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Abstract

Context. The combination between non-thermal and thermal emission in γ-ray blazars pushes them to a specific region of the mid-infrared three-dimensional color diagram, the so-called blazar locus, built based on observations performed with the Wide-field Infrared Survey Explorer. The selection of blazar candidates based on these mid-infrared colors has been extensively used in the past decade in the hunt for the counterparts of unassociated γ-ray sources observed with the Fermi Large Area Telescope and in the search for new blazars in optical spectroscopic campaigns.

Aims. In this work, we provide a theoretical description of the origin of the blazar locus and show how we can reasonably reproduce it with a model consisting of only three spectral components: a log-parabola accounting for the non-thermal emission, and an elliptical host and dust torus accounting for the thermal emission.

Methods. We simulate spectral energy distributions (SEDs) for blazars, starting with a pure log-parabola model and then increasing its complexity by adding a template elliptical galaxy and dust torus. From these simulations, we compute the mid-infrared magnitudes and corresponding colors to create our own version of the blazar locus.

Results. Our modeling allows for the selection of spectral parameters that better characterize the mid-infrared emission of γ-ray blazars, such as the log-parabola curvature (β < 0.04 for 50% of our sample) and an average spectral peak around Ep ≈ 1.5 × 10−13 erg. We also find that the log-parabola is the main spectral component behind the observed mid-infrared blazar colors, although additional components such as a host galaxy and a dust torus are crucial to obtain a precise reconstruction of the blazar locus.
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1. Introduction
Blazars are one of the most elusive types of active galactic nuclei (AGNs) and their multiwavelength emission, mainly non-thermal, arises from the acceleration of charged particles in a relativistic jet closely aligned with the line of sight (Blandford & Königl 1979). They are divided into two main classes based on their optical spectra (Massaro et al. 2009), that is, the BL Lacs, which present only weak emission or absorption lines (equivalent widths < 5 Å), or even a continuum-dominated spectrum completely depleted of lines (Stickel et al. 1991; Landoni et al. 2014); and the flat spectrum radio quasars (FSRQs), which have broad emission lines, a dominant blue continuum, and a flat radio spectrum (spectral index α < 0.5 in the 1 ∼ 5 GHz range; Chen et al. 2009; Ghisellini et al. 2011). Although relatively rare among AGNs, blazars are the dominant population in the γ-ray sky, accounting for more than 50% of all sources observed so far with the Fermi Large Area Telescope (LAT; Abdollahi et al. 2022).
The non-thermal emission of blazars produces a characteristic spectral energy distribution (SED) that exhibits two broad bumps: one at low energies, originating from the synchrotron emission of relativistic particles accelerated in the blazar jet and peaking somewhere between the radio and soft X-rays; and a second one peaking at γ-rays typically associated with the inverse Compton scattering of local synchrotron or external thermal photons by the relativistic leptons in the blazar jet (Fossati et al. 1998; Ghisellini et al. 1998; Abdo et al. 2010), although a hadronic interpretation is also possible (Böttcher et al. 2013; de Menezes et al. 2020a). This particular SED shape, dominated by non-thermal emission, positions γ-ray blazars in a distinct region of the mid-infrared three-dimensional color space defined by the Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010) filters, the so-called blazar locus (Massaro et al. 2011, 2012a; D’Abrusco et al. 2014).
These mid-infrared properties of blazars were taken as a diagnostic tool for the characterization of AGNs (Stern et al. 2012; Assef et al. 2013; Yan et al. 2013; Mateos et al. 2013) and the association of uncertain and unknown low-energy counterparts of Fermi-LAT γ-ray sources (Massaro et al. 2012a, 2015b; Massaro & D’Abrusco 2016; Abdollahi et al. 2020; de Menezes et al. 2020b), many of which were later confirmed to be blazars via optical spectroscopy (e.g., Paggi et al. 2013; Ricci et al. 2015; Crespo et al. 2016; Marchesini et al. 2019; de Menezes et al. 2020c; Peña-Herazo et al. 2020, 2021; García-Pérez et al. 2023). In this context, the WISE Blazar-Like Radio-Loud Sources catalog (WIBRaLS; D’Abrusco et al. 2014; D’Abrusco et al. 2019; de Menezes et al. 2019) emerges as one of the most successful catalogs of γ-ray blazar candidates, designed by selecting radio-loud sources detected in all four WISE bands (nominally at 3.4, 4.6, 12, and 22 μm) and presenting mid-infrared colors similar to those of Fermi-LAT blazars (i.e., within the blazar locus).
