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Abstract

Context. Deep mid-infrared (MIR) surveys have revealed numerous strongly star-forming galaxies at redshift z ≲ 2. Their MIR fluxes are produced by a combination of continuum and polycyclic aromatic hydrocarbon (PAH) emission features. The PAH features can dominate the total MIR flux, but are difficult to measure without spectroscopy.

Aims. We aim to study star-forming galaxies by using a blind spectroscopic survey at MIR wavelengths to understand evolution of their star formation rate (SFR) and specific SFR (SFR per stellar mass) up to z ≃ 0.5, by paying particular attention to their PAH properties.

Methods. We conducted a low-resolution (R ≃ 50) slitless spectroscopic survey at 5–13 μm of 9 μm flux-selected sources (>0.3 mJy) around the north ecliptic pole with the infrared camera (IRC) onboard AKARI. After removing 11 AGN candidates by using the IRC photometry, we identify 48 PAH galaxies with PAH 6.2, 7.7, and 8.6 μm features at z < 0.5. The rest-frame optical–MIR spectral energy distributions (SEDs) based on CFHT and IRC imaging covering 0.37–18 μm were produced, and analysed in conjunction with the PAH spectroscopy. We defined the PAH enhancement by using the luminosity ratio of the 7.7 μm PAH feature over the 3.5 μm stellar component of the SEDs.

Results. The rest-frame SEDs of all PAH galaxies have a universal shape with stellar and 7.7 μm bumps, except that the PAH enhancement significantly varies as a function of the PAH luminosities. We identify a PAH-enhanced population at z ≳ 0.35, whose SEDs and luminosities are typical of luminous infrared galaxies. They show particularly larger PAH enhancement at high luminosity, implying that they are vigorous star-forming galaxies with elevated specific SFR. Our composite starburst model that combines a very young and optically very thick starburst with a very old population can successfully reproduce most of their SED characteristics, although we cannot confirm this optically think component from our spectral analysis.
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1. Introduction
Mid-infrared (MIR) extragalactic studies have been providing new insights about galaxies in the distant universe, for three main reasons: first, about half of the total energy throughout cosmic history is emitted between the MIR and far-infrared (FIR) wavelengths (e.g. Elbaz et al. 2002; Le Floc’h et al. 2005; Dole et al. 2006; Caputi et al. 2007; Goto et al. 2011a). Second, the effect of dust extinction is much less prominent at MIR wavelengths when compared to optical (OPT) and near-infrared (NIR) wavelengths, and is a good spectral region for measuring activity from star formation as well as active galaxy nuclei (AGNs), even in the presence of copious amounts of dust. Third, under limited technology at the time of AKARI (Murakami et al. 2007) and before, in particular about the large cryogenic space telescope for sharper diffraction-limited resolution and the sensitive detector system, the MIR spectral region has been more sensitive to flux from distant astronomical sources than the FIR one. The importance of deep MIR extragalactic surveys was first recognised by the discovery of strong evolution from 15 μm source counts by using ISOCAM (Cesarsky et al. 1996) onboard the Infrared Space Observatory (ISO; Kessler et al. 1996). The rapidly evolving population was found as an excess of 15 μm sources at a flux of 0.1–0.5 mJy (e.g. Elbaz et al. 1999; Serjeant et al. 2000; see also Lagache et al. 2004; Wada et al. 2008; Pearson et al. 2010). Later, extensive studies at MIR and other wavelengths helped to define the global spectral energy distribution (SED) shapes across the OPT–NIR–MIR–FIR for various types of luminous galaxies (such as AGNs, starburst galaxies, luminous infrared galaxies (LIRGs), and ultra-luminous infrared galaxies (ULIRGs); e.g. (Spinoglio et al. 1995; Pearson 2001; Lagache et al. 2004; Rowan-Robinson et al. 2004; Le Floc’h et al. 2005). Such studies clearly indicate that most of these galaxies, excluding AGNs, show prominent emission features in their MIR spectra, which are believed to originate in polycyclic aromatic hydrocarbons (PAHs; e.g. Lutz et al. 1998; Xu et al. 1998). The luminosity of the PAH features, as well as that of the underlying hot dust continuum, has been used as a measure of star formation rate (SFR), using conversions from MIR luminosity to the FIR one, where the bulk of the energy from star-forming regions is emitted (e.g. Genzel et al. 1998; Rigopoulou et al. 1999; Farrah et al. 2007; Shipley et al. 2016).
The unprecedented sensitivity of Spitzer at MIR wavelengths has greatly improved our understanding of cosmic galaxy evolution, with help of various diagnostics of galaxies for their activities up to z ∼ 2–4 provided by both MIPS imager (Rieke et al. 2004) at 24 μm and IRS spectrometer (Houck et al. 2004; e.g. Sajina et al. 2007; Yan et al. 2007; Pope et al. 2008; Wu et al. 2010; see also Spoon et al. 2007). Cosmic star formation history, or star formation rate density (SFRD), in galaxies and AGNs has been particularly examined (e.g. Menéndez-Delmestre et al. 2007; Farrah et al. 2008; Pope et al. 2008; Nordon et al. 2012. See also Goto et al. 2010, 2011a,b). In many studies, the analysis has relied on SED templates or models for scaling from the MIR wavelengths to the bulk of the dust emission in the FIR wavelengths. The scaling is based mostly on studies of nearby galaxies and AGNs; there is no guarantee that it is appropriate at higher redshifts. In some rare cases, extremely deep Spitzer FIR photometry was used to directly find global SEDs even at higher redshifts (z ∼ 2–3; e.g. Le Floc’h et al. 2005; Bavouzet et al. 2008; Murphy et al. 2011). Recent Herschel (Pilbratt et al. 2010) FIR photometry has improved the situation (e.g. Berta et al. 2011; Elbaz et al. 2011; Gruppioni et al. 2013; Magnelli et al. 2013). It turned out that their NIR–MIR–FIR SEDs are systematically different from scaled-up versions of local SED templates of presumably the same activity type (e.g. Menéndez-Delmestre et al. 2007; Farrah et al. 2008; Pope et al. 2008; Elbaz et al. 2011; Murphy et al. 2011; Magdis et al. 2012; Nordon et al. 2012). Nordon et al. (2012) argue that this introduces significant offsets in measuring SFRD. They claim that the MIR spectral features are not simple tracers of SFR, but that their power is modulated by changing physical conditions in the inter-stellar medium (ISM) or in photo-dissociation regions (PDRs; see also Elbaz et al. 2011). This appears reasonable because such an effect has been indeed observed in spatially resolved SINGS studies of local galaxies (Kennicutt et al. 2003), as well as GOALS studies of luminous infrared galaxies (Armus et al. 2009), where a range of MIR spectral features is seen within individual objects (Dale et al. 2006). We note, however, that their integrated properties over the galaxy scale greatly smear out these local variations (Bavouzet et al. 2008).
Another serious problem in analysing galaxy evolution has been the uncertainty in the assumed K-correction used to derive rest-frame quantities (e.g. rest-frame MIR luminosity function and SFRD; Le Floc’h et al. 2005; Caputi et al. 2007; Bavouzet et al. 2008; Nordon et al. 2012). The K-correction to rest-frame monochromatic MIR luminosity is particularly large for redshifted (z ≳ 1) galaxies because of the contribution of the PAH features. Spitzer observed mainly in its IRAC (Fazio et al. 2004) 8 μm and MIPS 24 μm bands, which miss the most prominent PAH features around 7.7 μm at 0.3 < z < 1.8. Without completely reliable redshift information, interpreting the observed in-band fluxes is not straightforward at MIR. This also introduces a complicated selection function for Spitzer colour selection for higher-z sources. For example, sensitive MIPS 24 μm surveys favour both z ∼ 2 star-forming galaxies with the redshifted prominent PAH 7.7 μm feature and AGNs with very red continuum emission. Distinguishing these possibilities has called for IRS spectroscopy (e.g. Yan et al. 2004, 2007; Pope et al. 2008). Although the SED templates have been empirically calibrated to reproduce various observed correlations among broad-band photometric data (e.g. Chary & Elbaz 2001; Lagache et al. 2004), the uncertainties in K-corrections are still large. In particular, to make the MIR part of the templates realistic showing complex MIR spectral features, observed MIR spectra of small number of representative galaxies are often implanted on empirical low-resolution SED templates that are based on a simple synthetic model of dust emission (Dale et al. 2001) or a galaxy stellar evolutionary model in combination with radiative transfer calculation through dusty circum-stellar regions (Polletta et al. 2007).
AKARI was a cryogenic space infrared telescope that observed in the NIR, MIR, and FIR spectral regions (Murakami et al. 2007). In addition to its primary mission to perform an all-sky survey (Murakami et al. 2007; Ishihara et al. 2010), some time was spent on the deeper pointing-mode observations of some specified targets during an intermittence of the scanning. Multi-band deep extragalactic imaging surveys at NIR and MIR (2–24 μm) were performed towards the north ecliptic pole (NEP) region by using the pointing mode (the AKARI NEP surveys; Matsuhara et al. 2006 for the summary) with the wide-field infrared camera (IRC; Onaka et al. 2007). The AKARI NEP surveys include as many contiguous bands as possible, with the data covering the entire wavelength range continuously with nine filters at a spectral resolution of R ≃ 5. With this filter set, one can discriminate range of SED types, including AGNs with red continuum-dominated SED, normal and star-forming galaxies with hot dust continuum and PAH features, luminous infrared galaxies with strong silicate absorption (peaking at 9.7 μm), up to z ∼ 2 (see, e.g. Takagi & Pearson 2005; Wada et al. 2008; Takagi et al. 2010; Hanami et al. 2012). As Takagi et al. (2010) demonstrate (see also Hanami et al. 2012; Kim et al. 2012), the MIR colours of redshifted sources show extreme diversity, due to combination of the MIR features from a range of the SED types and redshift, and such rich multi-colour information can be used to extract various information about the nature of the sources. Takagi et al. (2007, 2010) and Hanami et al. (2012) have utilised SED fitting techniques to extract the activity type, redshift, extinction, MIR and FIR luminosities, and so on, from the complex SEDs with much less ambiguity than before. During the course, they also show that some observed SEDs cannot be well reproduced by simple models. Even if the fit seems successful, we need to be cautious, because it relies on local SEDs or very simple physical models to fit observations of redshifted galaxies in which physical conditions may be different from the local ones. Because of the rapid evolution of galaxies peaking at z ∼ 2 (e.g. Elbaz et al. 1999; Serjeant et al. 2000; Lagache et al. 2004), evolution of the SEDs should be examined and taken into account to interpret various observables, such as source counts and monochromatic MIR luminosities. Spectroscopy of the MIR photometric sample of galaxies in the similar wavelength range would provide a recipe to properly interpret the photometric properties.
The IRC had not only multi-band imaging capability, but also a wide-band low-resolution spectroscopy capability (Ohyama et al. 2007). This was possible because the IRC includes transmissive direct-view dispersers (a prism and grisms) in the filter wheel, as well as the broad-band imaging filters. In the spectroscopy mode, by using the short slits at an edge of the field of view (FOV) of the IRC, spectroscopic studies of active galaxies have been extensively done. Especially, the 3.3 μm PAH feature has been utilised to trace the star formation activities and to diagnose the AGN activity (Imanishi et al. 2008, 2010; Woo et al. 2012; Castro et al. 2014; Ichikawa et al. 2014; Yano et al. 2016). In addition to the regular slit spectroscopy, the IRC could perform slitless spectroscopy: all sources that can be imaged within its ≃10′ × 10′ FOV are dispersed by either a prism or grism. This slitless mode is particularly well-suited to blind spectroscopic surveys of point-like sources: The survey can be unbiased because there is no pre-selection of sources from, such as colour or flux at other wavelengths. Instead, the sources are simply selected after the spectroscopy observations on the basis of their fluxes at the same wavelengths as for the spectroscopy. This is particularly important for studying the MIR evolution of galaxies, because, as noted earlier, it is quite difficult to define a fair sample that is independent of types (including AGN) and strengths of the activities, and redshift for statistical studies. Sensitive observations with this mode at MIR wavelengths are available only from space to avoid high atmospheric background, and the IRC was the first instrument that provided us with this unique observing opportunity.
In this paper, we first describe the design and observation of our survey programme in Sect. 2.1, and data reduction procedure in Sect. 2.2. Our spectral PAH fit is described in Sect. 2.3, and the results are analysed in Sect. 3.1. The OPT–NIR–MIR broad-band photometry is also compiled for the spectroscopic sample in Sect. 2.4, and its basic characteristics are analysed in Sect. 3.2. In particular, we photometrically classify activity types, normal and star-forming galaxies and AGNs, in Sect. 3.2.1. For galaxies with the PAH features detected in their spectra, we analyse their colour-redshift relations in Sect. 3.2.2, and construct their rest-frame SEDs in Sect. 3.2.3. We then compare their spectroscopic and photometric properties in Sect. 3.3. In particular, we compare PAH luminosities measured in both photometric and spectroscopic ways in Sect. 3.3.1, and characterise the variation of the rest-frame SED shape by the spectroscopic properties in Sect. 3.3.2. We here identify the PAH-enhanced population at z ≃ 0.35–0.5 as a distinctive sub-group of the PAH galaxies. Next we compare the observed rest-frame SEDs with various SED templates and models in Sect. 3.4. We discuss implications of the SED variation of the PAH galaxies, in particular the PAH-enhanced population, for the star-formation properties in Sect. 4.1.1. We finally summarise advantages and limits of our slitless spectroscopic and photometric data analysis in Sect. 4.2. Conclusions are given in Sect. 5. We use H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and Ωλ = 0.7 throughout this paper.
2. Observations and data
2.1. The SPICY survey: basic design and observations
We conducted our IRC slitless spectroscopic survey, “slitless SpectroscoPIC surveY of galaxies” (SPICY), to study strongly evolving population discovered with ISO that shows an excess in source count at a flux range of 0.1–0.5 mJy at 15 μm (e.g. Elbaz et al. 1999; Serjeant et al. 2000; Lagache et al. 2004; Wada et al. 2008; Pearson et al. 2010; Sect. 1). Given the typical observed flux ratio between 15 μm and 9 μm (Sect. 3.2.1 below), this flux range corresponds to 0.5 mJy or smaller at 9 μm, where the IRC provides the best MIR sensitivity. We targeted the NEP with IRC spectroscopy, where deep extragalactic photometric studies with IRC, NEP-Deep (coverage: 0.57 deg2; 5σ sensitivity at 7–12 μm: 33.6 μJy; Wada et al. 2008; Takagi et al. 2012; Murata et al. 2013) and NEP-Wide (coverage: 5.4 deg2; 5σ sensitivity at 7–12 μm: 67.3 μJy; Lee et al. 2009; Kim et al. 2012) surveys, were conducted. This SPICY survey thus provides NIR–MIR spectra of sources that have also been detected with the IRC photometric surveys, enabling direct comparisons of the observed characteristics, redshift and PAH luminosity in particular, measured in both photometric and spectroscopic ways. Another advantage of targeting the NEP is that we can utilise many associated surveys at different wavelengths, ranging from X-ray (Krumpe et al. 2015), ground-based OPT–NIR (Jeon et al. 2010, 2014; Ko et al. 2012; Oi et al. 2014), to submillimetre (Geach et al. 2017).
We designed the SPICY survey to utilise the IRC spectroscopy capability for optimum survey outputs (see Appendix A for the details). In this paper, we focus only on the short MIR camera within the IRC, “MIR-S” (Onaka et al. 2007), to cover 5–13 μm, although the survey was designed to utilise all three cameras of the IRC for its full wavelength coverage (2.5–24 μm). This MIR-S camera is suited for studying galaxies at z ≲ 0.5 by using prominent PAH features at 6–10 μm in the rest frame. We visited the same pointing coordinates nine or ten times to achieve the sensitivity goal of 0.5 mJy at 9 μm for a tile of ≃10′ × 10′ corresponding to one FOV of this camera. The actual tile shape, after stacking all individual pointing data, is slightly elongated and distorted because of a slight field rotation among the observations, which is unavoidable due to constraints posed by the satellite’s orbit and the NEP coordinates. We aimed to overlap tiles of all three different cameras of the IRC to increase the overall wavelength coverage. As a result, 14 tiles are distributed in a non-contiguous way around the NEP, in a form of a complicated shape of folded chains (Fig. 1). We tried to concentrate on the NEP-Deep field where more observations at other wavelengths are available, but some tiles are made within the surrounding Wide survey field, which encompasses the Deep field.
	[image: thumbnail]	Fig. 1.
SPICY survey tiles marked on the IRC NEP-Wide S9W image (Lee et al. 2009; Kim et al. 2012). North is up and east is to the left. The NEP is marked with a small black circle, and the NEP-Deep survey field is indicated with a big magenta circle. Blue rectangles show approximate locations of individual tiles. The galaxies with detectable PAH features (the PAH galaxies; Sect. 2.3) and bright AGN candidates (Sect. 3.2.1) are marked with small red and blue circles, respectively.




We used a standard AOT (Astronomical Observing Template) for IRC spectroscopy, AOT04a (Onaka et al. 2007), for the SPICY observations. Within one pointing observation lasting about ≃10 min, several spectroscopic images through dispersers, as well as a few direct images through a broad-band filter, are taken in this AOT. In the MIR-S camera, both lower-resolution (R ≃ 50) dispersers (SG1 and SG2 grisms covering 4.6–9.2 μm and 7.2–13.4 μm, respectively) and a broad-bang filter (S9W, covering 6.7–11.6 μm with an effective wavelength of 9.0 μm) are used. The direct image, also called a reference image, is used to provide wavelength reference points for all sources on the spectroscopic images. No telescope dithering is made within the AOT, to ensure that the reference image provides accurate wavelengths. Within one AOT operation, as many as 12 SG1 images, 12 or 16 SG2 images, and three S9W images, are taken, and the effective exposure time is 6.36 sec for each image independently of the filters or grisms used. In total, exposure times are 4796 sec (for 12 images per pointing and nine pointings)–7106 sec (for 16 images per pointing and ten pointings) for both SG1 and SG2 spectra per tile.
2.2. Data reduction
We reduced the SPICY data by using the IRC spectroscopy toolkit (collection of software and calibration database) modified for our multi-pointing observations. The original toolkit was developed by the instrument team1 to reduce single AOT observation dataset (Ohyama et al. 2007). This toolkit is composed of the two parts: an image processing and calibration pipeline, and a spectrum plotting tool. The former is to reduce raw images to generate calibrated and stacked spectral images, and the latter is to extract and plot one-dimensional spectra. Both parts are based on calibration database provided with the toolkit. The pipeline performs standard array image processing such as dark subtraction, flat-fielding, and background subtraction, and also extracts two-dimensional spectral images for individual sources detected on a reference image, and stacks them. To work on the multiple AOT observation datasets, we modified the pipeline while keeping all original calibration routines and database. Specifically, we split the original pipeline into two pieces, one for image processing, calibration, and source extraction, and another for stacking the pre-calibrated and extracted spectral images. We then added a simple file organising mechanism between them, in order to collect all individually calibrated images taken at different AOT observations for the same tile before stacking all of them at the same time.
In order to run the spectroscopy pipeline for sources that are too faint to be clearly detected on a reference image of a single AOT observation, one needs to find their positions by using multiple AOT observations beforehand. This is because the pipeline cannot apply the wavelength-dependent calibration without knowing the wavelength reference point. Therefore, we first generated a master reference image by stacking all reference images of multiple AOT observations for a tile. We used the IRC imaging toolkit (Ita et al. 2008)2 to stack the reference images. In this imaging toolkit, the flux scale and sky coordinates (RA and Dec) are calibrated after standard array image processing such as dark subtraction, flat-fielding, and background subtraction. We detected sources in the master reference image, and created a master source catalogue that includes their fluxes and sky coordinates. To meet our sensitivity goal, sources that are brighter than 0.3 mJy at S9W (9.0 μm) were selected for processing with the spectroscopy pipeline. We also reduced the individual reference images for each AOT observation in the same way as reducing the master reference image. We then transformed the sky coordinates of the master reference catalogue to the pixel coordinates of individual single-AOT reference images to generate source tables. We next ran the first part of the spectroscopy pipeline (image processing, calibration, and source extraction) for individual AOT observations with their corresponding source tables. We here used our additional file organising software tool to organise lists of images to be stacked for the same sources taken at different AOT observations, and stacked the pre-calibrated and extracted spectral images for each of the sources by using the second part of the spectroscopy pipeline. By using the original plotting tool, we finally extracted fully calibrated one-dimensional spectra, and saved the results for further analysis. Examples of the final processed spectra of bright sources showing very different spectral shapes are shown in Fig. 2.
	[image: thumbnail]	Fig. 2.
Examples of the SPICY spectra of three representative types of bright sources. The SG1 (black) and SG2 (red) spectra are shown separately. The error bars are for one sigma. Top: field star. Middle: galaxy with prominent PAH 6.2, 7.7, 8.6, and 11.3 μm features (F04-0 at zPAH = 0.087 ± 0.001; see also Fig. B.1). Bottom: AGN candidate with a red featureless continuum and possibly a deep silicate 9.7 μm absorption redshifted to ≃14 μm (F05-1 at zopt. spec = 0.4508; see Sect. 3.2.1). Slight flux offset of the star spectrum within the overlapping wavelength range of the SG1 and SG2 spectra (7.5–8.2 μm) is due to slight systematic flux calibration error caused by errors in aligning the SG1 and SG2 spectral images. Increased noise level at ≳ 12.0 μm in the middle panel is caused by partial truncation of the SG2 spectrum.




