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ABSTRACT

We present a high spatial (diffraction-limited) resolution (~0”3) mid-infrared (MIR) spectroscopic study of the
nuclei and star-forming regions of four local luminous infrared galaxies (LIRGs) using T-ReCS on the Gemini
South telescope. We investigate the spatial variations of the features seen in the N-band spectra of LIRGs on scales
of ~100 pc, which allow us to resolve their nuclear regions and separate the active galactic nucleus (AGN) emission
from that of the star formation (SF). We compare (qualitatively and quantitatively) our Gemini T-ReCS nuclear and
integrated spectra of LIRGs with those obtained with Spitzer IRS. Star-forming regions and AGNs show distinct
features in the MIR spectra, and we spatially separate these, which is not possible using the Spitzer data. The
9.7 um silicate absorption feature is weaker in the nuclei of the LIRGs than in the surrounding regions. This is
probably due to the either clumpy or compact environment of the central AGN or young, nuclear starburst. We find
that the [Ne11]12.81 wm luminosity surface density is tightly and directly correlated with that of Pax for the LIRG
star-forming regions (slope of 1.00 £ 0.02). Although the 11.3 um PAH feature shows also a trend with Pac, this is
not common for all the regions and the slope is significantly lower. We also find that the [Ne 11]12.81 um/Pa« ratio
does not depend on the Pax equivalent width (EW), i.e., on the age of the ionizing stellar populations, suggesting
that, on the scales probed here, the [Ne11]12.81 um emission line is a good tracer of the SF activity in LIRGs. On
the other hand, the 11.3 um PAH/Pac ratio increases for smaller values of the Pao EW (increasing ages), indicating
that the 11.3 um PAH feature can also be excited by older stars than those responsible for the Pac emission. Finally,
more data are needed in order to address the different physical processes (age of the stellar populations, hardness and
intensity of the radiation field, mass of the star-forming regions) affecting the energetics of the polycyclic aromatic
hydrocarbon features in a statistical way. Additional high spatial resolution observations are essential to investigating
the SF in local LIRGs at the smallest scales and determining ultimately whether they share the same physical
properties as high-z LIRGs, ULIRGs, and submillimiter galaxies and therefore belong to the same galaxy population.
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1. INTRODUCTION

The monochromatic mid-infrared (MIR) emission (8 and
24 um; Wu et al. 2005; Calzetti et al. 2007; Alonso-Herrero et al.
2006Db), as well as several MIR features such as the neon forbid-
den emission lines ([Ne1]12.81 um and/or [Ne1]15.55 um;
Roche et al. 1991; Ho & Keto 2007) are known to be related to
the global (integrated) star formation (SF) in starburst and lu-
minous infrared galaxies (LIRGs; 10" Lo < Lirjs—1000 um) <
10'2 Lg). The [Ne1]12.81 wm line emission is also correlated
with the number of ionizing photons in starburst galaxies,
LIRGs, and star-forming regions and therefore there is also
a direct relation between the [Ne11]12.81 um flux and the star
formation rate (SFR; Roche et al. 1991), although the relative
abundance of Ne ™ and Ne ** ions should be taken into account
(Ho & Keto 2007).

The presence of polycyclic aromatic hydrocarbons (PAHs, for
example, the 6.2, 7.7, and 11.3 um features) has largely been
associated to regions of SF (from ground-based studies: Roche

6 Current address: University of Crete, Department of Physics, GR-71003,
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et al. 1991; to studies based on Infrared Space Observatory
(ISO): Genzel et al. 1998; Lutz et al. 1998b; Rigopoulou et al.
1999; and Spitzer observations: Brandl et al. 2006; Beirdo et al.
2006; Smith et al. 2007; Desai et al. 2007; Houck et al. 2007;
Farrah et al. 2007) and, in particular, to their photodissociation
regions (PDRs; Peeters et al. 2004; Povich et al. 2007). However,
recent works have suggested that the infrared (IR) luminosities
of star-forming galaxies, as estimated using their PAH emission,
should be taken with caution. For instance, the PAH ratios
can vary by up to an order of magnitude among Galactic star-
forming regions, Magellanic H 11 regions, and galaxies (Galliano
et al. 2008), and the PAH emission relative to the total IR
emission may change from galaxy to galaxy (Smith et al. 2007).
Additionally, the PAH emission appears to better trace recent
rather than current, massive SF (Peeters et al. 2004). PAHs also
have an interstellar origin and it has been demonstrated that their
emission is more extended than that of hydrogen line emission,
which is more compact and mainly probes the ionizing stellar
populations (Alonso-Herrero et al. 2006b; Diaz-Santos et al.
2008). Furthermore, recently PAH features have been detected
in the spectra of a significant number of local dusty elliptical
galaxies (Kaneda et al. 2008).
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Table 1 finally, in Section 9, we summarize the main results obtained in

The Sample this paper. Additionally, in the Appendix we analyze the spatial

Galaxy . Dist log Lk Type 12 +1log (O/H) profiles of the fluxes of the main N-band spectral features and

Name (Mpc) (Lo) give detailed information about the specific results found for

) @ 3) @ &) ©) each LIRG.
NGC 3256  0.00935 40.4 11.67 Hu 8.8
IC 4518W 0.01573 68.2 11.09 Sy2 8.6 2. MIR SPECTROSCOPY AT SUBARCSECOND SCALES

NGC 5135 0.01369 59.3 11.27 Sy2 8.7

NGC 7130  0.01615 70.1 11.39 L/Sy 3.8 We selected four galaxies from the sample of local LIRGs

Notes. (1) Galaxy name; (2) redshift (from NED); (3) distance as obtained
with the cosmology: Hy = 70 kms~! Mpc™!, Qy = 0.27, Qs = 0.73; (4)
infrared luminosity (8—1000 pm) as computed from /RAS fluxes (Sanders et al.
2003) and using the prospect given in (Sanders & Mirabel 1996, their Table 1);
(5) nuclear activity of the galaxy; (6) oxygen abundances (see Diaz-Santos et al.
2008, and references therein).

The local physical environment in which the SF is taking
place can also affect the PAH emission. The metallicity, the
properties of the dust, and the intensity and hardness of the
radiation field can alter the ratios among the PAH features and
modify the absolute amount of PAH emission generated by the
star-forming regions (Wu et al. 2006; Engelbracht et al. 2008;
Gordon et al. 2008). Moreover, there is some evidence that
the PAH molecules might be destroyed not only by the harsh
radiation field of an active galactic nucleus (AGN; Wu et al.
2007) but also by that of a young star-forming region if the
PAH carriers are sufficiently close to the source (Mason et al.
2007). On the other hand, PAH emission has been detected in the
vicinity of AGNs (e.g., Circinus, Roche et al. 2007; NGC 1068,
Mason et al. 2006).

MIR observations of high-redshift LIRGs, ULIRGs, and
submillimiter galaxies (SMGs) suggest that the SF in these
galaxies is extended over several kpcs (Farrah et al. 2008;
Menéndez-Delmestre et al. 2009). In turn, a significant fraction
of the SF taking place in local (U)LIRGs is, however, mostly
confined to their nuclei, within the inner few kpcs (e.g., Gallais
etal. 2004; Egami et al. 2006; Garcia-Marin et al. 2006; Alonso-
Herrero et al. 2006a, 2009; Diaz-Santos et al. 2007, 2008).
Besides, the fact that the star-forming regions from where the
MIR emission arises are very compact (hundred of pc or less),
prevents us from spatially resolving them in individual sources
using current space-based observations (IRAS, ISO, or even
Spitzer). In this paper, we present high spatial (subarcsecond,
FWHM ~ 0!3) resolution ground-based MIR spectroscopy of
four local LIRGs (NGC 3256, IC 4518W, NGC 5135, and
NGC 7130), in which SF and AGN activity are isolated or
mixed on different spatial scales. Using the spectral features
found in the N-band (~8-13 um) Gemini T-ReCS spectra of
these LIRGs, we characterize the nature and properties of their
energy sources and perform a detailed study of the SF in these
galaxies on scales of a few hundreds of pc. The organization
of this paper is as follows. In Section 2, we present the MIR
observations and the data reduction; in Section 3, we present the
complementary data at MIR and other wavelengths; Section 4
regards the analysis of the data; in Section 5, we compare the
MIR spectra of the LIRGs at different spatial scales; in Section 6,
we examine the strength and spatial variations of the 9.7 um
silicate feature in the nuclear region of the galaxies; in Section 7,
we explore the use of the [Nen]12.81 um emission line as
reliable tracer of the SFR at scales of a few hundreds of pc; in
Section 8, we study the effect of the intensity and hardness of the
radiation field in the emission of the 11.3 um PAH feature; and

of Alonso-Herrero et al. (2006b): NGC 3256, IC 4518W,
NGC 5135, and NGC 7130. The galaxies were chosen to cover a
variety of morphologies (compact/extended) and to include star-
forming processes and AGN activity in various environments
and mixed on different physical scales. In Table 1, we summarize
the main properties of these LIRGs.

2.1. High spatial Resolution T-ReCS N-band Observations

We obtained N-band, low-resolution (from R ~ 80 at 8§ um
to R ~ 150 at 13 um), long-slit spectroscopy of the four
LIRGs mentioned above with T-ReCS on the 8.1 m Gemini
South telescope. The observations were carried out during
2005 and 2006 under programs GS-2005B-Q-10, GS-2006A-
Q-7, and GS-2006A-DD-15 (PI: Packham). T-ReCS has a
320 x 240 pixel detector with a plate scale of 0709, which
provides a field of view (FOV) of ~29” x 21”5. We used a slit
width of 0772 for NGC 5135, IC 4518W, and NGC 7130, and of
0736 for NGC 3256. The slits were placed to cover the nucleus
of the galaxies as well as some regions of interest (see Figure 1,
orange crosses and dots, respectively).

The observations were obtained in a standard chop-nod
strategy to remove the time-variable sky background, telescope
thermal emission, and the 1/f detector noise (see also Packham
et al. 2005). The chop throw was 15” and perpendicular to the
slit. The observations were scheduled to be done in a single night
but they were divided in various data sets to avoid observing
problems or a sudden change in weather conditions.

We observed two Cohen standard stars (Cohen et al. 1999)
for each galaxy to obtain the wavelength and absolute-flux
calibration of the spectra. The standard star observations were
taken with the same instrument configuration and immediately
before and after the target to minimize the uncertainties in the
photometric calibration. The standard stars were chosen to have
similar air masses as the galaxies at the time of the observations.
In order to place the slit along the regions of interest, the
instrument was rotated accordingly. The standard stars were
observed with the same configuration.

Details about the integration times and the final useful
data available for each galaxy after discarding chop/nod pairs
affected by noise are given in Table 2.