In this work, we model the SED of sources located within the blazar locus, showing why the blazars occupy a specific region of the three-dimensional mid-infrared color space, well separated from other astrophysical sources dominated by thermal radiation, and identifying the ranges of non-thermal parameters that characterize these blazars. We furthermore discuss why this locus cannot be reasonably reproduced by sources with pure power-law spectra in the mid-infrared.
Throughout this work, the WISE bands are indicated as W1, W1, W3, and W4, corresponding to the nominal wavelengths centered at 3.4, 4.6, 12, and 22 μm, respectively. The present paper is organized as follows. In Sect. 2 we detail how the blazar locus is built based on a clean selection of blazars. In Sect. 3 we describe how we model the locus based on a combination of non-thermal emission from the jet, thermal emission from the host galaxy, and thermal emission from a dust torus. We show the results of our modeling in Sect. 4 and present a discussion and conclusions in Sect. 5. In this work we assume a flat Universe with h = 0.70, Ωm = 0.30, and ΩΛ = 0.70, where the Hubble constant is H0 = 100 h km s−1 Mpc−1 (Tegmark et al. 2004). The WISE magnitudes adopted here are in the Vega system and are not corrected for the Galactic extinction since such a correction only affects the W1 band for sources lying close to the Galactic plane, and it ranges between 2% and 5% of a magnitude (D’Abrusco et al. 2014), thus not significantly affecting the results.
2. The blazar locus
In the two-dimensional W1 − W2 × W2 − W3 color-color diagram for WISE sources, the blazars, which are dominated by non-thermal emission, occupy a very specific region (the so-called blazar strip), well separated from other sources that are dominated by thermal radiation, as shown by Massaro et al. (2011, 2012a,b). In following works (D’Abrusco et al. 2012; D’Abrusco et al. 2014), a refined model of this region was built including a third axis (i.e., W3 − W4) in the mid-infrared WISE color diagram, the so-called blazar locus.
The blazar locus adopted here is based on the original sample of blazars described in D’Abrusco et al. (2019). This sample consists of the blazars listed in the Fermi-LAT third source catalog (3FGL; Acero et al. 2015 that have a counterpart in the Roma-BZCat catalog (Massaro et al. 2015a) and are detected in all four WISE filters. The counterpart in Roma-BZCat guarantees that the blazar nature of the source was carefully verified by inspection of its multi-wavelength emission, while the counterpart in 3FGL guarantees that these blazars are γ-ray emitters. We also verified that using the updated version of the Fermi-LAT catalog (i.e., 4FGL) increases the number of locus sources by less than 5% and does not appreciably change the values of the best-fit parameters of the locus model adopted here and published by D’Abrusco et al. (2019). The final sample used to define the WISE blazar locus consists of 901 γ-ray-emitting blazars, split into 497 BL Lacs and 404 FSRQs.
The intrinsic distribution of blazar redshifts varies between the two spectral classes, and the observational incompleteness of our sample affects these classes differently, leading to a reshaping of the locus driven by the redder colors of high-redshift sources. In Figure 1 we show how different regions of the blazar locus (defined by the 90% containment black contours) present different average redshifts, with the top-right corner of both panels being dominated by higher-redshift sources (all redshifts are collected from Massaro et al. 2015a). A realistic model for the locus has to consider this fundamental feature (see Sect. 3.2). Each green tile in this figure represents the average redshift computed for the N blazars lying within the tile edges. Since we only have the redshifts for 559 blazars (out of 901), the average redshift per tile is computed only for those blazars with an available redshift (dark-blue numbers), while those sources with unknown redshifts (brown numbers) are not taken into account. For those cells containing more than ten blazars with an available redshift, we also computed the redshift standard deviation, finding values in the range of 25% (top-right corner of the locus) to ∼50% (bottom-left corner) of zav.
	[image: thumbnail]	Fig. 1. Distribution of average redshift (green tiles) for the blazars used to create the locus. We see that the regions dominated by FSRQs (i.e., top-right corners of both panels) have higher average redshifts (zav). The dark-blue numbers within each tile represent the total number of sources used to compute the average redshift, while the brown numbers represent the number of blazars with unknown redshift. Tiles with no redshift available are set to 0 and tagged with the label “No z”, while the background tiles are set to −0.5. The black contours represent the 90% containment projections of the blazar locus in both mid-infrared color-color planes.



