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ABSTRACT

Multi–wavelength images from the farUV (∼0.15 µm) to the sub–millimeter of the central region of

the galaxy NGC 3351 are analyzed to constrain its stellar populations and dust attenuation. Despite

hosting a∼1 kpc circumnuclear starburst ring, NGC 3351 deviates from the IRX–β relation, the relation

between the infrared–to–UV luminosity ratio and the UV continuum slope β that other starburst

galaxies follow. To understand the reason for the deviation, we leverage the high angular resolution

of archival nearUV–to–nearIR HST images to divide the ring into ∼60–180 pc size regions and model

each individually. We find that the UV slope of the combined intrinsic (dust–free) stellar populations

in the central region is redder than what is expected for a young model population. This is due to the

region’s complex star formation history, which boosts the nearUV emission relative to the farUV. The

resulting net attenuation curve has a UV slope that lies between those of the starburst attenuation

curve (Calzetti et al. 2000) and the Small Magellanic Cloud extinction curve; the total–to–selective

attenuation value, R′(V)=4.93, is larger than both. As found for other star–forming galaxies, the

stellar continuum of NGC 3351 is less attenuated than the ionized gas, with E(B–V)star=0.40 E(B–

V)gas. The combination of the ‘red’ intrinsic stellar population and the new attenuation curve fully

accounts for the location of the central region of NGC 3351 on the IRX–β diagram. Thus, the observed

characteristics result from the complex mixture of stellar populations and dust column densities in the

circumnuclear region. Despite being a sample of one, these findings highlight the difficulty of defining

attenuation curves of general applicability outside the regime of centrally–concentrated starbursts.
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1. INTRODUCTION

Although dust represents ∼1% or less of the interstellar medium mass in a typical galaxy, it has a disproportionate

impact on its light emission and, as a consequence, on the galaxy’s physical parameters that are derived from measure-

ments of that light. Stellar mass and star formation rate (SFR) estimates, for example, can be underestimated by large

factors, up to ∼2× for the mass and ∼10× for the SFR, if the ultraviolet–to–near infrared spectral energy distribution

(UV–to–NIR SED) of a galaxy is not corrected for the effects of dust attenuation1. Roughly 25% of the cosmic SFR

of galaxies is detected directly in the UV in the redshift range 0–2.5, while the remaining ∼75% is re–processed by

dust into the Far–Infrared (FIR) (Lutz 2014; Madau & Dickinson 2014; Casey et al. 2014, 2018).

Efforts to characterize the effects of dust attenuation in galaxies span almost four decades, since the IRAS satellite

began to show that galaxies are systematic infrared emitters (Soifer et al. 1984) and models began to reveal that the

dust is mixed with the stellar populations in more complex geometries than simple foreground screens (Witt et al.

1992). The general effect of dust absorption is to dim and (often, but not always) redden the UV–to–NIR emission of

stellar populations; the dust–absorbed stellar light is re–emitted in the IR–to–mm wavelength range, beyond ≈5 µm.

UV–to–NIR attenuation curves have been derived for classes of galaxies using the ‘pair–method’: attenuated SEDs

are compared with intrinsic (unattenuated or dust–free) SEDs within the same galaxy class to derive the attenuation

curve (e.g., Calzetti et al. 1994; Wild et al. 2011; Reddy et al. 2015; Scoville et al. 2015; Battisti et al. 2016, 2017b; Teklu

et al. 2020; Shivaei et al. 2020b). In this context, a ‘class’ is a set of galaxies whose intrinsic stellar population SEDs

can be reasonably assumed to be the same across the class. The pair–method is widely used to derive extinction curves

from SEDs of individual stars, so the method is borrowed for application to the more complex conditions of entire

galaxies. Different authors have made different choices in regard to the source of intrinsic SED: either observational,

derived from the data with the lowest amount of measured dust attenuation (Calzetti et al. 1994, 2000; Wild et al.

2011; Reddy et al. 2015; Battisti et al. 2016; Teklu et al. 2020; Shivaei et al. 2020b), or theoretical, i.e., derived from

models of the expected intrinsic stellar population (Meurer et al. 1999; Overzier et al. 2011; Scoville et al. 2015). Both

choices are justifiable within the context of applications discussed in each paper.

A second requirement of the pair–method is that progressively more attenuated and redder SEDs can be parametrized

by one variable. In the case of extinction in front of a point source, the variable is the color excess:

E(B − V ) =
A(B)−A(V )

k(B)− k(V )
= A(B)−A(V ), (1)

which is proportional to the dust column density. A(B) [A(V)] is the total extinction in the B [V] band, and k(B)

[k(V)] is the extinction curve in the same band, usually scaled to k(B)–k(V)≡1 (Cardelli et al. 1989; Mathis 1990;

Fitzpatrick 1999; Fitzpatrick & Massa 2007; Fitzpatrick et al. 2019). The extinction curve encodes the properties

of the dust (Weingartner & Draine 2001; Draine 2003). For nearby galaxies with LIR .a few×1011 L� and whose

emission is dominated by a central starburst2, Calzetti et al. (1994, 1996) found that the relevant parametrization

is the color excess of the ionized gas, E(B − V )gas. This parameter, measured from hydrogen recombination line

ratios, has the convenience that the intrinsic line ratio is determined by quantum physics. In the central starburst and

star–forming regions of nearby galaxies, E(B − V )gas is correlated with β, the slope of the observed UV continuum

spectrum; this correlation has enabled the derivation of attenuation curves, for starbursts (Calzetti et al. 1994, 2000)

and star–forming galaxies (Battisti et al. 2016). The same parameter, E(B − V )gas, will be used as reference value in

our analysis and we will refer to the starburst attenuation curve of Calzetti et al. (1994, 2000) as ‘SB’ in the rest of

the paper.

Meurer et al. (1999) found that the SB attenuation curve reproduces the trend between the observed FIR–to–UV

luminosity ratio, a measure of the fraction of stellar light from recent star formation absorbed by dust, and β. This

1 In this paper we distinguish between dust extinction and dust attenuation. Dust extinction describes the optical properties and amount of
the dust along the line of sight. Extinction is measured for a point source. Dust attenuation combines the effects of extinction with those
of the geometrical distribution of dust, gas, and stars, including dust scattering into the line of sight. Dust attenuation is characteristic of
extended sources (Calzetti et al. 1994)

2 The definition of starburst galaxy is not rigorous, and for the purpose of this work we adopt that of Heckman (2000). It is based on several,
non–independent criteria: (1) a ∼0.1–1 kpc size region of active star formation located in the center of the galaxy with (2) a burst intensity,
as measured by the SFR surface density, that is about 103 times greater than the typical SFR surface density of galaxy disks, and (3) a
gas consumption timescale of ≈108 yr or smaller. Conversely, star–forming galaxies are less active than starbursts, with lower SFR surface
densities, star formation distributed across their disks and gas consumption timescales > Gyr.
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correlation, called the IRX–β relation, is potentially a powerful predictor of total SFR when only a limited amount of

information, e.g., a UV color or slope, is available. Observations confirm that the relation is broadly applicable out to

redshift z∼2–3 (Reddy et al. 2006, 2010, 2012a; Overzier et al. 2011; Forrest et al. 2016; McLure et al. 2018; Shivaei

et al. 2020a) or even higher redshift (Bouwens et al. 2016; Fudamoto et al. 2020; Bouwens et al. 2020) for massive

galaxies; it can be used to recover the intrinsic average stellar properties (SFRs, masses) of high redshift galaxies,

when matched dust emission measurements are not available.

However, significant deviations from the canonical IRX–β relation of Meurer et al. (1999) have also been found.

Luminous and Ultraluminous Infrared galaxies, with LIR >a few×1011 L�, populate the region above the IRX-β

relation: at a given UV slope, these galaxies are overluminous in the FIR relative to the measured UV emission

(Goldader et al. 2002; Reddy et al. 2006, 2010; Overzier et al. 2011; Casey et al. 2014). This effect can be readily

accounted for with mixing of dust and stars, and other geometrical effects, in the galaxies (Calzetti 2001; Popping

et al. 2017).

Conversely, the z=0 star–forming galaxies that populate the Main Sequence of Star Formation (Cook et al. 2014)

are usually located below the IRX–β relation, i.e., they have low IR emission for their UV slope (Figure 1; Buat et al.

2002, 2005; Cortese et al. 2006; Dale et al. 2009). The same is true for regions within galaxies (Calzetti et al. 2005;

Boquien et al. 2012). At z&2, low–mass starburst galaxies begin to deviate from the z=0 canonical IRX–β relation

as well, and by z∼4–5 they tend to be systematically below it, which may be indicative of a trend towards steeper

attenuation curves for increasing redshift, possibly linked to decreasing age, mass, and/or metallicity (Shivaei et al.

2015; Capak et al. 2015; Bouwens et al. 2016; Salmon et al. 2016; Pope et al. 2017; Reddy et al. 2018; Fudamoto et al.

2020; Shivaei et al. 2020a).

The deviations of the Main Sequence galaxies from the z=0 canonical IRX-β relation require more than simple

dust/star geometrical models to be explained. In addition to the deviation of their mean trend from the locus marked

by the SB curve, star–forming galaxies and regions show a large, seemingly irreducible, scatter in the IRX–β plane

(e.g., Kong et al. 2004; Calzetti et al. 2005; Dale et al. 2009; Conroy et al. 2010; Battisti et al. 2016). Complex mixes

of stellar populations with different ages and optical depths (Kong et al. 2004; Calzetti et al. 2005; Boquien et al. 2012;

Grasha et al. 2013; Nersesian et al. 2020), and/or variations, typically a steepening, in the slope of the dust attenuation

curve (Noll et al. 2009; Reddy et al. 2010, 2018; Salim & Boquien 2019; Shivaei et al. 2020a) have both been invoked.

A decrease in the total–to–selective normalization, R(V)=A(V)/E(B–V), of the attenuation curve produces a similar,

although milder, effect to steepening (Reddy et al. 2018).

The significant deviations from the IRX–β relation are mirrored by comparable deviations from the SB attenuation

curve, measured directly from the UV–to–NIR SEDs of star forming galaxies both at low and high redshift. Several

authors report measuring dependency on the galaxy’s inclination angle (e.g., Conroy et al. 2010; Wild et al. 2011;

Chevallard et al. 2013; Battisti et al. 2017a), and on the galaxies stellar populations’ age, mass, metallicity, and SFR

surface densities (Battisti et al. 2016; Reddy et al. 2018; Salim et al. 2018; Teklu et al. 2020; Shivaei et al. 2020b;

Nersesian et al. 2020).

Over the past ∼2 decades, progress in modeling the emission from stellar populations and dust in galaxies has

enabled use of multi–wavelength SED fitting as a tool to effectively gauge and remove the effects of dust attenuation

(da Cunha et al. 2008; Wild et al. 2011; Utomo et al. 2014; Reddy et al. 2012b; Shivaei et al. 2015, 2016; De Barros

et al. 2016; Battisti et al. 2016; Salmon et al. 2016; Leja et al. 2017; Boquien et al. 2019; Hunt et al. 2019). The

basic approach consists of modeling the galaxy’s SED from the UV to the FIR/mm, adopting an energy balance

technique to reconstruct the intrinsic stellar population SED from the attenuated one in the UV–to–NIR and the dust

emission in the Mid–IR to mm wavelength region (e.g., da Cunha et al. 2008; Conroy 2013; Boquien et al. 2019).

Several assumptions are built into these fitting algorithms, with the most consequential ones being the star formation

history (SFH), the dust attenuation recipe, and the number of attenuation components included in the model. The

attenuation components correspond to regions where the amount of dust is assumed to be different from the galaxy’s

average, based on certain characteristics of the regions (e.g., the age of the local stellar population); an example is

the two–component model, one for star forming regions and one for the diffuse medium of galaxies, by Charlot & Fall

(2000).

Those SED fitting algorithms have shown that there is a high degree of degeneracy between the adopted SFHs and

the attenuation curve(s), especially for extended regions or entire galaxies where multiple generations of stars are

present. The observed UV colors of a young stellar population with an attenuation curve that has a steep UV slope

can often be exchanged for those of an older stellar population with a shallower UV attenuation curve (Calzetti 2001;
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Figure 1. The ratio of IR–to–UV luminosity, IRX, as a function of the UV spectral slope β for local galaxies. The IR–to–UV
luminosity is defined as the ratio between the dust emission in the infrared wavelength range 3-1,100 µm (TIR) and the observed
luminosity in the farUV (FUV), typically ≈0.15 µm. Here, LUV is the FUV filter from GALEX. The black circles with 1 σ
error–bars mark the position of NGC 3351 (galaxy) and its central, 0.5 kpc radius, starburst region (Central Reg.). The locations
on this plot of nearby starburst galaxies (blue stars, Calzetti et al. 1994; Meurer et al. 1999), star–forming galaxies from the
Local Volume Legacy survey (red circles, Dale et al. 2009), and ∼0.5 kpc star–forming regions in the galaxy NGC 5194 (magenta
triangles, Calzetti et al. 2005) are shown. The galaxies in these samples have LTIR .a few×1011 L�, with the star–forming
galaxies being typically fainter than the starbursts. The relation traced by the starburst attenuation curve of Calzetti et al.
(1994, 2000, SB) is shown as a continuous curve, and that of the SMC extinction curve of Pei (1992) as a dashed curve. The
attenuation/extinction curves impart a high level of non–linearity to UV spectra, thus the measured slope β depends on the
chosen UV wavelength range. For this plot, the UV range is that of the GALEX filters.

Battisti et al. 2016; Popping et al. 2017; Narayanan et al. 2018). Thus, analyses of multi–wavelength SEDs of galaxies

require trade–offs between allowing the broadest range in SFHs and attenuation curves and converging to a number

of manageable minima in the fits; this is, for instance, pushing investigations of physically–motivated assumptions for

the SFHs (Leja et al. 2019). The trade–offs also depend on the wavelength coverage and density of the data (e.g.,

sparse photometry versus continuous spectroscopy). For this reason, models and simulations suggest that the broad

range of IRX–β values found in star forming galaxies at low and high redshift can result from multiple, non–mutually
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exclusive, effects: complex geometries and a range of attenuation curves, as well as complex SFHs (Seon & Draine

2016; Popping et al. 2017; Narayanan et al. 2018; Trčka et al. 2020; Salim & Narayanan 2020).

With the advent of the James Webb Space Telescope, Euclid, the Nancy Grace Roman Space Telescope, and the

Extremely Large Telescopes, large, deep, and wide–field samples of high redshift galaxies will be secured, all the way to

the epoch of Reionization of the Universe and beyond. Observations will capture the restframe UV and optical SEDs

of these galaxies, but complementary restframe IR (>10 µm) data may not be generally available to capture the dust

emission. Even with the sensitivity of ALMA, observing efficiency limitations due to small fields–of–view, difficulty

in covering multiple rest–frame IR wavelengths, and low dust contents will hamper large surveys of typical (L∗) star–

forming galaxies at z&1. Establishing the observational characteristics and dependencies of dust attenuation on broad

parameters, including the SFH, thus becomes key for extracting accurate physical quantities from observations of

high–redshift galaxies. The present work aims at helping address this issue.