Due to slitless nature of the observing mode, we obtained spectra of all kinds of compact sources within a FOV. We removed field stars based on their (very bright and point-like) appearance on the CFHT optical images (Hwang et al. 2007), and find 171 extragalactic sources (galaxies and AGNs). We find that all PAH galaxies (sources with detectable PAH features; Sect. 3.1) are extended at the resolution of FWHM ≃ 1ʺ̣0; Their stellarity indices, which quantify morphological similarity of objects to point-like sources and are often used for shape-based star–galaxy classification (Bertin & Arnouts 1996), are <0.1 (0 for galaxies and 1 for stars) on the CFHT optical images (Hwang et al. 2007). Among all 171 spectra, some fraction of the spectra is not useful in our analysis. Some of them are heavily contaminated by nearby sources on the slitless spectral images, and some others near the edge of the FOV have only truncated spectra at the edge of the detector array3. We note that these problems randomly damage the spectra depending on distributions of the sources and their neighbours. Among the sources with useful spectra, eight sources are observed twice within the overlapping tiles (Sect. 2.1), duplicating the spectra for such sources. For the brightest four such sources, we adopted ones that are less affected by the contamination. For the remaining four such sources, we coadded the spectra to improve the signal-to-noise.
2.3. Spectral PAH fit
2.3.1. Method
Many SPICY spectra show 6.2, 7.7, 8.6, and 11.3 μm PAH features (hereafter, PAH 6.2 μm, PAH 7.7 μm, PAH 8.6 μm, and PAH 11.3 μm, respectively), and they are examined by using spectral PAH fitting. We first examine some bright sources showing prominent PAH features with PAHFIT software (Smith et al. 2007). This software relies on a priori information on shapes of individual PAH features (a set of central wavelengths and widths, assuming a Drude profile) and central wavelengths of narrow lines of ionised, atomic, and molecular gases. With external information on redshift, the software finds strengths of these spectral features, as well as the underlying continuum and amount of extinction, by means of a chi-square minimisation. Figure 3 shows the results of two nearby bright galaxies as examples. Here, we assumed a fully mixed extinction geometry and the extinction curve towards the Galactic centre developed by Smith et al. (2007). We adopted redshifts measured with our own PAH fit software (see below). Although we find reasonably good fits on them, the spectral model of PAHFIT is too detailed for analysing the SPICY spectra. This is understandable because PAHFIT is designed for the IRS low-resolution spectra (R = 60–130; ≃5–35 μm), which provide higher spectral resolution and wider wavelength coverage than those of the SPICY spectra (R ≃ 50; ≃5–13 μm).
	[image: thumbnail]	Fig. 3.
Results of the PAHFIT for two nearby SPICY PAH galaxies. Individual PAH features (blue), narrow emission lines (magenta), dust continua (multiple components for different temperatures; red), stellar continuum (magenta), sum of the continua (dust and stellar; grey), and sum of all components (continua and spectral features; green) are shown for each galaxy.




	[image: thumbnail]	Fig. 4.
Example SG1 and SG2 spectra of the SPICY PAH galaxies with the PAH fit results overlaid. All 48 spectra can be found in Fig. B.1. The observed spectrum is shown in red line with one-sigma error bars, with the fitted individual PAH components (blue), the power-law continuum (magenta), and their sum (blue) in each panel. The residual of the fit (observed–fitted) is shown in green at offset baseline (horizontal broken line) for clarity. The redshift from the PAH fit is indicated next to the source name in the plot title. The Y axis is scaled to have the same PAH 7.7 μm peak hight for all galaxies.




	[image: thumbnail]	Fig. 5.
Representative IRS spectra of star-forming galaxies with the PAH fit results overlaid. An averaged spectrum of nearby starburst galaxies of Brandl et al. (2006; top right) and four “noise-free galaxy spectral templates” of Smith et al. (2007; remaining four panels) are shown in black lines. The individual PAH features (blue), the power-law continuum (blue), and their sum (black) are overlaid in each panel. The residual of the fit (observed–fitted) is shown at offset baseline (horizontal broken line) for clarity.




We develop our own spectral PAH fit (hereafter, simply “the PAH fit”) to apply to the SPICY spectra. Most of the sources in the slitless surveys are faint and serendipitously detected. We aim to establish a way to robustly extract fundamental properties of star-forming galaxies from the slitless survey data. To identify sources on the spectral images, it seems more efficient to use (only) the PAH features that are prominent in terms of both line width and flux. Therefore, we designed this software to detect (even very faint) PAH features on low-resolution IRC spectra, and robustly measure their redshifts and PAH strengths, without any a priori information about the sources. For this purpose, we adopted a simple spectral model with only four major PAH features (at 6.2, 7.7, 8.6, and 11.3 μm) at the same redshift on a power-law continuum, to minimise number of the free parameters. Each PAH feature is known to show an extended wing in its profile that contains much more power than in a Gaussian profile (e.g. Smith et al. 2007). We compared the Lorentzian and Drude (Smith et al. 2007) profiles by using the PAH fit on the SPICY spectra, and find only negligible differences, and adopted the Lorentzian profile simply because of its simpler functional form. Narrow (unresolved) emission lines are not included in the fit, because no such lines are clearly detected in our spectra due to low spectral resolution (Fig. 4). Free parameters in our fit are the shape parameters (Lorentzian amplitudes and width (half width at half maximum; HWHM)) of the four PAH features, slope and amplitude of the power-law continuum, and redshift. We required the width of all PAH features to be larger than the instrumental spectral resolution. The fit was made by means of a chi-square minimisation.
2.3.2. Tests
We test the PAH fit on “noise-free galaxy spectral templates” of Smith et al. (2007) and an averaged spectrum of nearby starburst galaxies of Brandl et al. (2006; Fig. 5), both of which are obtained with the IRS low-resolution mode. We note that Smith et al. (2007) constructed the four templates to cover ranges of PAH inter-band flux ratios in their sample. We find the following problems in the fit, and revised the fitting procedure to apply to the SPICY spectra. One problem is the systematic residual (observed–fitted) features, in particular around the peaks of the PAH 7.7 μm and 11.3 μm, as well as at narrow emission lines of, for example, [Ar II] at 7.0 μm and H2 0–0 S(3) at 9.7 μm. Such residuals are naturally expected because the PAH 7.7 μm complex is actually composed of multiple PAH components (Smith et al. 2007), and these narrow lines are not included in the spectral model. Therefore, we decided to ignore this problem. Another problem is that a pseudo plateau at red side of the PAH 11.3 μm up to ∼13 μm, which is made by a collection of weak PAH features (see, e.g. Fig. 4 of Smith et al. 2007), cannot be well reproduced with our simple spectral model. To mitigate this problem, we decided to fit the spectra only below 11.5 μm in the rest frame just to include the peak of the PAH 11.3 μm and a bit of its red side. To work on the actual redshifted spectra, we need to tailor the fitting wavelength according to the source redshift by following the two steps: first, we fitted the entire spectral region to find approximate redshift (z0). This redshift is almost accurate because its measurement relies mostly on more prominent PAH 6.2 μm and 7.7 μm. Second, we restricted the fitting wavelength up to 11.5 × (1 + z0) μm to find the final fit results.
We also test the PAH fit on the SPICY spectra, and find that the fit sometimes returns unusually wide PAH 11.3 μm profile width when compared to the results on the IRS templates described above, particularly when the signal-to-noise is low. This is most likely because we cannot firmly constrain the PAH 11.3 μm profile due to limited wavelength coverage, particularly when this feature comes near the end of our wavelength coverage due to redshift. This feature goes out of the wavelength coverage at z ≳ 0.2. Therefore, we limited the allowed range of this width in the fit just to include the measured widths on the IRS templates, and considered the fit valid even when the best fit is found at the limits. We find, by changing this allowed width range, that other fit parameters (parameters of other PAH features and redshift) are insensitive to this fit condition. Because of such problem in the profile fitting, we decided not to discuss the PAH 11.3 μm properties in detail in this paper.
We do not include extinction in the PAH fit on the SPICY spectra, and here discuss potential problems in neglecting the extinction and how to mitigate them in our following analysis. We tested the extinction effect with an extinction fitting in the PAH fit, and find that the extinction cannot be well constrained for many sources due to limited wavelength coverage at long side of the redshifted silicate absorption feature. We adopted an extinction curve towards Galactic centre of Chiar & Tielens (2006) that shows a prominent broad (8–12 μm) silicate absorption feature peaking at 9.7 μm, and assumed a screen geometry. At z < 0.15, we find that the optical depth at 9.7 μm is typically τ(9.7 μm) ≲ 0.01 (or AV ≲ 0.1 mag) for bright sources, and τ(9.7 μm) ≲ 0.1 (or AV ≲ 1 mag) with very large uncertainties for fainter sources. At z ≳ 0.2, we cannot constrain the extinction for most cases, because peak of the PAH 11.3 μm goes out of our wavelength coverage, and PAH-free region at red side of the PAH 8.6 μm comes at the end of the coverage. The silicate absorption profile is not fully covered at this redshift range, and quality of the extinction measurement becomes worse particularly when the signal-to-noise is low. Given the uncertainties of the extinction, measurements of the PAH 7.7 μm and PAH 6.2 μm are more robust than that for the PAH 11.3 μm. This is because the silicate absorption profile extends to >11.3 μm, whereas it does not to <7.7 μm. In contrast, the redshift measurement is little affected by the extinction, because it relies much more on fits over the PAH 6.2 μm and 7.7 μm. Therefore, we decided not to include extinction in the fit for all sources, and will focus mostly on the luminosities of both PAH 6.2 μm and 7.7 μm, as well as redshift, in our following analysis. Section 4.1.2 shows more discussion about the extinction based on photometric information.
	[image: thumbnail]	Fig. 6.
Comparison of the redshifts between the PAH fit and optical spectroscopy for the PAH galaxies. Error of the optical spectroscopic redshift is not shown, but we plot only the sources with good redshift measurements (quality flag of 3 or 4 in Shim et al. 2013; see text). The diagonal broken line is for the same redshifts in the two measurements.




We finally examine accuracy of redshifts from the PAH fit by comparing to those from the optical spectroscopy. We identify 32 galaxies with detectable PAH features in the SPICY spectra with secure4 optical redshifts either by Shim et al. (2013), Oi et al. (2014), or our own observations (Table C.2). In our own observations, we performed optical spectroscopy with the OSIRIS at the Gran Telescope Canarias (GTC) in 10A and 14A semesters (PI: T. Miyaji). We find that redshifts from the PAH fit are accurate at a level of 1% or less in dz/(1 + z) (Fig. 6).
2.3.3. Results
We fitted all extragalactic SPICY spectra with the PAH fit, and identify 48 “PAH galaxies” with successful PAH fits (Fig. 4). We refer to those without PAH detections (i.e. sources with unsuccessful PAH fits) as “non-PAH galaxies”. Some of the non-PAH galaxies are bright and photometrically similar to the PAH galaxies (Sect. 3.2.1), but we cannot detect their PAH features due to problems in the spectral data (contamination and truncation; Sect. 2.2). Other non-PAH galaxies show either lower signal-to-noise spectra or intrinsically weak PAH features (e.g. elliptical galaxies without prominent PAH features or AGNs), and the PAH fit fails to detect the features. Table 1 summarises numbers of sources in each category. Table C.1 shows source identification, cross-identification with the IRC NEP-Wide catalogue (Lee et al. 2009; Kim et al. 2012), and the SPICY S9W (9.0 μm) photometry of the PAH galaxies, as well as cross-identification with the CFHT optical NEP photometric catalogue (Hwang et al. 2007).
We compare the SPICY PAH galaxies and the IRS spectral templates of nearby star-forming galaxies (Brandl et al. 2006; Smith et al. 2007) by using the PAH fit. Figure 7 shows distributions of widths of both PAH 6.2 μm and PAH 7.7 μm, and an inter-band flux ratio of the PAH 6.2 μm to the PAH 7.7 μm of the SPICY spectra5. We find that all these parameters are similar to those of the IRS templates. The PAH 6.2 μm is not resolved in most SPICY spectra, because the wavelength resolving width of our instrument is slightly larger than the widths of the PAH 6.2 μm of the IRS templates. We also measured equivalent widths of the PAH 6.2 μm for the SPICY PAH galaxies to be mostly 0.8–2.0 μm (with a median of 1.4 μm). They are consistent with those of the IRS spectral templates showing 0.6 μm (template three of Smith et al. 2007)–2.3 μm (average starburst of Brandl et al. 2006). They are also consistent with those of typical starburst galaxies reported in literature (e.g. Brandl et al. 2006; Spoon et al. 2007; Weedman & Houck 2008).
Table 1.

Numbers of SPICY sources in different classifications discussed in this paper.


	[image: thumbnail]	Fig. 7.
Distributions of the PAH shape parameters of the PAH galaxies. Left: PAH widths (Lorentzian half width at half maximum (HWHM) in the rest frame) of the PAH 6.2 μm (black) and the PAH 7.7 μm (red). The wavelength resolving widths of our instrument are subtracted from the measured widths in quadrature. When the PAH 6.2 μm is unresolved, the instrumental width is used to indicate the upper limit of the intrinsic width (filled histogram). Right: inter-band flux ratio of PAH 6.2 μm/PAH 7.7 μm. In both panels, corresponding measured parameters of the IRS starburst templates of Brandl et al. (2006; one template; dotted line) and Smith et al. (2007; four templates; dashed lines) are indicated by vertical lines.




We measured integrated (under the PAH profile) spectroscopic PAH luminosities of the PAH 6.2 μm, LPAH (6.2 μm), and the PAH 7.7 μm, LPAH (7.7 μm) of the PAH galaxies by using the PAH fit. We also measured the spectroscopic monochromatic luminosity at the PAH 7.7 μm peak, νLν spec (7.7 μm) (hereafter, spectroscopic monochromatic luminosity at 7.7 μm; also called as peak luminosity of the PAH 7.7 μm; Weedman & Houck 2008) by using the PAH fit. This spectroscopic monochromatic luminosity includes contributions of the underlying continuum. Table C.2 lists the PAH fit results of the PAH galaxies as well as the optical spectroscopic redshifts.
2.4. Multi-band photometry
We compiled photometric information for all SPICY extragalactic sources at OPT–NIR–MIR wavelengths. The NEP-Wide photometric catalogue (Lee et al. 2009; Kim et al. 2012) provides eight IRC filter fluxes (N2, N3, N4, S7, S9W, S11, L15, and L18W6) centred approximately at 2.4, 3.2, 4.1, 7.0, 9.0, 11.0, 15.0, and 18.0 μm, respectively (see Onaka et al. 2007 for more filter specifications). We do not use the L24 (22.9 μm) flux in our analysis, because it is much shallower than the others, although it is included in the catalogue. We compared the SPICY S9W photometry of the PAH galaxies (Sect. 2.3.3) with that in the NEP-Wide catalogue, and find that they are consistent with each other (Fig. 8). The CFHT optical NEP photometric catalogue (Hwang et al. 2007) provides five optical filter fluxes (u*, g′, r′, i′, and z′). In total, as many as 13-band broad-band photometric data, covering 0.37–18 μm, are available. Tables C.3 and C.4 show the NIR–MIR and OPT photometries of the PAH galaxies, respectively. Because the photometric catalogues are deeper than the SPICY spectroscopy (>0.3 mJy at S9W), almost all photometric data across OPT–NIR–MIR wavelengths are available, although the u* band is often unavailable due to faintness of the sources and limited sensitivity in this band.
3. Analysis and results
3.1. Spectroscopic characteristics
The redshift distribution of the SPICY PAH galaxies extends up to z ≃ 0.5, with a few notable narrow peaks (left panel of Fig. 9). Such peaks are likely due to real galaxy distribution towards the NEP, rather than due to our source selection bias. The S9W filter (6.7–11.6 μm) used for our source selection (Sect. 2.1) is broad and covers most of the redshifted PAH 7.7 μm in our redshift coverage (z = 0.0–0.5). The similar redshift distribution with three notable peaks (z ≲ 0.1, z ≲ 0.2, and z ≲ 0.3; right panel of Fig. 9) is also found in the optical spectroscopic survey towards the NEP by Shim et al. (2013), in spite of their slightly different survey coverage and target selection functions from us. In particular, the first redshift peak is due to a supercluster at z ≃ 0.087 towards the NEP (Ko et al. 2012). At z ≳ 0.5, the red side of the most prominent PAH 7.7 μm goes out of our wavelength coverage (≳ 13 μm; see Sect. 3.3.2 for more discussion), and no PAH galaxies are detected in this redshift range. In the following, we group our sample by redshifts into three bins. Redshift ranges of the bins are defined as z < 0.1, 0.1 < z < 0.35, and 0.35 < z < 0.5, and numbers of the sources are 13, 23, and 12 in the respective bins (Table 1). We respectively call them nearby, mid-z, and higher-z bins in the following. The boundary between the mid-z and higher-z bins is set so that the peak at z ≲ 0.3 is included in the mid-z bin. The boundary between the nearby and mid-z bins is set so that the peak at z ≲ 0.1 is included in the nearby bin.
3.2. Photometric characteristics
3.2.1. Broad-band colours and photometric type classification
We first compare the S9W (9.0 μm) and L15 (15.0 μm) fluxes of the SPICY sources. The S9W band is the source detection band in our survey, and the L15 band is similar to the LW3 band of the ISOCAM, which was extensively used for the ISOCAM deep extragalactic surveys (Sect. 1). Figure 10 shows number distributions of the sources as a function of log L15/S9W. The non-PAH sources are shown separately for bright and faint sources, because detection of the PAH features depends on the MIR fluxes. We refer to sources that are brighter than 0.3 mJy in all S7 (7.0 μm), S9W (9.0 μm), and S11 (11.0 μm) bands as “bright” sources, because the PAH 7.7 μm, if any, is expected to be detected at least in one of the three bands. All other sources are referred to as faint sources. Numbers of the bright sources are summarised in Table 1. We find that log L15/S9W shows a tight distribution around ≃0, with a typical scatter of ±0.2, for both PAH and non-PAH sources (see also Sect. 3.2.2), excluding the AGN candidates (see below for the definition and identification of the AGN candidates) showing larger log L15/S9W ≃ 0.3.
	[image: thumbnail]	Fig. 8.
Comparison between the S9W (9.0 μm) SPICY photometry of the PAH galaxies and that in the NEP-Wide catalogue. The diagonal broken line is for the same fluxes in the two measurements.




We then analyse the relationship among broad-band colours, or flux ratios, of the SPICY sources to broadly characterise their SED types. We compare N3 (3.2 μm)/N2 (2.4 μm) and S7 (7.0 μm)/N3 (3.2 μm) between the observations and the SED templates (Fig. 11). Takagi et al. (2010) adopted this colour combination by following the colour diagram of [3.6]–[5.8] vs. [4.5]– [8.0] with IRAC to identify AGN candidates (Lacy et al. 2004; see also Takagi et al. 2007). We adopted SED templates of elliptical (E), late type spiral (Sc), starburst (M 82), LIRG (NGC 60907), and AGN (Mrk 231) from the SWIRE library (Polletta et al. 2007), and calculated their colours for a range of redshift. Most PAH galaxies are blue at NIR (−0.3 ≲ log N3/N2 ≲ 0.0) and blue–moderately red at NIR–MIR (−0.2 ≲ log S7/N3 ≲ 0.5). Their S7/N3 colour gets bluer with redshift, as predicted by the templates of Sc, starburst, and LIRG. Some of the non-PAH sources show very blue S7/N3 (log S7/N2 < −0.2) or red N3/N2 (log N3/N2 > 0.1) colours. The former can be reproduced by the templates of Sc, E, or their intermediate types (e.g. Sa). The latter can be reproduced only by the AGN template in a wide redshift range (at least up to z ∼ 3; Fig. 11). It is known that red continuum-dominated power-law-like SED at OPT–MIR (α ∼ −1 where fν ∝ να; e.g. Edelson et al. 1987; Elvis et al. 1994) makes an AGN red in both NIR/NIR and MIR/NIR colours in the very wide redshift range (e.g. Lacy et al. 2004; Donley et al. 2012). To confirm this, we examined observed SEDs of the latter sources (Fig. 12), and find that they indeed show red continuum-dominated, AGN-like SEDs at NIR–MIR wavelengths. In contrast, all kinds of galaxy templates (E, Sc, starburst, and LIRG) predict blue NIR colour (log N3/N2 < 0.0) at z = 0.0–0.5, because the NIR bands cover the stellar bump peaking at 1.6 μm (see also Fig. 13). Takagi et al. (2010) confirm that most of such N3/N2-red sources in their NEP-Deep photometric sample are indeed AGNs with optical spectroscopy. Therefore, red NIR colour is a clear AGN signature in our redshift coverage (z = 0.0–0.5).
We define the AGN candidates in the N3 (3.2 μm)/N2 (2.4 μm) and S7 (7.0 μm)/N3 (3.2 μm) diagram (Fig. 11). We required that the AGN SED template is clearly separated from a range of the galaxy templates in this colour-colour diagram, and that all PAH galaxies are classified as non-AGNs. We set two colour conditions for the AGNs: log N3/N2 < 0.1 and log S7/N3 < 0.0. The secondary colour condition is useful to separate galaxies and AGNs at 0.35 < z < 0.5, when both types are closer in N3/N2 while they are more separated in S7/N3. We identify 11 AGN candidates (including six bright ones), and Table 1 includes their numbers. In the following, we pay more attention to the bright AGN candidates, because we are sure about intrinsic faintness of their PAH features. The number fraction of the bright AGN candidates is 9% (=6 bright AGN candidates/(45 bright non-PAH galaxies including the bright AGN candidates+24 bright PAH galaxies)) among all bright sources. Table C.6 shows source identification, cross-identification with the NEP-Wide catalogue (Lee et al. 2009; Kim et al. 2012), and the SPICY S9W (9.0 μm) photometry of the bright AGN candidates, as well as cross-identification with the CFHT optical NEP photometric catalogue (Hwang et al. 2007) and the optical type classification by Shim et al. (2013). Tables C.6 and C.7 show their NIR–MIR and OPT photometries, respectively.
We finally cross-check our AGN classification with information from other wavelengths. The X-ray luminosities for the sources found in the X-ray catalogue of Krumpe et al. (2015) are consistent with our classification. We find only one X-ray source (F09-2) among the PAH galaxies. Its 0.5–7 keV luminosity is ≈8 × 1040 erg s−1 and can be accounted for by a pure star-forming activity. Among six bright AGN candidates, we find three (F00-3 = ANEPDCXO004, F10-20 = ANEPDCXO221, and F04-20 = ANEPDCXO138) X-ray sources. For the two such sources with measured redshifts, F00-3 and F10-20, their 0.5–7 keV luminosities (≈2 × 1043 and ≈5 × 1042 erg s−1, respectively) are in a range of typical Seyfert galaxies. The remaining three bright AGN candidates are outside of the X-ray survey area. Our AGN classification seems also valid when compared to the optical emission-line ratio diagnostics results of Shim et al. (2013). Four (out of all six) bright AGN candidates with the optical spectroscopy are classified as “TYPE1” AGNs. Figure 2 shows the SPICY spectrum of the brightest spectroscopically confirmed AGN, F05-1, at z = 0.4508 (quality flag = 4). This object indeed shows a featureless red continuum at 5–11.5 μm as the NIR–MIR SED indicates (Fig. 12), followed by a pronounced decline in the spectrum around 11.5–13 μm, which is likely due to redshifted silicate 9.7 μm absorption. We caution that this identification is tentative because the absorption peak is not seen within the wavelength coverage. If this is indeed due to silicate absorption, such characteristic MIR spectrum is typically found in type-2 AGNs (e.g. Hao et al. 2007). None of the 32 (out of all 48) PAH galaxies with optical spectroscopy (Sect. 2.3.2) are classified as AGNs.
	[image: thumbnail]	Fig. 9.
Redshift distributions of the SPICY PAH galaxies (left) and the optical spectroscopic sample of Shim et al. (2013) towards the NEP (right). In the right panel, we only show the sources with good redshift measurements (quality flag of 3 or 4 in Shim et al. 2013; see text). We also indicate ranges of the three redshift bins; nearby (including 13 PAH galaxies), mid-z (23), and higher-z (12) bins, in the left panel.




