is the Herschel 250 μm map. The green and the white contours show the GALEX/FUV map (as shown in Fig. 3) and the radio jet structure of Cen A as shown in the left panel, respectively. The red circles are the same with those in the left panel.
In the text



	[image: thumbnail]	Fig. 9. Same as Fig. 5, but for the central region of Cen A.
In the text
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