2.2. Data Reduction and Photometric Calibration
2.2.1. Obtaining the Two-dimensional Spectra

The T-ReCS data are stored automatically in savesets, which
contain information on the on-source (object + sky) and off-
source (sky) frames for each chop/nod position. The savesets
can be accessed directly to discard images affected by any
type of instrumental noise pattern. A given number of savesets
forms a data set. Once the bad savesets of a data set are
discarded, the sky-subtracted images were stacked to obtain
a single image of the two-dimensional spectrum of the target.
Because some of the data sets were obtained in different nights
and under different atmospheric conditions (see above), the
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Figure 1. Si-2 (NGC 3256) and N-band (NGC 5135, IC 4518W, and NGC 7130) images (from Diaz-Santos et al. 2008) of the central (inner ~ 2 kpc) regions of the
LIRGs. The parallel lines represent (true scale) the width and orientation of the T-ReCS long slit. The (orange) cross marks the nucleus of each galaxy, while the orange
dots mark other regions of interest: in NGC 3256, the southern nucleus of the galaxy; in IC 4518W, an extended region detected in [S1v]10.51 um line emission;
and in NGC 5135 and NGC 7130, two MIR bright H 11 regions. The squares represent approximately the minimum aperture size that can be used for extracting the
low-resolution (SL module) IRS spectra, although their plotted position angles do not match those of the Spitzer observations.

(A color version of this figure is available in the online journal.)

Table 2
Log of the T-ReCS Spectroscopic Observations
Galaxy Slit Width tint Date Seeing

Name @) (s @)

@ (@) 3) “ ()
NGC 3256 0736 1800 2006/3/7 0735
IC 4518W 072 1900 2006/4/17 0736
NGC 5135 0/72 633 2006/3/6 0730
072 1267 2006/3/10 0729
NGC 7130 0/72 490 2005/9/18 0737
072 760* 2006/6/4 0730
072 633 2006/8/29 0736
072 1267* 2006/9/16 0733
0/72 1267 2006/9/25 0740

Notes. (1) Galaxy; (2) slit width; (3) useful on-source integration time; in the
observations marked with an asterisk, only the spectrum of the nucleus (i.e., not
including the H 11 region) was obtained; (4) date(s) of the observations (YYYY/
MM/DD); (5) mean seeing (FWHM of the reference standard star(s) observed
right before and/or after the target) throughout each night of observations.

following procedures were applied to each galaxy—standard pair
of data sets individually as they contained the full information
to perform their own calibration. Figure 2 shows the two-
dimensional spectrum of each LIRG (the different savesets were
averaged for obtaining high signal-to-noise ratio (S/N) images
but these were not used for scientific purposes). Note that even
in these partially reduced T-ReCS spectra (not corrected from

the shape of the atmospheric transmission; see below) we can
detect the 8.6 and 11.3 um PAHs and the [S1v]10.51 wm, and
[Ne1]12.81 wm emission lines, together with the 9.7 yum silicate
absorption feature (see Figure 2).

After applying a flat field to the data sets, we made use of
Gemini-based IRAF’ tasks (nswavelength and nstransform) to
calibrate in wavelength the two-dimensional spectra. We used
the sky emission features in the reference (sky) stacked spectra
to calibrate in wavelength both the galaxy and standard star
two-dimensional spectra. For the next final steps of the data
reduction, we used our own in-house developed IDL routines.

In order to subtract the residual background from the two-
dimensional-spectrum image, it was fitted to a two-dimensional
plane with a fitting algorithm that iteratively rejects outliers
2.250 above/below this plane to ensure that only “sky” pixels
are used for the fit.

2.2.2. Extraction and Calibration of the One-dimensional Spectra

Once the two-dimensional-spectrum images of the galaxy and
the standard star were wavelength-calibrated and background-
subtracted, we used the high S/N ratio of the spectrum of
the standard star to trace the apertures of the one-dimensional
spectra.

7 IRAF is written and supported by the IRAF programming group at the

National Optical Astronomy Observatories (NOAO), which are operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative
agreement with the National Science Foundation (http://iraf.noao.edu)
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Figure 2. Averaged T-ReCS two-dimensional spectra of the LIRGs. These images have been partially reduced (see the text). The horizontal axis is the wavelength
dispersion direction (from ~ 8 to 13 «m), while the vertical axis is the spatial direction. The physical scale for each galaxy is marked on the images, as well as the
most prominent spectral features. Note that even in these partially reduced two-dimensional spectra, some features are clearly extended. See Figure 1 for details about

the orientation and position of the slits used for obtaining these spectra.
(A color version of this figure is available in the online journal.)

We extracted the nuclear spectrum of each LIRG as well as
one-dimensional spectra at regular positions (1 pixel >~ 0709
step) along the slit in the spatial direction using a fixed aperture
of 4 pixels in length. We then used this grid of spectra to
construct spatial profiles of the features detected in the spectra
of each LIRG (see the Appendix). All the regions (nuclei and
star-forming regions) were assumed to be extended. We also
extracted the integrated spectra of the galaxies with a fixed
aperture of 40 pixels (~36), as well as the spectra of the regions
of interest.

After the spectrum of a given position was extracted from
every data set, all the spectra were interpolated to a com-
mon wavelength array, with a spacing approximately simi-
lar to that provided by the wavelength-calibration function
(~0.022 um pixel ™). This step was needed since the obser-
vations of some galaxies were carried out on different nights.

Each interpolated spectrum was then flux-calibrated using its
associated Cohen standard star while taking into account the
slit losses in each data set. By comparing the flux-calibration
of the different data sets we determined that this is accurate to
within ~15% uncertainty. Finally, the spectrum of each data set
was weighted by the number of savesets used for constructing
the data set (i.e., by the exposure time) and then averaged.
The uncertainties of the background emission were obtained
by calculating the standard deviation of the “sky” spectrum of

the grid (see above) defined as those spectra having a N-band
flux density below 3 mJy. The extracted nuclear and integrated
spectra of the LIRGs can be seen in Figure 5.

3. COMPLEMENTARY DATA
3.1. NIR HST NICMOS Imaging

The four galaxies selected for this work are from the HST/
NICMOS survey of a volume-limited sample of local LIRGs of
Alonso-Herrero et al. (2006b). The observations were taken with
the NIC2 camera (pixel size of 07075 and FOV of 1973 x 19/3)
using two broadband filters (F110W and F160W) for obtaining
NIR continuum imaging, and two narrowband filters (F190N
and FI87N) for observing the Pax line emission and its
associated continuum. We refer the reader to Alonso-Herrero
et al. (2006b) for details on the observations and data reduction.
Using the fully reduced images, we constructed continuum-
subtracted Paw emission, and color maps of the nuclear regions
of the galaxies.

A few extra steps were needed to make a meaningful com-
parison between the NICMOS and the T-ReCS images. Most
importantly, rescaling the pixel size and match the resolution of
the images (see Diaz-Santos et al. 2008 for details). In addition,
we simulated the positions of the T-ReCS slits (see Section 2.1)
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Figure 3. T-ReCS spectra of NGC 3256 extracted with a fixed aperture of 0”36 at different spatial positions in steps of 2 pixels (07 18) from the northern nucleus (top
black dots) down to 0”9 to the south (orange dots). The spectrum of the southern nucleus (at ~5” to the south) is shown for comparison (bottom brown dots). For
clarity, the spectra (from top to bottom) have been multiplied by the following factors: 64, 32, 16, 8, 4, 2, and 1. The lines are the fits to the spectra (see the text for
details). The most prominent features are marked at the top of the figure. PAH features are marked with dashed lines, the unresolved forbidden lines are marked with
dotted lines, and the locations of the H, emission lines are marked with dot-dashed lines. The shaded regions correspond to wavelength ranges where the atmospheric

transmission is very poor, causing the spectra to be very noisy.
(A color version of this figure is available in the online journal.)

over the Hubble Space Telescope (HST) NICMOS Pax images
and extracted the spatial profiles from them. These profiles were
then compared with those obtained for the MIR spectral features
(see the Appendix). The Pac and NIR continuum images where
also used to estimate the ages and extinctions for each of the
star-forming regions studied in this work. The ages were inferred
from their Pac equivalent widths (EWs) using Starburst99 mod-
els (Leitherer et al. 1999) and are upper limits to the real ages
of the regions. The extinctions were calculated using the NIR
colors and are lower limits to the real values. For more details
about the approach used, see Diaz-Santos et al. (2008).

3.2. MIR Spitzer IRS Spectroscopy

For NGC 3256, NGC 5135, and NGC 7130, we compare
our T-ReCS data to the Spitzer IRS spectra from Pereira-
Santaella et al. (2009). The spectra were obtained with the
short-wavelength, low-resolution module (SL), which ranges
from ~5.5 um to ~13.5 um and has a spectral resolution of
R ~ 60-130, similar to that of T-ReCS spectra. The extraction
of the Spitzer IRS one-dimensional spectra for each LIRG
was made using various fixed apertures, from 2 x 2 pixel to

4 x 4 pixel. The smaller aperture is approximately the size
(FWHM) of a point source at the end of the wavelength
range covered by the module, which is about 3”7 x 377 for the
SL module. The flux-calibration was performed assuming the
sources were extended. The extracted spectra of the galaxies are
shown in Figure 5.

4. ANALYSIS
4.1. Obtaining Subarcsecond Spatially Resolved Profiles

Figure 3 shows an example of some individual spectra of
NGC 3256 extracted at different positions along the slit (see
Section 2.2.2). The main emission features seen are the 8.6 and
11.3 um PAHs, and the [S1v]10.51 um and [Nem]12.81 um
lines.

To measure each feature, we first fitted each one-dimensional
spectrum with a polynomial function using a x2-minimization
method (with a weight oc 1 /02, where o is the total uncertainty at
each wavelength) after masking out the most prominent features
in the spectra. A few examples of these fits are shown in Figure 3.
Next, we (1) measured the fluxes of the PAHs and emission
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Figure 4. Upper panel: example of the fitted continuum (red line) to the SL
IRS spectrum (black line) of NGC 5135 to measure the strength of the silicate
feature. The spectrum was extracted with an aperture size of 574 x 5”4. The red
squares are the anchors used for the fit. The green triangles are the spectrum
and the fitted continua at 12.2 um, chosen as the reference wavelength for the
normalization to the T-ReCS spectra (see the text for details). Bottom panel:
the red line is the IRS continuum fit scaled to the nuclear T-ReCS spectrum
of NGC 5135 (black line), as extracted with an aperture size of 0772 x 0/36.
The ratio between the green triangles is the offset applied to the normalization
of the fit. The blue circles show the spectrum and fitted continua fluxes at the
maximum of the Si 9.7 ,m absorption feature.

(A color version of this figure is available in the online journal.)

lines, (2) calculated their EWs, and (3) obtained the continuum
flux at two reference wavelengths: 8.2 and 12.2 um. The fluxes
of the features were calculated by fitting them with Gaussian
functions with fixed widths and varying intensities and positions.
Although a Gaussian profile does not represent perfectly the
shape of the PAH bands, it is still a reasonable choice and a good
approximation to their enclosed flux. We considered a feature
as detected when its peak was 2.250 above the continuum. This
threshold was chosen as a good compromise between being able
to detect low surface brightness emission in diffuse regions and
not including unreliable measurements.