3. Locus modeling
To model the lower-energy bump in the SED of blazars, we start with a semi-analytical model where a log-parabolic shape is used to describe the peak of the synchrotron emission (see e.g., Landau et al. 1986; Massaro et al. 2004a), for a qualitative and quantitative discussion on this topic). A log-parabolic spectrum is naturally obtained if the statistical acceleration of particles in the blazar jet has an energy-dependent probability that goes with 1/Eb (where E is the particle’s energy and b is a positive constant), such that faster particles tend to escape from the acceleration site without being further accelerated (Massaro et al. 2004a,b, 2006). The log-parabolic curve is typically written as:
[image: thumbnail](1)
where α is the spectral index, β is the curvature parameter, such that larger β values imply on a stronger curvature, and E1 is the pivot energy, which is typically set as a constant to avoid degeneration with the normalization constant K. In this work, however, we prefer to use the log-parabolic spectrum in the form (Massaro et al. 2004b; Tanihata et al. 2004; Tramacere et al. 2007):
[image: thumbnail](2)
which conveniently gives us the SED peak value Sp = Ep2 F(Ep), the energy at which the SED peak is located Ep, and the spectral curvature β. In the following subsections, we will first describe the simplified SED model consisting only of a log-parabola component and then switch to a more complex description of the SEDs by including an elliptical host galaxy and a dust torus. In the simplistic log-parabola assumption, the problem is reduced to basically finding the best-fit values of the parameters Sp, Ep and β.
3.1. Non-thermal emission
We use Eq. (2) to simulate SEDs with parameters randomly chosen in the log-space ranges 10−14 < Sp < 10−10 erg cm−2 s−1 and 10−16 < Ep < 10−8 erg; and in the linear space range 0 < β < 0.5. These intervals of values are chosen so that Sp can reach differential fluxes as high as the brightest known blazars (e.g., see Figures 4 and 5 in Giommi et al. 2021), Ep can be anywhere between the radio/far-infrared (as can be the case for FSRQs, e.g., Giommi et al. 2012; Anjum et al. 2020) and soft X-rays (as can be the case for high synchrotron peak blazars, e.g., Fossati et al. 1998; Bartoli et al. 2012), and β assumes realistic synchrotron peak curvature values as discussed in Chen (2014). For each one of the models adopted herein, we simulate 105 sources divided into ten groups of 104. The size of each group guarantees that the final number of sources within the locus 90% containment contours is of the order ≲103, which is of the same order as the original sample used to build the locus (i.e., 901 blazars).
We compute the sources’ average fluxes in each one of the WISE bands according to:
[image: thumbnail](3)
where N corresponds to one of the four WISE bands, S(E) is defined in Eq. (2), Emax, N and Emin, N are the energy limits for each WISE band, and θ represents the set of log-parabola parameters randomly selected from the ranges discussed above. The final values of FN are then converted to Jansky and their respective magnitudes in the Vega System are calculated according to (see Wright et al. 2010; Jarrett et al. 2011, for further details on WISE magnitudes)1:
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where WN represents one of the four WISE magnitudes, Fν, N is the target flux density in the N band in Jy, Fν0, N is the zero magnitude flux density in the N band derived for sources with power-law spectra Fν ∝ ν−2, and fc is a correction factor dependent on the local power-law spectral index. The four values for Fν0, N can be found in Section 2.2 in Wright et al. (2010). To incorporate observational fluctuations into our model (mainly driven by variability), we add a 5% Gaussian noise to each value of Fν, N before computing the magnitudes. The mid-infrared color-color diagrams for this simplified model can be found in Fig. 2, where we immediately see that the blazar locus is mainly populated by blazars with relatively low values of β, and that a simple log-parabolic SED cannot fully reproduce the range of mid-infrared colors in the blazar locus, delimited here by the outermost 90% containment isodensity black contour. The isodensity curves (90% containment) for simulated sources lying within the locus 90% containment black contours are shown in red and are compared with the original distribution of sources in the blazar locus via a two-dimensional Kolmogorov-Smirnov (KS) test (Fasano & Franceschini 1987)2, giving average two-tailed p-values and KS statistics of P = 10−21.46 ± 2.48 and D = 0.27 ± 0.02 (left panel), and P = 10−20.31 ± 0.87 and D = 0.27 ± 0.01 (right panel), where the uncertainties are derived as the log10P and D standard deviations for the ten groups described above. With such small p-values, this simplified model is rejected as the origin of the blazar locus. Ideally, we want p-values larger than 10−6.24, implying that our model cannot be rejected as the origin of the locus at the 5σ Gaussian-equivalent confidence level. At this stage of the modeling, we do not consider the redshifts of the targets, but we will do it in the following sections as the model becomes more complex.
	[image: thumbnail]	Fig. 2. Mid-infrared color-color diagrams for the log-parabola model. We see that this simplified model already seems to suggest that the blazar locus (represented by the three-dimensional color space delimited by the 90%-containment black contours from both panels) is populated by blazars with weak spectral curvature (i.e., relatively small values of β), although pure power-law spectra (magenta lines), with zero spectral curvature, also seem to be insufficient to create the observed distribution of sources in the locus. The red contours represent the 90% containment region for the simulated sources lying within the 90% containment contours of the blazar locus. The red and black isodensity contours are significantly different from each other, as detailed in the text. Here we plot only 5000 points for readability reasons.