The goal of this paper is to separate the effects of SFH from those of dust attenuation by dissecting the central

∼1 kpc region of a nearby starburst galaxy, NGC 3351. Despite its classification as a starburst, the galaxy, and

its circumnuclear ring of star formation, are underproducing the dust infrared emission relative to expectations for

starburst galaxies (Figure 1). We use both low–resolution and high–resolution imaging data from the UV to the sub–

mm to model the SEDs of individual, tens–to–hundreds pc regions within the central starburst of this galaxy. The

regions’s sizes, comparable to those of HII regions and complexes, are small enough that simplifying assumptions about

their individual SFHs can be made. By summing each region’s contribution, we can therefore reconstruct the SFH of

the 1 kpc starburst region, and use this as a prior to derive the attenuation curve. Albeit with several limitations,

the small–region fitting approach enables us to account for most of the observational characteristics of the starburst,

including its low infrared luminosity. We provide suggestions for interpreting the IRX–β locus in the case of complex

stellar populations like those found in the center of NGC 3351.

The outline of the paper is as follows. Section 2 describes the general characteristics of the galaxy NGC 3351 and

of its central starburst region. Section 3 gives an overview of the nomenclature attributed to separate components

of the central starburst region. The data used in this work are presented in Section 4, and the region selection and

photometry are in Section 5. The models used for comparison with the data and the SED fitting approach are described

in Section 6. Sections 7, 8, and 9 present the results of the best fits of individual components, while Section 10 derives

the attenuation curve for the starburst center of NGC 3351. Finally, the results are discussed in Section 11 and a

summary is given in Section 12.

2. THE GALAXY NGC 3351

NGC 3351 is a barred spiral located at a Cepheid–based distance of 9.33 Mpc (Freedman et al. 2001), with inclination

of 40o and suffering from a small amount of foreground Galactic extinction, E(B−V)=0.024 (from NED3). A ∼750 pc–

diameter circum–nuclear ring of star formation is fed by the bar (Regan et al. 2006), and is the brightest feature in

this galaxy, in stellar, ionized gas, dust, and molecular gas light (Knapen 2005; Regan et al. 2006; Leroy et al. 2009).

The ring is responsible for ∼85% of the UV light in the central ∼1 kpc region, thus for the vast majority of the recent

star formation in the area. Our analysis concentrates on this 1 kpc Central Region where the starburst ring is located,

and on regions along the ring itself (Figure 2). The oxygen abundance in the region is 12+log(O/H)= 8.67–8.76, close

to solar metallicity (Moustakas et al. 2010), and with little variation from location to location along the starburst ring

(Dı́az et al. 2007).

Although the Central Region was observed in the UV by IUE (Kinney et al. 1993), it was not analyzed by Calzetti

et al. (1994) as part of their starburst sample. The galaxy’s classification as ‘hotspot’ (Sérsic & Pastoriza 1965) and

the potential presence of a non–thermal source in the nucleus (Kinney et al. 1993) justified the original exclusion.

However, more recent measurements in the mid-IR with Spitzer IRS (Goulding & Alexander 2009) and in the X–

ray with Chandra (Grier et al. 2011) place a tight upper limit to the presence of an AGN in the nucleus of NGC

3351, indicating the emission is dominated by star formation. Additionally, analysis of near–IR images from the VLT

suggests that the nucleus is the site of recent star formation (Lin et al. 2018). The location of the nucleus is marked

by a magenta star in Figure 2.

The locations of NGC 3351 and of its Central Region on the IRX–β plane are shown in Figure 1, together with the

location of the starburst galaxies from Calzetti et al. (1994) and Meurer et al. (1999), nearby star–forming galaxies

3 NED=NASA Extragalactic Database, http : //ned.ipac.caltech.edu/
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from Dale et al. (2009), and star–forming regions in the local galaxy NGC 5194=M 51 (Calzetti et al. 2005). The total

infrared luminosity (TIR) is the integrated luminosity from 3 µm to 1100 µm, and captures the entire dust emission;

we adopt this terminology to indicate the dust emission, in lieu of the equally common ‘FIR’. The Central Region

is a starburst according to the definition of Heckman (2000, see footnote 2 in the Introduction): the circumnuclear

star–forming ring is centrally concentrated within the inner ∼750 pc, has a gas consumption timescale of about 400–

600 Myr and a SFR surface density of ∼0.8 M� yr−1 kpc−2, which is about 800 times larger than the mean SFR

surface density in the disk of NGC 3351. The Central Region qualifies as a starburst also based on its SFR and stellar

mass (SFR∼0.3–0.5 M� yr−1, M? '1.2×109 M�): its SFR is about 4–7 times higher (∼2–4 σ) than the SFR of an

equal–mass galaxy along the Main Sequence of Star Formation in the local Universe (Cook et al. 2014)4. Yet its IRX

value is lower by almost an order of magnitude than expected for starburst galaxies, and close to the locus marked by

the extinction curve of the Small Magellanic Cloud (SMC; Pei 1992). For this reason, the Central Region in NGC 3351

represents an important case study for the interplay between dust attenuation and stellar population ages.

3. NOMENCLATURE

The derivation and analysis of dust attenuated and intrinsic UV–to-NIR SEDs will require photometric and model

comparisons among different areas within the Central Region. For clarity, we list here the nomenclature we adopt

throughout this paper in reference to different components within this Region, and provide a summary list in Table 1.

The Central Region is the 0.5 kpc–radius area surrounding the nucleus of NGC 3351, and includes the starburst

ring (Figure 2). Its multi–wavelength photometry is the galaxy–background subtracted measurement of this area from

the GALEX FUV to the Herschel 500 µm (Section 4). The observed photometry and derived model SEDs and other

quantities from this photometry will have subscript Central.

The 10 regions named R1, .... R10 are located along the circumnuclear ring of star formation within the Central

Region (numbered 1 through 10 in Figure 2), and will be referred to as ‘ring regions’. Their photometry is measured

from the HST 0.27–to–1.9 µm images only, with local background subtraction. The sum of their observed photometry

and of model SEDs, both attenuated and intrinsic, and both spectra and photometry, is indicated as Σ(R1–R10). We

give this subscript to physical quantities derived from this sum.

The ring regions occupy a small fraction, about 13%, of the area of the Central Region, and represent anywhere

between 63% and 7% of its light in different bands. The residual light, i.e., the difference in the photometry between

the Central Region and the sum of the 10 ring regions, is indicated with the subscript Res., and called Res. Region or

Residual Region throughout the paper. The difference is directly measured from observations at the HST wavelengths.

The extrapolation to the GALEX FUV and NUV wavelengths is performed by subtracting the model photometry of

Σ(R1–R10) from the observed photometry of the Central Region, which carries significant uncertainties.

The sum of the best–fit model spectra and photometry, both attenuated and intrinsic, of the 10 ring regions and

the Res. Region is called Sum. This is not equivalent to the models of Central, where the best fit is obtained from

the integrated photometry of the central 0.5 kpc–radius area; conversely, Sum is the sum of the best fit models of the

individual (R1+...+R10+Res.) regions.

4. IMAGING DATA

4.1. HST Images

The high angular resolution images from the Hubble Space Telescope are used to perform the analysis on ∼50–150 pc

scale (60–180 pc de–projected) regions along the starburst ring of NGC3351, as well as provide integrated photometry

for the Central Region in the 0.27–1.9 µm wavelength range (Figure 2). The images were obtained as part of several

programs: the broad–band NUV, U, B, V, and I are from the HST Treasury program LEGUS, Legacy ExtraGalactic

UV Survey (GO–13364; PI: Calzetti, Calzetti et al. 2015); the medium–band V and the narrow–band Hα are from

GO–13773 (PI: Chandar, Hannon et al. 2019); and the near–IR images, broad–band H and narrow–band Pα and

1.9 µm from SNAP–9360 (PI: Kennicutt, Calzetti et al. 2007). The field–of–views of the images are large enough

to include the entire Central Region. All images were retrieved from the Hubble Legacy Archive5, where they are

available fully processed and calibrated in units of count/s; the count rates are converted to flux density using the

4 The offset is smaller, about a factor 2–3, if the Main Sequence relation of Peng et al. (2010) or Hunt et al. (2020) is used, still ∼2–3 σ
above both relations, since these have smaller scatter than the relation of Cook et al. (2014).

5 https://hla.stsci.edu
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Figure 2. Multi–wavelength images of NGC 3351. LEFT: Three–color combination (NUV=blue, B=green, I=red) of a
∼7.4 kpc region of the galaxy, obtained with the HST/WFC3, which includes the central region, marked with a red circle
(Calzetti et al. 2015). CENTER: The central ∼1.45 kpc area of NGC 3351 highlighting the circumnuclear starburst ring
in a three–color composite with HST NUV (0.27 µm, blue), Hα (0.6563 µm, green), and Paα (1.8756 µm, red) images. The
two yellow circles mark the the photometric aperture (inner) and background annulus (outer) used for the Central Region
photometry, with radius of 11′′ (=498 pc) and thickness of 2′′ (=90 pc), respectively. The ring regions, i.e. individual areas of
emission, are numbered from 1 to 10 and are marked with white circles; these are referred to as R1, ...., R10 in the rest of the
paper. Section 5 describes how the apertures for the ring regions are defined. The location of the galaxy’s nucleus, which is a
site of recent star formation, is marked with a magenta star. North is up, East is left. RIGHT: The same region as the one in
the center panel is shown in a three color composite of GALEX FUV (blue), NUV (green), and Spitzer/MIPS24 (red), all three
with comparable 4′′–6′′ resolution (top) and in a grey–scale Herschel/PACS160 image (bottom). In both panels the two yellow
circles are the same as those in the center panel.

Table 1. Nomenclature

Name or Meaning

Subscript

Central Background–subtracted photometry of the central ∼0.5 kpc radius region in NGC 3351,

and the model SEDs derived from this photometry.

R1, R2,..., R10 Observed photometry and model SEDs of individual, local–background subtracted, regions

along the circumnuclear ring of star formation.

Σ(R1–R10) Sum of observed photometry and of model SEDs (spectra and photometry, both attenuated

and intrinsic) of the 10 ring regions.

Res. or Residual Photometry and models SEDs of the difference light [Central - Σ(R1–R10)].

Extrapolation of Res. photometry to GALEX FUV and NUV is performed from combination

of observations and models.

Sum The sum, obtained as Σ(R1–R10)+Res., of the model spectra and synthetic photometry.

Note—The adopted nomenclature for regions and subregions discussed in this paper. See Section 3 for more details.

calibration keywords available from the image headers. The list of instruments, filters, and native resolution for each

image are listed in Table 2.
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Table 2. Central Region Photometry

Facility1 Instrument2 Band3 Native Resol.4 Log(Luminosity)

Name Name (′′, pc) (erg s−1)

(1) (2) (3) (4) (5)

GALEX FUV (0.1524 µm) 4.2, 190 41.63±0.06

GALEX NUV (0.2297 µm) 6.2, 280 41.90±0.06

HST WFC3 F275W (0.2710 µm, NUV) 0.09, 4 41.99±0.05

HST WFC3 F336W (0.3355 µm, U) 0.09, 4 42.05±0.05

HST WFC3 F438W (0.4327 µm, B) 0.09, 4 42.27±0.05

HST WFC3 F555W (0.5308 µm, V) 0.09, 4 42.37±0.04

HST WFC3 F547M (0.5447 µm, V) 0.09, 4 42.36±0.05

HST WFC3 F657N (0.6567 µm, Hα+[NII]) 0.09, 4 42.54±0.04

HST WFC3 F814W (0.8030 µm, I) 0.09, 4 42.54±0.04

HST NICMOS/3 F160W (1.607 µm, H) ∼ 0.31, 14 42.54±0.06

HST NICMOS/3 F187N (1.876 µm, Paα) ∼ 0.31, 14 42.56±0.06

HST NICMOS/3 F190N (1.899 µm) ∼ 0.31, 14 42.47±0.07

SST IRAC 3.6 (3.56 µm) 1.9, 86 41.87±0.04

SST IRAC 8.0 (7.96 µm) 2.8, 127 42.07±0.05a

SST MIPS 24 (23.8 µm) 6.5, 294 42.24±0.05a

HSO PACS 70 (71.8 µm) 5.7, 258 42.85±0.04

HSO PACS 100 (103. µm) 7.1, 321 42.75±0.05

HSO PACS 160 (167. µm) 11.2, 507 42.42±0.05
1 GALEX=Galaxy Evolution Explorer (Martin et al. 2005); HST=Hubble Space Telescope;

SST= Spitzer Space Telescope; HSO=Herschel Space Observatory.
2 WFC3=Wide Field Camera 3. NICMOS=Near-Infrared Camera and MultiObject Spectrom-
eter – observations were performed with the Camera 3 on NICMOS, which operated slightly
out–of–focus. IRAC=InfraRed Array Camera. MIPS=Multiband Imaging Photometer for
Spitzer. PACS=Photodetecting Array Camera and Spectrometer.
3 Filter names and, in parenthesis, the pivot wavelength. The HST filters are equated to the
equivalent Johnson’s filters, where applicable; for narrow–band HST filters, the main lines
targeted are listed.
4 The native resolution is given as the Full Width at Half Maximum (FWHM) of the Point
Spread Function (PSF) in arcseconds and in parsec for the subtended physical scale.
a The luminosities at 8 µm and 24 µm refer to the dust emission only in these bands, after
subtraction of the stellar contribution.

Note—The luminosities for the Central Region are given as λL(λ) and are scaled to the resolu-
tion of the HST/WFC3 images. These are a factor 1.57 larger than the luminosities measured
at the resolution of the HSO/PACS160. GALEX and HST luminosities are corrected for fore-
ground MW extinction; SST and HSO luminosities are color–corrected. The adopted distance
is 9.33 Mpc.

4.2. Other Images

Imaging data in the FUV and NUV from GALEX, and mid/far–IR maps from the Spitzer Space Telescope (SST)

and the Herschel Space Observatory (HSO) extend the wavelength coverage of the Central Region, albeit at much

lower angular resolution than HST (Figure 2 and Table 2). The GALEX images are from the GALEX Ultraviolet Atlas

of Nearby Galaxies (Gil de Paz et al. 2007), the SST images from SINGS, the Spitzer Infrared Nearby Galaxies Survey

(Kennicutt et al. 2003), and the HSO images from KINGFISH, Key Insights on Nearby Galaxies: a Far–Infrared
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Table 3. Central Region Photometry at SPIRE500 Resolution

Facility1 Instrument2 Band3 Log(Luminosity)

Name Name (erg s−1)

(1) (2) (3) (4)

SST IRAC 3.6 (3.56 µm) 42.13 ± 0.04

SST IRAC 8.0 (7.96 µm) 42.11 ± 0.04a

SST MIPS 24 (23.8 µm) 42.25 ± 0.04a

HSO PACS 70 (71.8 µm) 42.90 ± 0.04

HSO PACS 100 (103. µm) 42.81 ± 0.05

HSO PACS 160 (167. µm) 42.48 ± 0.05

HSO SPIRE 250 (250. µm) 41.86 ± 0.07

HSO SPIRE 350 (360. µm) 41.29 ± 0.08

HSO SPIRE 500 (520. µm) 40.59 ± 0.10
1 SST= Spitzer Space Telescope; HSO=Herschel Space

Observatory.
2 IRAC=InfraRed Array Camera. MIPS=Multiband
Imaging Photometer for Spitzer. PACS=Photodetector
Array Camera and Spectrometer. SPIRE=Spectral and
Photometric Imaging Receiver.
3 Filter names and, in parenthesis, the pivot (central for
SPIRE) wavelength.
a The luminosities at 8 µm and 24 µm refer to the dust
emission only in these bands, after subtraction of the stellar
contribution.

Note—The luminosities for the Central Region, expressed as
λL(λ), measured in ∼36′′ radius apertures, after all images
have been convolved to the HSO/SPIRE500 resolution, using
the kernels of Aniano et al. (2011). No aperture corrections
are applied to the listed luminosity values. All luminosities
are color–corrected. The adopted distance is 9.33 Mpc.