We note that the [Ne11]12.81 um line may be contaminated
with emission from the 12.7 um PAH feature, since the T-ReCS
spectral resolution is not sufficient to separate both components.
In addition, due to the distance to IC 4518W, NGC 5135, and
NGC 7130, the [Ne1]12.81 um emission line of these LIRGs
is redshifted almost outside of the T-ReCS N-band filter. This
causes the red wing of the line to be significantly affected
by the filter and atmospheric transmissions; the latter starts
decreasing significantly at A 2> 13 um. We therefore doubled
the uncertainties in the fluxes measured of [Ne1]12.81 um
line for these galaxies because the fits to this line were made
using only the half of the line not affected by the filter
and atmospheric transmissions. The uncertainties of the ratios
and other quantities obtained using this line were calculated
accordingly, including this additional uncertainty.
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Figure 5. T-ReCS and IRS spectra (where available) of the four LIRG under
analysis. The nuclear and integrated T-ReCS spectra of the LIRGs are shown as
red and blue dots, respectively. The low-resolution (SL module) IRS spectrum is
shown as a black line (for IC 4518W an IRS spectrum is not publicly available
yet). The Spitzer spectra were extracted with CUBISM from mapping-mode
data (see Pereira-Santaella et al. 2009, for more details). We used an aperture of
5’4 x 54 for the extraction, except for the southern nucleus of NGC 3256 for
which we used a 3”7 x 3”7 aperture. The labels and fits are as in Figure 3.

(A color version of this figure is available in the online journal.)

The fluxes and EWs of the different features measured in the
nuclear and integrated T-ReCS spectra are given in Tables 3-6.

4.2. Measuring the Strength of the Si 9 7 ,m Feature

An important quantity related to the Si 97, feature is its
depth or strength. This is calculated as

obs

SSi9.7//.m =In ﬁv (D
A
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Table 3
T-ReCS Nuclear Fluxes
Nucleus Feature
8.6 um PAH [S1v] 11.3 um PAH [Neq] 85i9.7 um
(1) (2) 3) ) (5) (6)
NGC 3256 (N) 75 £ 3.5 <1.0 11.9 £ 1.3 129 £ 0.5 —0.39 + 0.10
NGC 3256 (S) <1.7 <0.5 <1.0 2.1 £0.2
IC 4518WP <64 2.8 +£0.9 <3.7 69 £+ 1.3 —1.42 + 0.19*
NGC 5135° <55 52+ 09 <32 51+ 1.0 —0.46 + 0.18
NGC 7130 55+ 44 25 £+ 1.8 114 £ 1.3 103 + 1.6 —0.61 £+ 0.08
Notes. (1) Name; (2)—(5) fluxes of the features and 2.250 upper limits (see the text) in units of
x10~14 erg s~1 em™Z; (6) silicate strength of the LIRG nuclei (see Section 4.2 and Equation (1)).
The values correspond to the one-dimensional spectra extracted with a fixed aperture of 0736 x (0736
(NGC 3256), and 0772 (IC 4518W, NGC 5135, NGC 7130)) centered at the nuclei of the galaxies.
4 The Ssi9.7 um of IC 4518W was calculated using the alternative method explained in Section 4.2.
b The nuclei of IC 4518W and NGC 5135 are unresolved. The values given here have not been corrected
for aperture effects.
Table 4
T-ReCS Integrated Fluxes
Nucleus Feature
8.6 um PAH [S1v] 11.3 um PAH [Ne] 85i9.7 um
(1) (2) (3) “) (5) (6)
NGC 3256 (N) 23.0 £ 9.3 <3.0 40.0 £ 3.9 42.8 £ 2.0 —0.62 + 0.13
NGC 3256 (S) <54 <l. <1.0 32+ 1.7
IC 4518W <17.2 125 £ 2.5 <10.1 229 £+ 4.1 —1.45 £+ 0.28*
NGC 5135 192 £ 133  13.1 £ 6.3 36.7 £ 7.1 19.2 + 4.8 —0.63 + 0.23
NGC 7130 17.5 £ 10.9 52+£52 450 + 44 254 + 4.2 —0.75 £ 0.10
Notes. (1) Name; (2)—(5) fluxes of the features and 2.250 upper limits (see the text) in units of
x 10714 erg s~ em™Z; (6) silicate strength of the LIRG nuclei (see Section 4.2 and Equation (1)).
4The Ssi9.7um of IC 4518W was calculated using the alternative method explained in Section 4.2. The
values were calculated for the one-dimensional spectra as extracted using a fixed aperture of 3”6 x (0736
(NGC 3256), 0/72 (IC 4518W, NGC 5135, NGC 7130)) centered at the nuclei of the galaxies.
Table 5 where F™ is the observed flux density of the feature and
T-ReCS Nuclear EWs Feont § ;
1™ is the continuum, both evaluated at wavelength A (usually,
Nucleus Feature 9.7 um). A negative value indicates absorption, while a positive
8.6 um PAH (S1v] 113 um PAH [Ne ] value indicates emission. The Ssi97,m can be associated with
(1 ) 3) @) 5) an optical depth (and therefore with a visual extinction) via an
NGC 3256 (N) 0.11 + 0.05 016 £ 002 012 + 001 extinction law and a dgst obscuratlpn model or geometry. For a
NGC 3256 (S) 0.07 + 0.01 dust screen configuration, the relation between the Ssijg.7,,m (or
IC 4518W 0.05 + 0.02 0.03 + 0.01 equivalently in this case: apparent Tsio7um = —Ssi9.7um) and
NGC 5135 0.05 4 0.01 0.04 £ 0.01 the apparent Ty is unique and it is given by the shape of the
NGC 7130 0.05 £ 0.04 0.03 £ 0.02 0.18 £0.02 0.06 + 0.01 absorption curve of the adopted extinction law.

Notes. (1) Name; (2)—(5) EWs of the features in um. See also Table 3 for notes
about the extraction apertures.

Table 6
T-ReCS Integrated EWs
Nucleus Feature
8.6 um PAH [S1v] 11.3 um PAH [Ne]
[€)) (2) 3) @ 5)

NGC 3256 (N) 0.13 £ 0.05 0.23 + 0.03 0.16 &+ 0.01
NGC 3256 (S) 0.38 + 0.33 0.10 + 0.01
IC 4518W 0.11 + 0.03 0.06 + 0.01
NGC 5135 0.06 = 0.05 0.07 &+ 0.04 0.15 + 0.03 0.06 + 0.01
NGC 7130 0.07 &£ 0.04 0.03 + 0.03 0.18 + 0.02 0.07 £ 0.01

Notes. (1) Name; (2)—(5) EWs of the features in um. See also Table 4 for notes
about the extraction apertures.

The limited spectral range afforded by ground-based N-band
observations in conjunction with the broad silicate feature, and
the prominent PAH features in our galaxies make it difficult
to measure the MIR continuum. To circumvent this problem,
we made use of the SL Spitzer IRS spectra which has a larger
spectral range. We stress that the Spitzer spectra are extracted
with much larger apertures (see Section 3.2) than the T-ReCS
spectra, and thus the main assumption here is that the shape of
the continuum over the Spitzer (kpc) spatial scales is the same
as that over the T-ReCS (hundred pc) scales. That is, for a given
galaxy, we used the same Spitzer continuum for all the T-ReCS
spectra extracted along all spatial steps. This may have some
implications in cases were the Spitzer spatial resolution cannot
separate AGN and SF sites.

We fitted the IRS spectrum to a simple linear function with
anchors at 5.5 and 13.2 um (see Figure 4, top). This method
yielded similar results to the method of Sirocky et al. (2008),
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Figure 6. Spatial profiles of the Si 97,m feature strength for each LIRG (pink profiles; see Section 4.2 for details on the calculation). Lower values of the strength
imply higher absorptions, and vice versa. The open diamond symbol is the Si 9 7, strength as measured from the integrated T-ReCS spectrum of the galaxy using its
IRS spectrum to calculate the continuum emission outside the feature. The pink dashed line also marks this value. The gray profiles were derived using the alternative
method (see Section 4.2). The results from both methods agree within the uncertainties. The shaded regions mark the positions of the regions of interest (see Figure 1,

orange dots).

(A color version of this figure is available in the online journal.)

which uses a spline interpolation. We then measured the ratio
between the measured flux at 12.2 um in the IRS spectrum, and
the fitted value at the same wavelength. We used this ratio to
scale the fit to the T-ReCS spectra at 12.2 um. We have to note
that because of the wavelength selected to scale the spectra s still
inside the absorption feature (though in the more outer part of it),
the measured silicate strengths might be slightly underestimated.
In any case, relative comparisons are not affected by this.

We found that the maximum of the Si ¢7,, absorption
feature was not always centered at 9.7 um (see Sirocky et al.
2008, and reference therein). It varies between 9.4 and 10 um
and sometimes is even located at shorter wavelengths down to
~9 pum (see, e.g., the spectra of NGC 3256 in Figure 3). Because
of these displacements, we computed the Ss; 9.7 ,,m of the T-ReCS
spectra using Equation (1) but evaluating it at the maximum of
the absorption, rather than exactly at Ay =9.7 um.

Since no IRS spectrum is available (to the date) for IC 4518W,
we used a second approach to measure the Sg;9.7,,m. In this case,
we measured the continuum emission above the Si 9 7,,m feature
using directly the T-ReCS spectra. Note, however, that the PAHs
and in particular the 8.6 um feature, in this galaxy are not very
strong (see Figure 5). For each step of the spatial profiles, we
fitted the spectra between 8.2 and 12.2 um (at the edges of the
silicate feature) with a linear function and interpolated the fitted

continuum to the maximum of the absorption. We also applied
this alternative method to the other LIRGs to compare these
values with those obtained using the IRS spectra. We found
that both methods yielded similar results, as can be seen for
NGC 3256, NGC 5135, and NGC 7130 in Figure 6.

Tables 3 and 4 give the Si 97, strengths measured in the
nuclear and integrated spectra of the galaxies, respectively. In
Section 6, we explore in detail the spatial profile of the 9.7 um
silicate feature in each LIRG.

5. CRUCIAL DIFFERENCES BETWEEN T-ReCS AND IRS
SPECTRA

We can compare the nuclear and integrated T-ReCS spectra
of NGC 3256, NGC 5135, and NGC 7130 with the Spitzer
IRS spectra (there is no Spitzer spectrum for IC 4518W) to
highlight the different physical regions and processes probed
by the two instruments. While the Spitzer IRS spectra are
representative of the emission over scales of ~1 kpc, our ground-
based observations improve this resolution by almost 1 order of
magnitude. Thus, with the T-ReCS data we can disentangle the
emission arising from the nuclear regions of the galaxies on
scales of ~100 pc.



336 DiAZ-SANTOS ET AL.

Table 7
Integrated Fluxes of Spitzer IRS Spectra

Nucleus 8.6umPAH f [Stv] f 113umPAH f [Neu] f

(1) (2) OICOIS) (6) 7 @ 9

NGC 3256 (N) 342 2% ... ... 458 3% 267 5%
NGC 3256 (S) 53 103 ... 60 4%
NGC 5135 66 11 47% 172 .. 67 8%
NGC 7130 37 15% 5.7 44% 87 13% 41 25%

Notes. (1) Name; (2), (4), (6), and (8) fluxes of the features in units of
x 10~ erg s~ cm™2; (3), (5), (7), and (9) percentage of flux contained in the
nuclear T-ReCS spectra. Note that the T-ReCS spectra have not been corrected
for aperture, so these fractions are lower limits.

The values were measured from IRS spectra (SL module) and extracted
with CUBISM from mapping-mode data and using an extraction aperture
of 6”8 x 6”8 centered at the nuclei of the galaxies, except for the southern
nucleus of NGC 3256 that was extracted with an aperture of 475 x 4”5 to avoid
overlapping with the northern nucleus.