	[image: thumbnail]	Fig. 10.
Number distributions of the PAH (left panel) and non-PAH (right panel) sources as a function of log L15 (15.0 μm)/S9W (9.0 μm). In the right panel, number distributions of bright non-PAH sources and bright AGN candidates are also shown in green and magenta, respectively.




	[image: thumbnail]	Fig. 11.
Flux ratio diagrams of log N3 (3.2 μm)/N2 (2.4 μm) and log S7 (7.0 μm)/N3 (3.2 μm) of the SPICY sources. Top left: flux ratios of the PAH sources shown with one-sigma error bars in blue, black, and red diamonds for the nearby, mid-z, and higher-z sources, respectively. Top right: same diagram as the top left panel, but for non-PAH sources (black). Bright non-PAH sources are shown with one-sigma error bars and diamonds (green). For the faint non-PAH sources, error bars are omitted for clarify of the figure. Bottom: same diagrams as the top panels, but for redshifted SWIRE NGC 6090, M 82 (left panel), Sc, E (13 Gyr old), and AGN (Mrk 231) (right panel) templates with red, green, blue, black, and magenta connected crosses, respectively. The flux ratios of the AGN template are plotted at z = 0.0–3.0 in steps of 0.5, whereas those of other templates are plotted at z = 0.0–0.5 in steps of 0.05. The flux ratios of the templates at z = 0.0 are indicated by filled circles in both bottom panels. A space of the flux ratios to identify photometric AGN candidates (see text for the definition) is outlined by magenta dashed lines in all panels. Bright photometric AGN candidates are shown with magenta diamonds in the top right panel.




3.2.2. Colour-redshift diagrams of the PAH galaxies
The colours of the SPICY PAH galaxies depend strongly on redshift in different ways for different colours. Figure 13 compares the flux ratios of N3 (3.2 μm)/N2 (2.4 μm), S7 (7.0 μm)/N3 (3.2 μm), S11 (11.0 μm)/S7 (7.0 μm), and L15 (15.0 μm)/S9W (9.0 μm) as a function of redshift between the PAH galaxies and the SED templates. We again adopted the SWIRE SED templates of normal and star-forming galaxies; Sc, starburst (M 82), and LIRG (NGC 6090). We find very similar results as Takagi et al. (2010) and Hanami et al. (2012), who analyse colour-redshift diagrams for their NEP-Deep photometric sample up to larger redshift (z ∼ 1–2). In the NIR, both a stellar bump peaking at 1.6 μm and stellar CO v = 2–0 absorptions with their bandhead at 2.3 μm affect the colours. The templates predict that the N3/N2 becomes smaller (bluer) with increasing redshift at z ≲ 0.2, because the 2.3 μm absorption feature moves from the N2 to N3 bands. The ratio then becomes larger (redder) with increasing redshift at z ≳ 0.2, because the 1.6 μm feature moves from the N2 to N3 bands. The observations seem to follow such a colour trend at z = 0.0–0.5, although the overall change in this NIR colour is relatively small (by ≲ 0.2 dex) in our redshift coverage (z = 0.0–0.5). In the MIR, because the prominent PAH features around 7.7 μm move across the bands, the flux ratios show extreme diversity in the colour-redshift diagrams. The S7/N3 and S11/S7 become smaller (bluer) and larger (redder), respectively, with increasing redshift. In particular, the S11/S7 changes by as much as a factor of ten in our redshift coverage. This is primarily because the PAH 7.7 μm moves from the S7 to S11 bands with increasing redshift. In contrast, the L15/S9W shows little systematic change (by ≲0.2 dex in our redshift coverage) with redshift. This is because the most prominent PAH 7.7 μm is included within the S9W band in most of our redshift coverage. The M 82 SED template seems to show too much hot dust continuum at long side of the PAH 7.7 μm to over-estimate the L15/S9W in most of our redshift coverage (see also Sect. 3.4.1; Fig. 22).
3.2.3. Rest-frame SEDs of the PAH galaxies
We examine rest-frame SEDs of the SPICY PAH galaxies constructed by utilising 13 OPT–NIR–MIR broad-band photometric data and redshift from the PAH fit. As we show in the following, the rest-frame SEDs have almost identical shapes for a range of redshift, making our analysis easier and probably more fundamental, in contrast to the observed-frame information that shows diversity. The observed photometric data were simply de-redshifted and normalised to the rest-frame 7.7 μm and 3.5 μm fluxes for the MIR- and NIR-normalised rest-frame SEDs, respectively (Fig. 14). Similar 3.5 μm-normalised rest-frame SEDs are presented by Hanami et al. (2012) for their NEP-Deep photometric sample at 0.4 < z < 2. The MIR normalisation wavelength is chosen at a peak of the PAH 7.7 μm, and flux there was estimated by simply interpolating fluxes of two filters that encompass the wavelength. The NIR normalisation wavelength is chosen as the longest wavelength within the stellar SED bump that the N4 band can cover even at z > 0.35. The 3.5 μm flux was estimated by using linear interpolation or extrapolation among the three NIR bands in log wavelength–log flux space for sources at z < 0.35, because the stellar spectrum there can be approximated by a simple Rayleigh-Jeans power-law. The resultant SEDs indeed show such a power-law form at NIR in the rest frame. For sources at z > 0.35, we used only N3 and N4 bands for the interpolation, because the N2 band covers the peak of the stellar SED at 1.6 μm, and the Rayleigh-Jeans approximation is inappropriate there. We also constructed the median-averaged rest-frame SEDs by taking median values of normalised fluxes for each filter and redshift bin (Fig. 15). Missing flux data, if any, were ignored in taking the median.
	[image: thumbnail]	Fig. 12.
Observed SEDs of the AGN candidates and comparison with various SED templates. Top: SEDs of the AGN candidates normalised at 3.5 μm. The bright AGN candidates are marked with magenta circles. Bottom: similarly normalised SWIRE SED templates of AGN (Mrk 231; magenta) and galaxies of E (13 Gyr old), Sc, M 82, and NGC 6090 (black) redshifted to z = 0.3. The normalisation wavelength is indicated by a black solid vertical line in each panel.




	[image: thumbnail]	Fig. 13.
NIR and MIR flux ratios of N3 (3.2 μm)/N2 (2.4 μm), S7 (7.0 μm)/N3 (3.2 μm), S11 (11.0 μm)/S7 (7.0 μm), and L15 (15.0 μm)/S9W (9.0 μm) of the PAH galaxies as a function of redshift. Error bars are for one sigma. The flux ratios of the redshifted SWIRE SED templates of Sc (blue), M 82 (green), and NGC 6090 (red) are overlaid with connected crosses. To enable easier visual comparison among the panels, the Y axis covers the same 1.8 dex-wide range in the flux ratios, excluding the panel of N3/N2 (covering half the range).




	[image: thumbnail]	Fig. 14.
Rest-frame SEDs of the PAH galaxies normalised at 7.7 μm (MIR-normalised; top) and 3.5 μm (NIR-normalised; bottom) with one-sigma error bars. The normalisation wavelengths are indicated by solid vertical lines in all panels. The left and right panels show the same SEDs but for the entire OPT–NIR–MIR and only the NIR–MIR wavelengths, respectively. The SEDs are shown in different colours for different redshift bins: blue, black, and red for the nearby, mid-z, and higher-z galaxies, respectively.
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Same SED plots as Fig. 14, but for median-averaged ones (see text). Error bars represent one-sigma scatter of the normalised photometric data along both the flux and wavelength directions around the medians.




The normalised rest-frame SEDs clearly illustrate their characteristic two-component shape. The MIR-normalised rest-frame SEDs are composed of the MIR bump (5–10 μm, PAH peak) and the OPT–NIR one (0.3–4 μm, red giant peak), with a clear dip around ≃4 μm between the two bumps. We find that most sources have very similar MIR bump shape for a range of redshift, indicating that the PAH features look almost identical among the sources at this spectral resolution. In the meantime, the OPT–NIR bump becomes weaker with respect to the MIR one at higher redshifts. The NIR-normalised rest-frame SEDs clearly show that the OPT–NIR bump shape, particularly at NIR, is also almost identical among the sources for a range of redshift, showing a broad bump peaking at ∼1–2 μm as expected for the stellar SEDs. Therefore, each of the SED bumps has its own shape with little systematic change as a function of redshift, and sources at higher redshifts show systematically more enhanced MIR bump with respect to the stellar SED.
3.3. Combined spectroscopic and photometric characteristics of the PAH galaxies
3.3.1. PAH luminosities
We compare the photometric and spectroscopic PAH luminosities of the SPICY PAH galaxies to test accuracy and robustness of our photometric measurement of the PAH luminosity, and to bridge the results from the PAH fit and the analysis based on the rest-frame SEDs. We already measured the spectroscopic PAH luminosities, LPAH (6.2 μm) and LPAH (7.7 μm), and spectroscopic monochromatic luminosity at 7.7 μm, νLν spec (7.7 μm), in Sect. 2.3. In addition, we measured the photometric monochromatic luminosity at 7.7 μm, νLν photo (7.7 μm) (hereafter, photometric monochromatic luminosity at 7.7 μm) while constructing the MIR-normalised rest-frame SEDs (Table C.8). This photometric monochromatic luminosity includes contributions of the underlying continuum. Both the spectroscopic and photometric monochromatic luminosities at 7.7 μm are intended to measure luminosities at the PAH 7.7 μm peak by using the SPICY spectra and broad-band SEDs, respectively. Figure 16 compares the three kinds of the PAH 7.7 μm luminosities, and shows good linear correlations among them, with a slope of unity. Their ratios show no dependence on redshift, indicating little systematics in the photometric measurement of the PAH peak fluxes, although the PAH 7.7 μm is covered with different filters depending on redshift. The resultant scaling relations are: log νLν photo (7.7 μm) = (0.60 ± 0.16) + log LPAH (7.7 μm)8 and log νLν photo (7.7 μm) = (−0.28 ± 0.09) + log νLν spec (7.7 μm). Here, quoted uncertainties are for one-sigma scatter of the ratio between the luminosities. Such good correlations imply that our photometric measurement of the PAH feature provides a good estimate of the PAH luminosities.
	[image: thumbnail]	Fig. 16.
Comparisons between the spectroscopic and photometric PAH 7.7 μm luminosities of the PAH galaxies. The photometric monochromatic luminosity at 7.7 μm, νLν photo (7.7 μm), is compared with the spectroscopic PAH 7.7 μm luminosity, LPAH (7.7 μm) (top), and with the spectroscopic monochromatic luminosity at 7.7 μm, νLν spec (7.7 μm) (bottom). Their luminosity ratios are plotted as a function of redshift in the right panels. Error bars are for one sigma. In all panels, black broken lines represent the best-fit linear functions with fixed unity slopes, and red dot-broken lines indicate the one-sigma scatters.




We characterise the PAH luminosity of the SPICY PAH galaxies by comparing to a representative IRS sample in the similar redshift range. Figure 17 compares the spectroscopic monochromatic luminosities at 7.7 μm of the SPICY PAH galaxies and those of the star-forming galaxies observed with the IRS low-resolution mode in a sample of Weedman & Houck (2008). We neglected the effect of different spectroscopic resolutions between the IRS and IRC, because the PAH 7.7 μm is intrinsically broad and resolved by both instruments. This IRS sample is a collection of wide variety of star-forming galaxies showing strong PAH features, including nearby bright ULIRGs, nearby starburst galaxies, MIPS 24 μm-selected sources in the NOAO Boötes survey, the “First Look Survey”, and so on (see Weedman & Houck (2008) for the details of their sample). The SPICY PAH galaxies occupy near lower end of the νLν spec (7.7 μm) distribution of the IRS sample, meaning that the SPICY PAH galaxies are systematically less luminous for a given redshift.
We estimate the IR luminosities (8–1000 μm; LIR) of the SPICY PAH galaxies from the photometric monochromatic luminosities at 7.7 μm by using a calibration from Takagi et al. (2010; see also Houck et al. 2007). We find that the PAH galaxies show 10 ≲ log LIR (L⊙) ≲ 11.6 (Fig. 18), and therefore have the luminosity of LIRGs (11 < log LIR (L⊙) < 12) or less. We note that the NEP-Deep photometric samples at z ≳ 1–2 are typically more IR luminous with log LIR (L⊙) ≳ 12 (Takagi et al. 2010; Hanami et al. 2012; see also Goto et al. 2010, 2011a). The inferred SFR by using the conversion between LIR and SFR (Kennicutt 1998) is ≳30 M⊙ yr−1 for luminous PAH galaxies at z ≳ 0.35.
3.3.2. SED shape variation and its interpretation with spectroscopy information
The normalised rest-frame SEDs of the SPICY PAH galaxies show a hint of systematic variation of the SED shape as a function of redshift (Sect. 3.2.3). We characterise the shape variation by comparing the photometric monochromatic luminosities and flux ratios measured at four wavelengths in the rest frame. We already measured the photometric monochromatic luminosities at 7.7 μm, νLν photo (7.7 μm), and 3.5 μm, νLν photo (3.5 μm), in constructing the MIR- and NIR-normalised rest-frame SEDs, respectively. In addition, we measured photometric monochromatic luminosities at 2.0 μm, νLν photo (2.0 μm), and 11.3 μm, νLν photo (11.3 μm). The wavelength of 2.0 μm is the shortest wavelength that the NIR filters can cover even for the lowest redshift galaxies. The rest-frame 2.0 μm flux was measured in the same way as the 3.5 μm flux, but by using only the N2 (2.4 μm) and N3 (3.2 μm) bands for all sources. This is because the 2.0 μm is close to the 1.6 μm stellar SED peak, and we cannot assume a simple Rayleigh-Jeans approximation there. The wavelength of 11.3 μm is to cover the PAH 11.3 μm and dust continuum underneath. The rest-frame 11.3 μm flux was measured in the same way as the 7.7 μm flux, but with the L15 (15.0 μm) and L18W (18.0 μm) bands at z < 0.25, and the S11 (11.0 μm) and L15 (15.0 μm) bands at z < 0.25. The rest-frame flux ratios of the 7.7 μm flux to the 3.5 μm flux, the 3.5 μm flux to the 2.0 μm flux, and the 11.3 μm flux to the 7.7 μm flux (hereafter, Frest 7.7 μm/Frest 3.5 μm, Frest 3.5 μm/Frest 2.0 μm, and Frest 11.3 μm/Frest 7.7 μm9, respectively) are then calculated. Table C.8 lists the luminosities and flux ratios of the PAH galaxies.
We find a significant systematic variation of relative strength of the MIR bump with respect to the OPT–NIR one at z ≳ 0.35. Figure 18 compares νLν photo (7.7 μm) and νLν photo (3.5 μm), indicating that the slope of the correlation is not unity. In particular, we find a population showing stronger νLν photo (7.7 μm) with respect to νLν photo (3.5 μm) at z > 0.35 when compared to galaxies at 0.1 < z < 0.35. We defined a PAH-enhanced population as a group of galaxies following log νLν photo (7.7 μm) > 0.50 + log νLν photo (3.5 μm) (or, equivalently, Frest 7.7 μm/Frest 3.5 μm > 7.0). We find ten PAH-enhanced galaxies in total, nine of which are at z > 0.35 (out of all 12 galaxies in this redshift range; Table 1). All three remaining PAH galaxies at z ≳ 0.35 are not PAH-enhanced according to our definition, but they show modest PAH enhancement when compared to z ∼ 0 SDSS main-sequence galaxies (Elbaz et al. 2007; Fig. 18). This figure also shows SFR inferred from νLν photo (7.7 μm; Sect. 3.3.1) and stellar mass measured by using νLν photo (3.5 μm). Here, the stellar mass was measured by adopting the NGC 6090 SWIRE SED template, but this mass measurement is insensitive to types of galaxy SEDs adopted; the difference from the case with the M 82 template is 0.12 dex. Thus, the trend of the relative enhancement of νLν photo (7.7 μm) over νLν photo (3.5 μm) can be interpreted that SFR becomes larger with respect to the stellar mass at higher redshifts, particularly for the PAH-enhanced population at z ≳ 0.35 (see Sect. 4.1.1 for more discussions). Similarly, Fig. 19 shows that Frest 7.7 μm/Frest 3.5 μm increases as both PAH 7.7 μm and 6.2 μm luminosities increase. This suggests that the relative strength of the MIR bump is controlled by the PAH luminosity, and that SFR per unit stellar mass (specific SFR or sSFR) becomes larger with SFR.
	[image: thumbnail]	Fig. 17.
Spectroscopic monochromatic luminosities at 7.7 μm, νLν spec (7.7 μm), as a function of redshift. The SPICY PAH galaxies are shown with black diamonds with one-sigma error bars, and the IRS galaxies in a sample of Weedman & Houck (2008) are shown with red pluses and blue triangles for starburst-component of the IRAS-selected ULIRGs and all other starburst galaxies, respectively. A black broken line represents a limit of “maximum starburst” of Weedman & Houck (2008) fitted at z = 0.0–2.5.




	[image: thumbnail]	Fig. 18.
Comparison between the photometric monochromatic luminosities at 7.7 μm, νLν photo (7.7 μm), and at 3.5 μm, νLν photo (3.5 μm). The PAH galaxies are shown with one-sigma error bars in different colours for different redshift bins: blue, black, and red for the nearby, mid-z, and higher-z galaxies, respectively. SFR and stellar mass are estimated from νLν photo (7.7 μm) and νLν photo (3.5 μm), respectively, as explained in the text. A correlation between stellar mass and SFR for main sequence galaxies for z ∼ 0 SDSS sample (Elbaz et al. 2007) is indicated by a grey hatched area, showing one-sigma scatter around the best fit line (broken line). A diagonal dot-broken line for a fixed PAH-to-stellar luminosity ratio (log νLν photo (7.7 μm) = 0.50 + log νLν photo (3.5 μm)) is used to identify the PAH-enhanced population (on the lower right side of this line).




We further explore the SED shape variations of the PAH galaxies by using other rest-frame flux ratios. The Frest 3.5 μm/Frest 2.0 μm ratio corresponds to slope of the stellar SED bump at its longer side of its peak (1.6 μm), if the stellar SED dominates at NIR. The Frest 11.3 μm/Frest 7.7 μm ratio is a flux ratio at two peaks of the PAH 11.3 μm and 7.7 μm features, although the ratio can be modified by either hot dust continuum underneath the PAH features, silicate absorption around 9.7 μm, or red AGN continuum (Sect. 4.1.2 for more discussion). Figure 20 shows the redshift dependence of these two rest-frame line ratios as well as Frest 7.7 μm/Frest 3.5 μm. Figure 21 shows correlations among these three flux ratios. As we saw earlier, the Frest 7.7 μm/Frest 3.5 μm ratio shows enhancement at z ≳ 0.35 constituting the PAH-enhanced population, whereas it shows significant scatter for a given redshift at z ≲ 0.35. In the meantime, the Frest 11.3 μm/Frest 7.7 μm ratio is almost constant at z ≲ 0.35, and it decreases by a factor of ≲2 at z ≳ 0.35 while Frest 7.7 μm/Frest 3.5 μm increases by a factor of ∼2. In contrast, the Frest 3.5 μm/Frest 2.0 μm ratio shows only a small variation with redshift.
We examine possible selection bias on the observed systematic SED variation caused by using the S9W (9.0 μm) filter for the source detection. The most prominent PAH 7.7 μm feature is fully covered with the S9W filter up to z ≃ 0.35, and its red part goes out of the filter bandpass at 0.35 ≲ z ≲ 0.5 although its peak is still included within the filter. This leads to the selection bias of preferentially detecting the PAH-bright sources at 0.35 ≲ z ≲ 0.5, meaning that PAH-enhanced but PAH-faint population would be missed in our sample. In contrast, PAH-less-enhanced but PAH-bright population (e.g. massive Sa–Sc galaxies) can be detected with the S9W filter, and lack of such population (Figs. 14, 18) indicates that they are indeed rare. At z ≲ 0.35, both galaxies with and without the PAH enhancement can be detected, because they are brighter in the S9W filter due to their proximity and better coverage of the PAH 7.7 μm profile within its bandpass. This indicates that lack of the PAH-enhanced population at z ≲ 0.35 is not due to the selection bias. Therefore, it is safe to conclude that the PAH-enhanced population emerges at z > 0.35 and dominates among the vigorous star-forming populations showing high PAH luminosity. Another trend of systematically depressed Frest 11.3 μm/Frest 7.7 μm for galaxies with enhanced Frest 7.7 μm/Frest 3.5 μm at z ≳ 0.35 seems not due to any selection biases. This is because the L15 (15.0 μm) band that covers the rest-frame 11.3 μm at z ≳ 0.35 is not considered for source selection.
There remains a question if the apparent emergence of the PAH-enhanced population at z ≳ 0.35 is statistically significant or by chance due to small number statistic. We tested if the observed relative fractions of the PAH-enhanced population in the higher-z and mid-z redshift bins are statistically significantly different from each other. We find one and nine PAH-enhanced galaxies out of all 23 and 12 galaxies in the mid-z and higher-z bins, respectively (Table 1). We performed Fisher’s exact test10 to calculate the total probability of the observed numbers of the PAH-enhanced population, given the sample size, being as extreme or more extreme if the null hypothesis (expectations of the fractions of the PAH-enhanced population in both redshift bins are the same) is true. We find p = 2.8 × 10−5 (p: probability that one expects the result being the same as, or more extreme than, the actual observed result when the null hypothesis is true), meaning that this null hypothesis is rejected at >99% significance level. Therefore, we conclude that the PAH-enhanced population indeed emerges at z ≳ 0.35, although analysis with larger sample size and more fair sampling at z ≳ 0.35 is preferred to confirm this conclusion.
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Correlations between Frest 7.7 μm/ Frest 3.5 μm and the spectroscopic luminosities of the PAH 7.7 μm, LPAH (7.7 μm) (left), and PAH 6.2 μm, LPAH (6.2 μm) (right). The PAH galaxies are shown with one-sigma error bars in different colours for different redshift bins: blue, black, and red for the nearby, mid-z, and higher-z galaxies, respectively.




	[image: thumbnail]	Fig. 20.
Rest-frame flux ratios of Frest 3.5 μm/ Frest 2.0 μm (left), Frest 7.7 μm/Frest 3.5 μm (middle), and Frest 11.3 μm/Frest 7.7 μm (right) as a function of redshift. The flux ratios of the PAH galaxies are shown with diamonds with one-sigma error bars, and ones of the templates and the models are shown with connected crosses. To enable easier visual comparison among the panels, all three kinds of the panels cover the same 1.6 dex-wide range in the flux ratios. Top: SWIRE SED templates of Sc (blue), M 82 (green), and NGC 6090 (red). Middle: SBURT models of (tburst, Θ) = (400 Myr, 5.0), (200 Myr, 5.0), and (200 Myr, 2.0) in green, magenta, and blue, respectively. Bottom: composite model. We caution that small changes of the flux ratios of the templates and the models are not to predict real changes of the ratios as a function of redshift, but to demonstrate an accuracy of our analysis method (Sect. 3.4).