Survey with Herschel (Kennicutt et al. 2011). All images are already processed and flux calibrated or have calibration

keywords available from archives.

For the bulk of the analysis in this paper, we limit the HSO imaging to the PACS instrument, to keep the angular

resolution of the data well below the size of the Central Region (Table 2). However, in order to model the shape of the

IR SED of the Central Region, we add imaging data from HSO/SPIRE at 250, 350, and 500 µm when fitting the dust

emission SED at λ ≥8 µm in Section 7. The SPIRE data have lower angular resolution than those of the main dataset

discussed above, but they enable a better characterization of the shape of the IR SED at long wavelengths. Once the

shape is parameterized, we use the higher angular resolution data from SST/IRAC 8 µm to HSO/PACS 160 µm to

derive the total IR luminosity of the Central Region.

4.3. Processing

All images have been obtained with sufficient depth that the regions in Figure 2 are measured with S/N�10 at all

wavelengths. We align, register, and resample all images to the field–of–view of the HST/WFC3 images, to facilitate

photometry. Measurements are performed at two angular resolutions: the HST/WFC3 one for the ring regions in

the wavelength range 0.27–1.9 µm and the HSO/PACS160 one for the integrated photometry of the Central Region

in the broader wavelength range 0.15–160 µm (Table 2). Degradation of the higher angular resolution images to the

HSO/PACS160 resolution is performed by convolving the images with the kernels of Aniano et al. (2011). However, all



Revisiting Attenuation Curves 11

measurements quoted in this paper for the Central Region refer to photometry rescaled to the HST/WFC3 resolution,

i.e., the highest resolution in our dataset. For this purpose, we multiply the fluxes measured at the HSO/PACS160

resolution by a factor 1.57 6; the scaling factor is accurate to within 5%–7%, which also accounts for small mis–

alignments between the images. This choice is made to provide measurements that are consistent with each other

and as close as possible to the ‘total flux’ in each region. The apertures used for the photometry of the 10 ring

regions are sufficiently large that the small resolution variations among the WFC3 bands have negligible impact on the

measured fluxes. In what follows, we often refer to the fluxes/luminosities as ‘aperture–corrected’; while not strictly

true (aperture corrections are for photometry to infinite radius), the PSF of the HST/WFC3 images is sufficiently

narrow that for the measurements we perform in this work negligible aperture corrections would be required.

Pure emission–line images are derived by subtracting the stellar continuum from the narrow–band HST images

WFC3/F657N (Hα+[NII]) and NIC3/F187N (Paα). The stellar continuum for the optical image is constructed from

the interpolation between the F547M and the F814W, both tracers of stellar emission with only weak emission lines;

the stellar continuum for the infrared line is obtained by direct re–scaling (factor 0.94, from the ratio of the two

filters’ transmission efficiencies) of the adjacent narrow–band F190N. Both continuum–subtracted images are then

multiplied by the respective filter widths (0.0121 µm for F657N and 0.0188 µm for F187N) and corrected for the filter

transmission curve at the galaxy’s redshift (z=0.002595, from NED), in order to derive line fluxes. The optical line is

further corrected for the [NII] contribution, from the ratio [NII](λ0.6584 µm)/Hα=0.37 (Moustakas et al. 2010). We

adopt a constant value of [NII]/Hα for the Central Region, owing to its relatively constant metallicity (Dı́az et al.

2007). The final result is two emission–line images at Hα(λ0.6563 µm) and Paα(λ1.8756 µm), respectively. All UV,

optical, and near–IR images are corrected for the MW foreground extinction, E(B–V)=0.024.

Color–corrections, at the level of 10% for the HSO/PAC70 image and less than 5% for all other SST and HSO

images, are applied to all images from these facilities. For the purpose of obtaining dust–emission–only fluxes, the

stellar contribution is removed from both the 8 µm and 24 µm images, using the formulae of Helou et al. (2004)

(see also, Calzetti et al. 2007; Calapa et al. 2014): fν,D(8) = fν(8) - 0.25 fν(3.6), and fν,D(24)=fν(24) - 0.035 fν(3.6),

where the flux densities are in units of Jy, and the subscript ‘D’ indicates the dust–only emission component. The

contamination of the 3.6 µm image by the 3.3 µm Polycyclic Aromatic Hydrocarbons (PAH) emission feature is small

(∼5%–15%, Meidt et al. 2012), and the IRAC 3.6 can be used as a stellar continuum tracer. In the center of NGC 3351,

stellar continuum contribution to the fluxes at 8 µm and 24 µm is 5% and <2%, respectively.

As mentioned in the previous section, characterization of the shape of the IR SED requires use of the SPIRE images

from the HSO, which cover three sub-mm bands with PSFs'18′′, 25′′, and 36′′ at 250, 350, and 500 µm, respectively.

In order to include these lower resolution data in the IR SED fit, we create a second set of photometric data by

degrading all images at 8 µm≤ λ ≤500 µm to the SPIRE/500 resolution, using the kernels of Aniano et al. (2011).

Table 3 lists the photometry from the degraded images measured in a 36′′ radius aperture centered on the nucleus

of NGC 3351. The listed luminosities are those directly measured in the aperture; to convert these values to total

luminosity, an aperture correction of 0.09 dex should be added to each. We stress that these measurements are only

used to fit the shape of the IR SED, and the parameters that define it, in Section 7.1. We use the higher angular

resolution IR data, from SST and HSO/PACS in Table 2 to derive the IR luminosity of the Central Region.

5. REGIONS AND APERTURE PHOTOMETRY

The size of the photometric aperture for the Central Region is selected to encompass the circumnuclear starburst

ring, not only in the HST images but also in the SST and HSO/PACS images (Figure 2, right). Thus, while the ring

is an inclined ellipse about 750 pc in diameter, the Central Region is a circle about 1 kpc in diameter (Figure 2). This

choice aims at minimizing aperture corrections in the lowest resolution images, which are performed as described in

the previous section, while at the same time minimizing the contribution to our measurements from the rest of the

galaxy. The aperture–corrected photometric values, measured in a 11′′ radius aperture with an annulus 2′′ wide for

background subtraction, are listed in the last column of Table 2, together with their 1 σ uncertainty. The apertures

used in this paper are circular on the sky, but, because of the 40o inclination angle of the galaxy, they are ellipses in

spatial coordinates, with the major axis a factor 1.3 larger than the minor axis. This has minor impact on our analysis,

and we will continue to refer to our apertures as ‘circular’ in the rest of this work. The background subtraction removes

6 The factor is calculated by comparing the photometry in the WFC3 images at full and degraded resolution, for the Central Region aperture.
For the ring regions, the HST/NICMOS3 photometry is rescaled to the WFC3–equivalent. To calculate the rescaling factors, we degrade
the WFC3 images using a gaussian convolution kernel to match the NICMOS3 PSF; factors are calculated for each ring region size, and
range from 1.06 for the smallest region (0.6′′ radius) to 1.00 for the largest region (1.7′′ radius).
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Figure 3. LEFT: The FUV–to–IR SED of the Central Region in NGC 3351. The black circles with 1 σ error bars are
the measurements listed in Table 2. The cyan UV–optical spectrum is the unscaled combination of IUE and ground–based
data from Storchi-Bergmann et al. (1995). The magenta line and red triangles show the best fit Draine & Li (2007) model
and photometry to the IR data, from Section 7. RIGHT: A zoom–in of the left panel into the FUV–to–NIR SED (0.15–
1.9 µm), now expressed as luminosity density, shown for the aperture–corrected GALEX measurements (empty black circles)
and the HST measurements (filled black circles), together with the spectrum of Storchi-Bergmann et al. (1995) (cyan line).
The dust attenuated and intrinsic best–fit models are shown separately for stellar populations with an SB attenuation curve
(blue continuous and dashed lines, respectively) and an SMC extinction curve (red continuous and dashed lines, respectively;
Sections 6.1 and 6.2); the attenuation/extinction curves are the same ones used for the model lines in Figure 1. The SB curve
yields a significantly better fit (χ2

red=1.2) than the SMC curve (χ2
red=9.1) for the FUV–to–NIR SED. See Section 7 for more

details.

the diffuse stellar population contributed by the galaxy: the removed component has a mainly red SED, contributing

between 24% of the total flux in the FUV and NUV and 45% at 3.6 µm. The resulting FUV–to–IR SED of the Central

Region is shown in the left panel of Figure 3, together with an unscaled UV–optical spectrum from Storchi-Bergmann

et al. (1995). Despite differences in the measurement setups, including that the spectrum of Storchi-Bergmann et al.

(1995) uses a ∼10′′×20′′ extraction aperture, our photometry and the UV–optical spectrum are remarkably close in

absolute flux and shape across all common bands, with differences of less than 40% (Figure 3, right).

Line emission luminosities at the wavelengths of Hα and Paα for the Central Region are listed in Table 4, together

with the color excess derived by assuming Case B recombination for a solar metallicity gas, which has an intrinsic

luminosity ratio L(Hα)/L(Paα)=7.82 (Osterbrock & Ferland 2006), and selective attenuation between the two lines:

k(Hα)–k(Paα)=2.08 (Fitzpatrick 1999). The luminosity we derive for Hα is about 40% lower than the value published

by Moustakas et al. (2010) for a similar region’s size, but ∼20% higher than the same–region luminosity we calculate

from the Hα image of Dale et al. (2009). Both values for Moustakas et al. (2010) and Dale et al. (2009) are from

ground–based data, spectroscopy and imaging, respectively. Our value of Hα is in–between those two, and we speculate

that the discrepancies with those authors (and between the two authors’ values as well) can be ascribed to potential

flux calibration uncertainties in ground–based data. For the color excess, E(B–V)gas, our value of 0.52 is also in–

between the values from the spectroscopic data of Moustakas et al. (2010, 0.64) and Storchi-Bergmann et al. (1995,

0.50), and the three values agree within their combined 1 σ uncertainties. We also note that, in these two other works,

the E(B–V) is calculated from the ratio of Hα to Hβ(0.4861 µm).

As the goal of this study is to divide the Central Region into simple stellar populations (as close as possible to

either instantaneous or constant star formation) that are easy to model and, at the same time, represent the bulk of

the star formation in that region, we select localized areas of star formation along the circumnuclear ring in the HST



Revisiting Attenuation Curves 13

Table 4. Central Region’s Line and Infrared Luminosi-
ties

Parameter Wavelength Log(Luminosity)

µm (erg s−1)

(1) (2) (3)

L(Hα) 0.6563 40.20±0.04

L(Paα) 1.8756 39.74±0.09

E(B–V)gas (mag)1 0.52±0.10

L(Hα)corr 0.6563 40.73±0.10

L(TIR)mod 3–1100 43.15±0.08

L(TIR)DH02 3–1100 43.07±0.06
1 The color excess, E(B–V)gas, is derived with the

assumption that the intrinsic ratio Hα/Paα=7.82,
and the selective attenuation k(Hα)–k(Paα)=2.08
(Fitzpatrick 1999); it is already corrected for the
foreground Galactic contribution.

Note—The emission line luminosities for the Cen-
tral Region are measured on stellar continuum–
subtracted images (and [NII]–corrected for Hα), in
the same region used to derive the photometry in
Table 2. The extinction–corrected Hα luminosity,
L(Hα)corr adopts the value k(Hα)=2.54 for the extinc-
tion curve. The total IR luminosities, L(TIR), are de-
rived with two methods: the Draine & Li (2007) mod-
els (L(TIR)mod) and the formula from Dale & Helou
(2002) (L(TIR)DH02). The two values differ by about
20%, well within the 1 σ uncertainty.

images as follows. Peaks of Paα emission (S/N>30) are identified, and circular apertures7 are grown around them until

they either reach down to flux levels with S/N∼5/pixel or encounter a neighboring aperture. We keep the apertures

non–overlapping or minimally overlapping to ensure that photometry yields independent measurements. We identify

a total of 11 such Pα peaks. Subsequently, the HST/F275W (NUV) image is inspected and the apertures are further
grown to reach levels of S/N∼5/pixel in this band. This step is only required for R5, R6, and R7, during which some

recentering is necessary, to enclose connected regions of UV emission. We also collapse two adjacent peaks of Pα into

a single aperture (R8) to enclose the underlying contiguous NUV emission. The areas enclosed by the apertures are

then inspected for presence of off–center local peaks of F814W(I)–band emission not accompanied by either line or

UV emission, in order to limit inclusion of potentially old stellar populations; this leads in two cases (R3 and R4)

to a slight contraction of the size of the apertures. Finally, regions with measured multi–wavelength fluxes that are

barely above the surrounding background are removed. For instance, the area between R3 and R4 (Figure 2, center)

contributes less than 4% of the emission along the ring at all wavelengths; the other excluded areas are fainter. At

the end of this process, we identify 10 separate regions, marked and numbered in the center panel of Figure 2 and

indicated as R1,...,R10 throughout this paper (Table 1).

Cumulatively, the 10 regions along the ring include 75% (63%) of the NUV emission from the ring (Central Region,

Table 5), although their contribution decreases steadily with increasing wavelength, becoming less than 10% in the

NIR. They account for almost 1/2 of the gas emission in the Central Region; the remaining 1/2 of the flux is likely to

be mostly associated to these regions as well, albeit spread over a larger area than enclosed by our apertures. This

7 Experiments run with apertures of different shapes, e.g., polygons, yield similar results. We elect to keep our apertures circular for ease of
local background subtraction.
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is suggested by the morphology of the emitting gas, which closely tracks the ring but with a broader distribution (a

thicker ring).

Photometry for R1,...,R10 is measured in the HST images only, since the other images do not have sufficient resolution

for the aperture sizes employed in this part of the analysis, which range from 0.6′′ to 1.7′′ in radius. Photometric

measurements are listed in Table 5. The HST data ensure 10 photometric measurements of the stellar and ionized

gas emission for each region, but they cannot provide dust emission measurements. For the latter, we have to rely

exclusively on the lower resolution images. The aperture photometry is background subtracted using annuli with width

between 0.2′′ and 0.5′′. For the calculation of the background level in the annulus around each aperture we only use

those pixels that are not included in any of the adjacent apertures. With this in mind, the width of the annulus is

chosen to ensure that the number of background pixels is no less than ∼50% than the pixels in the aperture, to ensure

reasonable statistics.

Dı́az et al. (2007) obtained ground–based long slit spectroscopy in the range 0.365–0.965 µm of the circumnuclear

ring with three separate slit locations and orientations, identifying seven regions of concentrated emission. Their seven

regions (R1 to R7) are close to the location of seven of ours (in order: R3, R1, R10, R8, R7, R6, and R5). We

compare both our Hα emission and color excess values with the values derived by those authors, in order to assess

the robustness of our measurements. For the line emission flux, our values range between 72% and 103% of the Dı́az

et al. (2007) values for six of the regions, with a median value of 82%; for the seventh region (our R8 = Diaz’s R4)

we only recover 58% of those authors’ published value, but this region is also the one with the largest offset relative

to the location of R4 in Dı́az et al. (2007). Differences in aperture location, extraction apertures, and background

choices between our photometric apertures and the spectroscopic ones of Dı́az et al. (2007) can account for most of the

observed flux discrepancies. The color excess, E(B–V)gas, values are calculated from several hydrogen recombination

lines at optical wavelengths in Dı́az et al. (2007) and from Hα/Paα in our case; the values agree within 0.10 mag

(∼1 σ), with a median discrepancy of 0.05 mag, for 6 of the regions. In the one exception (our R3 = Diaz’s R1),

we derive E(B-V)gas=0.82 and Dı́az et al. (2007) derive E(B-V)gas=0.46 (after correction for foreground Milky Way

extinction); the large difference can be explained by R3 being a dust–buried region in the ring, which would recover

increasingly larger values of E(B–V)gas for redder hydrogen recombination lines; this hypothesis is reinforced by the

co–location of R3 with the strongest peak at 24 µm in the galaxy.