5.1. NGC 3256

NGC 3256 has two nuclei separated by ~5” (~1 kpc) along
the north—south direction. The northern nucleus (see Figure 1,
orange cross) has been clearly classified as a star-forming region
(Lipari et al. 2000; Lira et al. 2002) and is resolved in the T-ReCS
MIR image (FWHM of 0750 >~ 100 pc; Diaz-Santos et al. 2008).
The southern nucleus is heavily obscured (Ay 2 12-15mag;
Kotilainen et al. 1996; Lira et al. 2002; Alonso-Herrero et al.
2006a; Diaz-Santos et al. 2008), and it is classified as Hi-
like. The T-ReCS (nuclear and integrated) and IRS spectra of
the northern nucleus of NGC 3256 are all very similar (see
Figure 5). All of them show prominent 8.6 and 11.3 um PAH
features together with a conspicuous [Ne1]12.81 wm emission
line. Therefore, despite the nucleus is resolved, the nuclear
spectrum is representative of the whole region, even at kpc
scales (see IRS spectrum).

The IRS spectrum of the southern Hu-like nucleus of
NGC 3256 shows a larger absorption (Ssi97,m >~ —1.4)
than that of the northern nucleus (Ssig.7,m =~ —0.5; Alonso-
Herrero et al. 2010; Pereira-Santaella et al. 2009). However, our
T-ReCS spectrum of the southern nucleus shows that the IRS
spectrum underestimates the true depth of the silicate feature.
In fact, the T-ReCS spectrum is so absorbed that even the in-
tense 8.6 and 11.3 um PAHs (clearly seen also in the spectrum
of Martin-Herndndez et al. 2006) cannot be measured because
they are totally extinguished. The [Ne1]12.81 um emission
line is also likely to be somewhat affected by the absorption.
All these features are, however, clearly detected in the IRS
spectrum. Thus, the T-ReCS spectrum effectively separates the
emission arising from the heavily absorbed southern nucleus of
NGC 3256 from that of the surrounding regions. In turn, the
IRS spectrum is a combination of both.

5.2.NGC 5135

The central 5” x 5” region of this galaxy is known to host a
Compton-thick Seyfert 2 nucleus as well as a number of bright
Hu regions (Levenson et al. 2004; Gonzdlez Delgado et al.
2001; Bedregal et al. 2009). Our MIR imaging data showed that
the AGN is only contributing about 25% of the MIR emission in
this region (Alonso-Herrero et al. 2006a). The IRS spectrum
(Figure 5) shows intense 8.6 and 11.3 um PAH features,
indicating the presence of SF, as well as [S1v]10.51 um and
[Nem]12.81 um line emission, and a hint of the [Arm1]8.99 um
emission line. Outside the ground-based N-band spectral range
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the IRS spectra display evidence for the presence of the AGN
in the form of high-excitation emission lines and a strong dust
continuum at 6 um (see Alonso-Herrero et al. 2010; Pereira-
Santaella et al. 2009). From the IRS spectrum alone it is not
clear whether the spectral features are being emitted by the
same source (see Figure 1). The T-ReCS nuclear spectrum
is almost featureless, except for the [S1v]10.51 um and the
[Ne1]12.81 um emission lines. The comparison between the
line fluxes from the IRS and the T-ReCS spectra shows that
the AGN of NGC 5135 is responsible for a large fraction, at
least 50% (this is a lower limit, since we are not correcting for
aperture), of the [S1v]10.51 um line emission measured from
the IRS spectrum (see Table 7). The [Ne1]12.81 um emission
on the other hand is coming mostly from extra-nuclear regions.
It is also worth noting that the T-ReCS nuclear spectrum does
not display PAH emission (although the 11.3 um PAH may be
marginally present) or [Ar1i]8.99 um line emission. We can
conclude from the T-ReCS spectroscopy that the SF in this
galaxy is mostly circumnuclear (=150 pc) rather than nuclear.
In contrast, both the integrated T-ReCS spectrum of
NGC 5135 and the kpc-scale IRS spectrum show the same fea-
tures, including the PAHs. The similarity between both spectra
seems to indicate that the PAH emission does not vary strongly
from region to region within the central kpc of NGC 5135. The
T-ReCS nuclear spectrum of NGC 5135 has a shallower Si 9.7 ym
feature than that of the integrated spectrum (see below).

5.3. NGC 7130

NGC 7130 also hosts a Compton-thick Seyfert 2 nucleus,
as well as SF within the central ~150 pc (Levenson et al.
2005; Gonzalez Delgado et al. 1998). The IRS spectrum shows
both AGN and SF features (Pereira-Santaella et al. 2009).
However, unlike NGC 5135, our T-ReCS imaging data of
NGC 7130 show aresolved nucleus (FWHM ~ (0745) suggesting
that in this region the SF and the AGN emissions are still
mixed (Alonso-Herrero et al. 2006a). Indeed, Figure 5 shows
that the T-ReCS nuclear spectrum of NGC 7130 displays the
[S1v]10.51 um and [Nem]12.81 um emission lines as well as
the 8.6 and 11.3 um PAH features. The presence of PAH features
in the nuclear spectrum clearly indicates that there is SF in
the very nuclear region (<100 pc) of NGC 7130, as well as
in regions surrounding it (at distances of several hundreds of
pc). Nevertheless, at least half of the [S1v]10.51 um emission
measured in the Spitzer spectrum is contained within the inner
0736 x 0772 probed by the T-ReCS nuclear spectroscopy (see
Table 7). In contrast, most of the [Ne1m]12.81 um emission is
steming from regions outside the central 0736 x 0”72 region of
this galaxy.

6. THE STRENGTH OF THE 9.7 um SILICATE FEATURE
IN STAR-FORMING REGIONS AND AGNs

The spatially resolved information afforded by the T-ReCS
spectroscopy allows us to study in detail the behavior of the
9.7 pm silicate feature in the nuclear and circumnuclear regions
of our LIRGs. The most intriguing result here is that the Ss; 9.7 ;m,
in general, is shallower toward the nuclei of the LIRGs than in
the surrounding regions (see Figure 6). We measure Si 97 ,m
strength values for the innermost regions of the LIRG nuclei
in the range of —0.5 (NGC 3256) to —0.7 (NGC 7130), while
the extra-nuclear regions show values ranging from —1 to up
to —1.5. The Hu region in NGC 5135 also shows a mean
value of ~—1.2. The only galaxy that presents a different
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behavior is IC 4518W, which shows an almost constant value
of the Ssi9.7,m. This is not surprising, however, as the AGN
totally dominates the MIR nuclear emission of this LIRG and
there is no hint for SF in the innermost regions of the galaxy.
Interestingly, the Si 97,m strength in the high-excitation line
region of IC 4518W (see Appendix B) is slightly lower than but
comparable to that of the nucleus.

One may think that intense PAH emission could be ‘“ar-
tificially” increasing the continuum emission at the wings
of the Si 97,m feature.® We used, however, the Spitzer IRS
spectrum of the galaxies for estimating the real continuum at
two wavelengths where the PAHs do not dominate the emission.
In addition, the two methods used to calculate the Ssi9.7,m (see
Section 4.2 and Figure 6) yielded similar values, indicating that
the tendencies seen in the spatial profiles of the Si 9 7, strength
in our LIRGs are real.

The nuclei of all these galaxies heat the nearby dust effec-
tively. Because the same dust produces both the observed contin-
uum and the silicate feature, radiative transfer effects determine
the resulting feature strength. If AGNs are indeed located within
clumpy environments, they can produce only shallow silicate ab-
sorptions (Nenkova et al. 2008b). A clumpy geometry allows
direct views of some hot, directly illuminated cloud surfaces
whose emission fills in the absorption created by cold clouds.
That is, even when the clumpy dust distribution is extended, the
temperature gradient along a clumpy torus is never high due to
the probability of viewing hot, directly illuminated clouds at all
distances (Nenkova et al. 2008a). Therefore, the silicate feature
remains always weak (Ssjo7,m 2, —1; Nenkova et al. 2008b).
A deeper absorption feature requires a steeper temperature gra-
dient, as radiative transfer computations demonstrate (Levenson
et al. 2007). An optically and geometrically thick smooth dusty
medium can provide this temperature gradient.

In the case of NGC 3256, where the nuclear starburst is com-
pact, the immediate dusty surroundings remain hot. Without a
strong temperature gradient, the nuclear silicate absorption is
weak. The dust farther (=100 pc) from the nucleus is some-
what cooler, without producing such a hot continuum. More
importantly, the dust distribution in the off-nuclear extended
star-forming regions of NGC 3256, NGC 5135, and NGC 7130
can be optically and geometrically thick, therefore showing
deeper absorptions (Levenson et al. 2007). Thus, we interpret
these cases as the transition from either the clumpy or com-
pact environment of an AGN or a nuclear starburst to the more
smooth, extended dust distributions typical of circumnuclear SF.
The AGN in NGC 5506 offers another similar example, with a
weaker silicate absorption in the nucleus than in the surrounding
extended regions (Roche et al. 2007).

On the other hand, the silicate strength remains roughly
constant and large across the central region of IC 4518W. This is
not characteristic of a clumpy environment but instead suggests
foreground extinction by cool dust, possibly by a dust lane in
this highly inclined galaxy.

In general, however, using a simple foreground dust screen
geometry to estimate the optical depth across the nuclei of these
LIRGs is not correct because of the existence of multiple dust
components at different temperatures (as explained above). In
fact and due to this, it is because if we used a simple foreground
dust screen model for calculating the extinction (i.e., the
apparent Ty, see Section 4.2) we would obtain lower extinctions

8 Note that the 7.6 and 8.6 ;m PAH features are on the blue side of the
T-ReCS spectrum, and the 11.3 and 12.7 um PAH complexes on the red side.
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Figure 7. [Ne11]12.81 um LSD vs. Paoew LSD (corrected for extinction) for the
star-forming regions in our LIRGs. Each data point represents a spatial position
along the slit in steps of 0736. The nucleus of NGC 3256 is marked with a big
open symbol. The Seyfert nuclei of the remaining LIRGs have been excluded
from the study. The regions of interest (when the data are available; see Figure 1)
are marked with big filled symbols.

(A color version of this figure is available in the online journal.)

for the LIRG nuclei than for the surrounding regions (except in
IC4518W, where the Ssig7,m is nearly constant). That is, we
now know that the apparent 7si9 7 um (= —Ssi9.7 um) values found
for the nuclei are only lower limits to the real ones because of
the re-emission of the hot dust emission component (associated
either to a clumpy geometry or a compact environment) near
~10 pm that is not accounted for by the screen model.

The Ssi9.7,,m measured over the integrated spectra of galaxies
(Figure 6, open diamonds) indicate that the absorption is never
very deep. Moreover, all LIRGs show almost the same strength
(from >~ —0.6 to —0.8, except for IC 4518W which presents a
deeper Ssj9.7,,m of —1.45), closer to those values found in their
nuclei rather than to those measured in the surrounding regions.
Indeed, this is an expected result if we realize that these values
are “luminosity weighted” and that the flux included within our
slits arising from these surrounding regions represents a low
fraction of the MIR luminosity when compared with which is
arising from the nucleus itself. The strengths measured in the
T-ReCS integrated spectra are in agreement with those obtained
from the IRS spectroscopy.

7. THE [Ne 1] EMISSION

The [Neu]12.81 um emission line luminosity scales with
SFR in galaxies (Roche et al. 1991; Ho & Keto 2007). Ho
& Keto (2007) found a good empirical correlation between the
sum of the [Ne1]12.81 um and the [Nem]15.55 #m emission
lines and the Bra emission line for H11 regions in the Galaxy,
the Small and Large Magellanic Clouds, and M33. They also
calibrated theoretically the SFR in terms of the [Ne i]+[Ne 1]
luminosity and found a good agreement between observations
and theory.