3.4. Template and model SED fit to the rest-frame SEDs of the PAH galaxies
In an attempt to understand the typical SED shape of the PAH galaxies and its systematic variation as demonstrated so far, we compare the observed rest-frame SEDs with the SEDs of templates and models of known characteristics. We again adopted the SED templates of Sc, starburst (M 82), and LIRG (NGC 6090) from the SWIRE SED library. In addition, we adopted SEDs of a physical starburst model SBURT (Takagi et al. 2003a) to gain insight into the physical parameters of star formation. The SBURT models have been tested for ultraviolet-selected starbursts and ULIRGs (Takagi et al. 2003a,b), and applied to, for example, the sub-millimetre galaxies (e.g. Takagi et al. 2004) and NEP-Deep photometric samples (e.g. Takagi et al. 2007, 2010). We fitted the averaged SEDs and their systematic variation, rather than fitting SEDs of individual galaxies. In order to make fair and direct comparisons between the SEDs of the templates and the models, and ones of the observations, we considered smoothing of the spectral features due to our filter bandpasses. We simulated observations of redshifted templates and model galaxies, by redshifting their SEDs and calculating in-band fluxes through the IRC filters, to make a synthetic photometric catalogue. Then the rest-frame SEDs were reconstructed from this synthetic catalogue, and the flux ratios of Frest 3.5 μm/Frest 2.0 μm, Frest 7.7 μm/Frest 3.5 μm, and Frest 11.3 μm/Frest 7.7 μm were calculated by following exactly the same procedure as for the real observations.
Before comparing with the observations, we verify our method of photometrically measuring the SED shape by using the synthetic catalogue of the template and model SEDs. The reconstructed rest-frame flux ratios from the synthetic catalogue should not change as a function of redshift, although this is not the case in reality. This is because the spectral resolution of the IRC photometry (R ≃ 5) is not high enough to properly sample complicated rich PAH features, and different filters with different spectral resolutions are used to sample such features depending on the redshift. We find that the synthetic flux ratios change by ∼0.2 dex in our redshift coverage (z = 0.0–0.5; e.g. Fig. 20), indicating that our analysis methods are reliable within ∼0.2 dex.
	[image: thumbnail]	Fig. 21.
Rest-frame flux ratio diagrams between Frest 7.7 μm/Frest 3.5 μm and Frest 3.5 μm/Frest 2.0 μm (left) and between Frest 7.7 μm/Frest 3.5 μm and Frest 11.3 μm/Frest 7.7 μm (right). The flux ratios of the observations are shown with diamonds, and ones of the templates and the models are shown with connected crosses. Top: PAH galaxies in the nearby, mid-z, and higher-z redshift bins in blue, black, and red, respectively, with one-sigma error bars. Middle: SWIRE SED templates of Sc (blue), M 82 (green), and NGC 6090 (magenta) at z = 0.0–0.5 in steps of 0.05. Bottom: SBURT models of (tburst, Θ) = (400 Myr, 5.0), (200 Myr, 5.0), and (200 Myr, 2.0), and the composite model in green, magenta, blue, and black, respectively. We caution that small changes of the flux ratios of the templates and the models are not to predict real changes of the ratios as a function of redshift, but to demonstrate an accuracy of our analysis method (Sect. 3.4).




	[image: thumbnail]	Fig. 22.
Comparisons of the NIR-normalised rest-frame SEDs between the PAH galaxies and the templates and models. The normalisation wavelength is indicated by a black solid vertical line in each panel. Top left: averaged observed SEDs in each redshift bin from Fig. 15. Top right: SWIRE SED templates of Sc (blue), M 82 (green), and NGC 6090 (red). Bottom left: SBURT SED models with (tburst, Θ) = (400 Myr, 5.0), (200 Myr, 5.0), and (200 Myr, 2.0) in green, magenta, and blue, respectively. Bottom right: two-component composite SED (black) that combines the SWIRE E (13 Gyr old) SED template (red broken line) and a very young and compact SBURT SED model (70 Myr, 1.0; blue broken line). For the template and the model SEDs, the reconstructed SEDs from the synthetic catalogue are shown with small boxes at NIR–MIR wavelengths, whereas the full-resolution original SEDs are shown at OPT–NIR wavelengths.




3.4.1. Comparison with the SWIRE SED templates
We compare the observations of the PAH galaxies and the SWIRE SED templates by using the three rest-frame flux ratios (Figs. 20, 21) and in a form of SEDs (Fig. 22). To reproduce the observed range of Frest 7.7 μm/Frest 3.5 μm at z ≲ 0.35 (2–7), a range of template types between Sc and starburst is needed. The E and Sa templates show too small Frest 7.7 μm/Frest 3.5 μm (∼1). The larger observed Frest 7.7 μm/Frest 3.5 μm at z ≳ 0.35 (7–14) can be reproduced by the LIRG template, although the depressed Frest 11.3 μm/Frest 7.7 μm cannot be reproduced at the same time. The starburst template predicts too large Frest 11.3 μm/Frest 7.7 μm ratio in our redshift coverage due to too steep increase of the red continuum at >10 μm (Fig. 22). The NIR flux ratio of Frest 3.5 μm/Frest 2.0 μm can be reproduced by all Sc, starburst, and LIRG templates.
3.4.2. Comparison with the SBURT models
The SBURT model is a simple physical starburst model, in which a star cluster evolves and radiative transfer of the cluster light through dusty medium is solved to predict the observed SED (see Takagi et al. 2003a for full details). Input parameters of the model are dust composition, age of the starburst (tburst), and the compactness parameter of the star cluster radial distribution (Θ: the mean stellar density becomes higher for smaller Θ). For simplicity, we fixed dust composition the Milky-Way type, which produces the most enhanced PAH emission due to larger PAH fraction among three possible choices available within the SBURT, and is suited to fit the PAH-enhanced population. A starburst happens at the central star cluster following the gas supply from a galactic infall, and the SFR increases until tburst = 100 Myr, which equals to the time scale of the infall11. Both PAH features and hot dust continuum are enhanced as SFR increases due to increased number of UV photons from young stars. In the meantime, the stellar mass accumulates as the star formation continues, and the stellar continuum emission at NIR increases with tburst. Therefore, the Frest 7.7 μm/Frest 3.5 μm ratio is larger at tburst ≃ 100 Myr, and it becomes smaller at tburst > 100 Myr. The optical depth, which is calculated based on amount of the gas for star formation and the cluster compactness, is larger in more compact (smaller Θ) star cluster. The OPT–NIR colours are redder and Frest 7.7 μm/Frest 3.5 μm is larger with larger optical depth. The younger starburst (tburst < 100 Myr) shows larger Frest 3.5 μm/Frest 2.0 μm due to enhanced hot dust continuum that contributes to even the 3.5 μm flux. In contrast, the Frest 11.3 μm/Frest 7.7 μm ratio changes only a little over a wide range of the input parameters. This is because no mechanism of changing PAH inter-band flux ratios is implemented in the model, and change of the dust continuum underneath the PAH features does not affect the flux ratio very much due to the small wavelength separation.
In order to reproduce galaxies with moderately enhanced PAH emission (Frest 7.7 μm/Frest 3.5 μm ≃ 7–10) while keeping the constraint of the NIR colour (Frest 3.5 μm/Frest 2.0 μm), one needs middle-aged (tburst = 200 Myr) starburst with larger compactness parameter (Θ ≃ 5.0; Figs. 20, 21, 22). In order to reproduce galaxies with less-enhanced PAH emission (Frest 7.7 μm/Frest 3.5 μm ≲ 7), one needs older starbursts with larger compactness parameter (tburst > 200 Myr, Θ ≃ 5.0). Such starburst can explain the wide range of Frest 7.7 μm/Frest 3.5 μm as a function of the burst age, while keeping the NIR colour. In order to reproduce galaxies with more enhanced PAH emission (Frest 7.7 μm/Frest 3.5 μm ≃ 14), one needs a younger starburst (tburst < 200 Myr) or a starburst with smaller Θ (≃2). Although the NIR SED is almost insensitive to the burst age and optical depth, such starburst fails to reproduce the NIR colour due to non-negligible hot dust continuum contribution at 3.5 μm or too large optical depth for reddening even at NIR. The OPT SEDs provide an independent constraint on the SBURT models. This is because all these SBURT models predict blue OPT SEDs due to young and blue stars in the star clusters, whereas the OPT SEDs are typically as red as those of very old populations (Fig. 22). If the observed range of Frest 7.7 μm/Frest 3.5 μm is due to a range of the burst age, the OPT SEDs also change accordingly, unless the optical depth is also adjusted to compensate the effect of the burst age.
3.4.3. Comparison with the burst-on-old composite models
We have shown above that SBURT models for reproducing pronounced PAH bump cannot consistently reproduce the OPT–NIR–MIR SEDs. This is particularly true for the PAH-enhanced population at z ≳ 0.35: one needs a starburst that shows nearly maximum Frest 7.7 μm/Frest 3.5 μm to enhance the PAH bump as observed, but such starburst inevitably predicts much bluer OPT SEDs than the observations. To solve this problem, we explore two-component composite models that combine very young (tburst ≲ 100 Myr) and old (≃10 Gyr) populations for the PAH-enhanced population. If the very old component with relatively red OPT SED dominates the OPT–NIR SED, and the very young starburst with strong PAH emission dominates the MIR SED, we may be able to enhance the PAH bump for a given OPT–NIR SED by increasing the relative flux contribution of the starburst component. To also reproduce the observed narrow NIR colour range, however, the very young component must be highly reddened not to significantly contribute to the 3.5 μm flux. A very young starburst with small compactness parameter can be very optically thick, and seems appropriate for the composite. Figure 22 shows one example of such composite models, in which an E (13 Gyr old) SWIRE template is combined with a very young (tburst = 70 Myr), compact (Θ = 1.0), and thus optically very thick (τ(V)≃ 16.5) SBURT model. The parameters of this composite model (tburst and Θ of the young starburst, and the relative flux contribution of the young starburst with respect to the old population) were found so that the composite SED reproduces the typical rest-frame colours of the PAH-enhanced population (log Frest 7.7 μm/Frest 3.5 μm ≥ 1.1 and −0.3 ≤ log Frest 3.5 μm/Frest 2.0 μm ≤ −0.2; see Fig. 20). We here focused on these two rest-frame NIR and MIR colours because they best characterise the NIR–MIR SED of the PAH galaxies (Sect. 3.3.2), and the OPT SED is not sensitive to the parameters of this burst-on-old composite. We caution that very similar composite SEDs can be constructed with different mixtures of populations with slightly different parameters. For example, the Frest 7.7 μm/Frest 3.5 μm ratio of the very young component changes with the burst age, but the ratio of the composite SED can be unchanged if their relative flux contribution is adjusted.
This composite SED better reproduces the PAH-enhanced population than any single-component SBURT models (Figs. 20–22). We note that the SWIRE SED template of NGC 6090, which fits the SEDs of the PAH-enhanced population in all OPT–NIR–MIR wavelengths (Fig. 22; Sect. 3.4.1), resembles this composite SED very much. We caution that, although this composite model can reproduce the most representative characteristics of the observe SEDs of the PAH-enhanced population, as well as the SFR–sSFR correlation among the PAH galaxies in general (Sect. 4.1.1), we cannot confirm if these galaxies are indeed made of this kind of composite. In particular, the presence of the highly absorbed starburst cannot be confirmed based on our spectral analysis (Sect. 2.3.2). A weakness of the composite model is that it still cannot reproduce the relatively depressed Frest 11.3 μm/Frest 7.7 μm for the PAH-enhanced population at z ≳ 0.35, for the same reason as for the single-component SBURT models (Sect. 3.4.2)12.
4. Discussion
4.1. PAH-enhanced population
4.1.1. Star formation rate and specific star formation rate
We find that the PAH-enhanced population at z ≳ 0.35 shows vigorous star formation. Their PAH luminosity (log νLν photo (7.7 μm) (L⊙) > 10.3) corresponds to log LIR (L⊙) > 11.0, or SFR ≳ 30 M⊙ yr−1, and they are in a class of LIRGs (Sect. 3.3.1). This population seems to emerge at z ≳ 0.35. As we noted earlier (Sect. 3.3.2), the selection bias caused by the source detection with the S9W (9.0 μm) filter cannot explain this trend. Also, the difference in the fractions of the PAH-enhanced population between the mid-z and higher-z redshift bins looks statistically significant. We further note that the survey volume is smaller by a factor of about two in 0.2 < z < 0.35 than in 0.35 < z < 0.5 for the same sky coverage and the same redshift interval of dz = 0.15, causing detecting a rare population statistically more difficult in the lower redshift. However, such survey volume difference unlikely reproduces sudden change of the distribution of Frest 7.7 μm/Frest 3.5 μm of the PAH galaxies at z ≃ 0.3–0.35 (Fig. 20). Therefore, we conclude that abundance of the PAH-enhanced LIRGs becomes higher at z ≳ 0.35. This trend could be a part of the cosmic SFRD evolution whose peak comes at z ≃ 1–2 (e.g. Menéndez-Delmestre et al. 2007; Farrah et al. 2008; Pope et al. 2008; Elbaz et al. 2011; Nordon et al. 2012; see also Goto et al. 2010, 2011a,b).
The fact that the PAH-luminous galaxies tend to show the PAH enhancement indicates that sSFR is larger in galaxies with larger SFR (Sect. 3.3.2). More specifically, vigorous starburst galaxies at z > 0.35 with SFR ≳ 30 M⊙ yr−1 show enhanced sSFR by up to a factor of two than an upper envelope of the sSFR distribution of modest starburst galaxies at z < 0.35 (Fig. 18). When compared to main sequence galaxies of z ∼ 0 SDSS sample (Elbaz et al. 2007), the PAH-luminous and PAH-enhanced galaxies show larger sSFR than the local blue galaxies, whereas the PAH galaxies without PAH enhancement in the mid-z (0.1 < z < 0.35) redshift bin more closely follow the sequence. Takagi et al. (2010) identify their PAH-selected galaxies as S11 (11.0 μm)/S7 (7.0 μm) > 8 at z ∼ 0.5 in their NEP-Deep photometric sample, and argue that they are sources with larger sSFR. The PAH-enhanced population in this paper shows S11/S7 > 6 at z > 0.35, about a half of which actually shows S11/S7 > 8 (Fig. 13). Hanami et al. (2012) find that sSFR in their MIR-detected star-formation-dominated population in their NEP-Deep photometric sample is higher at higher redshifts up to z ∼ 2 at all stellar masses. Such redshift trend about sSFR in the SPICY sample as well as the NEP-Deep photometric samples seems in agreement with the fact that sSFR in star-forming galaxies is on average higher at higher redshifts (e.g. Elbaz et al. 2007, 2011; Schreiber et al. 2015).
The positive correlation between SFR and sSFR for the SPICY PAH galaxies can be naturally explained if they are burst-on-old composite. If one adds a burst of star formation on top of the old population, both SFR and sSFR of this galaxy increase. We introduced such composite to explain the PAH-enhanced population at z ≳ 0.35 (Sect. 3.4.3), but we can also generate a range of composites by adding different amount of the burst component, naturally generating the positive SFR–sSFR correlation. Takagi et al. (2010) have already demonstrated need for such composite population for their PAH-selected galaxies. They performed the SBURT SED fitting on their NEP-Deep photometric sample up to z ∼ 1, and show that the single-burst models often predict weaker PAH features than the observations. They fitted the OPT–NIR–MIR SEDs of their PAH-selected sample, and obtain reasonably good fits for about half of their sample galaxies, but fail for the other half because of their stronger-than-modeled PAH 7.7 μm. Their fit generally favours older (tburst ≃ 400 Myr) starbursts than our favoured middle-aged ones (tburst ≃ 200 Myr; Sect. 3.4.2) for the NIR–MIR SEDs, because they fitted the OPT SED together with the NIR–MIR one. The redder OPT SED causes the failure to reproduce the enhanced PAH features at the same time. Their results can be interpreted that such PAH-enhanced (U)LIRGs at 0.35 ≲ z ≲ 1 are experiencing younger (tburst < 400 Myr) starburst on top of old stellar components. We note that LIRGs are often interacting galaxies, if not major mergers (e.g. Armus et al. 2009; Kartaltepe et al. 2010, 2012; Stierwalt et al. 2013), and the burst-on-old composite seems a natural consequence in the interacting LIRGs, because the starburst there is triggered during the course of the interaction. NGC 6090 is also a merging LIRG, and it is not surprising that its SED resembles our composite SED (Sect. 3.4.3). We caution that, although the composite model is the preferred explanation of the SFR–sSFR correlation, we cannot confirm this composite based on our spectral analysis (see also Sect. 3.4.3).
4.1.2. Frest 11.3 μm/Frest 7.7 μm variation
We have shown that both the NGC 6090 SED template and the composite SED have problems in reproducing the relatively depressed Frest 11.3 μm/Frest 7.7 μm for the PAH-enhanced population at z ≳ 0.35 (Sect. 3.4). In such starburst templates and models, both PAH 11.3 μm and PAH 7.7 μm luminosities, as well as hot dust continuum beneath these PAH features, increase in a similar way with SFR, causing only a small Frest 11.3 μm/Frest 7.7 μm variation. The observations indeed show relatively small variation in this flux ratio at z < 0.35 (Figs. 20, 21).
We first examine effect of possible AGN contribution to the observed Frest 11.3 μm/Frest 7.7 μm variation, and find this possibility very low. Although we already removed AGN-dominated sources based on the NIR/NIR–MIR/NIR colour-colour diagram (Sect. 3.2.1), a possibility remains that AGNs partly contribute to the total observed SEDs. We find that the unobscured AGNs, which typically show red continuum-dominated SEDs (Fig. 12), should not dominate at NIR. This is because the Frest 3.5 μm/Frest 2.0 μm ratio shows little scatter and is consistent with the colour of the stellar SEDs (Sect. 3.3.2), and the rest-frame SEDs show a clear dip around ≃4 μm (Sect. 3.2.3). Such constraints at NIR, however, do not apply to buried AGNs (e.g. Imanishi et al. 2007), because their SEDs are almost completely hidden at OPT–NIR wavelengths. The contribution of such buried AGNs seems also insignificant, because we find that the MIR SED is dominated by the PAH features around 7.7 μm (Sect. 3.3.2). In addition, contribution of the red MIR continuum of both unobscured and buried AGNs would increase both Frest 7.7 μm/Frest 3.5 μm and Frest 11.3 μm/Frest 7.7 μm, contradicting the observed trend for the PAH-enhanced population.
	[image: thumbnail]	Fig. 23.
Comparison between the observed MIR-normalised rest-frame SEDs of the PAH galaxies (taken from Fig. 14; top) and the absorbed and unabsorbed NGC 6090 SEDs (bottom). The unabsorbed (τ(9.7 μm)=0.0) NGC 6090 SED (taken from Fig. 22) and the similar but absorbed (τ(9.7 μm) = 3.0) one are shown in black and red, respectively, in the bottom panel. We use the reconstructed SEDs from the synthetic catalogues. In addition, a full-resolution original (unabsorbed) NGC 6090 SED and an extinction curve for τ(9.7 μm) = 3.0 (with an arbitrary offset) are shown for reference. The normalisation wavelength (7.7 μm) and the wavelength of 11.3 μm are indicated by black solid and broken vertical lines, respectively, in each panel.




We examine other possible mechanisms to explain the observed Frest 11.3 μm/Frest 7.7 μm trend, although we cannot identify the true cause. One possibility is that the broad 9.7 μm silicate absorption absorbs more at 11.3 μm than at 7.7 μm. We did not fit the SPICY spectra with the absorption (Sect. 2.3), but we instead compare the observed rest-frame SEDs with the absorbed NGC 6090 SED template. We adopted an extinction curve of Chiar & Tielens (2006) and a screen geometry, and followed the same procedure to reconstruct the rest-frame SED of the template by using synthetic photometry (Sect. 3.4). Figure 23 illustrates how the 11.3 μm and the 7.7 μm fluxes are absorbed for the same amount of extinction. We find that the observations can be reproduced if the 9.7 μm optical depth is as large as ≃3. Galaxies with such deep silicate absorption are known to show much smaller (≲1/10) PAH equivalent widths than usual star-forming galaxies (Spoon et al. 2007). The PAH-enhanced population shows prominent PAH 6.2 μm whose equivalent width is typically 1 μm (Sect. 3.1), indicating that their MIR spectra are similar to PAH-rich star-forming galaxies without heavy silicate absorption. Although it seems unlikely based on the photometric analysis that most of the PAH-enhanced population suffers from such strong silicate absorption, we cannot test this possibility based on the spectroscopy due to limited wavelength coverage to enable the PAH fit with extinction for most of our sample. Another possibility to modify Frest 11.3 μm/Frest 7.7 μm is to modify the PAH 11.3 μm/7.7 μm inter-band flux ratio by charging the PAH particles. Draine & Li (2001) show that this inter-band ratio in the warm ionised medium, as in PDRs, are quite different (smaller by up to about five times) from those in the cold neutral medium, such as in the general ISM (see also Li & Draine 2001). Although this mechanism in principle can reproduce the observations, we cannot test this possibility due to lack of wavelength coverage for the redshifted PAH 11.3 μm at z ≳ 0.2.
4.2. Advantages and limits of our slitless spectroscopic survey at MIR and its joint analysis with multi-band photometry
We have conducted the SPICY slitless spectroscopic survey at MIR, and studied extragalactic sources together with OPT–NIR–MIR multi-band photometry. We summarise what we can successfully perform with our unique dataset, and what we cannot due to the limitations. First, we can identify AGN-dominated sources with little ambiguity, by employing either our simple NIR colour selection and multi-band SED analysis (Sect. 3.2.1). Second, we can measure redshifts by using the simple PAH fit from the slitless survey data. We demonstrated that the PAH redshift is reasonably accurate and robust (1% or less in dz/(1 + z), without outliers, at z < 0.5), enabling good spectroscopic PAH luminosity measurement for the blindly selected sources at MIR. Third, we have shown that the photometric SED analysis by using the IRC filter set can provide good photometric PAH luminosity estimates without assuming models or intrinsic SED shapes. We then calibrated the photometric PAH luminosities to the spectroscopic ones, and find tight correlations without redshift dependence between them (Sect. 3.3.1). We thereby demonstrated that uncertainty associated with the K-correction is small for the photometric luminosity measurements. Because photometric observations can be deeper and reach much fainter sources below the spectroscopy sensitivity limit, the photometric approach may be essential for studying much fainter and more distant sources in the future. Spectroscopy following-up in the MIR of at least the brighter sub-sample should remain important to calibrate the photometric analysis results. Fourth, we can measure the stellar mass with little ambiguity by using the rest-frame NIR photometry of the stellar SED. By combining with the PAH luminosities, we can discuss star formation activities in terms of both SFR and sSFR up to z ≃ 0.5 without assuming the SED types with little ambiguity due to dust extinction. We emphasise that we can do such study for unbiassed MIR-selected spectroscopic sample. We can also characterise the NIR–MIR SEDs of the PAH galaxies (tight NIR colour distribution, almost universal MIR bump shape, and systematic change of the MIR/NIR SED bump ratio), and broadly classify types of the galaxies (e.g. Sc, starburst, LIRG) only with photometric information (Sect. 3.4).
Despite the successes and advantages discussed above, our extragalactic survey has also suffered from many limitations. First, our redshift coverage is only limited to z ≃ 0.5 in order to detect the PAH 7.7 μm in our wavelength coverage below 13 μm. To go beyond the current redshift limit to approach when SFRD shows its peak (z ∼ 2), we need both longer wavelength coverage and more sensitivity to detect prominent PAH features. Second, we cannot detect the PAH 11.3 μm for the PAH-enhanced population at z > 0.35 to distinguish physical reasons for the photometric Frest 11.3 μm/Frest 7.7 μm variation (Sect. 4.1.2). Third, we cannot fit the 9.7 μm silicate absorption for most cases. To reliably fit this broad absorption, one needs to cover up to rest-frame ∼14 μm or longer so that hot dust continuum beyond the PAH complex around 11.3–13 μm is included in the fit. Most of these limitations are caused by the limited long wavelength coverage of the instrument (≃13 μm). The higher spectral resolution than in our survey (R ≃ 50) would also help to fit the silicate absorption by better constraining the PAH profiles, especially (red tail of) the PAH 8.6 μm and (blue tail of) the PAH 11.3 μm, with more complicated and realistic spectral models of the PAHs. Fourth, although we can reliably measure the PAH luminosities, an ambiguity remains in converting the PAH luminosity to total IR luminosity and, thus, SFR (e.g. Nordon et al. 2012). The SED analysis over entire MIR and FIR wavelengths is needed. Fifth, we have no information about distributions of spectral or even photometric properties of individual galaxies due to lack of spatial resolution. We anticipate that such spatial information would provide us additional independent clues to identify physical processes that are responsible for the observed global characteristics. By mapping the PAH fluxes as well as the stellar continuum, we can find distributions of, for example, SFR, sSFR, and possible PAH inter-band flux ratios. We can then correlate these properties with distributions of, for example, usual disk star-forming regions and star formation induced by galaxy interaction or merger, as well as the nuclear activities (AGN or starburst). Such study would enable finding links to physical mechanisms that govern the galaxy evolution. Most of this limitation can be removed with larger-aperture and more-sensitive next-generation space infrared telescopes such as JWST (Kalirai 2018) and SPICA (Nakagawa et al. 2017).
5. Conclusions
In this paper, we have reported results from our MIR spectroscopic survey towards the NEP with the IRC on the AKARI space telescope. The survey, known as “slitless SpectroscoPIC surveY of galaxies” (SPICY), is a slitless spectroscopic survey of a 9 μm flux-selected sample. This is the very first blind spectroscopic survey conducted at MIR wavelengths. The biggest advantage of the slitless spectroscopy is that the survey can be unbiased, because sources are selected simply based on their flux at the same wavelengths as for the spectroscopy. This enables us to study the MIR evolution of galaxies in more robust way. We analysed the SPICY MIR spectra at 5–13 μm, together with multi (13)-band photometric data at OPT–NIR–MIR wavelengths (0.37–18 μm) from the combined AKARI–CFHT NEP photometric catalogue, to investigate star formation properties of galaxies at z = 0.0–0.5.
We summarise the main results and conclusions below.