In Fig. 2 we also show magenta straight lines corresponding to the mid-infrared colors of sources with a pure power-law spectrum (i.e., Eq. (1) with β = 0), with spectral indices in the range −1 ≤ α ≤ 2. Although small values of β are overall favored (more details in Sect. 4), the distribution of sources in the blazar locus is not symmetrical around the β = 0 line, suggesting that sources with pure power-law spectra cannot fully populate the locus (see Massaro et al. 2011, for a discussion on this topic).
3.2. Blazar host galaxy
BL Lacs and FSRQs are typically hosted by elliptical galaxies (Urry et al. 2000; O’Dowd et al. 2002; Olguín-Iglesias et al. 2016). At this stage of the modeling, we add an elliptical galaxy component to the log-parabolic SEDs described in Sect. 3.1. The galactic templates are collected from the SWIRE Template Library (Polletta et al. 2007)3 and cover rest-frame wavelengths from 0.1 μm up to 1000 μm (i.e., from the far ultraviolet to the far infrared). We select three galactic templates (namely Ell2, Ell5, and Ell13, following the SWIRE nomenclature) and redshift them by a random value in the range 0.001 < z < 4.5 with selection weights based on the two redshift distributions (i.e., one for BL Lacs and one for FSRQs) of the sample used to build the blazar locus. We furthermore normalize each template such that their bolometric luminosities, Lbol, are in the range [image: equation], where [image: equation] erg/s approximates the bolometric luminosity limit of cD galaxies, and calculate the differential fluxes by adding a component Sgal(E) into the integrand of Eq. (3). In Fig. 3 we show three simulated SEDs randomly chosen from our sample and compare them with the SED data points of the blazars 3C279 and BL Lac (both of which are included in the locus sample). It is clear how the host galaxy’s thermal emission can significantly affect the mid-infrared colors for a given target, especially in the WISE bands W1 and W2 (represented by the black and blue vertical stripes, respectively); and how galaxies at higher redshifts will present substantially different mid-infrared colors. In this figure we also see that the computed SED points (filled circles) are consistent with the measured SED points for 3C279 (empty circles) and BL Lac (empty squares) in terms of shape and normalization.
	[image: thumbnail]	Fig. 3. SEDs of three randomly chosen blazars from our simulations (each one represented by a specific color). The final SED from which we compute the magnitudes consists of the sum (solid lines) of a galactic (dotted lines) and a log-parabola (dashed lines) component. In the WISE bands (vertical-colored stripes) where the log-parabola component is relatively weak, we see a significant contribution from the host galaxy. The final differential fluxes (see text for details), including the 5% Gaussian noise, for each blazar in each band are shown as filled circles. For comparison, we also show the SED points measured with WISE for the blazars 3C279 and BL Lac, both of which are included in the locus sample.