Although the ring regions enclose the majority of the NUV light, they represent a minor contribution to the SED of

the Central Region longward of the B–band. For this reason, we also investigate and model the SED of the residual

emission (Res. Region), i.e., of the luminosity difference between the Central Region, LCentral(λ), and the sum of the

10 ring regions, Σ(R1–R10) = Σ10
n=1 Ln(λ):

LRes.(λ) = LCentral(λ)− Σ10
n=1Ln(λ). (2)

The Res. SED is very red, suggesting an old underlying population (column (14) of Table 5). The Res. Region

includes the star–forming nuclear cluster (magenta star in Figure 2); we keep the nuclear cluster’s emission included

in the Res. SED, since it contributes less than 1% of the Res. light at all wavelengths. We will later briefly discuss

the SED properties of the nuclear cluster as a stand–alone source, but not separate it for the main goal of this study.

6. SYNTHETIC PHOTOMETRY AND FITTING APPROACH

This section summarizes the stellar population, dust attenuation, and dust emission models applied in this study

to the Central Region and to its sub–regions, as defined above. In order to handle the angular resolution mismatch

between the HST and the longer wavelength images, we do not attempt to model the entire FUV–to–IR SED in a

self–consistent manner (as adopted by, e.g., MAGPHYS and CIGALE, da Cunha et al. 2008; Boquien et al. 2019),

but keep the FUV–to–NIR portion of the SED separate from the longer wavelength one; we thus independently model

the dust–attenuated stellar population SEDs and the dust emission SED. In this case, the energy balance comparison

between dust absorption in the FUV–to–NIR and dust emission in the IR becomes a post–facto check. This approach

also mimics the situation often encountered in studies of distant galaxies, due to the lower sensitivity and angular

resolution of FIR instruments compared to the optical and NIR ones.
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Å
−

1
3
5
.3

8
±

0
.0

6
3
4
.9

4
±

0
.0

7
3
6
.1

8
±

0
.0

5
3
4
.5

3
±

0
.1

0
3
6
.6

7
±

0
.0

5
3
6
.4

0
±

0
.0

5
3
6
.3

1
±

0
.0

5
3
5
.8

2
±

0
.0

6
3
5
.0

2
±

0
.0

7
3
6
.3

4
±

0
.0

5
0
.0

7
3
8
.3

0
±

0
.0

7

F
1
8
7
N

e
rg

s−
1

Å
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6.1. Stellar Population Models

Spectral energy distributions (SEDs) from the UV to the NIR are generated using the Starburst99 spectral synthesis

models (Leitherer et al. 1999), using both instantaneous and constant star formation, with a Kroupa (2001) IMF in

the range 0.1–120 M� and metallicity Z=0.02 (∼solar), which is the closest value to the measured oxygen abundance

of NGC 3351 for which models are available. The extent of the regions, several tens to hundreds of pc, justifies the use

of both instantaneous burst (SSP) and constant star formation (CSP) models. We can expect some of the regions to

display a more complex star formation history than our simplistic dichotomic approach. However, we rely on the fact

that the regions are relatively small in area (with the exception of the Residual Region), typically no larger than giant

HII regions (Kennicutt 1984; Hunt & Hirashita 2009), to justify our approach. We will discuss the Residual Region

separately.

We generate the models using Padova tracks with AGB treatment (Girardi et al. 2000; Vázquez & Leitherer 2005).

Since the regions under consideration are massive, M&105 M�, we expect negligible impact from stochastic sampling

of the IMF (Cerviño et al. 2002), and hence use the default deterministic models, which imply full sampling of the

stellar IMF. The Starburst99 models include nebular continuum, but not nebular emission lines. These are added

by Yggdrasil (Zackrisson et al. 2011), which uses Starburst99 stellar populations as an input for CLOUDY (Ferland

et al. 2013), with hydrogen number density nH = 102 cm−3 and gas filling factor =0.01, typical of HII regions (Croxall

et al. 2016). Yggdrasil offers nebular emission models with 0%, 50%, and 100% covering factor, implying that 0%,

50%, or 100% of the ionizing photons are used to ionize the gas in the nebula. The presence of at least some nebular

emission in all the considered regions implies >0% covering factor. Tests run on the remaining two available options,

50% and 100%, indicate that the latter generally produce poorer fits (larger χ2
red) than the former. Therefore, we

adopt a 50% covering factor for the ionized gas for all our regions, meaning that only 50% of the nebular emission

is spatially coincident with the region. While we expect the covering factor for most of our regions to be <100%, a

general 50% covering factor is still an over–simplification, although it provides reasonable matches between the data

and the models. The models used here assume non–rotating, single stars. There is, however, increasing evidence that

stellar population models implementing rotating, binary (or multiple) stars are better fits for many data, especially

at young ages and low metallicities (Stanway et al. 2020). Differences in the ages and masses resulting from SED

fits that use different input population models can be at the level of factors ∼2–3, but differences in colors excesses

are decidedly more modest, <0.1 mag (Wofford et al. 2016). Thus the specifics of the stellar population models are

not expected to have an impact on this work, which mostly concentrates on attenuation effects. Yggdrasil models are

available in the age range 1 Myr–14 Gyr for instantaneous star formation (with nebular emission becoming negligible

beyond ≈7 Myr) and 1–100 Myr for constant star formation. We extend the constant star formation models to 14 Gyr

by combining the stellar inputs from Starburst99 with the nebular inputs made available by Yggdrasil. Age steps

range from 1 Myr below 15 Myr to 1 Gyr above 1 Gyr.

6.2. Dust Attenuation Models

The stellar population model SEDs are attenuated with: the SB attenuation curve, and a Milky Way (MW), a Large

Magellanic Cloud (LMC), and a Small Magellanic Cloud (SMC) extinction curve (as parametrized by Fitzpatrick

1999). For the extinction curves, we adopt two dust geometries (Calzetti 2001): foreground dust:

L(λ)obs = L(λ)int10[−0.4E(B−V )k(λ)], (3)

and a homogeneous mixture of dust, stars, and gas:

L(λ)obs =
L(λ)int{1− e[−0.921E(B−V )k(λ)]}

0.921E(B − V )k(λ)
. (4)

The latter is to account for scenarios where the emitting population(s) are buried in the environmental dust. The

observed (output) and intrinsic (input) luminosity densities L(λ) are linked by the attenuation: E(B− V )k(λ), where

E(B–V) is the color excess and k(λ) provides the functional form of the extinction curve, normalized at 0.55 µm

to k(V)=3.1 (Figure 4). For the foreground geometry, we consider both cases of equal and differential attenuation

for the nebular gas and stellar continuum; for the differential attenuation, we assume that the stellar continuum is

subject to half the attenuation of the nebular gas (Calzetti et al. 1994; Wild et al. 2011; Kreckel et al. 2013). For the

SB attenuation curve, we apply Eq. 3 with the functional form k(λ) of Calzetti et al. (2000). In this case, the dust
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geometry and the differential attenuation between gas and stars are ‘built–in’ into the functional form of the curve,

as per results by Calzetti et al. (1994). Calzetti et al. (2000) provides the normalization for the attenuation curve:

k(V)=4.05. In all cases, dust absorption and scattering are included in the expressions for k(λ). We thus end up with

10 different models for the dust attenuation: one attenuation curve and nine geometry/extinction curve combinations

(three curves times three different ways of attenuating gas and stars: foreground, foreground differential, and mixed).

We generate the models in the color excess range E(B−V)=0–3 mag, with step size of 0.01.

Figure 4. The four extinction/attenuation curves used in this work, shown in the range 0.1–2 µm, relevant to the present
analysis. The functional form for the three extinction curves: Milky Way (MW), Large Magellanic Cloud (LMC), and Small
Magellanic Cloud (SMC) are from Cardelli et al. (1989) and Pei (1992), as parametrized by Fitzpatrick (1999); the functional
form for the SB attenuation curve is from Calzetti et al. (2000). The only notable feature is present in the MW and LMC
curves, at 0.2175 µm central wavelength; the other two curves do not have this feature. Although more recent versions of all
curves exist (e.g., Gordon et al. 2003; Fitzpatrick et al. 2019), the expressions adopted cover sufficient parameter space for this
work.

As in the case of the star formation histories described in the previous section, the adoption of two basic geometries

may appear to be an over–simplification of an otherwise complex distribution. However, these cases represent opposite
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extrema in terms of the effective reddening on the SED, with the foreground screen causing the most reddening and

the homogenous mixture causing the least reddening (Calzetti 2013, see their Figure 1.4). Our goal is to bracket

possible geometries for the dust attenuation in the 50–150 pc regions, where we expect the stellar populations to be

close to co–eval or at least to display a relatively small range of ages. We do not expect the above descriptions for the

attenuation to apply to the integrated light from the Central Region, as they are likely too simplistic for a complex

region; this is already partially suggested by Figure 1 and discussed more at length in Section 7.

Although we use all three extinction curves in fitting the FUV–to–NIR SEDs, we note that the observed SED of

the central region of NGC 3351 does not show evidence for the presence of the 0.2175 µm absorption feature. This is

highlighted in the right panel of Figure 3, which zooms into the FUV–to-NIR (0.15–1.9 µm) portion of the regions’s

SED and the UV–optical spectrum of Storchi-Bergmann et al. (1995). The spectrum is particularly constraining for

the absence of the 0.2175 µm feature in the attenuation, since photometry can sometimes give degenerate results

between a feature–less and relatively grey extinction/attenuation curve and a curve with strong 0.2175 µm feature and

steep UV rise. The absence of an obvious broad absorption feature in the otherwise extremely red UV spectrum of

the Central Region leads us to give preference in what follows to the SB and SMC curves, which do not contain the

feature (Pei 1992; Calzetti et al. 1994), over either the MW or LMC curves, both carriers of the feature (Gordon et al.

2003). Processing of dust carriers in the UV–intense and turbulent starburst environments may explain the absence

of the 0.2175 µm absorption feature in these regions (Gordon et al. 1997; Fischera & Dopita 2011).

For a fixed dust geometry/extinction curve choice, the free parameters in the fit of a dust–attenuated stellar popu-

lation SED are: 1) the age (for an instantaneous burst) or star formation duration (for constant star formation); 2)

the mass in stars, M?, and 3) the color excess E(B–V)star from the effects of dust.

6.3. Dust Emission Models

Fits of the IR SED are used to calculate the total infrared luminosity, L(TIR), and the dust mass of the Central

Region. The dust mass is used as a comparison term for the dust column density traced by the color excess E(B–V)

at optical wavelengths. As already defined in Section 2, L(TIR) is the emission in the range 3–1100 µm, which we

adopt for uniformity with other authors. For the fits (Figure 3 , left), we employ the models of Draine & Li (2007), as

implemented in Draine et al. (2007)8. The models consist of a mixture of carbonaceous grains (including PAHs) and

amorphous silicates, with size distributions that aim at reproducing the MW, LMC, and SMC extinction curves. For

each grain distribution (extinction curve), a range of PAH dust mass fractions is considered, between qPAH=0.01%

and 4.6%, in several discrete values. The highest qPAH value is consistent with Milky Way–type dust, while the SMC

and LMC–type dust have lower qPAH values.

The dust mixture is heated by the combination of two starlight intensity components: the diffuse starlight that

permeates the interstellar medium, described by the energy density parameter Umin, and a range of regions with a

power law distribution of intensities, dMdust/dU ∝ U−α, between Umin, and Umax and slope α=29. The two starlight

intensity components are added together in proportion to (1− γ) and γ, where 0≤ γ ≤1. The parameter γ is related

to the fraction of starlight intensity due to current star formation. The emission in each band will also be proportional

to the total dust mass, Mdust. Draine et al. (2007) and Aniano et al. (2020) established that the derived dust emission

parameters are not sensitive to the choice of Umax, which we fix at a value of 105, borrowing from the study of Calzetti

et al. (2018). Thus, for each given extinction curve, there are a total of four parameters for the models: qPAH , Umin,

γ, and Mdust.

6.4. Fitting Approach

The dust–attenuated stellar model SEDs and the dust emission model SEDs are convolved with the bandpasses of

the relevant facility/filter combinations, in order to produce synthetic photometry to be compared with the data. We

use χ2–minimization between the models and the data, taking into account the measurement uncertainties, to obtain

the distribution of solutions and the reduced χ2 value for each. We then plot the distribution of solutions within the

90% significance level for the appropriate number of degrees of freedom, and select the best values and the uncertainty

for the parameters of each region based on the shape of the reduced χ2 probability distribution.

8 The models are publicly available at: https://www.astro.princeton.edu/ draine/dust/irem.html
9 The adoption of this value of α is supported by the findings of Aniano et al. (2020) for the center of NGC 3351.
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In the UV–NIR range, our fits are performed with 10 or 12 datapoints10 which, for three parameters (age, stellar

mass, E(B–V)star), imply 6 or 8 degrees of freedom in the fits. In comparison to recent literature, our UV–NIR fits

use at least twice as many datapoints (bandpasses) than other similar analyses of the same galaxy (Turner et al.

2021), thus yielding more stringently–determined ages, masses, and extinctions, but encompass regions that are at

least several tens of pc in size, as opposed to individual star clusters (Adamo et al. 2017), which adds complications in

the modeling of the SFH. In the IR–sub-mm range, the dust emission is fit to data at wavelengths ≥8 µm, implying 6

datapoints and (for four parameters) one degree of freedom.

For some comparisons (see Figure 1), we use the slope of the UV spectrum, β, measured from the GALEX bands

as described in Kong et al. (2004) and Calzetti et al. (2005). Comparisons with models require that the exact same

bands are used for data and models. As an example, for the intrinsic SEDs of young stellar populations, the relation

between the UV slope measured in the GALEX bands and that measured from spectra as described in Calzetti et al.

(1994) is: βGALEX ' 0.94βCalzetti. While not large, this difference, which is entirely due to the GALEX bands probing

a UV spectral region that is ∼0.2 µm redward of the region used by Calzetti et al. (1994), can lead to confusion if

not properly included. Furthermore, differences from different ways of measuring β are magnified for dust–attenuated

SEDs. Due to the non–linearity of the FUV raise of extinction/attenuation curves, the UV slope β derived from

two photometric bands depends on the filters’ shapes and central wavelengths. This effect is exacerbated for highly

non–linear curves, and at high E(B–V) values, because the attenuated UV spectrum will increasingly deviate from a

single power law shape. For example, a slope β measured using a FUV filter just 100 Å bluer than the GALEX FUV

produces a flatter expected IRX–β relation for the SMC curve in Figure 1, with the IRX being ∼0.2 dex lower at

β = 0 (E(B−V=0.2)) than the fiducial SMC relation. This effect is less important in the case of the SB curve, which

has a less steep FUV raise than the SMC extinction curve, which would cause a change in the IRX by ∼0.09 dex

at β = 0 (E(B−V=0.5)) in the same experiment. This problem will generally be more pronounced when comparing

model expectations with observations of galaxies at a range of redshifts, and will be less pronounced if spectra, rather

than sparse photometry, are used to measure β. In our study, the model spectra are convolved with the GALEX filter

bandpasses, in order to derive expected trends that are consistent with the way the data are measured.