We support these conclusions showing here that [Ne]
12.81 um scales with Pax, a direct tracer of the youngest
(ionizing) stellar populations, on the physical scales probed by
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our data (~100 pc).” Here and in the next section, we chose to
use units of luminosity surface density (LSDs) to represent the
luminosities of the regions because our galaxies are at different
distances and were observed with different slit widths.

Figure 7 compares the [Ne1u]12.81 um and Paw LSDs for
the star-forming regions in our sample of LIRGs. Each point
in these figures represents a spatial position along the slit in
0”36 bins. We estimated the extinction to each star-forming re-
gions as explained by Diaz-Santos et al. (2008) and corrected
the [Ne11]12.81 um and Pac LSDs for it using the Calzetti et al.
(2000) extinction law (see Section 3.1). There is a tight corre-
lation between the [Ne11]12.81 um and Pac LSDs (Figure 7).
Furthermore, this correlation is common to the regions of all
LIRGs and spans about 2 orders of magnitude. We fitted the
data points above log (L Paa [erg s~! kpc2]) = 40.5. The three
outliers with log (L Pax [erg s~! kpc—2]) below 40.5 are from re-
gions just above the detection limit of the [Ne11]12.81 yum line
and therefore the measurements are very uncertain. We found

log ([Ne11]) = (0.28 = 0.90) + (1.00 & 0.02) log (Pacr), (2)

where the [Nem]12.81 um and Pawx lines are in LSD units
(ergs~' kpc™?). The scatter around the trend is ~0.2 dex. The
slope of the fitis 1.00 &= 0.02 and therefore the correlation is lin-
ear, suggesting that the [Ne11]12.81 m emission is effectively
tracing the youngest ionizing stellar populations in LIRGs.

This correlation is similar to that found by Ho & Keto (2007)
but without including the [Nen]15.55 um line contribution.
The fact that the [Ne11]12.81 um luminosity is directly propor-
tional to the Pacr luminosity with a unity slope is in agreement
with the relatively low [Nemn]15.55 um/[Neu]12.81 um nu-
clear and integrated ratios observed in most of our LIRGs from
our kpc-scale Spitzer IRS observations (Alonso-Herrero et al.
2010; Pereira-Santaella et al. 2009). This may be explained in
terms of the ages probed by our regions: ~25.6—6.7 Myr. Indeed,
photoionization models predict for starbursts up to ~6 Myr that
(1) the neon atoms are no longer double ionized (Ne **) and
(2) the [Nem]12.81 um/Pax ratio does not vary significantly
(Dopita et al. 2006; Groves et al. 2008; Thornley et al. 2000;
Martin-Hernandez et al. 2005; Rigby & Rieke 2004; Snijders
et al. 2007). This is in agreement with our star-forming regions,
which present a rather constant [Ne 11]12.81 um/Paw ratio as a
function of their age (log ([Ne11]12.81 um/Pax) >~ 0.3 £ 0.2).

Therefore, the [Nem]12.81 um emission line alone can be
used as a good tracer of the SFR, provided that the regions are not
dominated by extremely young stellar populations (<5-6 Myr)
and/or have low metallicity, which is in agreement with previous
results (Roche et al. 1991; Ho & Keto 2007). For example,
this is the case for the observations obtained with Spitzer of
local LIRGs, whose integrated properties are very similar to
the physical conditions in which the [Ne11]12.81 um emission
line can be used as a SFR indicator (Pereira-Santaella et al.
2009). Moreover, if the population of LIRGs found by Spitzer at
cosmological distances (Le Floc’h et al. 2005; Pérez-Gonzélez
etal. 2005) turns out to be the high-redshift counterparts of those
detected in the local universe (not only in luminosity but also in
their physical properties), this relation could be also applied to
them, allowing to calculate the SFR of this important population
of LIRGs in a simple manner.

9 We excluded the regions of IC 4518W from this section, since we do not
find any clear evidence for SF, as well as the Seyfert nuclei of NGC 5135 and
NGC 7130.
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Figure 8. 11.3 um PAH LSD vs. Pao LSD (corrected for extinction) for the
star-forming regions in our LIRGs. Each data point represents a spatial position
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(A color version of this figure is available in the online journal.)

8. THE PAH EMISSION

The good correlation between the integrated PAH emission
and the IR luminosity of high-metallicity starbursts and ULIRGs
seems to indicate that the PAH emission is tracing the SF
processes at least on large scales (Brandl et al. 2006; Farrah
et al. 2007; Smith et al. 2007; Weedman & Houck 2008).
Indeed, Farrah et al. (2007) derived from integrated MIR spectra
of ULIRGs a SFR calibration based on the luminosity of the
6.2 plus the 11.3 um PAH features through the correlation
of these with the luminosity of the [Ne]12.81 um and the
[Nemr]15.55 um emission lines.

As can be seen in Figure 8, the 11.3 um PAH and Pac LSDs
seem to be broadly correlated on the scales of a few hundred
parsecs probed for our LIRG star-forming regions. However, this
trend is not as tight as the [Ne11]12.81 um versus Paa relation
and the slope is considerably lower (0.48 + 0.03). Similarly,
Peeters et al. (2004) found that Galactic H 11 regions do not show
a very tight correlation between their 6.2 ym PAH luminosities
and their number of ionizing photons. Moreover, Figure 8 shows
that, individually, the star-forming regions of each LIRG appear
to show their own trend. For example, the star-forming regions of
NGC 3256 show quite low 11.3 um PAH LSDs for a given Pac
LSD when compared with those of NGC 5135. In addition, the
regions of NGC 5135, unlike those of NGC 3256 and NGC 7130,
show a very weak dependence of the 11.3 um PAH on the Pax
LSD. Therefore, Figure 8 suggests that the PAH emission in the
star-forming regions of LIRGs differs from galaxy to galaxy not
only in its total luminosity (see also Smith et al. 2007) but also
in relation with the ionizing stellar populations.

The metallicity of the star-forming regions, and in particular
low-metallicity environments, is known to have a strong impact
on the observed PAH emission (e.g., Madden et al. 2006;
Engelbracht et al. 2006; Wu et al. 2006; Calzetti et al. 2007).
Metallicity is not likely to have a strong effect on the observed
PAH properties of the LIRG star-forming regions since all the
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galaxies have similar oxygen abundances (see Table 1). For a
fixed metallicity, the hardness and the intensity of the radiation
field are also believed to play an important role in the PAH
energetics (Wu et al. 2006; Gordon et al. 2008). In the next
sections, we investigate the effects of both on the observed PAH
emission of star-forming regions in LIRGs.

8.1. The Age of the lonizing Stellar Populations

At a given metallicity, the hardness of the radiation field is
a strong function of the age of the ionizing populations. The
radiation field decreases with age as stars evolve off the main
sequence, but it also shows a temporary increase when the most
massive stars enter the Wolf—Rayet phase (see, e.g., Snijders
et al. 2007). In this section, we use the age of the ionizing stellar
populations, as probed by the Paoe EW, as an approximate proxy
for the hardness of the radiation field.

Despite the relatively narrow range of ages (~3.5-7 Myr)
of our star-forming regions, Figure 9 clearly shows that the
11.3 um PAH/Pac ratio depends on the age of the ionizing
stellar populations in the sense that more evolved regions show
higher 11.3 um PAH/Pax ratios. This tendency is mainly (but
not only) caused by the decreasing of the Paww emission during
this period (as seen in Diaz-Santos et al. 2008). In addition,
we can also see that the trend is common to all star-forming
regions in our sample of LIRGs. This is in agreement with our
results in Diaz-Santos et al. (2008) that showed that the 8 um
luminosity (8.6 um PAH + continuum emission) of LIRG H1t
regions is correlated with their age. This may suggest that PAHs
may trace B stars (i.e., recent) rather than O stars (i.e., current
SF; see, e.g., Peeters et al. 2004) and/or that at the earliest stages
of the SF, PAHs may be destroyed by the hard radiation fields
of the youngest massive stars. However, the later explanation is
unlikely since in our sample of LIRGs we do not see evidence
for radiation fields hard enough (Pereira-Santaella et al. 2009)
to explain the low 11.3 um PAH/Pax ratios observed in the
youngest regions in terms of the destruction of the PAH carriers
(at least at the spatial scales probed in this study).

o i |
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log (L 11.3um PAH ./
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Figure 10. 11.3 um PAH/[Nemu]12.81 um ratio vs. [Neu]12.81 um LSD
(corrected for extinction) for the star-forming regions in our LIRGs. Each data
point is as in Figure 7. The orange open diamonds are the nuclei of star-forming
galaxies in the sample of Roche et al. (1991) for which measurements of the
[Nen]12.81 um line and the 11.3 um PAH (not corrected for extinction) are
available. As explained in the text, the 11.3 um PAH/[Nen]12.81 um ratio
increases with the decreasing of the hardness of the radiation field (decreasing
of the [Ne11]12.81 um LSD) due to the ageing of the star-forming regions. On
the other hand, the intensity of the radiation field (in the sense of the mass
density) of the starburst does not affect the 11.3 um PAH/[Ne 11]12.81 pum ratio
but modifies the [Ne 11]12.81 «m LSD and causes the spreading of the data along
the x-axis (see the nuclear regions of NGC 3256).

(A color version of this figure is available in the online journal.)

We conclude then, as we did for the 8§ um monochromatic
(PAH + continuum) luminosity (Diaz-Santos et al. 2008),
that the 11.3 wum PAH luminosity, unlike the [Ne1]12.81 um
emission line, is not a good tracer of the current SF when
measured on scales of a few hundreds of pc. Thus, in order to
use the PAH emission as a measure of the global SFR in LIRGs
(or in galaxies in general), the calibration must be done using
integrated emission of galaxies, where all these local physical
properties are averaged out (see also Wu et al. 2005; Alonso-
Herrero et al. 2006b; Brandl et al. 2006).

8.2. The Density of the Radiation Field

In Figure 9, we showed the evolution of the 11.3 um PAH/
Paq ratio as a function of the hardness (age) of the starburst only.
In this section, we study the variation of the 11.3 um PAH/
[New]12.81 um ratio (equivalent to the 11.3 um PAH/Pax
ratio) as a function of the [Nem]12.81 um LSD, ie., as a
function of the density of the radiation field, which takes into
account not only the hardness (age) but also the intensity (mass
density) of the starburst. Figure 10 shows that star-forming
regions in LIRGs with high values of the [Ne1]12.81 um LSD
tend to display lower 11.3 um PAH/[Ne11]12.81 umratios. This
tendency is further supported by the observations of the H 11-like
nuclei in the sample of Roche et al. (1991).'° In fact, the trend
seen in Figure 10 is connected to the age effect we discussed in
Section 8.1 since, as it is said above, the density of the radiation
field depends on the hardness (age) of the starburst.

On the other hand, despite the star-forming regions in the
inner <17 2~ 200 pc of NGC 3256 have larger [Ne11]12.81 um

10 The data of Roche et al. (1991) are not corrected for extinction.
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Figure 11. 11.3 um PAH EW vs. Pao LSD (corrected for extinction) for the
star-forming regions in our LIRGs. Each data point is as in Figure 7.