In the top panels of Fig. 4 we show the mid-infrared color-color diagrams for this upgraded model. We see that the red contours (90% isodensity curves for the simulated sources lying within the 90% containment contour of the blazar locus) already give us a much better representation of the blazar locus, with two-tailed p-values and KS statistics of P = 10−6.71 ± 1.39 and D = 0.15 ± 0.01 (left panel), and P = 10−8.88 ± 1.45 and D = 0.18 ± 0.01 (right panel), which is again permeated by sources with relatively small β values. This upgraded model is especially good at recovering the bottom section of both color-color locus projections, that is, the regions dominated by BL Lacs, although the relatively small p-values discussed above guarantee that something is still missing. In the next section, we implement our model by adding a torus component.
	[image: thumbnail]	Fig. 4. Mid-infrared color-color diagrams for models consisting of a log-parabola and a host elliptical galaxy components (top panels), and the same model with the addition of a dust torus for the FSRQs (middle panels). The overall distribution of simulated sources within the locus (90% containment red contours) for this later model is in much better agreement with the original distribution of sources in the blazar locus (90% containment black contours) if compared with the previous models. In the bottom panels, we show how the average blazar redshift is distributed in our simulations (for the same model as in the middle panels), which agrees with Fig. 1. All of these panels represent only one simulation (out of ten) with 10 000 sources.



3.3. Adding a dust torus
We repeat the analysis performed in Sect. 3.2 separating the sources into two groups based on their mid-infrared colors, the first one corresponding to FSRQs and containing 80% of the sources with W1 − W2 > 0.9 and W3 − W4 > 2.2, and the second one containing the remaining sources consisting mainly of BL Lacs. Selecting different color cuts in the ranges 0.8 < W1 − W2 < 1.0 and 2.1 < W3 − W4 < 2.4 does not significantly affect our results, as the fraction of BL Lacs returned by using these limits is always in the range 20%∼25%.
We then add a dust torus component (again from the SWIRE archive) only for the first group, since FSRQs frequently show signs of thermal emission from a dust torus (Malmrose et al. 2011), while there is no observational evidence for tori in BL Lacs (Plotkin et al. 2012). The mid-infrared color distributions delivered by this model show a significant improvement in the W1 − W2 × W2 − W3 projection of the blazar locus (see the middle panels of Fig. 4), with a two-tailed p-value and KS statistics of P = 10−5.05 ± 1.19 and D = 0.13 ± 0.01, indicating that our model cannot be rejected as the origin of this locus projection at the 4σ confidence level, given that the 4σ threshold for a two-tailed p-value is given by P4σ = 10−4.19, which is consistent with our results within the errors. For the W2 − W3 × W3 − W4 projection, on the other hand, the results are slightly better than in the previous model, with P = 10−7.19 ± 1.40 and D = 0.16 ± 0.01. In any case, this p-value guarantees that our model cannot be rejected at the 5σ confidence level (i.e., P5σ = 10−6.24). In both color-color projections, we see that the locus is still filled with weak spectral curvature blazars (see Sect. 4 for details).
In the bottom panels of Fig. 4 we show the average redshift distribution for the model including the dust torus, which is quite similar to the original locus distribution shown in Fig. 1, indicating that our simulations can reasonably reproduce this feature. With this model in hand, we now want to understand which parameters from Eq. (2) best describe the blazar locus. We then select all the simulated sources lying within the 90% containment contours of both locus projections and investigate their parameter distributions, as shown in Sect. 4. With this three-component model, we arrive as far as the observational constraints allow us and reach a reasonable description (i.e., rejection level ≲5σ) of the blazar locus.
4. Results
Although a log-parabolic component alone is not enough to fully describe the blazar locus, as shown in Fig. 2, it is the most fundamental ingredient for all models tested here. In Fig. 5 we see that the colors of elliptical galaxies and tori, by themselves, cannot fulfill the locus, that is, they need a substantial contribution from the log-parabola component. This component is so important that measuring its parameters (see Eq. (2)) can already give us a good characterization of the blazars found in the locus. In Fig. 5 we also highlight the zones (90% containment contours) in the mid-infrared color space corresponding to the colors of spiral galaxies, ultra-luminous infrared galaxies (ULIRGs; where both templates are collected from the SWIRE archive), and nearly black-body spectra representing stars with surface temperatures in the range 2500K < Tsurf < 7500 K. We see that spiral galaxies represent a possible source of contamination in the W2 − W3 × W3 − W4 torus projection, however, this problem is attenuated by the W1–W2 selection performed for the 3D locus.
	[image: thumbnail]	Fig. 5. Mid-infrared color-color diagram 90% containment regions dominated by elliptical galaxies (green), spiral galaxies (violet), ULIRGs (red), dust torus (cyan), and stars (magenta). We see that none of these components, by themselves, can completely fill the locus, endorsing how important the log-parabola component (see Fig. 2) is for our model.