7. THE CENTRAL REGION

The photometry listed in Table 2 is used in this section to derive the characteristics of the Central Region and set

the stage for the analysis of the ring regions.

7.1. Dust Emission Properties

The small number (5) of datapoints available at λ ≥8 µm provide a weak constraint on the physical parameters that

characterize the IR SED of the Central Region. Of the four free parameters (Section 6.4) that define the shape and

luminosity of the IR SED, qPAH is fairly slow–varying across a galaxy (Aniano et al. 2020), and can be fit using a larger

area than the Central Region. We thus fit the shape of the IR SED with the Draine & Li (2007) models described in

Section 6.3, using the ∼36′′–aperture photometry from 8 µm to 500 µm of Table 3, i.e., a total of eight datapoints.

We obtain a best–fit qPAH value of 1.8%, close to the 2% value derived by Aniano et al. (2020) for the central area

of the galaxy, and Umin=12±3, which we also apply to the higher resolution data, since the Central Region provides

over 70% of the flux in the ∼36′′ aperture.

Adopting the above values of qPAH and Umin, we fit the IR SED of the Central Region in the 22′′ aperture (Table 2),

obtaining γ= 0.03+0.03
−0.01, and a dust mass Mdust=(7.7+1.5

−3.5)×105 M�. The post–Planck correction factor described in

Aniano et al. (2020) has been applied to the value of Mdust. The high value of Umin, Umin '12, is not uncommon in

regions of strong star formation (e.g., Calzetti et al. 2018). Using the formula of Draine et al. (2014), the characteristic

dust temperature in the Central Region of NGC 3351 is Td ∼27 K, consistent with its starburst nature, and in

agreement with the temperature determination of Nersesian et al. (2020).

Integrating under the best–fit SED (Figure 3, left), we derive a total IR luminosity L(TIR)mod=10(43.15±0.08) erg s−1

(Table 4). This value is only 20% higher than what is obtained by applying the empirical formula of Dale & Helou

(2002) to the IR photometry of the central region of NGC 3351. We will use L(TIR)mod as our fiducial dust emission

luminosity in the rest of the paper.

10 The SEDs of the ring regions, R1, R2, etc., are each defined by 10 datapoints; 12 datapoints are available for the SEDs of the Central and
Residual Regions, since, for these, we can add the two GALEX measurements.
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7.2. Dust Attenuation and Stellar Population Properties

As a starting point, we apply the standard approach used for unresolved galaxies to the FUV–to–NIR SED of the

Central Region: a global fit using assumptions for the dust attenuation curve and the star formation history. The

assumptions are those described in Section 6.

The best fit models for the dust attenuated stellar SEDs are shown in the right panel of Figure 3. The SB curve yields

the best agreement between model and observations across all 12 datapoints (2 GALEX and 10 HST), with a reduced

χ2
red=1.2 for instantaneous burst models (shown in Figure 3) and about twice that value for constant star formation

models. Conversely, the SMC curve produces an unacceptable fit to the data with χ2
red=9.1 for instantaneous burst

models (shown in Figure 3) and a 50% larger χ2
red value for constant star formation. These χ2

red values are for the SMC

curve used with foreground dust; mixed dust models yield even worse χ2
red values. A close inspection of the models

with the SMC extinction curve shows that they overproduce the U, B, and V band luminosities, while underproducing

the NIR luminosities. Use of the MW or the LMC extinction curves on the FUV–to–NIR SED produces even worse

fits than the SMC one; this is explained by the absence of a 0.2175 µm feature in the UV spectrum of the region

(Kinney et al. 1993; Storchi-Bergmann et al. 1995).

We use the best fits above to estimate the expected TIR dust emission in both cases of the SB and SMC curves. The

TIR emission is taken as the difference between the intrinsic SED and the attenuated SED, integrated from λ=0 to

the NIR included. The calculations yield that the population model with the SB curve over–produces the observed IR

dust luminosity by a factor ∼7.5, giving L(TIR)=1044.02, while the model with the SMC extinction produces a closer

value to the observed one, L(TIR)=1043.26, being only ∼30% larger. Thus, from the point of view of dust luminosity,

the SMC curve performs better, i.e., produces a closer value to the observed one, than the SB curve, a result we had

already inferred from the location of the Central Region data relative to both the SB and SMC curves in the IRX–β

diagram (Figure 1).

In summary, the simplified star formation histories adopted in our fitting approach of the FUV–to–NIR SED of the

Central Region can either account for the shape of the SED, at the cost of over–predicting the dust luminosity (the

case of the SB curve), or reproduce the dust luminosity at the cost of not fitting the shape of the FUV–to–NIR SED

(the case of the SMC curve). This is a clear indication that the star formation history is far more complex than our

simple assumptions, and a region–by–region analysis is required.

Incidentally, the average gas color excess, E(B–V)gas, in the Central Region (Table 4) corresponds to a dust mass

Mdust ∼1.9×105 M�, assuming the relation between gas column density and E(B–V) of Bohlin et al. (1978), and a

dust–to–hydrogen mass ratio of 0.01, appropriate for a galaxy with solar metallicity (Draine et al. 2007). The color

excess only accounts for the dust mass between the stellar populations and the observer, missing the dust behind the

stars. If we assume a mid–plane geometry for the dust, the dust mass doubles to Mdust ∼3.8×105 M�, which is about

a factor 2 lower than the mean dust mass derived from the fit of the IR SED in the previous section, although the two

numbers are consistent with each other within the uncertainties. This consistency implies that there is little evidence

for the Central Region to include subregions that are deeply buried in dust, and our analysis will not miss major dust

heating components.

8. MODELING THE INDIVIDUAL REGIONS ALONG THE STARBURST RING

The SEDs of the ring regions include data in the range λ ∼0.27–1.9 µm and do not have individual measurements at

shorter wavelengths because of resolution limitations in the GALEX images. As a consequence, we cannot univocally

determine whether a 0.2175 µm feature is present in the SEDs of these regions. Thus, we take the SED of the Central

Region as our clue that we should not expect a feature to be present, and only use the SMC and SB curves for our

fits. We run tests using the MW and LMC curves for a subset of the regions, and find that, indeed, these fits cannot

be uniquely separated from those using the SMC or SB curve; in general, the reduced χ2 from the fits using the MW

and LMC curves fall in–between the reduced χ2 values of the fits using the SMC and the SB curves.

The summary of our best fit parameters is listed in Table 6. The small sizes of the regions justify the use of simplified

star formation histories: instantaneous burst and continuous star formation, as discussed in Section 6.1. In fact, most

fits are reasonable, as inferred from the small values of the reduced χ2. The SEDs of the best fitting stellar population

and dust attenuation models for the 10 ring regions are shown in Figures 5 and 6. As a reminder, with 10 photometric

datapoints and three parameters (age, stellar mass, and color excess), we end up with 6 degrees of freedom for the

fits. Examples of the distributions of the fitted parameters, from which their uncertainties are derived, are provided
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Figure 5. Photometry (black circles with 1σ error bars) for four of the ten ring regions, together with best fit models (cyan lines,
dash=stellar population only; continuous=stellar population+dust attenuation) and synthetic photometry (blue triangles). The
parameters listed in each panel are the central values from Table 6. The value of the reduced χ2 is also shown in each panel.

in Appendix A. In general, if the stellar population is well fit by a SSP model, the CSP models are excluded at the

level of several σ, and vice versa. Thus, from the point of view of the star formation history, the fits are unique.

For the extinction/attenuation, both the SB curve and the SMC curve provide reasonable fits in most cases. Thus

the attenuation curve is mostly degenerate in our situation, mainly due to the absence of UV data at wavelengths

λ <0.27 µm, where differences between the curves become more pronounced. Table 6 lists the curve that provides

the smallest reduced χ2 value, although in general the other curve provides a best fit χ2 value that is within 20%

of the one listed. As an example, the best fit for R4 is the SMC extinction curve with foreground geometry, color

excess E(B–V)star=0.76 and a 4 Myr old instantaneous burst population model, which yields χ2
red=5.2; switching to

the SB curve would only slightly worsen the goodness of fit (χ2
red=5.9) while still requiring a 4 Myr old instantaneous

burst model with slightly lower color excess, E(B–V)star=0.65. Exceptions to this almost ‘interchangeability’ of the

extinction/attenuation curves are R3, where the SB curves provides a best fit that has a 40% lower χ2
red value than
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Figure 6. As Figure 5 for the remaining six ring regions.
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the SMC curve, and R10, for which a differential SMC curve yields a 35% lower χ2
red value than the SB curve. In those

cases that are better fit with the SMC curve, the data are in better agreement with foreground extinction models than

with mixed geometry models, or have, in a few cases, comparable goodness of fit. The photometry of two regions,

R2 and R10, gives strong preference to the differential attenuation model (Section 6.2). For color excess values E(B–

V).0.1-0.15 mag (e.g., R1, R6, and R7 in Table 6) the different dust geometries are virtually indistinguishable on

the basis of the data; this is an obvious consequence of the minor role played by dust attenuation on the stellar SED

at low values of the color excess. For R5, mixed geometry models with an SMC curve provide a reduced χ2 that is

only slightly worse than the SB attenuation, but give the same solution for the star formation duration of the stellar

population. Mixed dust geometry models, however, are strongly disfavored by our most strongly attenuated regions,

R3 and R4. In summary, foreground dust geometries are preferred for the 10 ring regions, with the SB curve and the

SMC curve providing the best fit each for half of the regions.

The three regions better fit with instantaneous burst models (R1, R2, and R4) have uniformly young ages, around

4 Myr, with relatively small uncertainties (Table 6). They are also all better fit with the SMC extinction curve, with

foreground geometry; in all cases the reduced χ2 does not change if the extinction is implemented with and without

differential extinction between nebular gas and stellar continuum. For all other regions, which are better fit with

constant star formation models (Figures 5 and 6), the duration of the star formation spans a large range, from 10 Myr

to ∼400 Myr. The large uncertainties on the durations reflect the fact that for constant star formation the UV–NIR

SED changes slowly with age.

As a sanity check, we derive independent ages using the EW(Hα), including and excluding: (1) leakage of ionizing

photons from the region, which corresponds to assuming both 50% and 100% covering fraction, and (2) differential

extinction between emission lines and underlying stellar continuum. For the calculation, we adopt the same SFH

(instantaneous burst or constant star formation) as the best–fits for the SEDs. The values derived with this range

of assumptions are listed in the row called Agelines in Table 6. Adopting a 50% level of leakage from HII regions is

justified in light of previous results for nearby galaxies (Ferguson et al. 1996; Oey et al. 2007) and of the preference for

our SEDs to be better fit with models that use gas covering fraction 50% (as opposed to 100%, see Section 6.1). In most

cases, the age ranges inferred from the EW(Hα) are consistent with those derived from the SED fits. Discrepancies can

be observed for R6, R8, and R10, with older ages predicted by the EW(Hα) than by the SED fits. We attribute this

discrepancy to the possibility that in these regions the ionizing photon leakage is higher than 50%. Again, the large

range in ages from EW(Hα) for the constant star formation cases are a direct consequence of the slow SED variations

of these models with time, with slow build up of light in the stellar continuum and no change in the Hα luminosity.

The uncertainties in the values of the three parameters: age, stellar mass, and color excess, are co–variant. An

increase in age is generally accompanied by a decrease of color excess and an increase in mass. Examples are shown

in Figure 7 for both instantaneous burst and constant star formation populations. In our case, the regions that are

better fit by instantaneous burst models only show weak–to–no covariance among parameters, which is simply due to

the small range of acceptable ages. Typically, for fits that accept a wider range of ages than our cases, covariances

among the best fit parameters of an instantaneous burst population are easy to understand. When age increases,

the stellar population SED becomes intrinsically redder and smaller values of E(B–V) are required to fit the observed

photometry; in addition, an aging stellar population becomes progressively fainter, implying that a larger mass is

required to increase the intrinsic luminosity of the population in order to account for the observations. For constant

star formation, the reasoning is similar: increasing durations accumulate more mass, with minimal or no increase

in the luminosity of the red portion of the SED (which is where the normalization, hence the mass, of the region is

constrained). This implies that, when fixing one of the three parameters, the ranges of allowed values for the remaining

two parameters are smaller, roughly by a factor 1.3–2, than the formal uncertainties listed in Table 6.
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Figure 7. Example of covariance between age, stellar mass, and color excess, shown for R2 and R7. The points show the
location of the 90% confidence level outputs from the χ2 minimization between data and models. R2 is chosen as the example
for the outputs that have SSP models for the best fit stellar population. These cases are characterized by a small range of
acceptable ages, which makes covariances not easily distinguishable from random trends. For R7, the best fit population models
are the CSP ones; this specific example yields the largest range of acceptable ages among our regions, which magnifies the trends
for the covariances.

The distribution of ages of the 10 ring regions indicates that ages/durations decrease along the ring moving from the

East side to the West side (Figure 8, left), with the youngest regions (R1, R2, R3, R4) located to the North-West side,

as if star formation has been propagating along the ring over the past ∼400 Myr. The young regions are also located in

the area of peak 24 µm emission, which coincides with the position of R3 and R4 (Figure 2); in fact, these two regions

are the most extincted among the ten. The secondary peak of 24 µm emission coincides with the other ring location

hosting young regions, R8, R9, and R10. The two 24 µm peaks are approximately co–located with the two peaks of

CO emission in the galaxy and identify where the gas and dust streams feed the ring, to support the star formation in

this region (Kenney et al. 1992; Regan et al. 2001; Leaman et al. 2019). They also coincide with two emission peaks

at 3–33 GHz (Linden et al. 2020); these authors find that star formation at the location of those radio peaks has been

roughly constant for the past ∼10 Myr, which supports our findings from the best–fit stellar populations in R3 and in

R8/R9/R10. The most prominent GALEX FUV peak is co–located with R5, R6, R7, all three with low E(B–V)star
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Figure 8. The best–fit values of the ages and masses for the 10 ring regions shown on the central panel of Figure 2. In the left
hand–side panel, the ages are given in Myr, with a letter following the numerical value of the age to indicate whether the best
fit model is an instantaneous burst population (S) or constant star formation (C). The masses in the right hand–side panel are
given in units of M�.

and long star formation durations (Table 6), indicative that the star formation has been on–going long enough in the

area to clear most of the dust. Extended star formation timescales, up to a few hundreds Myr, have been advocated

to explain several characteristics, including multi–band colors and the EW(Hα), of ringlike star forming structures

located at the Inner Lindblad Resonance of galaxies (Kennicutt et al. 1989; Kormendy & Kennicutt 2004). Our results

for the ring of star formation in NGC 3351, which is near the galaxy’s Inner Lindblad Resonance (Kenney et al. 1992),

are in agreement with these earlier findings. The existence of regions with progressively older ages/longer durations

along the ring supports a scenario of “string–of–pearls” star formation, similar to what inferred for other galaxies

(Böker et al. 2008; van der Laan et al. 2013).

With the exception of R4, the color excess measured from the hydrogen recombination lines, E(B–V)gas, is larger,

by a median factor 1.8±0.2, than the color excess derived from the best fits of the stellar continuum, E(B–V)star,

confirming results from previous studies of both galaxies and regions within galaxies (Calzetti et al. 1994; Kreckel

et al. 2013). The deviation of R4 from this trend may be explained by geometrical effects, if the ionizing photons

leaving this heavily extincted cluster reach regions that contain gas with lower dust optical depth. The extrapolation of

our best fit models to the GALEX wavelengths gives that the 10 ring regions contribute ∼80% of the NUV light of the

Central Region, but overestimates the FUV emission by a factor 1.8+0.6
−0.4. Different choices of ages/masses/extinction

values within our uncertainty ellipses do not decrease the discrepancy in the FUV, which we carry as a limitation

of our modeling approach. The only way to circumvent this limitation would be the availability of a high angular

resolution FUV image to constrain the models.