(A color version of this figure is available in the online journal.)

LSDs than those in NGC 5135 and NGC 7130 (see
Figure 10), they do not show significantly lower 11.3 um PAH/
[Nem]12.81 pm ratios but instead rather constant values. Given
that the age range of these regions of NGC 3256 is quite nar-
row (see Figure 9), we can attribute the enhancement of the
[Ne1]12.81 um LSD and the constantness of the 11.3 um PAH/
[Nem]12.81 wm ratio to a mass escalation of the starburst with
the [Ne1]12.81 um LSD (through its dependency on the mass
density), which increases as we move toward the nucleus. There-
fore, for the case of these regions, we interpret LSD units as a
measure of the intensity (not hardness) of the radiation field
in the sense of luminosity (or, equivalently, number of ioniz-
ing photons) per unit of physical area, that is, as a measure of
the mass density of the starburst. In fact, there exists a corre-
lation between the [Ne11]12.81 um LSD and the Paoc EW for
the star-forming regions in our LIRGs that holds except for the
nuclear regions of NGC 3256. In turn, these present an enhanced
[Nem]12.81 um LSD without increasing their Paoe EW. This is
in agreement with our interpretation and supports the idea of
that it is the mass density of the starburst which is larger toward
the nuclei of NGC 3256, and that the age does not play any role
in this case. This behavior is not unexpected since a more mas-
sive (denser) starburst will have a higher [Ne11]12.81 um LSD
but the same 11.3 um PAH/[Ne1]12.81 um ratio than a less
massive one because the hardness of the radiation field is not
modified (only its intensity). Moreover, in general, the scatter
of the data in the horizontal direction in Figure 10 could be ex-
plained as an effect of the mass density of the starburst (even for
those regions that present a dependence of the 11.3 um PAH/
[Nem]12.81 um ratio with the age). Unfortunately, the nuclear
regions of both NGC 5135 and NGC 7130 host an AGN, and
thus cannot be used to explore the effects of higher density
radiation fields in star-forming regions in LIRGs. In any case,
our data suggest that it is only the age (hardness), but not the
mass (intensity) of the starburst that modifies the 11.3 um PAH/
[Nem]12.81 um ratio as a function of the [Ne11]12.81 um LSD
(or equivalently Pac LSD; see Figure 10).

The intensity of the radiation field, however, does have an
effect on the EW of the 11.3 um PAH feature. Figure 11 shows
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that there is a trend of the 11.3 um PAH EW to have lower values
for increasing Paa LSD (equivalent to [Ne1]12.81 um LSD).
This tendency is mostly driven by the star-forming regions of
NGC 3256 (and the two H 11 regions of NGC 7130) and therefore
is related to the mass of the starburst, not the age (see above).
Hence, given that the 11.3 um PAH/[Ne1u]12.81 um ratio of
these regions is not varying with the [Ne1]12.81 um LSD we
could argue that, for a given age, the more massive (denser) is
a star-forming region, the stronger is the continuum at 11.3 um
with respect to its 11.3 um PAH emission (i.e., the lower is the
11.3 um PAH EW). Therefore, our data suggest that the PAHs
(at least in these regions and at the spatial scales probed here)
are not destroyed by the fact of being exposed to more massive
starbursts but instead they are being diluted by the enhanced
continuum emission. This dilution could be due to smaller
surfaces of the PDRs (from where the PAH emission arises)
when compared to the volumes of the continuum emitting dust
for more massive starbursts.

Wau et al. (2006) also established that the density (hardness
and intensity) of the radiation field has an impact on the
PAH emission of low-metallicity blue compact dwarf galaxies,
and now our study reveals that this effect is also present in
the relatively high-metallicity star-forming regions of LIRGs.
However, our work also suggests that, at least for the age
and metallicity ranges of our star-forming regions, a higher
radiation field intensity (in the form of a more massive starburst)
causes the dilution of the PAHs (i.e., a decreasing of the
11.3 um PAH EW, in this case) but not their destruction
(since the 11.3 um PAH/[Ne11]12.81 um ratio is not modified).
Therefore, our data support the PAH dilution scenario also
claimed by other studies of low-redshift ULIRGs (Desai et al.
2007) and high-redshift SMGs (Menéndez-Delmestre et al.
2009). The destruction of the PAHs (if it would be taking place)
would be related to the age of the star-forming regions (hardness
of the radiation field).

Moreover, the diffuse regions located in between the H1i,
Pax-emitting regions of our LIRGs show 11.3 um PAH
EWs larger (approximately twice) and 11.3um PAH/
[Ne1]12.81 um ratios higher than those measured in the H1
regions (see, e.g., Figure 17). This is in agreement with the idea
of these diffuse regions being less massive (have lower intensi-
ties, implying higher 11.3 um PAH EWs, see above) and older
(have milder radiation fields, implying higher 11.3 um PAH/
[Ne1]12.81 um ratios) than the H 11 regions, as it was suggested
in Section 8.1. This also reinforces the idea of the PAH dilution
scenario in which the H1 regions would be diluted by the en-
hanced dust continuum emission that is not otherwise seen in
the diffuse regions.

Summarizing, we have shown that the PAH and MIR contin-
uum emitting regions are not always spatially overlapped and
display different properties. For example, the MIR dust con-
tinuum is mainly associated with massive, young, Pax-emitting
H 1 regions, i.e., with current SF. The PAH emission on the other
hand is also characteristic of more diffuse (less massive) and
evolved stellar populations, i.e., of recent SF, that show large
11.3 um PAH EWs and high 11.3 um PAH/[Neu]12.81 um
ratios. This is very important from the point of view of
knowing how recent and where is located the SF in LIRGs
(either <8-10 Myr or tens of Myr). Depending on the measure-
ment used (MIR dust continuum or PAH emission), different
stages in the process of SF and different locations in galaxies
will be probed. Therefore, high spatial resolution observations
of local and also high-redshift LIRGs are essential to determine
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in a statistical way: (1) how recent the SF is and (2) where the SF
is located in these galaxies (compact H 11 regions and/or diffuse
emission?). This is also ultimately important in order to know
whether local and high-z LIRGs, ULIRGs, and SMGs share
the same physical properties and belong to the same galaxy
population.

9. SUMMARY

The high spatial resolution afforded by Gemini T-ReCS has
allowed us to resolve the nuclei and star-forming regions in our
sample of LIRGs on hundred pc scales. In addition, we have
been able to separate the AGN contribution (if any) from that of
the SF.

By comparing the nuclear and integrated T-ReCS spectra
with those obtained with Spitzer IRS we find that, for LIRGs
containing an AGN, at least half of the [S1v]10.51 m emission
arises from the central ~150 pc. We have shown that the
T-ReCS spectrum of the southern nucleus of NGC 3256 is
very obscured and is totally absorbed between 9 and 11 um,
in contrast to the conclusion reached from the IRS spectrum
since it is contaminated by emission from the diffuse medium
that surrounds it. Therefore, only with the combination of the
exceptional sensitivity of Spitzer and the high spatial resolution
of T-ReCS, we can gain a clearer and less confused picture of
the central regions of the LIRGs.

1. Regarding the individual study of the LIRGs (see the
Appendix). For NGC 3256, we have shown that the in-
tegrated spectrum of the northern nucleus is very simi-
lar to that of the very nuclear region (0736 x 0736), with
prominent 8.6 and 11.3 um PAH features and an intense
[Ne11]12.81 um emission line. On the other hand, the spec-
trum of the southern nucleus is extremely absorbed and
no emission is detected between 9 and 11 pum. IC 4518W
shows extended [S1v]10.51 ;um line emission out to ~078
(=265 pc) to the north of the nucleus. We have interpreted
this high-excitation region as a signature of the presence of
anarrow line region. For NGC 5135, we have separated the
unresolved AGN component from that of the surrounding
Hu and diffuse regions. The Sy2 nucleus of NGC 5135
accounts for at least 50% of the [S1v]10.51 um emission of
the LIRG. The H1 region and the diffuse medium display
intense 11.3 um PAH emission with the latter showing a
greater EW. We have resolved the nucleus of NGC 7130.
However, the emissions from the Sy nucleus and that of the
surrounding star-forming regions are still mixed on scales
of ~100 pc. Both, the very nuclear (0772 x 0736) and the
integrated (0772 x 376) spectra show the same features:
faint [S1v]10.51 um emission and intense 11.3 um PAH
and [Ne1r]12.81 wm emission. In all LIRGs, we find that
the PAH emission is always more extended than the Pax
or [Ne]12.81 um emission suggesting that PAHs are not
only associated with the youngest ionizing stellar popula-
tions but also to a more diffuse medium.

2. Regarding the general conclusions. For NGC 3256,
NGC 5135, and NGC 7130, the strength of the silicate
feature is lower in the nucleus than in the surrounding re-
gions. While we find a Ss;9.7,,m = —0.5 for the Sy2 nuclei
of NGC 5135 and NGC 7130, and also for H 11-like nucleus
of NGC 3256, the extra-nuclear regions show values up to
~ — 1.2. The nucleus of IC 4518W shows a deeper absorp-
tion, with Ssj9.7,m ~ —1.4. Such variations in the depth of
the silicate feature have been also observed in some nearby
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Sy galaxies. We attribute the fact of observing lower val-
ues of the Ssig7,m in the nucleus than in the surrounding
regions to the transition from either the clumpy or com-
pact environment of an AGN or young, nuclear starburst
to the more smooth, extended distributions of extra-nuclear
star-forming regions.

Both the [Ne11]12.81 pm line and the 11.3 um PAH emis-
sions are related to the number of ionizing photons as mea-
sured from the Pax emission line. However, while we find
that the [Ne 11]12.81 um and Pac LSDs are directly propor-
tional for all the star-forming regions in our LIRGs (slope
of 1.00 % 0.02), the trend seen between the 11.3 um PAH
and Pao LSDs, although clear, is different for the regions
of each LIRG.

The [Ne11]12.81 um/Pax ratio does not depend on the Pax
EW, that is, on the age of the ionizing stellar populations,
suggesting that the [Ne1]12.81 um line can be used as a
good tracer of the SFR in star-forming regions in LIRGs. On
the other hand, the 11.3 um PAH/Pa« ratio is strongly de-
pendent on the Paocw EW, and increases as the star-forming
regions age, in agreement with the findings obtained by
Diaz-Santos et al. (2008). This adds support to the scenario
in which PAHs are better tracers of recent (tens of Myr)
rather than of current (<8-10Myr), massive SE.