In Fig. 6 we show the distribution of log-parabola parameters for 100 000 sources simulated with the model described in Sect. 3.3. We immediately see that the simulated sources lying within the blazar locus (blue histogram) present relatively small curvatures, where 50% of the sample has β < 0.04 and 90% has β < 0.18. Furthermore, the average energy peak is centered at Ep ≈ 1.5 × 10−13 erg (i.e., within WISE band W3), with nearly 50% of the blazars having 10−13.7 < Ep < 10−12.3 erg and nearly 90% having 10−15 < Ep < 10−11 erg.
	[image: thumbnail]	Fig. 6. Distribution of log-parabola parameters (from Eq. (2)) for 100 000 sources simulated with a model consisting of a log-parabola, an elliptical galaxy host, and a dust torus (grey histogram). We see that, overall, the sources within the blazar locus (blue histogram) present weak spectral curvature (β < 0.04 for 50% of the sample) and concentrate around Ep ≈ 1.5 × 10−13 erg. The black hatched histograms represent the blazar locus after we apply the WISE magnitude cuts and can be divided into two components, one with FSRQs (red histograms), and the other with BL Lacs (green histograms).



This favored value of Ep tells us that, if the log-parabola spectral component peaks near the center (in log scale) of the range covered by the WISE filters, then it is basically guaranteed that WISE will detect it as a non-thermal source. The black hatched histograms in Fig. 6 represent the distribution of log-parabola parameters in the locus after cutting from our sample those sources with magnitudes below the WISE sensitivity limits, rounded to W1 ≲ 17.5, W2 ≲ 16.5, W3 ≲ 13.0, and W4 ≲ 10.0. As expected, the only parameter that is modified by the magnitude cuts is the SED energy flux peak Sp.
It is evident from the middle panel of Fig. 6 that BL Lacs (green histogram) and FSRQs (red histogram) have different distributions of Ep, with the former peaking at Ep ≈ 10−12.5 erg and the latter at Ep ≈ 10−13.2 erg, just outside the energy range covered by the four WISE bands. The β distributions, on the other hand, have a very similar shape, with BL Lacs slightly allowing for stronger curvatures.
We found no significant correlation between the parameters β × Ep, for which we found a Pearson correlation coefficient Pc = −0.097 (or Pc = −0.089 if we use log10Ep); neither for the parameters log10Lp × β or log10Ep × log10Lp, where Lp ≡ Sp4πdL2 is the peak differential luminosity (i.e., dL is the luminosity distance) and the Pearson correlation coefficients are Pc = 0.013 and Pc = 0.033, respectively. We further notice that log-parabolas peaking in the range 10−14 ≲ Ep ≲ 10−12 erg allow a wider range of β, as shown in Fig. 7.
	[image: thumbnail]	Fig. 7. Distribution of the curvature parameter, β, in terms of the position of the log-parabola energy peak, Ep, for the model consisting of a log-parabola, a host elliptical galaxy and a dust torus (see Sect. 3.3). The color bar represents the number, N, of simulated sources found in each bin. We see that sources peaking in the range 10−14 ≲ Ep ≲ 10−12 erg allow for a wider range of β.