The sum across the 10 ring regions of the extinction corrected luminosity in Hα is listed in Table 7. This value is

∼40% of the total in the central region, with a few percent uncertainty depending on how the extinction correction

for the Central Region is performed. This fraction is consistent with our assumption above that about 50% of the

ionizing photons have leaked out of the ring regions. Depending on whether the ionized gas emission outside of the

10 ring regions can be considered part of these regions or not, the SFR in the ring, from the extinction corrected Hα

luminosity, is in the range ∼0.1-0.3 M� yr−1, while the sum of the masses gives M∼1.8×107 M� (Figure 8, right, and

Table 7). With these values, the central ring is located between one and two orders of magnitude above the Main

Sequence of Star Formation for its stellar mass. The ring in NGC 3351 is therefore a very active region of current star

formation. Although this argument is an oversimplification, as it assumes that the central ring of star formation is a

stand–alone galaxy (which it is not), it gives a sense for the level of activity in the region.

When the results above are placed in the context of the information listed in column 13 of Table 5, the trend is for

the 10 ring regions to provide a decreasing fraction of the total light in the central region for increasing wavelength,

from ≈100% in the FUV down to 7% in the H–band. Beyond the B–band, the ring regions represent less than 1/3 of
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Table 7. Central Region’s Intrinsic Properties

Parameter Units Value

Log[L(Hα)corr,Σ(R1−R10)]
1 erg s−1 40.30±0.04

SFR(Hα)Σ(R1−R10) M� yr−1 0.11±0.01

MΣ(R1−R10) M� (1.8±0.4)E7

Log[L(Hα)corr,sum] 1 erg s−1 40.69±0.08

Log[L(TIR)sum] erg s−1 43.17±0.07

SFR(Hα)sum M� yr−1 0.27±0.05

SFR(TIR)sum M� yr−1 0.41±0.05

SFR(Hα)Central M� yr−1 0.30±0.06

SFR(Hα+24)Central M� yr−1 0.38±0.05, 0.28±0.05

SFR(TIR)Central M� yr−1 0.40±0.06

SFR(FUV+24)Central M� yr−1 0.50±0.06, 0.33±0.05

M?,Central M� (1.2±0.5)E9
1 The Hα luminosity obtained from the sum of the individually

extinction corrected (corr) regions from Table 5. L(Hα)corr,sum

is within 10% of the Hα luminosity derived using the global mea-
surements of the Central Region from Table 4; this indicates that
the color excess of Table 4, obtained from integrated photometry,
is representative of the entire area, and region–to–region variations
of the color excess do not impact the final luminosity values.

Note—The SFRs are derived using the formulae of Calzetti (2013).
For the mixed–wavelength SFRs, each with two values, the second
value is derived using the proportionality constants of Kennicutt &
Evans (2012) between the two luminosities. The meaning of each
subscript is explained in Table 1.

the total light. The sum of the stellar mass in these regions represents about 1.5% of the total in the Central Region,

well below the mass uncertainty. Because of these characteristics, modeling of the Residual Region is a key piece of

information for understanding the stellar population and dust attenuation in the center of NGC 3351.

9. MODELING THE RESIDUAL REGION

The photometry of the FUV–NIR SED of the Central Region, of the sum of the ring regions, and of the Res. Region

is shown in Figure 9 (left). The Res. Region photometry is in the last column of Table 5, and is the difference between

the photometry of the Central Region and the sum of the photometry of the 10 ring regions (Figure 2 and Table 1).

Any of the ring regions only contributes a few % of the total light at long wavelengths, as already discussed in Section 5.

About half of the ionized gas is located in the Res. Region, but unlike the case of the ring regions, the gas in the Res.

Region is generally diffuse; most of it is associated with the ring of star formation, an indication that the gas is ionized

by the UV photons from the ring clusters. An exception is the nuclear cluster, which shows concentrated Hα and

Paα. A fit of the nuclear cluster photometry reveals that this is a relatively young, ∼7 Myr old, instantaneous burst

population, with non–negligible color excess, E(B–V)∼0.3–0.5, for both the stellar continuum and the ionized gas. The

stellar mass enclosed in a region with 0.4′′ diameter (∼20 pc) is M∼1.8×105 M�, comparable to the mass of R2. The

extrapolation of the best fit model down to the GALEX wavelengths yields a luminosity density L(λ)∼1036 erg s−1 Å−1

for both FUV and NUV. We use this result to help guide us in setting an upper limit flux in the FUV for the entire

Res. Region, since the ring regions already account for the entirety of the FUV emission (with limitations, as discussed

in Section 8). A visual inspection of the GALEX/FUV image suggests that the Res. Region may include about twice

as much FUV light as the nuclear cluster. We thus set the upper limit for the Res. Region in the GALEX/FUV band

to L(0.15).1036.3 erg s−1 Å−1. The accuracy of this estimate will have negligible impact on our results, since the

upper limit is less than 1% of the FUV luminosity of the Central Region. The extrapolated value for the GALEX NUV

band, which is simply the difference between the photometry of the Central Region and the sum of the extrapolated

model NUV photometry of the 10 Ring Regions, is L(0.23)=1037.80±0.35 erg s−1 Å−1.

From the results of the previous section, we have seen that the ring is hosting an extended episode of star formation,

a few hundred Myrs in duration. This extended star formation sits on top of the Res. Region which forms a stellar

background characterized by a red SED (Figure 9, left). Thus the Res. Region may contain the accumulated stellar

populations of past episodes of star formation, possibly prior to those in the ring. Our simple model SEDs, that only
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Figure 9. LEFT: The comparison between the photometry of the Central Region (black circles, same photometry as Figure 3,
right), the sum of the 10 ring regions (blue circles and crosses), and the Res. Region (red circles, cross, and upper limit). All
data are shown with 1 σ error bars, from Table 5. The crosses are the extrapolation to the GALEX FUV and NUV bands of
the best fit attenuated models to the ring regions. The upper limit for the FUV photometry of the Res. Region is due to the
excess FUV flux predicted by the sum of the ring region models. RIGHT: The Res. observed/extrapolated photometry (black
circles, cross, and upper limit) with the best fit stellar population model (cyan) both attenuated (continuous line) and intrinsic
(dashed line). The photometry predicted by the best-fit model is shown as blue triangles. The parameters listed in the panel
are the central values from Table 6.

include instantaneous bursts and constant star formation, cannot capture this scenario. To address this possibility,

we construct a new set of SED models by subtracting from the 1–14 Gyr CSP models younger CSP models, in the

duration range 100 to 900 Myr. Each of these models exemplifies the case of past star formation that was constant

over the period of time YY−XX, with XX=100,...,900 Myr and YY=1,2,...,14 Gyr. We draw the separating point at

1 Gyr, which is about 2–3 times older than the oldest stellar population in the ring. In other words, we are assuming

that star formation in the central region has been on–going continuously for at least 1 Gyr, but regions younger than

≥100 Myr are located along the ring. These new stellar SED models are called Diff–CSP in Table 6, last column.

Because the SED of the Res. Region has relatively large error bars and very little UV emission, several models

fit the observed photometry with comparable goodness–of–fit, including models with instantaneous bursts that are

heavily dust obscured. As discussed in Section 7, the Central Region does not appear to include areas with large

dust obscuration values, since the dust column density retrieved from the mean value of the color excess E(B–V)gas is

consistent, within a factor of 2, with the value of the dust column density obtained from the IR SED fit. In addition,

we have seen in Section 5 that the value of the color excess we derive from the Hα/Paα ratio agrees with the value

derived from Hα/Hβ by Storchi-Bergmann et al. (1995) and Moustakas et al. (2010); constant E(B–V)gas from nebular

emission at different wavelengths is indicative of foreground dust (Calzetti et al. 1994). Finally, an inspection of the

stellar–continuum–subtracted IRAC/8 µm image, which is the dust emission image with the highest angular resolution

in our collection, indicates that 80% of the emission at this wavelength is associated with the ring of star formation;

this is consistent with the absence of a local peak of 24 µm emission in correspondence of the nucleus. These three

lines of evidence lead us to exclude best fits that imply large values of the color excess for the Res. Region and only

consider those cases that have E(B–V).1 mag (Table 4). This condition is imposed alongside the first one: that the

best fit solution has age/duration longer than those of the regions along the ring (&100 Myr).

With the above constraints, only the Diff–CSP models with the SB attenuation curve provide satisfactory fits to the

data (Figure 9, right panel). Cases that subtract a CSP model with duration ≥300–400 Myr from the 1–14 Gyr CSP

models minimize the difference between data and models, and are generally acceptable. The minimum value χ2
red=1.9

is obtained for the (1 Gyr-400 Myr) model (Figure 9, right, and Table 6, last column). Longer star formation durations,

≥2 Gyr, require progressively lower values of the color excess, E(B–V)=0.3 to 0.1, but also produce increasingly slightly

worse fits, χ2
red=2.1–2.4. The (1 Gyr–400 Myr) model not only gives the lowest χ2

red value, but also predicts a FUV
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photometric point that is close to the upper limit of the SED. Furthermore, our photometric approach supports shorter

SFH timescales: the luminosities of both the Central Region and Residual Region are measured with local background

subtraction, which removes the contribution from the long–timescale (older) stellar populations that provide most of

the diffuse light from the galaxy. Thus, we will be using the (1 Gyr–400 Myr) model solution in the following sections,

keeping in mind that durations >1 Gyr do not change the quantitative results that will be presented.

10. THE ATTENUATION IN THE CENTRAL REGION OF NGC 3351

In this section we aim at accomplishing two goals. The first is to leverage the region–by–region SED fitting performed

in the previous sections to derive the intrinsic SED of the Central Region by combining the intrinsic SEDs of individual

regions. The second goal is to compare the intrinsic SED with the observed SED in order to derive a net attenuation

curve for the Central Region of NGC 3351. The two goals are separated and detailed in two of the sub–sections that

follow.

10.1. Avoiding a ‘Circular’ Analysis

A common concern when performing analyses that involve SED fits is whether the results are an effect of circular

arguments. Specifically, we use photometry measured in the individual ring regions to derive the intrinsic SEDs of the

populations in those regions, with assumptions for the attenuation curves. Then we combine the intrinsic SEDs of the

individual ring regions to construct the intrinsic SED of the more extended (∼1 kpc) Central Region (Section 10.2),

in order to derive its attenuation curve (Section 10.3). How is this not circular?

We argue that we avoid circularity by modeling areas of emission with physical sizes that are significantly smaller

than the size of the region we desire to recover the attenuation curve for. The ring regions have physical sizes ≤180 pc

(deprojected) and are sufficiently small that they can host a limited number of stellar populations of separate ages;

in fact, their SEDs can be modeled reasonably well with simple assumptions for the SFH of the region (instantaneous

and constant star formation), and for the dust geometry (foreground or mixed), as seen in Section 8.

Conversely, large, &1 kpc, physical regions, such as the Central Region, generally contain several stellar populations

components, with separate ages and different masses and dust optical depths. In fact, we cannot reproduce both the

UV–to–NIR SED and the IRX–β value of the Central Region with simple assumptions for the SFH and the dust

geometry, as seen in Section 7. Only by dividing the Central Region into physically smaller (and simpler) sub–regions

we are able to reconstruct both its intrinsic stellar SED and the appropriate attenuation curve, as shown in the next

sub–sections, and schematically represented in Figure 10.

10.2. The Intrinsic SED of the Central Region

The sum of the attenuated model SEDs of all the regions discussed so far, R1, R2, ...., R10, and Res., should

reproduce the observed SED of the Central Region. This is shown in Figure 11, where the observed FUV–to–NIR

photometry of the Central Region is compared with the synthetic photometry of the sum of the reddened SEDs from

the individual regions’ best fits (Table 6). The main discrepancy between data and models is in the FUV photometry.
This is from the over–prediction of the FUV luminosity from the 10 ring regions, discussed in Section 8. The second-

largest discrepancy is for the photometry at 0.27 µm (the third datapoint from left in Figure 11), which simply reflects

the fact that this point is under–predicted in the fit of the Res. Region. This is a consequence of the upper limit in the

FUV for the Res. Region SED, which pushes all models for this region down to low NUV luminosities; the availability

of a high–resolution FUV image will likely help improve the fits across the entire UV wavelength range. Despite these

discrepancies, the reduced χ2 from all 12 datapoints, χ2
red=3.6, is sufficiently small to yield an acceptable fit11; when

limited to the 10 datapoints at λ ≥0.27 µm, χ2
red improves to a value of 2.7. These values are in–between those of the

best fits attempted on the global photometry of the Central Region (Section 7): they are about a factor 3 worse than

the χ2
red obtained using the SB curve and a factor 2.5 better than using the SMC curve (Figure 3, right).

In addition to the sum of the attenuated model spectra and photometry from Table 6, Figure 11 shows the two

extreme cases of only using the SB curve for the attenuation in all regions (cyan lines) or only the SMC extinction

curve, with the exception of the Res. Region, which is only fit by the SB curve (magenta lines). These two extreme

cases bracket the optimal fit case by design. The change from one choice of attenuation curve to the other affects

11 This value of χ2
red is calculated assuming three degrees of freedom in the comparison between data and model. This is done to make the

reduced χ2 value comparable to those in previous sections. However, there are zero degrees of freedom in the comparison between the sum
model SED and the observed photometry, since there are no scalings or other adjustments to the individual best–fit models to produce the
sum SED.
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Figure 10. The steps to derive the net attenuation curve of the Central Region of NGC 3351 are schematically shown from left
to right. The photometry of physically small, ∼180 pc or less (de–projected), regions is modeled with simplified assumptions for
the star formation history and the attenuation or extinction curve (panels a and b). The models, both intrinsic and attenuated
are then summed together (panel c) to create the Central Region SEDs. The attenuated SED is compared with the measured
photometry for verification (panel d), while the infrared SED (not shown) provides an energy–balance check on the intrinsic
SED. The ratio between the so–constructed intrinsic and attenuated SEDs yields the net attenuation curve of the Central Region
(panel e). Individual panels are identified with the number corresponding to the Figure where they appear.

significantly only the GALEX FUV and NUV photometric points. This is because the longer wavelengths become

increasingly dominated by the light from the Res. Region, for which the best-fit model does not change in the three

representations shown in Figure 11.

While there are significant differences between the model SEDs of the attenuated light, the intrinsic sum model SED

is well constrained, with little difference between the adopted attenuation curves for fitting the observed photometry of

the individual regions. This is due to the best fit stellar population SEDs being robust against the choice of attenuation

curve; the important nuance to appreciate is that it is the SEDs that are similar to each other, not necessarily the

characteristics of the stellar populations, which have small age variations between one choice of attenuation curve and

another. The availability of two hydrogen recombination lines, in addition to multi–wavelength coverage from NUV

to NIR, helps with the recovery of the intrinsic stellar population SED, especially at blue wavelengths.