	We collected 5–13 μm low-resolution (R ≃ 50) spectra of S9W (9.0 μm) > 0.3 mJy sources within 14 IRC FOVs (≃14 × 10′ × 10′ regions). We performed simple PAH fit for the 6.2, 7.7, 8.6, and 11.3 μm PAH features on the detected extragalactic sources, excluding sources with damaged spectra (due to contamination and truncation that can randomly happen on the slitless spectroscopy images). We then find 48 galaxies with typical PAH features for star-forming galaxies (the PAH galaxies), with redshifts ranging z = 0.0–0.5. We also identify 11 AGN candidates by using red NIR colours at 2–3 μm (and also red MIR/NIR colours at 3–7 μm as a secondary condition), so that the colours are consistent with those of the red continuum-dominated AGN SED template and all PAH galaxies are classified as non-AGNs. We confirm that the AGN candidates show red continuum-dominated SEDs at NIR–MIR wavelengths. The remaining non-AGN and non-PAH galaxies are mostly E–Sa with intrinsically weak PAH features, or faint Sc–starburst galaxies below the spectroscopy sensitivity, according to their broad-band colours. Basic information about the PAH galaxies, including their source positions, OPT–NIR–MIR photometry, as well as the PAH fit results (redshifts and luminosities of the PAH 6.2 μm and 7.7 μm), are reported. Similar basic information about the bright AGN candidates are also reported.


	We constructed rest-frame SEDs of the PAH galaxies at OPT–NIR–MIR wavelengths, with redshifts from the PAH fit. We find that the rest-frame SEDs look much simpler and universal within the sample, although the observed colours show extreme diversity as functions of spectral types (Sc, starburst, or LIRG) and redshift. This makes our analysis easier and probably more fundamental, in contrast to ones based on the observed-frame information. The SED is composed of an OPT–NIR (0.4–4 μm) bump (the stellar component) and a MIR (5–18 μm) one with a peak around 7.7 μm. Both the NIR slope of the OPT–NIR bump and shape of the MIR bump are almost identical within the sample. To characterise the SED shape, we defined and measured rest-frame flux ratios of Frest 11.3 μm/Frest 7.7 μm, Frest 7.7 μm/Frest 3.5 μm, and Frest 3.5 μm/Frest 2.0 μm. The Frest 7.7 μm/Frest 3.5 μm ratio, which represents the relative strength of the MIR bump over the OPT–NIR one, systematically changes with redshift in a range of 2–14. This ratio increases with spectroscopic PAH luminosities, LPAH (7.7 μm) and LPAH (6.2 μm), indicating that the MIR bump is essentially composed of the PAH features around 7.7 μm, and specific SFR (SFR per stellar mass; sSFR) is higher for sources with higher SFR. In contrast, the Frest 3.5 μm/Frest 2.0 μm ratio shows tight distribution and is consistent with the stellar colour. The Frest 11.3 μm/Frest 7.7 μm ratio decreases by a factor of ≲ 2 as Frest 7.7 μm/Frest 3.5 μm increases by a factor of ∼2 at z ≳ 0.35.


	We photometrically measured the monochromatic luminosities at the peak of the PAH 7.7 μm (νLν photo (7.7 μm)), and compared them with those of the spectroscopy (spectroscopic PAH 7.7 μm luminosity, LPAH (7.7 μm), and spectroscopic monochromatic luminosities at the peak of the PAH 7.7 μm, νLν spec (7.7 μm)). We find tight correlations among them, with little systematic offset as a function of redshift, and report the scaling relations.


	We identify PAH-enhanced population showing log νLν photo (7.7 μm) > 0.50 + log νLν photo (3.5 μm) (or, equivalently, Frest 7.7 μm/Frest 3.5 μm > 7.0) at z ≳ 0.35. Here, νLν photo (3.5 μm) is a monochromatic photometric luminosities at 3.5 μm. They show elevated SFR (≳30 M⊙ yr−1), being comparable to LIRGs, and also elevated sSFR (by about a factor of two when compared to the upper envelope of the sSFR distribution at z < 0.35). We find no such PAH-enhanced population at lower redshifts, and we argue that this is neither due to source selection biases nor by chance due to small number statistic.


	We find that the SWIRE SED templates of normal and star-forming galaxies, Sc, starburst (M 82), and LIRG (NGC 6090), can mostly reproduce both the rest-frame SEDs and the flux ratios of the PAH galaxies. We also find that the SBURT starburst models (Takagi et al. 2003a) for older (tburst ≳ 200 Myr) starburst with modest optical depth can mostly reproduce the observations. For the PAH-luminous and PAH-enhanced population at z ≳ 0.35 in particular, both the NGC 6090 template and the SBURT model for middle-aged (tburst ≃ 200 Myr) starburst with modest optical depth can reproduce the observed NIR–MIR SEDs. This SBURT model, however, has a problem in reproducing relatively red OPT SEDs at the same time as the enhanced MIR bump. We developed a composite SED that combines a very young (≃70 Myr), compact (Θ = 1.0) and, hence, optically very thick SBURT model and a very old (13 Gyr old) SWIRE template, and find that it can reproduce the overall OPT–NIR–MIR SEDs of the PAH-enhanced population. This suggests that the PAH-enhanced population shows very young and vigorous star-formation activities on the old stellar system, although we cannot confirm the presence of the optically think component from our spectral analysis. We note that the positive correlation between SFR and sSFR for the PAH galaxies in general can also be explained by the composite models, by changing relative contribution of the very young component over the old one. Both this composite SED and the NGC 6090 SED template still have difficulties in reproducing the relatively depressed Frest 11.3 μm/Frest 7.7 μm for the PAH-enhanced population.
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1 The spectroscopy toolkit is available at http://www.ir.isas.jaxa.jp/AKARI/Observation/support/IRC/


2 The imaging toolkit is the data reduction software for the IRC imaging datasets developed by the instrument team. It is also available at http://www.ir.isas.jaxa.jp/AKARI/Observation/support/IRC/


3 The FOV of the IRC imaging mode occupies almost the entire detector footprint. By inserting a direct-view disperser (grism) in place of a broad-band filter, the dispersed spectral images of sources near the edge of the imaging FOV extend beyond the detector footprint, resulting in the truncation.


4 We adopted the optical redshifts if their “quality flags” are either four (secure; identified by more than two features) or three (acceptable and almost good; identified by two features) according to Shim et al. (2013).


5 We do not show parameters involving the PAH 8.6 μm (inter-band flux ratios of PAH 8.6 μm/PAH 7.7 μm and PAH 8.6 μm/PAH 6.2 μm, and the PAH 8.6 μm widths), and will not discuss them in the following. This is because they typically show much larger uncertainties than for other PAH features, and this is likely caused by our low spectral resolution (R ≃ 50) to clearly isolate this feature on the profile of nearby stronger PAH 7.7 μm.


6 The IRC has three optical channels, “NIR”, “MIR-S” (S for short), and “MIR-L” (L for long), and each channel has filters whose names start with “N”, “S”, and “L”, respectively. These initial characters are followed by approximate central wavelengths of the filters in μm. Both S9W and L18W filters cover wider wavelength ranges than other filters, and their names include “W” (for wide) after the wavelengths.


7 NGC 6090 is a strongly interacting LIRG (e.g. Scoville et al. 2000) with moderately strong starburst activity (log LIR = 11.56 (L⊙); Sanders et al. 2003; after being converted to our assumed cosmology). The SED template of this galaxy is constructed by a physical starburst model GRASIL (Silva et al. 1998), and therefore a possible AGN contribution to this galaxy is not considered.


8 This rather large offset (0.60 ± 0.16 in log) is mostly due to different definitions of the two luminosities. For νLν (7.7 μm), we multiply the peak flux of the PAH 7.7 μm profile (including the underlying continuum) by the peak frequency (corresponding to 7.7 μm in wavelength). For LPAH (7.7 μm), we integrate under the PAH 7.7 μm profile by using the best-fit Lorentzian function. This integration can be analytically made as π × (amplitude of the PAH 7.7 μm profile) × (HWHM of the profile; corresponding to ≃0.3 μm in wavelength; Fig. 7). The former luminosity is, by definition, larger than the latter by a factor of ≃π × 0.3 μm/7.7 μm (plus a contribution of the continuum).


9 Although Frest 11.3 μm/Frest 7.7 μm and S11 (11.0 μm)/S7 (7.0 μm) (Sect. 3.2.2) apparently look similar, they are quite different at z > 0. For example, S11/S7 is closer to Frest 7.7 μm/Frest 3.5 μm at 0.35 < z < 0.5.


10 This is an exact test of independence of two nominal variables, and works even on small samples. We used a “fisher.exact” function in the “stats” package of the “R” language.


11 An absolute age of 100 Myr here and in the following is a model parameter that can be selected from outside (Takagi et al. 2003a).


12 This composite SED actually shows slightly larger Frest 11.3 μm/Frest 7.7 μm than the SBURT model of tburst = 200 Myr, Θ ≃ 5.0 that can well describe the NIR–MIR SED of the PAH-enhanced population (Figs. 20–22). This is because the very young component in the composite model adds the 11.3 μm flux due to more pronounced red dust continuum.
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Appendix A: Design of the SPICY survey in detail
The SPICY survey is a blind slitless spectroscopic extragalactic survey at MIR by using the IRC onboard AKARI (Sect. 2.1). We targeted the NEP located in the continuous visibility zone (CVZ) of the AKARI satellite in sun-synchronous orbit. Due to severe scheduling constraints posed mostly by the all sky survey of the AKARI mission, the NEP is the only field on the sky where AKARI was able to perform repeated observations of the same field for deeper observations (Matsuhara et al. 2006). For the SPICY survey, we visited the same pointing coordinates nine or ten times to achieve our sensitivity goal (Sect. 2.1). Another CVZ field, the south ecliptic pole (SEP), shows much more Galactic cirrus and is close to the LMC, so is less-suited to extragalactic deep surveys. This survey programme was conducted as one of AKARI’s key projects (“mission programme”), and ≃110 pointing opportunities were assigned for it during the cold phase of the AKARI mission. This survey was executed during July 2006 and August 2007.
The SPICY survey footprint was designed to efficiently combine spectra taken with the separate cameras of the IRC, under the following technical limitations. The IRC (see Onaka et al. 2007 for full details) is composed of three independent cameras that operate simultaneously, and they are called “NIR”, “MIR-S”, and “MIR-L” for wavelength ranges of 2–5 μm, 6–13 μm, and 13–27 μm, respectively. Each camera covers an ≃10′ × 10′ FOV, and the NIR and MIR-S share the same FOV via a beam splitter. The MIR-L has its own FOV to cover slightly offset (≃20′) sky area. By overlapping the FOV coverage of the MIR-L onto ones of the NIR and MIR-S, we achieved the combined wavelength coverage between 2 μm and 27 μm. We note, however, that we utilise only the MIR-S spectra for the purpose of this paper (Sect. 2.1). To enable this, we utilised the fact that the IRC FOV rotates by 1° per day at the NEP due to AKARI’s sun-synchronous orbit. We scheduled all observations for a pointing coordinate as close in time as possible to each other to minimise such FOV rotation. This set of the observations defines one observing field, called a tile. After completing the very first tile, the second tile was observed about three months later, when the FOV had rotated by 90° and the new square tile could be directly overlaid on the previous square (but 90° rotated) tile. Here, the new pointing coordinates were set in order to overlay the new MIR-L tile on the previous tile of NIR and MIR-S. This generated a new tile of NIR and MIR-S ≃20′ off the first tile. This new coverage of the second NIR and MIR-S tile was further observed about another three month later with the MIR-L. We repeated this sequence every ≃3 months, to extend a chain of the tiles where all NIR, MIR-S, and MIR-L FOVs overlap with each other. The survey tiles thus created are distributed in a non-contiguous way around the NEP, showing a complicated shape of folded chains of 14 tiles (Fig. 1). In reality, however, the chain of the tiles was interrupted a few times before completing the survey, due to telescope scheduling constraints.

Appendix B: Spectra of all SPICY PAH galaxies.
The SG1 and SG2 spectra of all 48 SPICY PAH galaxies are presented with the PAH fit results overlaid. Only four of them are shown as examples in Fig. 4.
	[image: thumbnail]	Fig. B.1.
SG1 and SG2 spectra of the SPICY PAH galaxies with the PAH fit results overlaid. The observed spectrum is shown in red line with one-sigma error bars, with the fitted individual PAH components (blue), the power-law continuum (magenta), and their sum (blue) in each panel. The residual of the fit (observed–fitted) is shown in green at offset baseline (horizontal broken line) for clarity. The redshift from the PAH fit is indicated next to the source name in the plot title. The Y axis is scaled to have the same PAH 7.7 μm peak hight for all galaxies.
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Additional tables
Table C.1.

Source identification, cross-identification with the NEP-Wide catalogue, and the SPICY S9W (9.0 μm) photometry of the PAH galaxies, together with cross-identification with the CFHT optical NEP photometric catalogue.


Table C.2.

Results of the PAH fit of the SPICY PAH galaxies.


Table C.3.

NIR–MIR photometry in the NEP-Wide catalogue of the SPICY PAH galaxies.


Table C.4

Optical photometry and source extraction flag in the CFHT optical NEP catalogue of the SPICY PAH galaxies.


Table C.5.

Similar table as Table C.1, but for the bright AGN candidates.


Table C.6.

Similar table as Table C.3, but for the bright AGN candidates.


Table C.7.

Similar table as Table C.4, but for the bright AGN candidates.


Table C.8.

Monochromatic photometric luminosities and rest-frame flux ratios of the SPICY PAH galaxies.




All Tables
Table 1.

Numbers of SPICY sources in different classifications discussed in this paper.

In the text

Table C.1.

Source identification, cross-identification with the NEP-Wide catalogue, and the SPICY S9W (9.0 μm) photometry of the PAH galaxies, together with cross-identification with the CFHT optical NEP photometric catalogue.

In the text

Table C.2.

Results of the PAH fit of the SPICY PAH galaxies.

In the text

Table C.3.

NIR–MIR photometry in the NEP-Wide catalogue of the SPICY PAH galaxies.

In the text

Table C.4

Optical photometry and source extraction flag in the CFHT optical NEP catalogue of the SPICY PAH galaxies.

In the text

Table C.5.

Similar table as Table C.1, but for the bright AGN candidates.

In the text

Table C.6.

Similar table as Table C.3, but for the bright AGN candidates.

In the text

Table C.7.

Similar table as Table C.4, but for the bright AGN candidates.

In the text

Table C.8.

Monochromatic photometric luminosities and rest-frame flux ratios of the SPICY PAH galaxies.