The 11.3 um PAH/[Ne]12.81 um ratio (equivalent to
the 11.3um PAH/Pac ratio) also varies with the
[Ne]12.81 um LSD, which depends not only on the hard-
ness of the radiation field (age) but also on the intensity
(mass density) of the starburst. However, the decreasing
of the 11.3 um PAH/[Ne1]12.81 um ratio with increas-
ing [Neu]12.81 um LSD is only related to an age effect,
in agreement with the findings above. The intensity of the
starburst (in the sense of its mass density) does not seem
to modify the 11.3 um PAH/[Ne1]12.81 um ratio. On the
other hand, the 11.3 um PAH EW does not present a clear
dependence with the age of the stellar population but it
does (mainly for the nuclear regions of NGC 3256) with
the intensity of the radiation field. We suggest that an in-
creasing of the starburst mass density causes the PAH to
be diluted (through the increasing of the MIR continuum)
but not to be destroyed. The MIR dust continuum is mainly
associated with massive, young, compact H 11 regions, i.e.,
with current SF (<8-10Myr). The 11.3 um PAH emission
is rather more (but not only) characteristic of more diffuse
(less massive) and evolved (tens of Myr) stellar popula-
tions, i.e., of recent SF, showing large 11.3 um PAH EWs
and high 11.3 um PAH/[Ne11]12.81 pm ratios.
Disentangling the different effects on the energetics of the
PAH features in star-forming regions is not straightfor-
ward and more observations are needed to draw statisti-
cally significant conclusions. Therefore, we want to stress
that high spatial resolution observations of local and high-
z (U)LIRGs are essential to determine: (1) how recent
and (2) where is located the SF in these galaxies (com-
pact Hu regions and/or diffuse emission?). This will al-
low us to investigate whether they share the same physical
properties and therefore belong to the same galaxy pop-
ulation, providing ultimately the missed link between the
local and high-redshift universe when LIRGs dominated
the SFR.
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Figure 12. Integrated (blue dots) and nuclear (red dots) T-ReCS N-band spectra of NGC 3256. The region of interest (green dots) in NGC 3256 is the southern nucleus
of the galaxy (as extracted in the same way as the northern one). The integrated spectrum was extracted with a fixed aperture of 376 in length centered at the nucleus
of the galaxy, while the nuclear spectra were extracted with a fixed aperture of 0736. The labels are as in Figure 3.

(A color version of this figure is available in the online journal.)
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APPENDIX A

NGC 3256: ISOLATED, SPATTALLY RESOLVED STAR
FORMATION

A.l. Emission from Star-forming Regions

The northern nuclear spectrum of NGC 3256 (see Figure 12;
if no specification is given, we will refer to the northern nu-
cleus as the main nucleus of this LIRG) shows prominent
PAH features (the 8.6 um PAH feature and the 11.3 um PAH
complex) which are indicative of intense SF. This is corrob-
orated by the presence of conspicuous [Ne1]12.81 um line
emission. Furthermore, there is no hint for other lines such
as [S1v]10.51 um that could suggest the existence of an AGN
(and/or very young SF). The northern nucleus of NGC 3256
was previously observed by Martin-Hernandez et al. (2006)
and Lira et al. (2008). Both works also detected intense PAH
features and the [Ne1]12.81 um emission line. In an aper-
ture of 172 x 3”, Martin-Hernandez et al. (2006) measured a
flux of the [Ne1]12.81 um emission line in the northern nu-
cleus of NGC 3256 of 2.1 x 1072 erg s~! cm~2, which means
that only ~6% of this flux is contained within our T-ReCS nu-

clear aperture (about 30 times smaller than theirs). In addition,
Martin-Hernandez et al. (2006) also measured a 11.3 um PAH
flux from the northern nucleus of 2.5 x 102 erg s~! cm~2; the
T-ReCS nuclear flux accounts for ~5% of their measurement.
The T-ReCS integrated spectrum (not including the southern
nucleus) displays the same features as its nucleus, but with both
the 8.6 and 11.3 um PAHs and the [Ne1]12.81 um emission
line showing larger EWSs (see Figure 12 and Tables 5and 6).

The southern nucleus of NGC 3256 (the region of interest
of this galaxy) is located ~5” to the south of the northern
nucleus. It is behind large amounts of dust even making the
MIR wavelengths to be very affected by a high extinction
(Ay 2 12-15mag; Kotilainen et al. 1996; Lira et al. 2002;
Alonso-Herrero et al. 2006a; Diaz-Santos et al. 2008). This is
reflected in the N-band T-ReCS spectrum as a deep absorption
of the Si g 7,m feature. Figure 12 shows an extremely absorbed
continuum whose emission is totally suppressed between 9 and
11 um. The H1 classification of this nucleus would imply the
detection of prominent 8.6 and 11.3 um PAHS as in the northern
one. In fact, Martin-Hernandez et al. (2006) and Lira et al. (2008)
find both features in their spectrum of the southern nucleus, but
we do not. The lack of PAH emission in the T-ReCS spectrum is
probably due to that our aperture is much smaller than theirs
implying that either there is not PAH emission in the very
nuclear region or the extinction is that high (Ay > 12 mag, with
Appum > 0.037Ay; Rieke & Lebofsky 1985) that prevents
us from detecting the PAHs. In fact, their spatial resolutions
and, most important, the size of their extraction apertures
(~2"x2" = 390 pc x390 pc) are >5 times larger than
ours (0736 x 0736 ~ 70 pc x 70 pc). Therefore, their spectrum
contains not only the emission from the nucleus but also from
the surrounding regions, which includes diffuse continuum and
PAH emission. Regarding the [Ne1]12.81 um emission line,
the flux of the southern nucleus contained in our aperture is
only ~10% that of Martin-Hernandez et al.’s, suggesting that
probably much of the [Ne 11]12.81 um emission they measure is
mostly off-nuclear.

A.2. Spatial Profiles: Differences Between Nuclear and
Extra-nuclear Star-forming Regions

We detect 8.6 um PAH emission at distances of about 1”7
(~196 pc) north and south from the northern nucleus (see
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Figure 13. Spatial profiles of the flux (not corrected for extinction) of different features detected in the MIR T-ReCS spectra of NGC 3256. On the x-axis, the 0 offset
marks the position of the northern nucleus. From left to right and top to bottom: the 11.3 and 8.6 um PAHs, and the [Ne11]12.81 m emission line. The dotted profile
in each panel is the threshold limit for the detection of the feature. The black solid line is the Pax profile as measured from the HST NICMOS images by simulating the
same aperture size with which the T-ReCS spectra were extracted. The flux has been scaled to the maximum value of the spatial profile of the given feature. The black
dashed line is the continuum emission profile at the given wavelength, scaled in the same manner as the Pax profile. The gray shaded column marks the location of the
region of interest in each galaxy. For NGC 3256, the region of interest is the southern nucleus, located at ~5" to the south (negative offset) of the northern nucleus.

Figure 1 shows how the slit was positioned over the galaxy.
(A color version of this figure is available in the online journal.)

Figure 13). The 11.3 um PAH emission is even more extended,
out to 2” to the north. Because the 8.6 um PAH detection
threshold is higher than that of the 11.3 um PAH we can only
measure it in the central regions. There is no PAH emission
in the southern nucleus. The [Ne11]12.81 wm emission line is
detected at almost all positions along the slit and, as with the
PAH features, its nuclear emission is more extended than the
continuum emission.

Moreover, the spatial profile of the [Nem]12.81 um emis-
sion is remarkably similar to that of Paw. In particular, the
[Nem]12.81 um emission is also detected in the southern nu-
cleus. This agreement is not only qualitative but also quantita-
tive as their ratio is almost constant along the slit. This find-
ing is in agreement with previous results that suggest that the
[Ne1]12.81 wm emission line is directly linked to the total num-
ber of ionizing photons of a region, that is, to its SFR (see
Section 7, and also Roche et al. 1991; Ho & Keto 2007) as
traced by, e.g., the Pax line. The [Ne1]12.81 um/Pac ratio is
broadly constant (it ranges between ~ 2 and 5, not corrected
for extinction). However, small-scale variations (less than an
arcsecond, i.e., few hundreds of pc) can be found. Variations
in the fraction of Ne * ions, which in turn depends on the

age of the ionizing stellar populations (Martin-Herndndez et al.
2005), could be responsible for the [Ne11]12.81 wm versus Pax
differences.

The 11.3/8.6 um PAH ratio is constant along the slit indi-
cating that the ionization conditions (that are suggested to be
traced by the amount of neutral to ionized PAHs; Galliano et al.
2008) do not vary significantly throughout the nuclear region
of the LIRG on the physical scales probed here (~100 pc).
The 11.3 um PAH/[Ne11]12.81 pm ratio (not corrected for ex-
tinction) is also almost constant (~1) within 1” from the nu-
cleus (see also Figure 10). However, the ratio starts to increase
toward the north (positive offset; between 1” and 2”). A very
young population where all the neon were in the Ne ** state
would show a high 11.3 um PAH/[Neu]12.81 um ratio and
would explain this behavior. However, the Paoc EW map of the
galaxy (see Diaz-Santos et al. 2008) does not display any en-
hancement of the Paow EW in this area. In addition, we see a
very good correlation (slope of 1.00 + 0.02; see Section 7)
between the [Ne11]12.81 um and the Pac lines, indicating that
all the SF is accounted by the [Nen]12.81 um emission. We
refer the reader to Section 8.2 with regards to the discussion on
the 11.3 um PAH/[Ne 11]12.81 pum ratio.
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Figure 14. Integrated (blue dots) and nuclear (red dots) T-ReCS N-band spectra of IC 4518W. The region of interest (green dots) of IC 4518W is an extended region
seen in [S1v]10.51 wm emission located 0”5 to the north of the nucleus (the spectrum was extracted in the same way as the nucleus). The integrated spectrum was
extracted with a fixed aperture of 3”6 in length centered at the nucleus of the galaxy, while the nuclear and the high-excitation region spectra were extracted with a

fixed aperture of 0”36. The labels are as in Figure 3.
(A color version of this figure is available in the online journal.)

The northern nucleus of the galaxy shows lower EWs of the
[Ne1]12.81 um emission line and 8.6 and 11.3 um PAHs than
its surrounding regions. This is probably because the features
are diluted by the more compact continuum emitted by the hot
dust that is concentrated toward the nucleus (see also Sections 6
and 8.2).

APPENDIX B
IC 4518W: ISOLATED AGN ACTIVITY

B.1. Signatures of the Sy2 Nucleus and a High-excitation
Region

Unlike NGC 3256, the nuclear spectrum of IC 4518W
displays a rather featureless continuum with the exception
of the barely detected [S1v]10.51 um emission line and the
[Neu]12.81 um emission line (see Figure 14). It is not clear
whether the lack of PAH emission at both 8.6 and 11.3 yum can be
interpreted in terms of absence of SF, since the PAH molecules
could have been destroyed by the Sy2 nucleus of the LIRG. As
for NGC 3256, the nuclear and integrated spectra of IC 4518W
are very similar. The integrated spectrum of the galaxy (see
Figure 14) also shows an almost featureless continuum as the
nuclear one, as well as the presence of the [S1v]10.51 um and
the [Ne1]12.81 um emission lines. An important remark here
is that the flux of the [S1v]10.51 um line is larger for the
integrated emission of the galaxy when it is subtracted from
that of the nucleus, than for the nucleus itself. That is, for the
rest of the LIRGs in which the [S1v]10.51 um line is detected,
the nuclear emission accounts for at least or around half of the
flux seen in their integrated spectra (compare Tables 3 and 4;
see also Appendices C and D; the nuclear fluxes of IC 4518W
and NGC 5135 have not been corrected for aperture effects).
In other words, the [S1v]10.51 um emission line usually stems
from the very nuclear region (<100 pc) of the galaxies except
for IC 4518W (see below).

The region of interest of IC 4518W is a region located 0”5
(=165 pc) to the north of the galaxy. Its spectrum is very
similar to that of the nucleus, not only in the shape of the
continuum but also in its spectral features (see Figure 14). In
fact, the [S1v]10.51 um emission line is as intense as in the
nucleus. This is interesting because the nucleus of IC 4518W is

unresolved (FWHM < 0”4; see Table 2) in continuum emission
whereas the [S1v]10.51 um emission is clearly detected out to
~(0!8 (~265 pc) north from the nucleus. Indeed, this extended
[S1v]10.51 wm emission can explain the difference seen above
between the nuclear and integrated spectrum of the galaxy.