The comparison of the sum of the individually dust–corrected luminosities at Hα, L(Hα)corr,sum (Table 7), with

the dust–corrected L(Hα)Central=1040.73±0.10 erg s−1 from the integrated photometry of the Central Region (Table 4)

offers an additional check to our approach of modeling the SED of the central region as a sum of independently fitted

regions. The two values are within 10% of each other, i.e., they are consistent with each other within the 1 σ uncertainty,

despite the fact that the individual ring regions span a significant range of line extinctions, from E(B–V)gas∼0.2 mag

to 0.8 mag. In addition, the sum of the dust corrected Hα luminosity of the ring regions, L(Hα)corr,Σ(R1−R10) is about

37%–41% of the total luminosity in the central region, again comparable to the fraction in the observed luminosities.

Thus, extinction corrections do not alter the ratio of the ring regions line luminosities relative to the total. The

SFR calculated from the dust–corrected Hα is systematically lower, by 30% to 70%, than the values derived from the

infrared luminosity or from composite tracers that include a UV band or optical line emission and an infrared band.

For the composite tracers, the discrepancy depends on the calibration used for the ratio between the two luminosities.

The largest discrepancy is for the SFR(FUV+24) which uses the formula of Liu et al. (2011) as calibrated by Calzetti

(2013); this formula is derived using young star–forming regions. If we use the formula in Kennicutt & Evans (2012)

(again, with the calibration of Calzetti 2013), which is derived for whole galaxies, the resulting SFR(FUV+24) is

consistent with the extinction–corrected Hα luminosity one within 1 σ. The same is true for the composite indicator

SFR(Hα+24). Thus, the Kennicutt & Evans (2012) composite SFR indicators may better describe the complex stellar

populations that are present in the Central Region.

Adopting the sum model SED of Figure 11 as the intrinsic stellar population SED of the central region, the expected

IR emission from dust can be calculated from the integral of the difference between the intrinsic stellar population



Revisiting Attenuation Curves 31

Figure 11. The sum SED of all the modeled regions: R1, R2, ..., R10, and Res., is shown for both the attenuated (continuum
lines) and intrinsic (dashed lines) cases. The observed photometry (black circles) is shown with 1 σ error bars. The three model
spectra correspond to: (blue line) the sum of the best fits for each region, from Table 6; (magenta line) the sum of the fits
obtained by using the SMC extinction curve for each region, with the exclusion of Res. for which only the SB curve provides an
acceptable fit (Section 9); (cyan line) the sum of the fits obtained by using the SB attenuation for each region. The photometric
values for the best fits of the attenuated spectrum are shown as blue triangles. The χ2

red values reported at the top right of the
figure refers to the comparison between the best fit photometry and the data.

and the dust reddened stellar population. For the latter, we adopt the best fitting model to the observed photometry

for the Central Region from Figure 3 (right), extrapolated to wavelengths <0.15 µm in order to account for the

light blueward of the GALEX FUV band. The result of the integration is the expected IR luminosity, and we find

L(IR)sum=1043.17±0.07 erg s−1 (Table 7). If instead we use the models of Figure 11 for the reddened stellar populations,

we obtain L(IR)sum=1043.08±0.03 erg s−1. Both values agree with each other and with the measured IR dust emission

values of the central region listed in Table 4. Thus, our intrinsic stellar population, reconstructed by simply summing

together the dust–free SEDs of the individual regions, is able to predict the correct amount of IR emission from the

central region of NGC 3351.

We can use our best fit models to analyze the contribution of the different populations to the TIR emission. We find

that the Res. Region and the sum of the 10 ring regions each contribute about 50% of the TIR emission in the Central

Region. This lends more support to the use of the composite SFR indicators from Kennicutt & Evans (2012) for the
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Central Region. In fact, a significant portion of the TIR emission is contributed by the Res. Region, which contains

stellar populations that are old enough to no longer contribute to the current star formation, but still heat the dust.

10.3. The Attenuation Curve

The ratio of the intrinsic stellar population’s SED to its attenuated (observed) counterpart provides a measure of

the wavelength–dependence of the attenuation in a region or galaxy. We adopt the formulation of Calzetti et al. (1994)

and Calzetti et al. (2000), which borrows directly from the practice used for deriving extinction curves from stellar

SEDs (see equation 3):

k′(λ) =
Log10[L(λ)int/L(λ)obs]

0.4 E(B − V )gas
, (5)

where L(λ)int and L(λ)obs are the intrinsic and observed luminosities at wavelength λ, and E(B–V)gas is the color

excess of the ionized gas. We specify the color excess of the ionized gas, in order to be able to compare our attenuation

curve k′(λ) with previous derivations. Figure 12, left panel, shows the results for k′(λ), with the discrete photometric

values (black filled circles) obtained from the ratio of the intrinsic population SED to the observed photometry, and

the color lines and circles from the ratio of intrinsic to attenuated model spectra and photometry. We fit the observed

photometry with a polynomial curve similar to the SB one, resulting in the curve of Figure 12 (left; grey line with the

1 σ uncertainty marked by the hatched light-grey region). The best–fit expression is:

k′(λ) = (1.00± 0.08)(−2.365 + 1.345/λ) + (1.97± 0.15), for 0.63 µm ≤ λ ≤ 2.20 µm;

= (1.00± 0.08)(−2.450 + 1.809/λ− 0.293/λ2 + 0.0216/λ3) + (1.97± 0.15), for 0.12 µm ≤ λ < 0.63 µm.

(6)

The uncertainties above indicate the non–covariant region of the two variables: scaling (steepness) and normalization

(vertical offset). We elect not to model the higher order curvatures of the data, as these could be an effect of inaccuracies

in the modeling of the intrinsic SED, as opposed to actual features. Eq. 5 yields k′(B)–k′(V)=0.40, implying that,

when using the ionized gas color excess as reference, the steepness of the curve has to be reduced by more than a

factor 2 relative to a standard extinction curve, in order to fit the observed photometry. This means that the stellar

continuum is less attenuated than the ionized gas, a result that had already been recovered for both starburst and

star–forming galaxies at a range of redshifts in previous investigations (Calzetti et al. 1994, 2000; Wild et al. 2011;

Kreckel et al. 2013; Reddy et al. 2015; Shivaei et al. 2020b, ; see, however, Shivaei et al. (2015)).

As a sanity check, we apply Eq. 6 to the intrinsic stellar population SED to verify that we recover the observed

photometry of the Central Region. The result of this experiment is shown in the right panel of Figure 12, with the

same symbols as the left panel. The few discrepancies observed are the same that can be inferred from the left panel,

with the attenuated model spectrum showing more structure than the observed photometry or spectrum, as already

discussed in previous sections. Nevertheless, the agreement between data and models is acceptable, with a χ2
red=3.112.

11. RESULTS AND DISCUSSION

11.1. The Star Formation History in the Center of NGC 3351

The ages/durations and masses of each individual region, as listed in Table 6, are used here to produce a coarse–

step SFH for the Central Region. Based on the ages and durations at our disposal, we select: 0–4 Myr, 4–12 Myr,

12–300 Myr and >300 Myr as our age bins. A finer–step age binning would require smaller uncertainties, which are

currently not available to us. Our results are shown in Figure 13. In addition to the best fit values listed in Table 6, we

include for the oldest age bin the average SFR expected from the best fit solution of the (14 Gyr−400 Myr) Diff-CSP

model (Section 9). While we do not expect the SFR in the center of NGC 3351 to have remained constant over the

past ∼14 Gyr, this model offers a convenient lower limit to the average SFR for ages older than ∼300–400 Myr. This

is likely a hard lower limit, as bars are transient features in galaxies, with lifetimes of 1–2 Gyr in a barred Sb galaxy

like NGC 3351 (Bournaud et al. 2005). These lifetimes, ultimately, suggest that the average SFR derived from the

(1 Gyr−400 Myr) model is preferable over the longer timescale ones. The SFR calculated for the oldest age bin spans a

wide range, from ∼0.1 M� yr−1 to ∼2.4 M� yr−1, depending on the model selected. The large uncertainty reflects the

12 The meaning of χ2
red in this context is the same as the one in Section 10.2
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Figure 12. LEFT: The net attenuation curve k′(λ) required to account for the observations (black filled circles), and for the
sum of the reddened model spectra and photometry of ring+Res. regions (lines and empty circles: blue for sum of optimal
fits; cyan for SB attenuation curve; magenta for SMC curve; see Figure 11), adopting the intrinsic stellar population’s SED of
Section 10.2 as ground truth. The best fit to the attenuation of the observed photometry is shown as a dark–grey line; the
grey hatched region marks the 1 σ uncertainty range for the curve. The reduced χ2 is reported at the top right of the figure.
RIGHT: The reddened spectrum (grey continuous line, with the grey hatched region representing the 1 σ confidence level)
and photometry (blue triangles) resulting from the attenuation curve to the left applied to the intrinsic stellar populations’
SED (blue dashed line; see Figure 11). The observed photometry (black circles) is shown with 1 σ error bars, together with the
observed spectrum of Storchi-Bergmann et al. (1995) (cyan continuous line). The χ2

red between model and observed photometry
is reported at the top right of the figure; it is identical to the one to the left by construction.

double difficulty of recovering the light from stars older than a few hundred Myr when younger populations dominate

the light output, and of discriminating populations with ages &1 Gyr when multiple such populations are potentially

present. Irrespective of such limitations, the SFR in the >300 Myr age bin is at least as high as the SFR in the

4–12 Myr bin, at least on average. Conversely, the current SFR is the highest over the most recent ∼300 Myr. Thus,

the age range between ∼10–15 Myr and ∼300–400 Myr marks the period of lowest SFR for the Central Region over

the most recent ∼1–2 Gyr. Most of the stellar mass was accumulated before the most recent 300–400 Myr.

We check some of our results on the age distributions in the Central Region with color–magnitude diagrams (CMDs)

from resolved stars, leveraging the stellar catalogs of the LEGUS project (Sabbi et al. 2018). Of the five bands observed

by LEGUS, we choose the two reddest ones, V and I, in order to minimize the effects of dust extinction (Figure 14).

We employ the methodology of Cignoni et al. (2019) to identify age bins for the stars from the Blue Loop region of the

CMD, using the PARSEC–COLIBRI stellar models (Bressan et al. 2012; Marigo et al. 2017) with solar metallicity and

adopting a reference color excess E(B–V)=0.3. Due to confusion, we can only recover ages up to ∼40 Myr from the

CMD, which limits the lookback time we can explore with this method. The stars are divided in four equal bins of age,

which are given different colors (Figure 14, left), whose location is mapped back onto the Central Region (Figure 14,

right). From the distribution of ages in the right panel of Figure 14, we can infer that the ring and the nucleus contain

the youngest stars, <10 Myr, in agreement with our results and those of Turner et al. (2021). Stars in the age range

10–20 Myr are distributed more uniformly inside the region enclosed by the ring, but are not present outside of this

region. Stars older than 20 Myr are more uniformly distributed, and their dearth inside the ring region is likely due

to incompleteness caused by confusion. While the derivation of a SFH from resolved stars would require the use of

artificial star tests and is beyond the scope of this work, we note the general consistency with our earlier result that

stellar populations younger than 10 Myr are located only along the ring and in the nucleus. This also strengthens our

argument that the ionized gas found outside of the ring is due to ionizing photons that have leaked out of the ring

region, with a small contribution from the nuclear cluster.
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Figure 13. The star formation history of the Central Region of NGC 3351, as calculated from the masses and durations of
Table 6, and from the addition of the best fit constant star formation model in the age range 400 Myr–14 Gyr (see text). The
hatched horizontal regions mark the ±1 σ uncertainty region for each age bin. Age bins are: 0–4 Myr (blue hatched region),
4–12 Myr (cyan hatched region), 12–300 Myr (magenta hatched region), and >300 Myr (red hatched region). The oldest bin
spans different ages ranges, with an average SFR that is no lower than ∼0.1 M� yr−1. The complex SFH of the Central Region
of the galaxy is apparent from the data, with a non–monotonic trend as a function of time.

The general shape of the SFH of the Central Region from Figure 13 suggests that star formation was quenched

about 300–400 Myr ago, and resumed recently, about 15 Myr ago. This is consistent with recent results for the ages

of the stellar populations along the bar that feeds the Central Region: George et al. (2019) find that the populations
in the bar have ages >350 Myr, in addition to be devoid of both molecular and atomic gas. Thus, although the bar

has quenched star formation (Masters et al. 2010, 2011), it has also driven gas into the center to ignite star formation

there (Combes & Gerin 1985; Spinoso et al. 2017), but with a ‘lull’ between ∼300 Myr and ∼15 Myr ago. The SFR

also appears to have increased over the past few Myrs, and it may still keep increasing in the future, fueled by the

significant concentration of both molecular and atomic gas in the Central region (Kenney et al. 1992; Regan et al.

2006; Schruba et al. 2011; Leaman et al. 2019).

With a non–monotonic shape, the SFH of the Central Region does not fit either the instantaneous burst or the

constant star formation models. This explains the failure of our initial simplistic approach, embodied by Figures 1

and 3 (right), to account for all observed characteristics of this region. This is also a cautionary tale for standard

approaches to the modeling of starburst or star–forming galaxies, where star formation histories are generally simplified

to a few template behaviors: constant, increasing, decreasing, exponentially decreasing, etc. These smooth behaviors

may not apply to real situations (e.g., Leja et al. 2019; Iyer et al. 2019; Lower et al. 2020), and can affect conclusions

on, e.g., the attenuation properties of the galaxy.

A consequence of the non–monotonic SFH in the Central Region is that the UV slope, βo, of the intrinsic stellar

SED is less negative, i.e., is redder, than the UV slope expected in a young or constantly star forming region. Using
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Figure 14. LEFT: The I–versus–(V−I) color–magnitude (CMD) diagram for the resolved stars in the Central Region, with
tracks from the solar metallicity PARSEC–COLIBRI stellar models overlaid (orange tracks Bressan et al. 2012; Marigo et al.
2017). Different colors identify areas with stars of different ages in the range 0–40 Myr, using the Blue-Loop region of the CMD
(Cignoni et al. 2019). RIGHT: The stars with identified ages from the CMD are re–mapped onto the Central region. The
youngest stars, younger than 10 Myr, are concentrated along the ring and in the nucleus, in agreement with the results from
the SED fitting. Stars with ages in the range 10–20 Myr populate the region along and inside the ring, but are not present
outside the ring region. Stars older than 20 Myr are more widely distributed, although their dearth inside the ring is likely due
to incompleteness because of confusion.

the FUV and NUV photometry values of the intrinsic stellar population SED of the Central region, we find:

βo = −1.9± 0.1. (7)

For comparison, we obtain βo = −2.4 ± 0.1 for the intrinsic stellar population of the sum of the 10 ring regions,

Σ(R1−R10). As reference, at solar metallicity, a stellar population formed at constant rate over 100 Myr has βo = −2.3,

whilst stellar populations formed over time intervals shorter than 10 Myr and instantaneous burst populations with age

<10 Myr have bluer βo values (Calzetti 2001). While the cumulative intrinsic SED of the 10 ring regions is consistent

with on–going star formation, the red UV slope of the Central Region reflects its complex SFH, including the build

up of stars during the star formation that occurred prior to ∼300 Myr ago; these stars significantly contribute to the

NUV luminosity, but not to the FUV luminosity, of the Central Region.

Redder–than-model–expectations UV slopes at zero attenuation are not new. For instance, using the Balmer ratio

as an indicator of zero attenuation, Calzetti et al. (1994) and Battisti et al. (2016) obtain βo ∼ −1.7−−1.6, similar to

what Reddy et al. (2015) and Shivaei et al. (2020b) obtain at redshift z∼2. Other authors obtain similar results for βo
when extrapolating low L(TIR) values to zero attenuation in the IRX–β diagram (Calzetti et al. 2005; Boquien et al.