In the text

All Figures
	[image: thumbnail]	Fig. 1.
SPICY survey tiles marked on the IRC NEP-Wide S9W image (Lee et al. 2009; Kim et al. 2012). North is up and east is to the left. The NEP is marked with a small black circle, and the NEP-Deep survey field is indicated with a big magenta circle. Blue rectangles show approximate locations of individual tiles. The galaxies with detectable PAH features (the PAH galaxies; Sect. 2.3) and bright AGN candidates (Sect. 3.2.1) are marked with small red and blue circles, respectively.
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	[image: thumbnail]	Fig. 2.
Examples of the SPICY spectra of three representative types of bright sources. The SG1 (black) and SG2 (red) spectra are shown separately. The error bars are for one sigma. Top: field star. Middle: galaxy with prominent PAH 6.2, 7.7, 8.6, and 11.3 μm features (F04-0 at zPAH = 0.087 ± 0.001; see also Fig. B.1). Bottom: AGN candidate with a red featureless continuum and possibly a deep silicate 9.7 μm absorption redshifted to ≃14 μm (F05-1 at zopt. spec = 0.4508; see Sect. 3.2.1). Slight flux offset of the star spectrum within the overlapping wavelength range of the SG1 and SG2 spectra (7.5–8.2 μm) is due to slight systematic flux calibration error caused by errors in aligning the SG1 and SG2 spectral images. Increased noise level at ≳ 12.0 μm in the middle panel is caused by partial truncation of the SG2 spectrum.
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	[image: thumbnail]	Fig. 3.
Results of the PAHFIT for two nearby SPICY PAH galaxies. Individual PAH features (blue), narrow emission lines (magenta), dust continua (multiple components for different temperatures; red), stellar continuum (magenta), sum of the continua (dust and stellar; grey), and sum of all components (continua and spectral features; green) are shown for each galaxy.
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	[image: thumbnail]	Fig. 4.
Example SG1 and SG2 spectra of the SPICY PAH galaxies with the PAH fit results overlaid. All 48 spectra can be found in Fig. B.1. The observed spectrum is shown in red line with one-sigma error bars, with the fitted individual PAH components (blue), the power-law continuum (magenta), and their sum (blue) in each panel. The residual of the fit (observed–fitted) is shown in green at offset baseline (horizontal broken line) for clarity. The redshift from the PAH fit is indicated next to the source name in the plot title. The Y axis is scaled to have the same PAH 7.7 μm peak hight for all galaxies.
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	[image: thumbnail]	Fig. 5.
Representative IRS spectra of star-forming galaxies with the PAH fit results overlaid. An averaged spectrum of nearby starburst galaxies of Brandl et al. (2006; top right) and four “noise-free galaxy spectral templates” of Smith et al. (2007; remaining four panels) are shown in black lines. The individual PAH features (blue), the power-law continuum (blue), and their sum (black) are overlaid in each panel. The residual of the fit (observed–fitted) is shown at offset baseline (horizontal broken line) for clarity.
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	[image: thumbnail]	Fig. 6.
Comparison of the redshifts between the PAH fit and optical spectroscopy for the PAH galaxies. Error of the optical spectroscopic redshift is not shown, but we plot only the sources with good redshift measurements (quality flag of 3 or 4 in Shim et al. 2013; see text). The diagonal broken line is for the same redshifts in the two measurements.
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	[image: thumbnail]	Fig. 7.
Distributions of the PAH shape parameters of the PAH galaxies. Left: PAH widths (Lorentzian half width at half maximum (HWHM) in the rest frame) of the PAH 6.2 μm (black) and the PAH 7.7 μm (red). The wavelength resolving widths of our instrument are subtracted from the measured widths in quadrature. When the PAH 6.2 μm is unresolved, the instrumental width is used to indicate the upper limit of the intrinsic width (filled histogram). Right: inter-band flux ratio of PAH 6.2 μm/PAH 7.7 μm. In both panels, corresponding measured parameters of the IRS starburst templates of Brandl et al. (2006; one template; dotted line) and Smith et al. (2007; four templates; dashed lines) are indicated by vertical lines.
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	[image: thumbnail]	Fig. 8.
Comparison between the S9W (9.0 μm) SPICY photometry of the PAH galaxies and that in the NEP-Wide catalogue. The diagonal broken line is for the same fluxes in the two measurements.
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	[image: thumbnail]	Fig. 9.
Redshift distributions of the SPICY PAH galaxies (left) and the optical spectroscopic sample of Shim et al. (2013) towards the NEP (right). In the right panel, we only show the sources with good redshift measurements (quality flag of 3 or 4 in Shim et al. 2013; see text). We also indicate ranges of the three redshift bins; nearby (including 13 PAH galaxies), mid-z (23), and higher-z (12) bins, in the left panel.
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	[image: thumbnail]	Fig. 10.
Number distributions of the PAH (left panel) and non-PAH (right panel) sources as a function of log L15 (15.0 μm)/S9W (9.0 μm). In the right panel, number distributions of bright non-PAH sources and bright AGN candidates are also shown in green and magenta, respectively.
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	[image: thumbnail]	Fig. 11.
Flux ratio diagrams of log N3 (3.2 μm)/N2 (2.4 μm) and log S7 (7.0 μm)/N3 (3.2 μm) of the SPICY sources. Top left: flux ratios of the PAH sources shown with one-sigma error bars in blue, black, and red diamonds for the nearby, mid-z, and higher-z sources, respectively. Top right: same diagram as the top left panel, but for non-PAH sources (black). Bright non-PAH sources are shown with one-sigma error bars and diamonds (green). For the faint non-PAH sources, error bars are omitted for clarify of the figure. Bottom: same diagrams as the top panels, but for redshifted SWIRE NGC 6090, M 82 (left panel), Sc, E (13 Gyr old), and AGN (Mrk 231) (right panel) templates with red, green, blue, black, and magenta connected crosses, respectively. The flux ratios of the AGN template are plotted at z = 0.0–3.0 in steps of 0.5, whereas those of other templates are plotted at z = 0.0–0.5 in steps of 0.05. The flux ratios of the templates at z = 0.0 are indicated by filled circles in both bottom panels. A space of the flux ratios to identify photometric AGN candidates (see text for the definition) is outlined by magenta dashed lines in all panels. Bright photometric AGN candidates are shown with magenta diamonds in the top right panel.
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	[image: thumbnail]	Fig. 12.
Observed SEDs of the AGN candidates and comparison with various SED templates. Top: SEDs of the AGN candidates normalised at 3.5 μm. The bright AGN candidates are marked with magenta circles. Bottom: similarly normalised SWIRE SED templates of AGN (Mrk 231; magenta) and galaxies of E (13 Gyr old), Sc, M 82, and NGC 6090 (black) redshifted to z = 0.3. The normalisation wavelength is indicated by a black solid vertical line in each panel.
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	[image: thumbnail]	Fig. 13.
NIR and MIR flux ratios of N3 (3.2 μm)/N2 (2.4 μm), S7 (7.0 μm)/N3 (3.2 μm), S11 (11.0 μm)/S7 (7.0 μm), and L15 (15.0 μm)/S9W (9.0 μm) of the PAH galaxies as a function of redshift. Error bars are for one sigma. The flux ratios of the redshifted SWIRE SED templates of Sc (blue), M 82 (green), and NGC 6090 (red) are overlaid with connected crosses. To enable easier visual comparison among the panels, the Y axis covers the same 1.8 dex-wide range in the flux ratios, excluding the panel of N3/N2 (covering half the range).
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	[image: thumbnail]	Fig. 14.
Rest-frame SEDs of the PAH galaxies normalised at 7.7 μm (MIR-normalised; top) and 3.5 μm (NIR-normalised; bottom) with one-sigma error bars. The normalisation wavelengths are indicated by solid vertical lines in all panels. The left and right panels show the same SEDs but for the entire OPT–NIR–MIR and only the NIR–MIR wavelengths, respectively. The SEDs are shown in different colours for different redshift bins: blue, black, and red for the nearby, mid-z, and higher-z galaxies, respectively.
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	[image: thumbnail]	Fig. 15.
Same SED plots as Fig. 14, but for median-averaged ones (see text). Error bars represent one-sigma scatter of the normalised photometric data along both the flux and wavelength directions around the medians.
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	[image: thumbnail]	Fig. 16.
Comparisons between the spectroscopic and photometric PAH 7.7 μm luminosities of the PAH galaxies. The photometric monochromatic luminosity at 7.7 μm, νLν photo (7.7 μm), is compared with the spectroscopic PAH 7.7 μm luminosity, LPAH (7.7 μm) (top), and with the spectroscopic monochromatic luminosity at 7.7 μm, νLν spec (7.7 μm) (bottom). Their luminosity ratios are plotted as a function of redshift in the right panels. Error bars are for one sigma. In all panels, black broken lines represent the best-fit linear functions with fixed unity slopes, and red dot-broken lines indicate the one-sigma scatters.
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	[image: thumbnail]	Fig. 17.
Spectroscopic monochromatic luminosities at 7.7 μm, νLν spec (7.7 μm), as a function of redshift. The SPICY PAH galaxies are shown with black diamonds with one-sigma error bars, and the IRS galaxies in a sample of Weedman & Houck (2008) are shown with red pluses and blue triangles for starburst-component of the IRAS-selected ULIRGs and all other starburst galaxies, respectively. A black broken line represents a limit of “maximum starburst” of Weedman & Houck (2008) fitted at z = 0.0–2.5.
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	[image: thumbnail]	Fig. 18.
Comparison between the photometric monochromatic luminosities at 7.7 μm, νLν photo (7.7 μm), and at 3.5 μm, νLν photo (3.5 μm). The PAH galaxies are shown with one-sigma error bars in different colours for different redshift bins: blue, black, and red for the nearby, mid-z, and higher-z galaxies, respectively. SFR and stellar mass are estimated from νLν photo (7.7 μm) and νLν photo (3.5 μm), respectively, as explained in the text. A correlation between stellar mass and SFR for main sequence galaxies for z ∼ 0 SDSS sample (Elbaz et al. 2007) is indicated by a grey hatched area, showing one-sigma scatter around the best fit line (broken line). A diagonal dot-broken line for a fixed PAH-to-stellar luminosity ratio (log νLν photo (7.7 μm) = 0.50 + log νLν photo (3.5 μm)) is used to identify the PAH-enhanced population (on the lower right side of this line).
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	[image: thumbnail]	Fig. 19.
Correlations between Frest 7.7 μm/ Frest 3.5 μm and the spectroscopic luminosities of the PAH 7.7 μm, LPAH (7.7 μm) (left), and PAH 6.2 μm, LPAH (6.2 μm) (right). The PAH galaxies are shown with one-sigma error bars in different colours for different redshift bins: blue, black, and red for the nearby, mid-z, and higher-z galaxies, respectively.
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	[image: thumbnail]	Fig. 20.
Rest-frame flux ratios of Frest 3.5 μm/ Frest 2.0 μm (left), Frest 7.7 μm/Frest 3.5 μm (middle), and Frest 11.3 μm/Frest 7.7 μm (right) as a function of redshift. The flux ratios of the PAH galaxies are shown with diamonds with one-sigma error bars, and ones of the templates and the models are shown with connected crosses. To enable easier visual comparison among the panels, all three kinds of the panels cover the same 1.6 dex-wide range in the flux ratios. Top: SWIRE SED templates of Sc (blue), M 82 (green), and NGC 6090 (red). Middle: SBURT models of (tburst, Θ) = (400 Myr, 5.0), (200 Myr, 5.0), and (200 Myr, 2.0) in green, magenta, and blue, respectively. Bottom: composite model. We caution that small changes of the flux ratios of the templates and the models are not to predict real changes of the ratios as a function of redshift, but to demonstrate an accuracy of our analysis method (Sect. 3.4).
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	[image: thumbnail]	Fig. 21.
Rest-frame flux ratio diagrams between Frest 7.7 μm/Frest 3.5 μm and Frest 3.5 μm/Frest 2.0 μm (left) and between Frest 7.7 μm/Frest 3.5 μm and Frest 11.3 μm/Frest 7.7 μm (right). The flux ratios of the observations are shown with diamonds, and ones of the templates and the models are shown with connected crosses. Top: PAH galaxies in the nearby, mid-z, and higher-z redshift bins in blue, black, and red, respectively, with one-sigma error bars. Middle: SWIRE SED templates of Sc (blue), M 82 (green), and NGC 6090 (magenta) at z = 0.0–0.5 in steps of 0.05. Bottom: SBURT models of (tburst, Θ) = (400 Myr, 5.0), (200 Myr, 5.0), and (200 Myr, 2.0), and the composite model in green, magenta, blue, and black, respectively. We caution that small changes of the flux ratios of the templates and the models are not to predict real changes of the ratios as a function of redshift, but to demonstrate an accuracy of our analysis method (Sect. 3.4).
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	[image: thumbnail]	Fig. 22.
Comparisons of the NIR-normalised rest-frame SEDs between the PAH galaxies and the templates and models. The normalisation wavelength is indicated by a black solid vertical line in each panel. Top left: averaged observed SEDs in each redshift bin from Fig. 15. Top right: SWIRE SED templates of Sc (blue), M 82 (green), and NGC 6090 (red). Bottom left: SBURT SED models with (tburst, Θ) = (400 Myr, 5.0), (200 Myr, 5.0), and (200 Myr, 2.0) in green, magenta, and blue, respectively. Bottom right: two-component composite SED (black) that combines the SWIRE E (13 Gyr old) SED template (red broken line) and a very young and compact SBURT SED model (70 Myr, 1.0; blue broken line). For the template and the model SEDs, the reconstructed SEDs from the synthetic catalogue are shown with small boxes at NIR–MIR wavelengths, whereas the full-resolution original SEDs are shown at OPT–NIR wavelengths.
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	[image: thumbnail]	Fig. 23.
Comparison between the observed MIR-normalised rest-frame SEDs of the PAH galaxies (taken from Fig. 14; top) and the absorbed and unabsorbed NGC 6090 SEDs (bottom). The unabsorbed (τ(9.7 μm)=0.0) NGC 6090 SED (taken from Fig. 22) and the similar but absorbed (τ(9.7 μm) = 3.0) one are shown in black and red, respectively, in the bottom panel. We use the reconstructed SEDs from the synthetic catalogues. In addition, a full-resolution original (unabsorbed) NGC 6090 SED and an extinction curve for τ(9.7 μm) = 3.0 (with an arbitrary offset) are shown for reference. The normalisation wavelength (7.7 μm) and the wavelength of 11.3 μm are indicated by black solid and broken vertical lines, respectively, in each panel.

In the text



	[image: thumbnail]	Fig. B.1.
SG1 and SG2 spectra of the SPICY PAH galaxies with the PAH fit results overlaid. The observed spectrum is shown in red line with one-sigma error bars, with the fitted individual PAH components (blue), the power-law continuum (magenta), and their sum (blue) in each panel. The residual of the fit (observed–fitted) is shown in green at offset baseline (horizontal broken line) for clarity. The redshift from the PAH fit is indicated next to the source name in the plot title. The Y axis is scaled to have the same PAH 7.7 μm peak hight for all galaxies.
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SPICY survey tiles marked on the IRC NEP-Wide S9W image (Lee et al. 2009; Kim et al. 2012). North is up and east is to the left. The NEP is marked with a small black circle, and the NEP-Deep survey field is indicated with a big magenta circle. Blue rectangles show approximate locations of individual tiles. The galaxies with detectable PAH features (the PAH galaxies; Sect. 2.3) and bright AGN candidates (Sect. 3.2.1) are marked with small red and blue circles, respectively.
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Examples of the SPICY spectra of three representative types of bright sources. The SG1 (black) and SG2 (red) spectra are shown separately. The error bars are for one sigma. Top: field star. Middle: galaxy with prominent PAH 6.2, 7.7, 8.6, and 11.3 μm features (F04-0 at zPAH = 0.087 ± 0.001; see also Fig. B.1). Bottom: AGN candidate with a red featureless continuum and possibly a deep silicate 9.7 μm absorption redshifted to ≃14 μm (F05-1 at zopt. spec = 0.4508; see Sect. 3.2.1). Slight flux offset of the star spectrum within the overlapping wavelength range of the SG1 and SG2 spectra (7.5–8.2 μm) is due to slight systematic flux calibration error caused by errors in aligning the SG1 and SG2 spectral images. Increased noise level at ≳ 12.0 μm in the middle panel is caused by partial truncation of the SG2 spectrum.
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Results of the PAHFIT for two nearby SPICY PAH galaxies. Individual PAH features (blue), narrow emission lines (magenta), dust continua (multiple components for different temperatures; red), stellar continuum (magenta), sum of the continua (dust and stellar; grey), and sum of all components (continua and spectral features; green) are shown for each galaxy.
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Example SG1 and SG2 spectra of the SPICY PAH galaxies with the PAH fit results overlaid. All 48 spectra can be found in Fig. B.1. The observed spectrum is shown in red line with one-sigma error bars, with the fitted individual PAH components (blue), the power-law continuum (magenta), and their sum (blue) in each panel. The residual of the fit (observed–fitted) is shown in green at offset baseline (horizontal broken line) for clarity. The redshift from the PAH fit is indicated next to the source name in the plot title. The Y axis is scaled to have the same PAH 7.7 μm peak hight for all galaxies.



    

  
    
      Fig. 5. 
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Representative IRS spectra of star-forming galaxies with the PAH fit results overlaid. An averaged spectrum of nearby starburst galaxies of Brandl et al. (2006; top right) and four “noise-free galaxy spectral templates” of Smith et al. (2007; remaining four panels) are shown in black lines. The individual PAH features (blue), the power-law continuum (blue), and their sum (black) are overlaid in each panel. The residual of the fit (observed–fitted) is shown at offset baseline (horizontal broken line) for clarity.
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Comparison of the redshifts between the PAH fit and optical spectroscopy for the PAH galaxies. Error of the optical spectroscopic redshift is not shown, but we plot only the sources with good redshift measurements (quality flag of 3 or 4 in Shim et al. 2013; see text). The diagonal broken line is for the same redshifts in the two measurements.



    

  
    Table 1. 

Numbers of SPICY sources in different classifications discussed in this paper.




	Classification
	N Total (bright)
	Redshift bin
	N (PAH galaxies) Sub-total (PAH enhanced)





	AGN candidates
	11 (6)
	
	



	Non-PAH galaxies
	112 (39)
	
	



	PAH galaxies
	48 (24)
	Nearby
	13 (0)



	
	
	Mid-z
	23 (1)



	
	
	Higher-z
	12 (9)



	Total
	171 (93)
	
	48 (10)






Notes. In each classification, numbers of the bright samples (Sect. 3.2.1) are shown in parentheses. For the PAH galaxies, their numbers for each redshift bin (Sect. 3.1) are also shown. Numbers of the PAH-enhanced galaxies (Sect. 3.3.2) are shown in parentheses.




  
    
      Fig. 7. 
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Distributions of the PAH shape parameters of the PAH galaxies. Left: PAH widths (Lorentzian half width at half maximum (HWHM) in the rest frame) of the PAH 6.2 μm (black) and the PAH 7.7 μm (red). The wavelength resolving widths of our instrument are subtracted from the measured widths in quadrature. When the PAH 6.2 μm is unresolved, the instrumental width is used to indicate the upper limit of the intrinsic width (filled histogram). Right: inter-band flux ratio of PAH 6.2 μm/PAH 7.7 μm. In both panels, corresponding measured parameters of the IRS starburst templates of Brandl et al. (2006; one template; dotted line) and Smith et al. (2007; four templates; dashed lines) are indicated by vertical lines.



    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
Comparison between the S9W (9.0 μm) SPICY photometry of the PAH galaxies and that in the NEP-Wide catalogue. The diagonal broken line is for the same fluxes in the two measurements.



    

  
    
      Fig. 9. 

      
        [image: thumbnail]
      

      
Redshift distributions of the SPICY PAH galaxies (left) and the optical spectroscopic sample of Shim et al. (2013) towards the NEP (right). In the right panel, we only show the sources with good redshift measurements (quality flag of 3 or 4 in Shim et al. 2013; see text). We also indicate ranges of the three redshift bins; nearby (including 13 PAH galaxies), mid-z (23), and higher-z (12) bins, in the left panel.



    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
Number distributions of the PAH (left panel) and non-PAH (right panel) sources as a function of log L15 (15.0 μm)/S9W (9.0 μm). In the right panel, number distributions of bright non-PAH sources and bright AGN candidates are also shown in green and magenta, respectively.



    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      
Flux ratio diagrams of log N3 (3.2 μm)/N2 (2.4 μm) and log S7 (7.0 μm)/N3 (3.2 μm) of the SPICY sources. Top left: flux ratios of the PAH sources shown with one-sigma error bars in blue, black, and red diamonds for the nearby, mid-z, and higher-z sources, respectively. Top right: same diagram as the top left panel, but for non-PAH sources (black). Bright non-PAH sources are shown with one-sigma error bars and diamonds (green). For the faint non-PAH sources, error bars are omitted for clarify of the figure. Bottom: same diagrams as the top panels, but for redshifted SWIRE NGC 6090, M 82 (left panel), Sc, E (13 Gyr old), and AGN (Mrk 231) (right panel) templates with red, green, blue, black, and magenta connected crosses, respectively. The flux ratios of the AGN template are plotted at z = 0.0–3.0 in steps of 0.5, whereas those of other templates are plotted at z = 0.0–0.5 in steps of 0.05. The flux ratios of the templates at z = 0.0 are indicated by filled circles in both bottom panels. A space of the flux ratios to identify photometric AGN candidates (see text for the definition) is outlined by magenta dashed lines in all panels. Bright photometric AGN candidates are shown with magenta diamonds in the top right panel.



    

  
    
      Fig. 12. 

      
        [image: thumbnail]
      

      
Observed SEDs of the AGN candidates and comparison with various SED templates. Top: SEDs of the AGN candidates normalised at 3.5 μm. The bright AGN candidates are marked with magenta circles. Bottom: similarly normalised SWIRE SED templates of AGN (Mrk 231; magenta) and galaxies of E (13 Gyr old), Sc, M 82, and NGC 6090 (black) redshifted to z = 0.3. The normalisation wavelength is indicated by a black solid vertical line in each panel.



    

  
    
      Fig. 13. 

      
        [image: thumbnail]
      

      
NIR and MIR flux ratios of N3 (3.2 μm)/N2 (2.4 μm), S7 (7.0 μm)/N3 (3.2 μm), S11 (11.0 μm)/S7 (7.0 μm), and L15 (15.0 μm)/S9W (9.0 μm) of the PAH galaxies as a function of redshift. Error bars are for one sigma. The flux ratios of the redshifted SWIRE SED templates of Sc (blue), M 82 (green), and NGC 6090 (red) are overlaid with connected crosses. To enable easier visual comparison among the panels, the Y axis covers the same 1.8 dex-wide range in the flux ratios, excluding the panel of N3/N2 (covering half the range).



    

  
    
      Fig. 14. 

      
        [image: thumbnail]
      

      
Rest-frame SEDs of the PAH galaxies normalised at 7.7 μm (MIR-normalised; top) and 3.5 μm (NIR-normalised; bottom) with one-sigma error bars. The normalisation wavelengths are indicated by solid vertical lines in all panels. The left and right panels show the same SEDs but for the entire OPT–NIR–MIR and only the NIR–MIR wavelengths, respectively. The SEDs are shown in different colours for different redshift bins: blue, black, and red for the nearby, mid-z, and higher-z galaxies, respectively.



    

  
    
      Fig. 15. 

      
        [image: thumbnail]
      

      
Same SED plots as Fig. 14, but for median-averaged ones (see text). Error bars represent one-sigma scatter of the normalised photometric data along both the flux and wavelength directions around the medians.



    

  
    
      Fig. 16. 

      
        [image: thumbnail]
      

      
Comparisons between the spectroscopic and photometric PAH 7.7 μm luminosities of the PAH galaxies. The photometric monochromatic luminosity at 7.7 μm, νLν photo (7.7 μm), is compared with the spectroscopic PAH 7.7 μm luminosity, LPAH (7.7 μm) (top), and with the spectroscopic monochromatic luminosity at 7.7 μm, νLν spec (7.7 μm) (bottom). Their luminosity ratios are plotted as a function of redshift in the right panels. Error bars are for one sigma. In all panels, black broken lines represent the best-fit linear functions with fixed unity slopes, and red dot-broken lines indicate the one-sigma scatters.



    

  
    
      Fig. 17. 

      
        [image: thumbnail]
      

      
Spectroscopic monochromatic luminosities at 7.7 μm, νLν spec (7.7 μm), as a function of redshift. The SPICY PAH galaxies are shown with black diamonds with one-sigma error bars, and the IRS galaxies in a sample of Weedman & Houck (2008) are shown with red pluses and blue triangles for starburst-component of the IRAS-selected ULIRGs and all other starburst galaxies, respectively. A black broken line represents a limit of “maximum starburst” of Weedman & Houck (2008) fitted at z = 0.0–2.5.



    

  
    
      Fig. 18. 

      
        [image: thumbnail]
      

      
Comparison between the photometric monochromatic luminosities at 7.7 μm, νLν photo (7.7 μm), and at 3.5 μm, νLν photo (3.5 μm). The PAH galaxies are shown with one-sigma error bars in different colours for different redshift bins: blue, black, and red for the nearby, mid-z, and higher-z galaxies, respectively. SFR and stellar mass are estimated from νLν photo (7.7 μm) and νLν photo (3.5 μm), respectively, as explained in the text. A correlation between stellar mass and SFR for main sequence galaxies for z ∼ 0 SDSS sample (Elbaz et al. 2007) is indicated by a grey hatched area, showing one-sigma scatter around the best fit line (broken line). A diagonal dot-broken line for a fixed PAH-to-stellar luminosity ratio (log νLν photo (7.7 μm) = 0.50 + log νLν photo (3.5 μm)) is used to identify the PAH-enhanced population (on the lower right side of this line).



    

  
    
      Fig. 19. 

      
        [image: thumbnail]
      

      
Correlations between Frest 7.7 μm/ Frest 3.5 μm and the spectroscopic luminosities of the PAH 7.7 μm, LPAH (7.7 μm) (left), and PAH 6.2 μm, LPAH (6.2 μm) (right). The PAH galaxies are shown with one-sigma error bars in different colours for different redshift bins: blue, black, and red for the nearby, mid-z, and higher-z galaxies, respectively.



    

  
    
      Fig. 20. 

      
        [image: thumbnail]
      

      
Rest-frame flux ratios of Frest 3.5 μm/ Frest 2.0 μm (left), Frest 7.7 μm/Frest 3.5 μm (middle), and Frest 11.3 μm/Frest 7.7 μm (right) as a function of redshift. The flux ratios of the PAH galaxies are shown with diamonds with one-sigma error bars, and ones of the templates and the models are shown with connected crosses. To enable easier visual comparison among the panels, all three kinds of the panels cover the same 1.6 dex-wide range in the flux ratios. Top: SWIRE SED templates of Sc (blue), M 82 (green), and NGC 6090 (red). Middle: SBURT models of (tburst, Θ) = (400 Myr, 5.0), (200 Myr, 5.0), and (200 Myr, 2.0) in green, magenta, and blue, respectively. Bottom: composite model. We caution that small changes of the flux ratios of the templates and the models are not to predict real changes of the ratios as a function of redshift, but to demonstrate an accuracy of our analysis method (Sect. 3.4).



    

  
    
      Fig. 21. 