5. Discussion and conclusions
The full extent in the WISE color space occupied by the blazar locus can be reasonably reproduced by a model only if it contains a combination of thermal and non-thermal emission components. The observations of elliptical galaxies as the hosts of BL Lacs objects (Falomo 1996; Kotilainen et al. 1998; Urry et al. 1999, 2000) strongly suggest that the thermal emission from these hosts is a fundamental piece of a spectral model that correctly reproduces the mid-infrared colors of blazars (in some rare cases, however, we can find disk galaxies as the hosts of BL Lacs; Abraham et al. 1991; Urry et al. 2000). We also have observational evidence for the presence of dust tori in FSRQs (Malmrose et al. 2011) and, given that these are particularly bright in the mid-infrared, this component also seems to be necessary for the correct reconstruction of the blazar locus. Based on these observations, in this work we focused our efforts on describing the blazar locus with a model consisting of a log-parabola, a host elliptical galaxy, and a dust torus. This model seems to reasonably reconstruct the blazar locus and cannot be rejected with a confidence greater than 4 ∼ 5σ according to the KS test described in Sect. 3.1. We reach several conclusions based on this modeling, as listed below:

	
The log-parabola is the main spectral component for blazars, although it cannot fully reproduce the colors of the locus by itself.



	
An elliptical galaxy and a dust torus components (whose presence is supported by observations, e.g., Urry et al. 2000; Malmrose et al. 2011) are necessary to fully populate the area of the WISE 3D color space occupied by the blazar locus.



	
Assuming simulated SEDs including a log-parabola, an elliptical host and a dust torus components (see Sect. 3.3), sources matching the position of the locus tend to have relatively weak spectral curvatures, with β < 0.04 for 50% of the sample, and a distribution of spectral peaks centered at Ep ≈ 1.5 × 10−13 erg.



	
The average log-parabola spectral peak, ⟨Ep⟩, for BL Lacs is located nearly one order of magnitude at higher energies than for FSRQs.



	
For log-parabola spectral components peaking around 10−14 erg ≲ Ep ≲ 10−12 erg, the spectral curvatures can reach at least β ≈ 0.5.



	
Spirals contaminate the projection of the locus on the W2–W3 × W3–W4 plane but do not significantly affect the locus since they are filtered out by the color W1 − W2.




The results described in this work provide the first semi-analytical theoretical ground for several previous articles on the mid-infrared observational properties of γ-ray blazars (e.g., Massaro et al. 2011, 2012b; D’Abrusco et al. 2012; D’Abrusco et al. 2014; D’Abrusco et al. 2019; de Menezes et al. 2019) and help on the quest for the association of Fermi-LAT unidentified γ-ray sources with their low-energy counterparts (Paggi et al. 2014; Landoni et al. 2015; Massaro et al. 2016; Peña-Herazo et al. 2019; de Menezes et al. 2020b).


1 A summary about WISE magnitudes can also be found here: https://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4_4h.html


2 Available as the Python module ndtest here: https://github.com/syrte/ndtest?tab=readme-ov-file


3 The templates are available online at the following URL: http://www.iasf-milano.inaf.it/~polletta/templates/swire_templates.html
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All Figures
	[image: thumbnail]	Fig. 1. Distribution of average redshift (green tiles) for the blazars used to create the locus. We see that the regions dominated by FSRQs (i.e., top-right corners of both panels) have higher average redshifts (zav). The dark-blue numbers within each tile represent the total number of sources used to compute the average redshift, while the brown numbers represent the number of blazars with unknown redshift. Tiles with no redshift available are set to 0 and tagged with the label “No z”, while the background tiles are set to −0.5. The black contours represent the 90% containment projections of the blazar locus in both mid-infrared color-color planes.
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	[image: thumbnail]	Fig. 2. Mid-infrared color-color diagrams for the log-parabola model. We see that this simplified model already seems to suggest that the blazar locus (represented by the three-dimensional color space delimited by the 90%-containment black contours from both panels) is populated by blazars with weak spectral curvature (i.e., relatively small values of β), although pure power-law spectra (magenta lines), with zero spectral curvature, also seem to be insufficient to create the observed distribution of sources in the locus. The red contours represent the 90% containment region for the simulated sources lying within the 90% containment contours of the blazar locus. The red and black isodensity contours are significantly different from each other, as detailed in the text. Here we plot only 5000 points for readability reasons.
In the text