2012; Casey et al. 2014). In most cases, the observational result relies on the assumption that the galaxies/regions in

the zero attenuation location are the parent galaxies/regions of those at higher attenuations; in a few cases, the result

is the output of SED fits of kpc–size or larger regions, which carries a high degree of degeneracy between SFH and

attenuation. In the present case, the red UV slope of the Central Region is the result of modeling stellar populations

at sub–kpc scales. This UV slope is a crucial ‘ingredient’ for explaining the location of the Central Region on the

IRX–β diagram of Figure 1, as we will see in the next section.

11.2. The ‘Net’ Attenuation Curve in the Center of NGC 3351

The net attenuation required to recover the observed photometry from the intrinsic stellar population SED of the

Central Region can be difficult to relate to previous results without some rescaling. Specifically, extinction curves are
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Figure 15. LEFT: The best fit attenuation curve from the left panel of Figure 12 is shown (grey line and hatched region),
scaled to k(B)–k(V)=1, and compared to the SB attenuation and existing extinction curves (from Figure 4). All curves are at
native R(V) or R′(V) value. RIGHT: The same as the left panel, normalized to k(λ)/k(V)=1.

generally compared after rescaling them to a common value k(B)–k(V)=1. Figure 15 compares the attenuation curve

of equation 6 with the SB attenuation and existing extinction curves, each with their own normalization (R(V), left

panel) and all normalized to k(λ)/k(V)=1 (right panel).

Our best–fit net attenuation from equation 6, rescaled to k(B)–k(V)=1, becomes:

k(λ) = (2.49± 0.20)(−2.365 + 1.345/λ) + (4.93± 0.37), for 0.63 µm ≤ λ ≤ 2.20 µm;

= (2.49± 0.20)(−2.450 + 1.809/λ− 0.293/λ2 + 0.0216/λ3) + (4.93± 0.37), for 0.12 µm ≤ λ < 0.63 µm.

(8)

The normalization13, R′(V)=4.93 ± 0.37, is much larger than most extinction curves (typically with R(V)=3.1 or

smaller, with few exceptions), and larger than the value found for many attenuation curves, including the SB one

(R′(V)=4.05±0.80 Calzetti et al. 2000). However, this is consistent with the R′(V) values found by Battisti et al.

(2020) for z>1 galaxies. When normalized to k(λ)/k(V)=1, the FUV slope in equation 8 is close to that of the MW

extinction curve, and in–between those of the SB attenuation and SMC extinction curves (Figure 15, right). The small

metallicity range in the Central Region, which is mostly solar, indicates that these two characteristics are unlikely to

be due to effects of varying dust composition, but rather are a direct consequence of geometry, i.e., of a range of dust

column densities distributed in front of stellar populations of different ages/durations.

Comparison with published attenuation curves at z∼0 (Wild et al. 2011; Battisti et al. 2017b; Salim et al. 2018) and

with selected examples at z>0 (Battisti et al. 2020; Shivaei et al. 2020b) shows that the general shape of the attenuation

in the center of NGC 3351 is consistent with several existing ones, both when normalized to k(λ)/k(V)=1 and when

shifted to R′(V)=0 (Figure 16). These two ways of presenting comparisons among attenuation curves are both used

in the literature, with one emphasizing the selective attenuation (left panel of Figure 16) and the other emphasizing

the impact of R′(V) (right panel of Figure 16). In both cases, the attenuation curve in the center of NGC 3351 is

shallower than those of Salim et al. (2018), Battisti et al. (2020), and of the low metallicity case in Shivaei et al.

(2020b). Nersesian et al. (2020) derived an attenuation curve for the galaxy NGC 3351, finding a significantly steeper

curve than ours, with a prominent 0.2175 µm feature. We attribute the differences between our results and theirs to

differences in the two analyses: ours targets the starburst center of the galaxy while Nersesian et al. (2020) derive the

attenuation curve for the entire galaxy, which include regions far more quiescent than the Central Region.

13 The symbol R′(V) is preferred over R(V) in the case of attenuation curves, since R(V) refers to the total extinction at V in the case of
extinction curves, while R′(V) combines extinction, scattering and geometrical effects (Calzetti et al. 2000).
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Figure 16. LEFT: The best fit attenuation curve from Figure 15 is shown (black line and grey hatched region) normalized
to k(λ)/k(V)=1 and compared to attenuation curves at redshift z∼0 as well as examples at high redshift, from the literature.
In addition to the SB curve (Calzetti et al. 2000, blue line,), the attenuation curves reported are from: Wild et al. (2011), for
both low (dash light blue line) and high (continuous light blue line) stellar surface mass density, where the boundary between
low and high is at 3×108 M� kpc−2; Battisti et al. (2017b) (red line); Salim et al. (2018) (dark green dash–dot line); Battisti
et al. (2020) for an attenuation curve derived for the redshift range 1.z.3 (magenta line); and Shivaei et al. (2020b) for high
metallicity (continuous orange line) and low metallicity (dash orange line) attenuation curves at z∼2. RIGHT: The same
attenuation curves as in the left panel, plotted with a vertical shift to R′(V)=0. The curves of Wild et al. (2011) are not shown
as these authors do not publish their curves’ R′(V).

The shape and normalization of the net attenuation curve of equation 8 would not be sufficient in itself to account

for the location of the Central Region on the IRX–β plot, since the k(FUV) values, which are the main determinant

of the IRX–β trend, are not as high as those of the SMC extinction curve, as shown in the right panel of Figure 15,

where the two curves are normalized to k(λ)/k(V)=1. However, if we anchor the attenuation curve of equation 8 to

the value of βo in equation 7 and calculate the expected L(TIR)/L(FUV) and β for increasing amounts of dust, we

recover the IRX–β trend shown in Figure 17. The net attenuation curve of NGC 3351 accounts for the observed IRX

and β combination of the region, confirming the earlier calculation showing that the IR emission from the intrinsic

population SED is consistent with observations. The slope of the net attenuation at high IRX values is intermediate

between those of the SB curve and the SMC curve, as expected from the behavior in Figure 15, right. Thus, as already

argued, the relatively shallow UV slope βo of the intrinsic stellar population is the main reason for the location of the

Central region of NGC 3351 on the IRX–β diagram below the locus of central starbursts.

The above results, taken all together, indicate that most previous conclusions on the attenuation curves of galaxies

are correct. (1) Net attenuations often indicate steeper curves in the UV than obtained for the starbursts of Calzetti

et al. (1994) and Calzetti et al. (2000) (e.g., Reddy et al. 2015; Salim et al. 2018; Battisti et al. 2020). Of course,

shallower curves are also possible, e.g., as in the case of ULIRGs and other star–forming galaxies (Calzetti 2001;

Goldader et al. 2002; Battisti et al. 2016; Lo Faro et al. 2017). (2) The normalization R′(V) of attenuation curves is

also not fixed; at fixed E(B–V), a high normalization increases the infrared dust emission without reddening of the

observed SEDs (e.g., Battisti et al. 2020). In the case of the complex geometries of galaxies, the normalization is a

short–hand for the mixed dust–stars optical depth or more complex geometries. (3) SFHs dictate what the intrinsic

stellar population SED looks like. In the case of complex histories, the intrinsic UV slope needs to be calculated

‘a posteriori’, as the contribution of aged stellar populations may alter its value (e.g. Calzetti et al. 2005; Overzier

et al. 2011; Casey et al. 2014; Popping et al. 2017; Narayanan et al. 2018; Liang et al. 2020). Similarly, extremely

young and/or extremely metal–poor stellar populations may display significantly bluer intrinsic SEDs than older or

metal–rich galaxies (e.g. Reddy et al. 2018; Schulz et al. 2020). The main conclusion is that, outside of the ‘central

starburst’ regime, where the star formation is spatially concentrated in the center of the galaxy (Calzetti et al. 1994;
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Meurer et al. 1999; Heckman 2000), the relative geometry of dust and different–aged stellar populations determine

what the net attenuation curve looks like. This conclusion had been reached already using simulations (Popping et al.

2017; Narayanan et al. 2018; Liang et al. 2020), and we have confirmed it using observational data.

One result that holds steady is the presence of a differential attenuation between stars and ionized gas. From our

fits, the median E(B–V)star, is smaller, by a factor 0.56±0.06, than the median color excess derived from the ionized

gas, E(B–V)gas. This should be compared with the scaling of the net attenuation curve we derive from the photometry

of the Central Region, which yields:

E(B − V )star = (0.40± 0.03)E(B − V )gas. (9)

The two numbers are 2.4 σ away from each other, which is not unexpected since the first value is a median of ratios,

while the second value, equation 9, is the ratio of sum luminosities. Yet both numbers point to the fact that stars are

systematically less dust reddened than the ionized gas. Indeed, a consistent finding among many authors is that the

attenuation of the stellar continuum is lower than that of the ionized gas (Calzetti et al. 1994, 2000; Calzetti 2001;

Kreckel et al. 2013; Reddy et al. 2015; Battisti et al. 2016; Theios et al. 2019; Shivaei et al. 2020b); this is perhaps

not surprising, as stars and star clusters tend to blow away their natal dust cocoons or migrate away from their dusty

birthplaces as they age (Grasha et al. 2018, 2019; Krumholz et al. 2019). A common toy model that accounts for this

general result is one where the youngest stars, and their associated ionized gas, reside in dustier regions than their

more evolved counterparts (Calzetti et al. 1994; Charlot & Fall 2000; Zaritsky et al. 2004; Liang et al. 2020). The

value we find for NGC 3351 is not very different from the value 0.44±0.04 Calzetti et al. (1994) find for local starburst

galaxies. The median value we derive from the individual fits of subregions, 0.56±0.06, is not inconsistent with the

value 0.47±0.006 derived by Kreckel et al. (2013). These authors use a region–by–region approach for the optical

SED fits of nearby galaxies, similar to our approach, but with much larger, kpc–sized regions, which may account for

residual discrepancies.

11.3. Caveats

While the results presented so far shed light on the dust attenuation trends that several authors have observed in

and within galaxies, at least two caveats are in order.

First and foremost, this is one single example. Although the availability of high resolution multi–wavelength images

from the HST has enabled us to study in detail the stellar content and attenuation properties of the Central Region of

NGC 3351, it is not clear how representative of other galaxies the metal–rich circumnuclear starburst in a nearby spiral

is. Thus, although a convenient analytical expression is given in equation 8, the reader should be cautioned about

using it before testing its applicability to their case. Specifically, the assumption that goes into applying equation 8 to

any other galaxy is that this galaxy contains similar distributions of both stellar populations and dust column densities

as those observed in the center of NGC 3351, and variations in the dust column densities occur in a ‘lockstep’ fashion

across all regions. This is clearly an unlikely scenario, which can only hold as an approximation.

Second, our dataset lacks high–resolution FUV (∼0.15 µm) images, which prevents us from constraining the stellar

population fits of individual regions at this wavelength. As a result, the inferred FUV photometry from the sum of our

best–fit SEDs is larger, by a factor .2 than the observed FUV photometry (Section 8). This discrepancy is currently

fairly resilient to attempts to decrease it: regions that contain sufficient dust attenuation to lower the difference

between models and observed FUV luminosity tend to be poor fits at longer wavelengths. The FUV discrepancy may

also drive the (smaller) discrepancies in the NUV and U bands: these result from over–compensation of the models to

attempts to fit the data. Clearly a high–resolution FUV image will be required to clarify these issues.

12. SUMMARY AND CONCLUSIONS

We use a combination of archival low– and high–angular resolution images from the FUV (∼0.15 µm) to the sub–mm

(500µm) from the HST, GALEX, SST, and HSO, in order to investigate the stellar populations and dust attenuation

properties of the central ∼1 kpc of the nearby galaxy NGC 3351. The Central Region contains a circumnuclear ring of

star formation, sufficiently active to place the region on the starburst locus in the SFR–mass sequence of galaxies. We

fit the multi–wavelength photometry of each component with a combination of stellar population and dust attenuation

models. The results show that:

1. The star formation history of the central ∼1 kpc in NGC 3351 is not monotonic with time. It has a minimum

in SFR around 15–300 Myr ago, and is several times higher both at earlier and later times (Figure 13). We find
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Figure 17. The IRX–β relation of Figure 1, with the best fit attenuation curve of Figure 12 added to the plot (black continuous
line). The relation is anchored at βo = −1.9±0.1, for the case of zero dust (zero IR emission). The grey hatched region includes
the 1 σ uncertainties both of the parameters of the attenuation curve and of the intrinsic stellar population’s UV slope βo. The
Central Region of NGC 3351 is well represented by this new attenuation curve.

evidence that the star formation has been propagating along the ring for the past ∼400 Myr. The non–monotonic

star formation history, with most of the stellar mass accumulating at times earlier than 300 Myr ago, causes

the intrinsic UV slope of the dust–free stellar populations to have value βo = 1.9 ± 0.1 (equation 7). This is

significantly redder than what measured for stellar populations at solar metallicity produced by constant star

formation or by a young instantaneous burst.

2. The net dust attenuation in the region is consistent with an attenuation curve that is as steep in the UV as

the MW extinction curve, steeper than the attenuation curve of Calzetti et al. (1994, 2000), but significantly

shallower than the SMC curve (Figure 15). The normalization of the net attenuation (the value of the curve

at V) is significantly larger than those of existing extinction and attenuation curves, with R′(V)=4.93±0.37

(equation 8).

3. The combination of points 1 and 2 above provides an explanation for the location of the Central Region on the

IRX–β diagram (Figure 17). Its location is below the locus occupied by starburst galaxies, which is unexpected
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given the active nature of the region, but explainable in light of the results above, especially in light of the red

UV slope βo.

4. The mean dust color excess for the stellar continuum is lower than the color excess measured for the ionized

gas. When using the net attenuation curve of the Central Region, the two color excesses satisfy the following

relation: E(B–V)star=(0.40±0.03) E(B–V)gas (equation 9), comparable to what was derived for starburst galaxies

(Calzetti et al. 1994). When measured on a region–by–region basis, the relation between the two is: E(B–

V)star=(0.56±0.06) E(B–V)gas, higher than the ratio derived from integral photometry. In either case, for one

magnitude of reddening between B and V in the ionized gas, we only measure 0.4 (or 0.56) magnitudes of

reddening in the stellar continuum.

We do not attempt to fit the 0.2175 µm bump typical of extinction curves, as existing UV spectroscopy indicates

this bump to be insignificant in the center of NGC 3351.

Despite all the consistencies listed above, the case presented here still represents one single realization, at ∼fixed

metallicity, of the many possible geometrical distributions of different–age stellar populations and different–optical–

depth dust. However, it helps understand the deviations of star–forming galaxies from the standard locus of starbursts

as a mostly geometrical effect combined with a complex star formation history.
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APPENDIX

A. BEST FIT PARAMETERS DISTRIBUTIONS

Examples of 90% confidence level distributions of best fit parameters for the regions in NGC 3351.
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Figure 18. The 90th percentile distribution of the best fit age, color excess E(B–V), and stellar mass for R2. This region is an
example of instantaneous burst population with a small value of χ2

red=1.7. The discreteness in the age distribution plot reflects
the sampling of the stellar population ages in our models. Axis ranges change from plot to plot and from Figure to Figure.

Figure 19. The same as Figure 18, but for R3. This is an example of constant star formation with relatively short duration,
and a small value of χ2

red=1.9.

Figure 20. The same as Figure 18, but for R4. This is an example of instantaneous burst with the poorest reduced χ2 value
in our sample, χ2

red=5.2, but also with the largest attenuation of the stellar continuum, with E(B–V)=0.76.
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