      
        [image: thumbnail]
      

      
Rest-frame flux ratio diagrams between Frest 7.7 μm/Frest 3.5 μm and Frest 3.5 μm/Frest 2.0 μm (left) and between Frest 7.7 μm/Frest 3.5 μm and Frest 11.3 μm/Frest 7.7 μm (right). The flux ratios of the observations are shown with diamonds, and ones of the templates and the models are shown with connected crosses. Top: PAH galaxies in the nearby, mid-z, and higher-z redshift bins in blue, black, and red, respectively, with one-sigma error bars. Middle: SWIRE SED templates of Sc (blue), M 82 (green), and NGC 6090 (magenta) at z = 0.0–0.5 in steps of 0.05. Bottom: SBURT models of (tburst, Θ) = (400 Myr, 5.0), (200 Myr, 5.0), and (200 Myr, 2.0), and the composite model in green, magenta, blue, and black, respectively. We caution that small changes of the flux ratios of the templates and the models are not to predict real changes of the ratios as a function of redshift, but to demonstrate an accuracy of our analysis method (Sect. 3.4).



    

  
    
      Fig. 22. 

      
        [image: thumbnail]
      

      
Comparisons of the NIR-normalised rest-frame SEDs between the PAH galaxies and the templates and models. The normalisation wavelength is indicated by a black solid vertical line in each panel. Top left: averaged observed SEDs in each redshift bin from Fig. 15. Top right: SWIRE SED templates of Sc (blue), M 82 (green), and NGC 6090 (red). Bottom left: SBURT SED models with (tburst, Θ) = (400 Myr, 5.0), (200 Myr, 5.0), and (200 Myr, 2.0) in green, magenta, and blue, respectively. Bottom right: two-component composite SED (black) that combines the SWIRE E (13 Gyr old) SED template (red broken line) and a very young and compact SBURT SED model (70 Myr, 1.0; blue broken line). For the template and the model SEDs, the reconstructed SEDs from the synthetic catalogue are shown with small boxes at NIR–MIR wavelengths, whereas the full-resolution original SEDs are shown at OPT–NIR wavelengths.



    

  
    
      Fig. 23. 

      
        [image: thumbnail]
      

      
Comparison between the observed MIR-normalised rest-frame SEDs of the PAH galaxies (taken from Fig. 14; top) and the absorbed and unabsorbed NGC 6090 SEDs (bottom). The unabsorbed (τ(9.7 μm)=0.0) NGC 6090 SED (taken from Fig. 22) and the similar but absorbed (τ(9.7 μm) = 3.0) one are shown in black and red, respectively, in the bottom panel. We use the reconstructed SEDs from the synthetic catalogues. In addition, a full-resolution original (unabsorbed) NGC 6090 SED and an extinction curve for τ(9.7 μm) = 3.0 (with an arbitrary offset) are shown for reference. The normalisation wavelength (7.7 μm) and the wavelength of 11.3 μm are indicated by black solid and broken vertical lines, respectively, in each panel.



    

  
    
      Fig. B.1. 

      
        [image: thumbnail]
      

      
SG1 and SG2 spectra of the SPICY PAH galaxies with the PAH fit results overlaid. The observed spectrum is shown in red line with one-sigma error bars, with the fitted individual PAH components (blue), the power-law continuum (magenta), and their sum (blue) in each panel. The residual of the fit (observed–fitted) is shown in green at offset baseline (horizontal broken line) for clarity. The redshift from the PAH fit is indicated next to the source name in the plot title. The Y axis is scaled to have the same PAH 7.7 μm peak hight for all galaxies.



    

  
    
      Fig. B.1. 
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continued.



    

  
    Table C.1. 

Source identification, cross-identification with the NEP-Wide catalogue, and the SPICY S9W (9.0 μm) photometry of the PAH galaxies, together with cross-identification with the CFHT optical NEP photometric catalogue.




	SPICY ID
	NEP-Wide catalogue
	SPICY S9W flux
	CFHT NEP catalogue



	

	




	ID
	RA J2000 (hms)
	Dec J2000 (dms)
	(mJy)
	ID
	FIELD





	F00-1
	65030479
	17 55 19.91
	+66 41 45.2
	1.25 ± 0.04
	48924
	2



	F01-7
	65047593
	17 58 40.87
	+66 22 14.1
	1.63 ± 0.05
	23532
	2



	F01-13
	65042346
	17 57 39.74
	+66 20 53.2
	0.64 ± 0.02
	20669
	2



	F01-15
	65046006
	17 58 21.61
	+66 24 45.8
	0.59 ± 0.02
	25461
	2



	F01-19
	65042020
	17 57 35.87
	+66 22 04.4
	0.40 ± 0.02
	21980
	2



	F02-0
	65056911
	18 00 28.93
	+66 12 29.6
	1.37 ± 0.04
	9818
	1



	F02-4
	65059749
	18 00 59.84
	+66 10 56.5
	0.91 ± 0.03
	7723
	1



	F02-6
	65063554
	18 01 42.08
	+66 13 00.4
	0.77 ± 0.03
	10219
	1



	F02-8
	65060828
	18 01 11.75
	+66 11 39.6
	0.67 ± 0.02
	8535
	1



	F02-9
	65057478
	18 00 35.22
	+66 13 44.9
	0.65 ± 0.02
	10871
	1



	F02-15
	65060902
	18 01 12.43
	+66 16 54.4
	0.46 ± 0.02
	14047
	1



	F02-20
	65058156
	18 00 42.29
	+66 08 20.4
	0.39 ± 0.02
	4847
	1



	F02-24
	65057873
	18 00 39.35
	+66 13 52.3
	0.33 ± 0.01
	11076
	1



	F03-4
	65019934
	17 53 06.59
	+66 34 28.4
	0.93 ± 0.03
	38180
	2



	F03-15
	65020331
	17 53 11.78
	+66 36 08.5
	0.33 ± 0.01
	40557
	2



	F04-0
	65037228
	17 56 39.96
	+66 48 00.6
	5.48 ± 0.17
	56817
	2



	F04-3
	65038399
	17 56 53.90
	+66 39 22.3
	1.83 ± 0.06
	45137
	2



	F04-5
	65039972
	17 57 11.55
	+66 45 23.0
	1.15 ± 0.04
	54615
	2



	F04-6
	65041345
	17 57 27.79
	+66 45 56.6
	0.76 ± 0.03
	53989
	2



	F04-7
	65038112
	17 56 50.77
	+66 44 44.7
	0.74 ± 0.03
	53152
	2



	F04-8
	65041041
	17 57 24.35
	+66 42 36.5
	0.61 ± 0.02
	49849
	2



	F04-13
	65040771
	17 57 21.13
	+66 42 34.6
	0.50 ± 0.02
	50195
	2



	F04-18
	65040361
	17 57 15.99
	+66 43 40.0
	0.44 ± 0.02
	51197
	2



	F04-23
	65035546
	17 56 19.78
	+66 47 36.1
	0.41 ± 0.02
	55840
	2



	F04-24
	65040327
	17 57 15.56
	+66 48 21.6
	0.38 ± 0.01
	. . .
	. . .a



	F05-10
	65054492
	18 00 01.60
	+66 54 02.4
	0.75 ± 0.03
	59396
	1



	F05-23
	65054321
	17 59 59.66
	+66 50 09.2
	0.33 ± 0.01
	52788
	1



	F07-11
	65026631
	17 54 33.33
	+66 47 47.7
	0.55 ± 0.02
	56082
	2



	F07-12
	65020847
	17 53 18.84
	+66 44 39.7
	0.53 ± 0.02
	52573
	2



	F08-1
	65027087
	17 54 38.96
	+66 23 16.2
	4.01 ± 0.12
	. . .
	. . .b



	F08-5
	65030601
	17 55 21.36
	+66 24 26.4
	2.88 ± 0.09
	24990
	2



	F08-11
	65031482
	17 55 31.62
	+66 23 42.1
	0.80 ± 0.03
	23958
	2



	F08-14
	65030371
	17 55 18.77
	+66 25 30.9
	0.74 ± 0.03
	26271
	2



	F08-17
	65028594
	17 54 57.58
	+66 25 52.6
	0.54 ± 0.02
	26549
	2



	F08-23
	65027474
	17 54 43.76
	+66 21 04.0
	0.49 ± 0.02
	20996
	2



	F09-2
	65023172
	17 53 48.51
	+66 39 20.9
	4.21 ± 0.13
	45556
	2



	F10-8
	65038265
	17 56 52.46
	+66 27 36.0
	0.53 ± 0.02
	28701
	2



	F10-10
	65041559
	17 57 30.25
	+66 30 06.1
	0.48 ± 0.02
	31653
	2



	F10-13
	65037342
	17 56 41.54
	+66 27 04.1
	0.46 ± 0.02
	27999
	2



	F10-19
	65041158
	17 57 25.61
	+66 29 46.5
	0.35 ± 0.01
	31398
	2



	F11-7
	65038292
	17 56 52.78
	+66 06 40.8
	1.56 ± 0.05
	3548
	2



	F11-11
	65040931
	17 57 22.90
	+66 05 09.5
	0.94 ± 0.03
	1673
	2



	F11-19
	65040367
	17 57 16.08
	+66 04 54.4
	0.64 ± 0.02
	2082
	2



	F11-23
	65043924
	17 57 58.08
	+66 07 09.0
	0.53 ± 0.02
	4163
	2



	F20-3
	65045989
	17 58 21.42
	+66 28 55.3
	4.12 ± 0.13
	30856
	2



	F20-10
	65051479
	17 59 26.77
	+66 29 39.3
	0.51 ± 0.02
	31374
	2



	F21-1
	65032713
	17 55 46.52
	+66 38 39.9
	2.10 ± 0.07
	44027
	2



	F21-20
	65031307
	17 55 29.48
	+66 40 35.5
	0.32 ± 0.01
	46860
	2






Notes. FIELD indicates one of the two survey fields defined in Hwang et al. (2007; 1 and 2 for the NEP-E and NEP-W fields, respectively).

(a) This source is damaged due to a nearby bright and saturated star on the CFHT image, and is not catalogued.


(b) This source falls on one of CCD gaps on the CFHT image, and is not catalogued.





  
    Table C.2. 

Results of the PAH fit of the SPICY PAH galaxies.




	ID
	SPICY PAH fit
	Optical spectroscopy



	

	




	Redshift (z)
	log L (PAH 6.2 μm) (L⊙)
	log L (PAH 7.7 μm) (L⊙)
	log νLνspec (7.7 μm) (L⊙)
	Redshift (z)
	Quality
	Source





	F00-1
	0.225 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	0.2270,0.227
	4,4
	1,2



	F01-7
	0.069 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	0.0880
	4
	1



	F01-13
	0.117 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	0.1182
	4
	1



	F01-15
	0.087 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	0.0870
	4
	1



	F01-19
	0.492 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	0.4876
	4
	1



	F02-0
	0.087 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F02-4
	0.295 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F02-6
	0.145 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	0.1367
	4
	1



	F02-8
	0.256 ± 0.003
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F02-9
	0.294 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F02-15
	0.232 ± 0.001
	<8.528
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F02-20
	0.477 ± 0.003
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F02-24
	0.186 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F03-4
	0.183 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F03-15
	0.227 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	0.2225
	4
	1



	F04-0
	0.087 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	0.0880
	4
	1



	F04-3
	0.169 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	0.1672
	4
	1



	F04-5
	0.056 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	0.050
	4
	3



	F04-6
	0.424 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	0.4173
	4
	1



	F04-7
	0.086 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	0.0864
	4
	1



	F04-8
	0.278 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	0.2752
	4
	1



	F04-13
	0.193 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	0.1871
	3
	1



	F04-18
	0.306 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	0.3010
	4
	1



	F04-23
	0.452 ± 0.005
	[image: equation]
	[image: equation]
	[image: equation]
	0.4500
	4
	1



	F04-24
	0.266 ± 0.005
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F05-10
	0.076 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F05-23
	0.393 ± 0.004
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F07-11
	0.394 ± 0.004
	[image: equation]
	[image: equation]
	[image: equation]
	0.391
	4
	2



	F07-12
	0.281 ± 0.003
	[image: equation]
	[image: equation]
	[image: equation]
	0.2862
	4
	1



	F08-1
	0.088 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	0.090
	4
	2



	F08-5
	0.143 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	0.143
	4
	2



	F08-11
	0.248 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	0.262
	4
	2



	F08-14
	0.420 ± 0.003
	[image: equation]
	[image: equation]
	[image: equation]
	0.429
	4
	2



	F08-17
	0.200 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	0.1991,0.200
	4,4
	1,2



	F08-23
	0.088 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	0.0880
	3
	1



	F09-2
	0.108 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F10-8
	0.465 ± 0.003
	[image: equation]
	[image: equation]
	[image: equation]
	0.472
	4
	3



	F10-10
	0.293 ± 0.004
	[image: equation]
	[image: equation]
	[image: equation]
	0.3025,0.303
	4,4
	1,2



	F10-13
	0.473 ± 0.004
	[image: equation]
	[image: equation]
	[image: equation]
	0.472
	4
	3



	F10-19
	0.409 ± 0.004
	[image: equation]
	[image: equation]
	[image: equation]
	0.423
	4
	2



	F11-7
	0.175 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F11-11
	0.180 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F11-19
	0.084 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	0.0864
	4
	1



	F11-23
	0.081 ± 0.002
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F20-3
	0.090 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	0.0875
	4
	1



	F20-10
	0.448 ± 0.003
	[image: equation]
	[image: equation]
	[image: equation]
	0.4588
	4
	1



	F21-1
	0.044 ± 0.001
	[image: equation]
	[image: equation]
	[image: equation]
	. . .
	. . .
	. . .



	F21-20
	0.405 ± 0.003
	[image: equation]
	[image: equation]
	[image: equation]
	0.3930,0.393
	3,4
	1,2






Notes. The optical spectroscopic redshifts and their measurement quality flags (4 = secure; identified by more than two features, 3 = acceptable and almost good; identified by two features, according to Shim et al. 2013) are also shown if available. When there are two independent measurements, we show both results. Sources of the redshift are 1 for Shim et al. (2013), 2 for Oi et al. (2014), and 3 for our own GTC observations (see text).




  
    Table C.3. 

NIR–MIR photometry in the NEP-Wide catalogue of the SPICY PAH galaxies.




	ID
	N2 (mJy)
	N3 (mJy)
	N4 (mJy)
	S7 (mJy)
	S9W (mJy)
	S11 (mJy)
	L15 (mJy)
	L18W (mJy)





	F00-1
	0.375 ± 0.005
	0.257 ± 0.004
	0.225 ± 0.004
	0.560 ± 0.016
	1.200 ± 0.019
	1.630 ± 0.028
	1.360 ± 0.037
	1.260 ± 0.031



	F01-7
	3.010 ± 0.011
	1.890 ± 0.009
	1.310 ± 0.007
	1.850 ± 0.025
	2.300 ± 0.023
	2.480 ± 0.034
	. . .
	. . .



	F01-13
	0.397 ± 0.005
	0.270 ± 0.004
	0.198 ± 0.003
	0.408 ± 0.015
	0.677 ± 0.015
	0.766 ± 0.022
	0.634 ± 0.029
	0.674 ± 0.030



	F01-15
	0.284 ± 0.005
	0.198 ± 0.003
	0.146 ± 0.003
	0.486 ± 0.015
	0.609 ± 0.015
	0.684 ± 0.022
	. . .
	. . .



	F01-19
	0.179 ± 0.004
	0.159 ± 0.003
	0.115 ± 0.003
	. . .
	0.412 ± 0.014
	0.756 ± 0.023
	0.677 ± 0.035
	0.557 ± 0.028



	F02-0
	0.834 ± 0.008
	0.568 ± 0.006
	0.401 ± 0.005
	1.220 ± 0.021
	1.600 ± 0.021
	1.710 ± 0.030
	1.500 ± 0.042
	1.290 ± 0.035



	F02-4
	0.445 ± 0.005
	0.331 ± 0.004
	0.234 ± 0.003
	0.355 ± 0.014
	0.957 ± 0.017
	1.260 ± 0.026
	1.070 ± 0.036
	1.030 ± 0.030



	F02-6
	0.638 ± 0.006
	0.417 ± 0.005
	0.306 ± 0.004
	0.502 ± 0.016
	0.927 ± 0.018
	1.090 ± 0.027
	1.080 ± 0.037
	0.674 ± 0.027



	F02-8
	0.545 ± 0.006
	0.413 ± 0.005
	0.281 ± 0.004
	0.292 ± 0.013
	0.603 ± 0.015
	0.935 ± 0.025
	0.817 ± 0.035
	0.650 ± 0.030



	F02-9
	0.272 ± 0.004
	0.204 ± 0.004
	0.160 ± 0.003
	0.258 ± 0.014
	0.637 ± 0.016
	0.816 ± 0.022
	0.671 ± 0.030
	0.664 ± 0.029



	F02-15
	0.272 ± 0.004
	0.179 ± 0.003
	0.138 ± 0.003
	0.226 ± 0.014
	0.441 ± 0.014
	0.691 ± 0.026
	0.515 ± 0.029
	0.356 ± 0.028



	F02-20
	0.222 ± 0.004
	0.208 ± 0.003
	0.149 ± 0.003
	0.242 ± 0.013
	0.462 ± 0.015
	0.658 ± 0.023
	0.605 ± 0.028
	0.719 ± 0.026



	F02-24
	0.276 ± 0.005
	0.186 ± 0.004
	0.121 ± 0.003
	0.155 ± 0.010
	0.369 ± 0.014
	0.428 ± 0.020
	0.324 ± 0.026
	0.262 ± 0.025



	F03-4
	0.390 ± 0.005
	0.320 ± 0.004
	0.222 ± 0.003
	0.397 ± 0.016
	0.922 ± 0.017
	1.120 ± 0.025
	0.961 ± 0.040
	0.986 ± 0.036



	F03-15
	0.114 ± 0.004
	0.072 ± 0.003
	0.072 ± 0.003
	0.145 ± 0.010
	0.302 ± 0.015
	0.427 ± 0.020
	0.289 ± 0.029
	0.251 ± 0.024



	F04-0
	2.340 ± 0.011
	1.530 ± 0.007
	1.160 ± 0.006
	4.450 ± 0.033
	6.040 ± 0.028
	6.690 ± 0.043
	6.280 ± 0.063
	5.610 ± 0.052



	F04-3
	0.737 ± 0.006
	0.487 ± 0.004
	0.387 ± 0.004
	0.836 ± 0.018
	1.770 ± 0.019
	2.210 ± 0.030
	2.070 ± 0.043
	1.850 ± 0.037



	F04-5
	0.623 ± 0.006
	0.437 ± 0.005
	0.298 ± 0.004
	1.220 ± 0.020
	1.210 ± 0.019
	1.160 ± 0.025
	. . .
	. . .



	F04-6
	0.128 ± 0.003
	0.138 ± 0.003
	0.100 ± 0.003
	0.140 ± 0.009
	0.882 ± 0.017
	1.280 ± 0.026
	0.740 ± 0.039
	0.908 ± 0.031



	F04-7
	0.487 ± 0.006
	0.306 ± 0.004
	0.206 ± 0.004
	0.718 ± 0.018
	0.846 ± 0.021
	0.940 ± 0.032
	0.844 ± 0.040
	0.862 ± 0.043



	F04-8
	0.141 ± 0.003
	0.108 ± 0.003
	0.135 ± 0.004
	0.238 ± 0.012
	0.629 ± 0.015
	0.850 ± 0.024
	0.817 ± 0.030
	0.906 ± 0.031



	F04-13
	0.565 ± 0.006
	0.348 ± 0.004
	0.277 ± 0.004
	0.253 ± 0.013
	0.801 ± 0.023
	0.505 ± 0.020
	0.527 ± 0.027
	0.530 ± 0.034



	F04-18
	0.134 ± 0.004
	0.106 ± 0.003
	0.093 ± 0.003
	0.164 ± 0.013
	0.407 ± 0.014
	0.568 ± 0.021
	0.867 ± 0.038
	0.909 ± 0.034



	F04-23
	0.117 ± 0.004
	0.111 ± 0.003
	0.081 ± 0.003
	. . .
	0.419 ± 0.014
	0.773 ± 0.027
	0.426 ± 0.031
	0.425 ± 0.030



	F04-24
	0.246 ± 0.005
	0.206 ± 0.004
	0.165 ± 0.003
	0.240 ± 0.016
	0.424 ± 0.015
	0.547 ± 0.021
	0.773 ± 0.037
	0.663 ± 0.027



	F05-10
	0.557 ± 0.006
	0.373 ± 0.004
	0.242 ± 0.004
	0.681 ± 0.017
	0.822 ± 0.018
	0.892 ± 0.025
	0.570 ± 0.028
	0.477 ± 0.024



	F05-23
	0.132 ± 0.003
	0.116 ± 0.003
	0.073 ± 0.003
	0.087 ± 0.011
	0.325 ± 0.013
	0.619 ± 0.023
	0.365 ± 0.031
	0.585 ± 0.041



	F07-11
	0.218 ± 0.004
	0.171 ± 0.003
	0.121 ± 0.003
	0.146 ± 0.014
	0.520 ± 0.015
	0.944 ± 0.025
	1.040 ± 0.048
	0.918 ± 0.036



	F07-12
	0.279 ± 0.005
	0.204 ± 0.003
	0.145 ± 0.003
	0.202 ± 0.013
	0.564 ± 0.015
	0.680 ± 0.022
	0.784 ± 0.039
	0.840 ± 0.033



	F08-1
	2.080 ± 0.010
	1.330 ± 0.007
	. . .
	4.390 ± 0.032
	5.100 ± 0.028
	5.200 ± 0.038
	5.110 ± 0.056
	4.630 ± 0.047



	F08-5
	0.878 ± 0.007
	0.649 ± 0.005
	0.503 ± 0.005
	1.590 ± 0.022
	3.080 ± 0.023
	3.800 ± 0.035
	3.590 ± 0.049
	3.170 ± 0.043



	F08-11
	0.342 ± 0.005
	0.240 ± 0.004
	0.180 ± 0.003
	0.319 ± 0.014
	0.852 ± 0.017
	0.967 ± 0.025
	1.140 ± 0.042
	1.390 ± 0.034



	F08-14
	0.479 ± 0.006
	0.413 ± 0.005
	0.272 ± 0.004
	0.198 ± 0.012
	0.761 ± 0.016
	1.320 ± 0.026
	1.060 ± 0.035
	1.010 ± 0.028



	F08-17
	0.200 ± 0.004
	0.144 ± 0.003
	0.129 ± 0.003
	0.263 ± 0.013
	0.563 ± 0.015
	0.701 ± 0.022
	0.735 ± 0.036
	0.667 ± 0.039



	F08-23
	1.190 ± 0.008
	0.728 ± 0.005
	0.468 ± 0.004
	0.540 ± 0.018
	0.616 ± 0.017
	0.682 ± 0.025
	0.475 ± 0.039
	0.389 ± 0.032



	F09-2
	1.540 ± 0.009
	1.050 ± 0.007
	0.832 ± 0.005
	2.710 ± 0.025
	4.500 ± 0.025
	5.250 ± 0.039
	5.180 ± 0.057
	4.760 ± 0.048



	F10-8
	0.215 ± 0.004
	0.191 ± 0.003
	0.129 ± 0.003
	0.158 ± 0.013
	0.664 ± 0.018
	1.230 ± 0.028
	1.090 ± 0.037
	0.915 ± 0.030



	F10-10
	0.161 ± 0.004
	0.130 ± 0.003
	0.097 ± 0.003
	0.143 ± 0.010
	0.459 ± 0.015
	0.598 ± 0.022
	0.519 ± 0.026
	0.486 ± 0.023



	F10-13
	0.154 ± 0.004
	0.142 ± 0.003
	0.105 ± 0.003
	0.121 ± 0.011
	0.472 ± 0.015
	0.888 ± 0.027
	0.694 ± 0.042
	0.990 ± 0.043



	F10-19
	0.095 ± 0.003
	0.085 ± 0.003
	0.064 ± 0.002
	0.070 ± 0.008
	0.366 ± 0.015
	0.585 ± 0.021
	0.330 ± 0.030
	0.498 ± 0.032



	F11-7
	0.513 ± 0.006
	0.331 ± 0.004
	0.268 ± 0.004
	0.740 ± 0.016
	1.660 ± 0.020
	2.100 ± 0.029
	2.040 ± 0.043
	1.760 ± 0.035



	F11-11
	0.232 ± 0.004
	0.159 ± 0.003
	0.139 ± 0.003
	0.484 ± 0.017
	0.926 ± 0.017
	1.180 ± 0.025
	1.030 ± 0.038
	1.170 ± 0.035



	F11-19
	0.800 ± 0.007
	0.521 ± 0.005
	0.336 ± 0.004
	0.635 ± 0.017
	0.799 ± 0.018
	0.798 ± 0.024
	0.745 ± 0.036
	0.541 ± 0.025



	F11-23
	0.376 ± 0.005
	0.255 ± 0.004
	0.176 ± 0.003
	0.469 ± 0.015
	0.525 ± 0.015
	0.536 ± 0.021
	0.504 ± 0.027
	0.509 ± 0.027



	F20-3
	1.010 ± 0.007
	0.823 ± 0.006
	0.640 ± 0.005
	3.730 ± 0.031
	4.670 ± 0.026
	4.690 ± 0.039
	. . .
	. . .