	[image: thumbnail]	Fig. 3. SEDs of three randomly chosen blazars from our simulations (each one represented by a specific color). The final SED from which we compute the magnitudes consists of the sum (solid lines) of a galactic (dotted lines) and a log-parabola (dashed lines) component. In the WISE bands (vertical-colored stripes) where the log-parabola component is relatively weak, we see a significant contribution from the host galaxy. The final differential fluxes (see text for details), including the 5% Gaussian noise, for each blazar in each band are shown as filled circles. For comparison, we also show the SED points measured with WISE for the blazars 3C279 and BL Lac, both of which are included in the locus sample.
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	[image: thumbnail]	Fig. 4. Mid-infrared color-color diagrams for models consisting of a log-parabola and a host elliptical galaxy components (top panels), and the same model with the addition of a dust torus for the FSRQs (middle panels). The overall distribution of simulated sources within the locus (90% containment red contours) for this later model is in much better agreement with the original distribution of sources in the blazar locus (90% containment black contours) if compared with the previous models. In the bottom panels, we show how the average blazar redshift is distributed in our simulations (for the same model as in the middle panels), which agrees with Fig. 1. All of these panels represent only one simulation (out of ten) with 10 000 sources.
In the text



	[image: thumbnail]	Fig. 5. Mid-infrared color-color diagram 90% containment regions dominated by elliptical galaxies (green), spiral galaxies (violet), ULIRGs (red), dust torus (cyan), and stars (magenta). We see that none of these components, by themselves, can completely fill the locus, endorsing how important the log-parabola component (see Fig. 2) is for our model.
In the text



	[image: thumbnail]	Fig. 6. Distribution of log-parabola parameters (from Eq. (2)) for 100 000 sources simulated with a model consisting of a log-parabola, an elliptical galaxy host, and a dust torus (grey histogram). We see that, overall, the sources within the blazar locus (blue histogram) present weak spectral curvature (β < 0.04 for 50% of the sample) and concentrate around Ep ≈ 1.5 × 10−13 erg. The black hatched histograms represent the blazar locus after we apply the WISE magnitude cuts and can be divided into two components, one with FSRQs (red histograms), and the other with BL Lacs (green histograms).
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	[image: thumbnail]	Fig. 7. Distribution of the curvature parameter, β, in terms of the position of the log-parabola energy peak, Ep, for the model consisting of a log-parabola, a host elliptical galaxy and a dust torus (see Sect. 3.3). The color bar represents the number, N, of simulated sources found in each bin. We see that sources peaking in the range 10−14 ≲ Ep ≲ 10−12 erg allow for a wider range of β.
In the text
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        SEDs of three randomly chosen blazars from our simulations (each one represented by a specific color). The final SED from which we compute the magnitudes consists of the sum (solid lines) of a galactic (dotted lines) and a log-parabola (dashed lines) component. In the WISE bands (vertical-colored stripes) where the log-parabola component is relatively weak, we see a significant contribution from the host galaxy. The final differential fluxes (see text for details), including the 5% Gaussian noise, for each blazar in each band are shown as filled circles. For comparison, we also show the SED points measured with WISE for the blazars 3C279 and BL Lac, both of which are included in the locus sample.
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        Distribution of log-parabola parameters (from Eq. (2)) for 100 000 sources simulated with a model consisting of a log-parabola, an elliptical galaxy host, and a dust torus (grey histogram). We see that, overall, the sources within the blazar locus (blue histogram) present weak spectral curvature (β < 0.04 for 50% of the sample) and concentrate around Ep ≈ 1.5 × 10−13 erg. The black hatched histograms represent the blazar locus after we apply the WISE magnitude cuts and can be divided into two components, one with FSRQs (red histograms), and the other with BL Lacs (green histograms).
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        Distribution of the curvature parameter, β, in terms of the position of the log-parabola energy peak, Ep, for the model consisting of a log-parabola, a host elliptical galaxy and a dust torus (see Sect. 3.3). The color bar represents the number, N, of simulated sources found in each bin. We see that sources peaking in the range 10−14 ≲ Ep ≲ 10−12 erg allow for a wider range of β.
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