	F20-10
	0.179 ± 0.004
	0.154 ± 0.003
	0.110 ± 0.003
	0.080 ± 0.008
	0.569 ± 0.015
	0.963 ± 0.024
	0.609 ± 0.032
	1.030 ± 0.030



	F21-1
	0.660 ± 0.006
	0.463 ± 0.005
	0.324 ± 0.004
	2.120 ± 0.023
	2.110 ± 0.021
	2.100 ± 0.029
	2.750 ± 0.048
	2.780 ± 0.043



	F21-20
	0.125 ± 0.003
	0.113 ± 0.003
	0.077 ± 0.002
	. . .
	0.266 ± 0.012
	0.466 ± 0.020
	0.388 ± 0.033
	0.257 ± 0.024







  
    Table C.4 

Optical photometry and source extraction flag in the CFHT optical NEP catalogue of the SPICY PAH galaxies.




	ID
	u* (mJy)
	g′ (mJy)
	r′ (mJy)
	i′ (mJy)
	z′ (mJy)
	Flag





	F00-1
	. . .
	0.0541 ± 0.0001
	0.1138 ± 0.0001
	0.1629 ± 0.0003
	0.1986 ± 0.0007
	0



	F01-7
	. . .
	0.5749 ± 0.0000
	1.2348 ± 0.0000
	1.6520 ± 0.0000
	1.9898 ± 0.0018
	2



	F01-13
	. . .
	0.0908 ± 0.0001
	0.1716 ± 0.0002
	0.2359 ± 0.0004
	0.2965 ± 0.0008
	0



	F01-15
	. . .
	0.1310 ± 0.0001
	0.1932 ± 0.0002
	0.2417 ± 0.0002
	0.2729 ± 0.0008
	0



	F01-19
	. . .
	0.0119 ± 0.0001
	0.0365 ± 0.0001
	0.0541 ± 0.0002
	0.0751 ± 0.0006
	0



	F02-0
	0.1306 ± 0.0002
	0.3128 ± 0.0003
	0.4948 ± 0.0005
	0.6020 ± 0.0006
	0.7171 ± 0.0013
	2



	F02-4
	0.0068 ± 0.0001
	0.0221 ± 0.0001
	0.0677 ± 0.0001
	0.1022 ± 0.0003
	0.1444 ± 0.0005
	0



	F02-6
	0.0645 ± 0.0002
	0.1796 ± 0.0002
	0.3148 ± 0.0003
	0.3945 ± 0.0004
	0.5119 ± 0.0009
	0



	F02-8
	0.0147 ± 0.0001
	0.0412 ± 0.0001
	0.1002 ± 0.0002
	0.1437 ± 0.0004
	0.2040 ± 0.0006
	0



	F02-9
	0.0116 ± 0.0001
	0.0260 ± 0.0001
	0.0660 ± 0.0002
	0.0944 ± 0.0003
	0.1378 ± 0.0006
	2



	F02-15
	0.0196 ± 0.0001
	0.0478 ± 0.0001
	0.1045 ± 0.0002
	0.1474 ± 0.0003
	0.1772 ± 0.0007
	0



	F02-20
	0.0031 ± 0.0001
	0.0049 ± 0.0001
	0.0164 ± 0.0001
	0.0236 ± 0.0002
	0.0705 ± 0.0004
	3



	F02-24
	0.0076 ± 0.0001
	0.0270 ± 0.0001
	0.0694 ± 0.0001
	0.0988 ± 0.0003
	0.1008 ± 0.0005
	0



	F03-4
	. . .
	0.0735 ± 0.0001
	0.1164 ± 0.0001
	0.1455 ± 0.0003
	0.1560 ± 0.0007
	2



	F03-15
	. . .
	0.0102 ± 0.0001
	0.0254 ± 0.0001
	0.0395 ± 0.0002
	0.0440 ± 0.0004
	0



	F04-0
	. . .
	0.5618 ± 0.0000
	1.0224 ± 0.0000
	1.3957 ± 0.0000
	1.5981 ± 0.0015
	0



	F04-3
	. . .
	0.0697 ± 0.0001
	0.1646 ± 0.0002
	0.2468 ± 0.0002
	0.3045 ± 0.0008
	2



	F04-5
	. . .
	. . .
	0.4626 ± 0.0004
	0.5577 ± 0.0005
	. . .
	0



	F04-6
	. . .
	. . .
	0.0147 ± 0.0001
	0.0234 ± 0.0002
	. . .
	0



	F04-7
	. . .
	0.2694 ± 0.0002
	0.3908 ± 0.0004
	0.5077 ± 0.0005
	0.5526 ± 0.0015
	0



	F04-8
	. . .
	. . .
	0.0264 ± 0.0001
	0.0425 ± 0.0002
	. . .
	0



	F04-13
	. . .
	. . .
	0.1768 ± 0.0002
	0.2521 ± 0.0002
	. . .
	0



	F04-18
	. . .
	. . .
	0.0387 ± 0.0001
	0.0521 ± 0.0001
	. . .
	0



	F04-23
	. . .
	0.0095 ± 0.0001
	0.0196 ± 0.0001
	0.0256 ± 0.0002
	0.0306 ± 0.0005
	0



	F04-24a
	. . .
	. . .
	. . .
	. . .
	. . .
	. . .



	F05-10
	0.0990 ± 0.0003
	0.2359 ± 0.0002
	0.3898 ± 0.0004
	0.4699 ± 0.0004
	0.5649 ± 0.0010
	0



	F05-23
	0.0042 ± 0.0001
	0.0086 ± 0.0001
	0.0232 ± 0.0002
	0.0396 ± 0.0003
	0.0435 ± 0.0005
	0



	F07-11
	. . .
	0.0183 ± 0.0001
	0.0520 ± 0.0001
	0.0707 ± 0.0002
	0.0898 ± 0.0005
	0



	F07-12
	. . .
	0.0309 ± 0.0001
	0.0771 ± 0.0001
	0.1097 ± 0.0002
	0.1338 ± 0.0006
	0



	F08-1b
	. . .
	. . .
	. . .
	. . .
	. . .
	. . .



	F08-5
	. . .
	0.1572 ± 0.0001
	0.3045 ± 0.0003
	0.4321 ± 0.0004
	0.5143 ± 0.0009
	2



	F08-11
	. . .
	0.0217 ± 0.0001
	0.0656 ± 0.0001
	0.1070 ± 0.0003
	0.1392 ± 0.0006
	0



	F08-14
	. . .
	0.0283 ± 0.0001
	0.0792 ± 0.0001
	0.1161 ± 0.0003
	0.1444 ± 0.0008
	2



	F08-17
	. . .
	0.1020 ± 0.0001
	0.1008 ± 0.0002
	0.1435 ± 0.0003
	0.1274 ± 0.0007
	0



	F08-23
	. . .
	0.2399 ± 0.0002
	0.5181 ± 0.0005
	0.7053 ± 0.0006
	0.8904 ± 0.0008
	0



	F09-2
	. . .
	0.3688 ± 0.0000
	0.5932 ± 0.0000
	1.1663 ± 0.0000
	1.0028 ± 0.0009
	0



	F10-8
	. . .
	0.0083 ± 0.0001
	0.0274 ± 0.0001
	0.0400 ± 0.0002
	0.0583 ± 0.0006
	0



	F10-10
	. . .
	0.0075 ± 0.0001
	0.0227 ± 0.0001
	0.0337 ± 0.0002
	0.0468 ± 0.0005
	0



	F10-13
	. . .
	0.0043 ± 0.0001
	0.0101 ± 0.0001
	0.0142 ± 0.0002
	0.0143 ± 0.0005
	3



	F10-19
	. . .
	0.0041 ± 0.0001
	0.0127 ± 0.0001
	0.0218 ± 0.0002
	0.0210 ± 0.0006
	0



	F11-7
	. . .
	0.0707 ± 0.0001
	0.1521 ± 0.0001
	0.2180 ± 0.0002
	0.2635 ± 0.0007
	0



	F11-11
	. . .
	0.0633 ± 0.0001
	0.1073 ± 0.0001
	0.1426 ± 0.0003
	0.1586 ± 0.0006
	0



	F11-19
	. . .
	0.1337 ± 0.0001
	0.3020 ± 0.0003
	0.4274 ± 0.0004
	0.5521 ± 0.0010
	0



	F11-23
	. . .
	0.0682 ± 0.0001
	0.1460 ± 0.0001
	0.2055 ± 0.0002
	0.2604 ± 0.0007
	0



	F20-3
	. . .
	0.1723 ± 0.0002
	0.3287 ± 0.0003
	0.4639 ± 0.0004
	0.5749 ± 0.0011
	0



	F20-10
	. . .
	0.0130 ± 0.0001
	0.0347 ± 0.0001
	0.0492 ± 0.0002
	0.0760 ± 0.0006
	0



	F21-1
	. . .
	0.1057 ± 0.0001
	0.2423 ± 0.0002
	0.3330 ± 0.0003
	0.4305 ± 0.0004
	0



	F21-20
	. . .
	0.0049 ± 0.0001
	0.0168 ± 0.0001
	0.0272 ± 0.0002
	0.0354 ± 0.0006
	0






Notes. The flags are 0 for clear detection, 1 for having neighbours, 2 for being blended, and 3 for both 1 and 2 (see Hwang et al. 2007 for more).

(a) This source is damaged due to a nearby bright and saturated star on the CFHT image, and is not catalogued.


(b) This source falls on one of CCD gaps on the CFHT image, and is not catalogued.





  
    Table C.5. 

Similar table as Table C.1, but for the bright AGN candidates.




	SPICY ID
	NEP-Wide catalogue
	SPICY S9W flux
	CFHT NEP catalogue
	Class



	

	




	ID
	RA J2000 (hms)
	Dec J2000 (dms)
	(mJy)
	ID
	FIELD





	F00-3
	65028336
	17 54 54.05
	+66 34 18.0
	1.23 ± 0.04
	37688
	2
	TYPE1



	F04-20
	65041740
	17 57 32.54
	+66 40 28.5
	0.43 ± 0.02
	46530
	2
	. . .



	F05-1
	65055361
	18 00 11.66
	+66 52 15.0
	4.25 ± 0.13
	55298
	1
	TYPE1



	F05-13
	65055061
	18 00 08.16
	+66 55 01.1
	0.62 ± 0.02
	58237
	1
	. . .



	F10-20
	65040243
	17 57 14.66
	+66 31 13.2
	0.34 ± 0.02
	32913
	2
	TYPE1



	F11-14
	65037307
	17 56 41.06
	+66 05 25.7
	0.83 ± 0.03
	1859
	2
	TYPE1






Notes. Optical spectroscopic classification results by Shim et al. (2013), if available, are shown in the “class” column. TYPE1 indicates type-1 AGN.




  
    Table C.6. 

Similar table as Table C.3, but for the bright AGN candidates.




	ID
	N2 (mJy)
	N3 (mJy)
	N4 (mJy)
	S7 (mJy)
	S9W (mJy)
	S11 (mJy)
	L15 (mJy)
	L18W (mJy)





	F00-3
	0.125 ± 0.004
	0.185 ± 0.003
	0.282 ± 0.004
	0.931 ± 0.017
	1.210 ± 0.018
	1.630 ± 0.027
	2.480 ± 0.045
	2.760 ± 0.040



	F04-20
	0.074 ± 0.003
	0.138 ± 0.003
	0.149 ± 0.003
	0.385 ± 0.014
	0.520 ± 0.015
	0.590 ± 0.021
	0.707 ± 0.030
	0.825 ± 0.029



	F05-1
	0.425 ± 0.005
	0.561 ± 0.005
	0.944 ± 0.005
	3.030 ± 0.028
	4.390 ± 0.024
	5.960 ± 0.038
	11.500 ± 0.074
	14.400 ± 0.066



	F05-13
	0.065 ± 0.004
	0.116 ± 0.003
	0.177 ± 0.003
	0.461 ± 0.015
	0.612 ± 0.016
	0.766 ± 0.026
	0.865 ± 0.032
	0.850 ± 0.029



	F10-20
	0.149 ± 0.004
	0.226 ± 0.004
	0.254 ± 0.004
	0.301 ± 0.013
	0.346 ± 0.013
	0.390 ± 0.021
	0.606 ± 0.039
	0.701 ± 0.033



	F11-14
	0.150 ± 0.004
	0.210 ± 0.003
	0.334 ± 0.004
	0.712 ± 0.017
	0.983 ± 0.017
	1.170 ± 0.025
	1.830 ± 0.042
	2.070 ± 0.040







  
    Table C.7. 

Similar table as Table C.4, but for the bright AGN candidates.




	ID
	u* (mJy)
	g′ (mJy)
	r′ (mJy)
	i′ (mJy)
	z′ (mJy)
	Flag





	F00-3
	. . .
	0.0595 ± 0.0001
	0.1303 ± 0.0001
	0.0650 ± 0.0001
	0.1361 ± 0.0004
	0



	F04-20
	. . .
	. . .
	0.0054 ± 0.0001
	0.0128 ± 0.0001
	. . .
	0



	F05-1
	0.0105 ± 0.0001
	0.0274 ± 0.0001
	0.1075 ± 0.0001
	0.1694 ± 0.0002
	0.1982 ± 0.0004
	0



	F05-13
	0.0002 ± 0.0001
	0.0005 ± 0.0000
	0.0010 ± 0.0001
	0.0020 ± 0.0001
	0.0057 ± 0.0002
	0



	F10-20
	. . .
	0.0056 ± 0.0001
	0.0198 ± 0.0001
	0.0302 ± 0.0002
	0.0391 ± 0.0005
	0



	F11-14
	. . .
	0.0493 ± 0.0000
	0.0712 ± 0.0001
	0.0935 ± 0.0002
	0.1079 ± 0.0004
	0







  
    Table C.8. 

Monochromatic photometric luminosities and rest-frame flux ratios of the SPICY PAH galaxies.




	ID
	log νLνphot (3.5 μm) (L⊙)
	log νLνphot (7.7 μm) (L⊙)
	Rest-frame flux ratios



	Frest 3.5 μm/Frest 2.0 μm
	Frest 7.7 μm/Frest 3.5 μm
	Frest 11.3 μm/Frest 7.7 μm





	F00-1
	[image: equation]
	[image: equation]
	0.611 ± 0.018
	6.398 ± 0.203
	1.035 ± 0.041



	F01-7
	[image: equation]
	[image: equation]
	0.454 ± 0.004
	1.394 ± 0.027
	. . .



	F01-13
	[image: equation]
	[image: equation]
	0.521 ± 0.015
	3.082 ± 0.139
	1.038 ± 0.063



	F01-15
	[image: equation]
	[image: equation]
	0.537 ± 0.018
	3.545 ± 0.178
	. . .



	F01-19
	[image: equation]
	[image: equation]
	0.578 ± 0.032
	7.810 ± 0.475
	0.838 ± 0.072



	F02-0
	[image: equation]
	[image: equation]
	0.509 ± 0.010
	3.307 ± 0.091
	1.055 ± 0.036



	F02-4
	[image: equation]
	[image: equation]
	0.559 ± 0.016
	5.220 ± 0.188
	0.931 ± 0.048



	F02-6
	[image: equation]
	[image: equation]
	0.499 ± 0.012
	2.882 ± 0.085
	1.147 ± 0.051



	F02-8
	[image: equation]
	[image: equation]
	0.555 ± 0.014
	2.766 ± 0.110
	1.074 ± 0.067



	F02-9
	[image: equation]
	[image: equation]
	0.616 ± 0.025
	5.031 ± 0.248
	0.902 ± 0.062



	F02-15
	[image: equation]
	[image: equation]
	0.529 ± 0.022
	4.122 ± 0.233
	1.012 ± 0.088



	F02-20
	[image: equation]
	[image: equation]
	0.581 ± 0.026
	5.263 ± 0.295
	1.005 ± 0.071



	F02-24
	[image: equation]
	[image: equation]
	0.477 ± 0.022
	2.984 ± 0.189
	0.933 ± 0.095



	F03-4
	[image: equation]
	[image: equation]
	0.618 ± 0.018
	4.077 ± 0.136
	1.044 ± 0.051



	F03-15
	[image: equation]
	[image: equation]
	0.630 ± 0.048
	5.319 ± 0.474
	0.909 ± 0.112



	F04-0
	[image: equation]
	[image: equation]
	0.504 ± 0.004
	4.426 ± 0.051
	1.129 ± 0.015



	F04-3
	[image: equation]
	[image: equation]
	0.537 ± 0.010
	4.694 ± 0.095
	1.142 ± 0.031



	F04-5
	[image: equation]
	[image: equation]
	0.518 ± 0.011
	3.339 ± 0.103
	. . .



	F04-6
	[image: equation]
	[image: equation]
	0.642 ± 0.038
	13.897 ± 0.747
	0.643 ± 0.041



	F04-7
	[image: equation]
	[image: equation]
	0.448 ± 0.012
	3.384 ± 0.151
	1.091 ± 0.068



	F04-8
	[image: equation]
	[image: equation]
	0.942 ± 0.048
	6.287 ± 0.326
	1.063 ± 0.066



	F04-13
	[image: equation]
	[image: equation]
	0.497 ± 0.012
	2.522 ± 0.119
	0.756 ± 0.057



	F04-18
	[image: equation]
	[image: equation]
	0.715 ± 0.042
	6.030 ± 0.406
	1.540 ± 0.114



	F04-23
	[image: equation]
	[image: equation]
	0.612 ± 0.044
	10.119 ± 0.741
	0.609 ± 0.062



	F04-24
	[image: equation]
	[image: equation]
	0.698 ± 0.029
	3.044 ± 0.184
	1.438 ± 0.113



	F05-10
	[image: equation]
	[image: equation]
	0.475 ± 0.011
	2.681 ± 0.109
	0.952 ± 0.054



	F05-23
	[image: equation]
	[image: equation]
	0.500 ± 0.037
	9.751 ± 0.738
	0.629 ± 0.062



	F07-11
	[image: equation]
	[image: equation]
	0.556 ± 0.028
	8.984 ± 0.454
	1.086 ± 0.062



	F07-12
	[image: equation]
	[image: equation]
	0.553 ± 0.021
	4.568 ± 0.240
	1.187 ± 0.087



	F08-1
	. . .
	[image: equation]
	. . .
	. . .
	1.034 ± 0.015



	F08-5
	[image: equation]
	[image: equation]
	0.597 ± 0.010
	5.884 ± 0.092
	1.169 ± 0.020



	F08-11
	[image: equation]
	[image: equation]
	0.554 ± 0.019
	5.199 ± 0.214
	1.195 ± 0.064



	F08-14
	[image: equation]
	[image: equation]
	0.516 ± 0.016
	5.717 ± 0.203
	0.816 ± 0.036



	F08-17
	[image: equation]
	[image: equation]
	0.651 ± 0.030
	4.809 ± 0.245
	1.186 ± 0.078



	F08-23
	[image: equation]
	[image: equation]
	0.422 ± 0.006
	1.074 ± 0.052
	0.973 ± 0.076



	F09-2
	[image: equation]
	[image: equation]
	0.550 ± 0.006
	4.852 ± 0.065
	1.187 ± 0.017



	F10-8
	[image: equation]
	[image: equation]
	0.526 ± 0.027
	11.577 ± 0.602
	0.851 ± 0.045



	F10-10
	[image: equation]
	[image: equation]
	0.633 ± 0.036
	5.881 ± 0.387
	0.949 ± 0.081



	F10-13
	[image: equation]
	[image: equation]
	0.609 ± 0.037
	9.554 ± 0.599
	0.948 ± 0.076



	F10-19
	[image: equation]
	[image: equation]
	0.640 ± 0.049
	9.742 ± 0.718
	0.628 ± 0.066



	F11-7
	[image: equation]
	[image: equation]
	0.530 ± 0.013
	6.531 ± 0.162
	1.170 ± 0.032



	F11-11
	[image: equation]
	[image: equation]
	0.601 ± 0.024
	7.180 ± 0.283
	1.096 ± 0.050



	F11-19
	[image: equation]
	[image: equation]
	0.457 ± 0.008
	1.893 ± 0.074
	1.009 ± 0.058



	F11-23
	[image: equation]
	[image: equation]
	0.499 ± 0.014
	2.481 ± 0.132
	1.017 ± 0.074



	F20-3
	[image: equation]
	[image: equation]
	0.670 ± 0.009
	6.387 ± 0.097
	. . .



	F20-10
	[image: equation]
	[image: equation]
	0.575 ± 0.031
	9.668 ± 0.525
	0.774 ± 0.049



	F21-1
	[image: equation]
	[image: equation]
	0.525 ± 0.010
	5.352 ± 0.119
	1.078 ± 0.026



	F21-20
	[image: equation]
	[image: equation]
	0.561 ± 0.038
	6.948 ± 0.522
	0.808 ± 0.088
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