B.2. Spatial Profiles: Line Emission in Hard Radiation Fields

Figure 15 shows quantitatively that the [S1v]10.51 um line
emission of the region located ~0’5 to the north of the
nucleus (positive offset) is comparable to that of the nucleus.
Although the [S1v]10.51 um line can be produced in very
young star-forming regions, we do not detect significant Pac
nor [Nen]12.81 um emissions spatially coincident with the
[S1v]10.51 um extended emission. Moreover, we do not detect
any of the two dominant 8.6 and 11.3 um PAHs in the spectrum
of the Sy2 nucleus of this LIRG. Thus, we conclude that the
extended [S1v]10.51 um emission is most likely associated
to the central AGN and produced in an extended narrow line
region (NLR) excited by the Seyfert nucleus. Because of the
intermediate ionization potential of the [S1v]10.51 um line, it
can be ionized by the AGN emission far away from the nucleus.
This has already been found in other Sy2 galaxies, such as
Circinus (Roche et al. 2006) or NGC 5506 (Roche et al. 2007),
where the [S1v]10.51 um line is more extended than the dust
continuum emission and has been associated to high-excitation
(coronal or narrow line) regions.

The change on the physical conditions between the nucleus
and the location identified as the extended NLR is also shown by
the [Nen]12.81 um/[S1v]10.51 pm ratio. While it is approxi-
mately constant in the nucleus (almost ~~ 3), the ratio steeply
diminishes toward the [S1v]10.51 um extended emission re-
gion. The value measured in the nucleus is in agreement with the
limit given by Martin-Hernandez et al. (2006), [Ne 11]12.81 pm/
[S1v]10.51 um < 3, for sources with no PAH detection. They
use the [Nen]12.81 um/[S1v]10.51 um ratio as a measure of
the hardness of the radiation field. A higher [Neu]12.81 pum/
[S1v]10.51 um ratio implies a softer medium, where PAH
emission would be detected. Our values are always below this
limit along the slit, in agreement with the lack of PAH emis-
sion in this galaxy. The EWs of the [S1v]10.51 um and the
[Nem]12.81 um lines show their lowest values in the nucleus,



No. 1, 2010 HIGH SPATIAL RESOLUTION SPECTROSCOPIC STUDY OF SF IN LIRGs 345
IC4518W I I — [S\V]‘WO.S;J.m IC4518W I I — [NeHI]WZ,SMm
Poa flux Poa flux
——— 8.2um cont. 8107 F ——— 12.2um cont. g
3107 |
& o610 L -
§ §
‘Tg7 2_10714 N 'Tg) :
) S 40| 1
x x d
2 2 |
I
14 0 \
11077 | |
2107 b \ E
\
0 . 0 k= angl>?, ) o=
_2 0 -2 0 2

Offset from nucleus (arcsec)

Offset from nucleus (arcsec)

Figure 15. Same as Figure 13 but for IC 4518W. In this case, the flux spatial profiles of the [S1v]10.51 um (left) and [Ne11]12.81 pm (right) emission lines are shown.

No PAH emission was detected.
(A color version of this figure is available in the online journal.)
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Figure 16. Integrated (blue dots) and nuclear (red dots) T-ReCS N-band spectra of NGC 5135. The regions of interest of NGC 5135 are an H 1 region (green dots)
located at ~2/6 from the nucleus, and the diffuse medium (orange dots) between this region and the nucleus, respectively. The integrated spectrum was extracted with
a fixed aperture of 376 in length centered at the nucleus of the galaxy, while the nuclear spectrum was extracted with a fixed aperture of 0736. The spectrum of the
H 1 region was extracted with the same aperture as the nucleus while the spectrum of the diffuse medium was extracted with an aperture of 0”72. The labels are as in

Figure 3.
(A color version of this figure is available in the online journal.)

increasing slowly outward. This is again an effect of the con-
tinuum emission being more spatially compact than the line
emission.

APPENDIX C

NGC 5135: SEPARATED, SPATIALLY RESOLVED SF
AND AGN ACTIVITY

C.1. From an Isolated Sy2 Nucleus to a Circumnuclear
H 11 Region

The Seyfert 2 nuclear spectrum of NGC 5135 shows intense
[S1v]10.51 pum line emission (see Figure 16), suggesting a rela-
tively high ionized medium in agreement with its classification
as Seyfert. There is also faint [Ne1]12.81 um line emission
probably associated with the central AGN as well. Although
quantitatively speaking there is no PAH emission, there seems
tobe alittle bump and a peak on the spectra at the positions where
the 11.3 um PAH should be. Following the evidence above, the
PAHs are supposed to be depleted in the vicinity of an AGN but
in some cases, the molecules can survive to the radiation field

if they are shielded, for example, by the SF itself (Voit 1992;
Mason et al. 2007). If this was the case, we could not definitively
affirm that there is no SF in the nuclear region (central ~100 pc)
of NGC 5135. In any case, the AGN effectively dominates the
MIR luminosity of the nucleus and the SF would account for a
very small fraction of it, and if there is any, it must be at a very
low level compared with that taking place in the circumnuclear
region (see below). Contrarily to NGC 3256 and IC 4518W, the
integrated spectrum of NGC 5135 shows significant differences
when compared to its nuclear spectrum. In this LIRG, the MIR
AGN emission is clearly separated from that of the SF (see
Diaz-Santos et al. 2008). The integrated spectrum includes not
only the emission from the nucleus but also the emission arising
from an H 11 region located at about ~2”6 southwest, and from
the diffuse region between both (see Figure 1).

Both the H1r and the diffuse emission regions of NGC 5135
(the two regions of interest of this galaxy; see Figures 1 and 16)
exhibit strong 11.3 um PAH emission. The MIR continuum near
the edges of the spectrum is however significantly brighter in the
Hu region. Thus, the diffuse ISM of NGC 5135 is characterized
by intense PAH emission but by a fainter continuum emission
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[Ne1]12.81 um (bottom) emission lines are shown. No 8.6 um PAH emission was detected.

(A color version of this figure is available in the online journal.)

from hot dust when compared with that of the H 11 region. The
11.3 um PAH EW at the diffuse region is two times higher
(~1 pum) than that measured at Hut region (~0.5 xum). This is
expected if the typical stellar populations in the region of diffuse
emission are not extremely young (<10 Myr) neither very
massive, which is in agreement with the presence of weak Pac
emission. Therefore, the lack of a hot dust continuum (associated
with the Pao emission) in the diffuse region would make its
11.3 um PAH EW larger than in the H 11 region, supporting the
PAH dilution scenario in star-forming regions (see discussion
in Section 8.2).

On the other hand, the extinction could play a role in this
situation. If the PAH and continuum emissions are decoupled,
that is, arise from different regions, they can be obscured
by different amounts of cold dust, thus leading to different
extinctions. There is a correlation between the Paow LSD of
star-forming regions and their obscuration (brighter regions are
affected by higher extinctions; Calzetti et al. 2007; and Diaz-
Santos et al. 2008, their Figure 9). Therefore, if the H 1 region
(that shows bright Pac emission) is more absorbed than the
diffuse medium, the strength and shape of the Sig 7 ,,, absorption
feature would make the continuum of the H 11 spectrum deeper
at ~10 um when compared to the emission at 8 or 13 um. This
is in agreement with what we see in Figure 16 where the diffuse
region shows a shallower spectrum. However, this is difficult to
test since our data do not enable us to probe the geometry of the
regions in detail or how the dust is distributed.

C.2. Spatial Profiles: Tracers of AGN and Star
Formation Activity

NGC 5135 is a clear example where SF and AGN activity
are well separated (see Figure 1) with our T-ReCS spatially
resolved spectroscopy. While we find 11.3 um PAH emission
outside (=0"5) the nucleus but not within it, the [S1v]10.51 um
emission line is only detected in the central region (<077), with
little overlap between both features (see Figure 17).

As for NGC 3256, the spatial profile of the [Ne1]12.81 um
emission line follows well that of the Pax line. There is
[Ne1]12.81 pwm emission not only in the nucleus and in the H 11
region located at 276 southwest (negative offset), but it is also
detected in the Pac bump at ~0"”8. However, unlike NGC 3256,
which is classified as H 11, the nuclear [Ne 11]12.81 ;tm emission
of NGC 5135 should be mainly associated to the AGN. There-
fore, we have scaled the Pax profile to the [Nem]12.81 um
emission at the location of the H 1 region as we found that, for
star-forming dominated regions (as in NGC 3256), both emis-
sion lines correlate quite well (see Section 7). Taking this into
account, we can see that the nucleus shows a slightly higher
[Neu]12.81 um/Pax ratio than the Hu region. This excess
might be attributed to the extinction as the [Ne11]12.81 ym line
is less affected by obscuration than Pac.

Figure 17 shows that the 11.3 um PAH emission is not
only produced by the youngest stellar populations as traced
by the Pax line emission, but it is also detected in the diffuse
ISM. This confirms that the PAH emission is associated not
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(A color version of this figure is available in the online journal.)

only to the ionizing stars but also to the more evolved stellar
populations and their UV flux (see also, e.g., Peeters et al.
2004; Tacconi-Garman et al. 2005). That is, the spatial profile
of the PAH emission profile does not resemble that of the
Pax line (see also Section 8), and the diffuse region shows a
11.3 um PAH intensity similar to that of the Hir region. On
the other hand, the [Nem]12.81 um emission is fainter in the
diffuse region and bright where there is an enhancement of the
Pax line.

APPENDIX D

NGC 7130: MIXED STAR FORMATION AND AGN
ACTIVITY

D.1. AGN and Star Formation Emissions Together
within < 100 pc

The MIR emission of the nucleus of NGC 7130 is resolved
(Diaz-Santos et al. 2008) and shows signatures of both SF and
AGN activity. Its optical classification as LINER /Sy is in agree-
ment with the detection of the [Ne v]14.32 ywm emission line in
the Spitzer IRS spectrum of the galaxy (Alonso-Herrero et al.
2010), supporting the existence of an AGN. The T-ReCS nuclear
spectrum reveals clear 8.6 and 11.3 um PAH emission together
with the [S1v]10.51 wm emission line (see Figure 18). This is a
clear example of the coexistence of PAH emission and an AGN
within less than ~100 pc. There are two explanations for this: (1)
the PAH molecules are far away enough from the AGN so that
they cannot be destroyed by its radiation field and (2) the PAH
molecules are being shielded in some manner. The integrated
T-ReCS spectrum shows the same features as the nuclear spec-
trum since the nucleus of NGC 7130 is quite compact and out-
side ~500 pc there is no emission (neither continuum nor feature
emission).

D.2. Spatial Profiles: Star-formation Surrounding
a Sy2 Nucleus

The nucleus of NGC 7130 is a clear example where SF and
AGN activity manifest their characteristic spectral features
within the same region (see Figure 19). We find that the
[Neu]12.81 um and Pax profiles are as compact as the
(resolved) continuum emission. We also detect 8.6 and

Arest (M)

Figure 18. Integrated (blue dots) and nuclear (red dots) T-ReCS N-band spectra of NGC 7130. The region of interest (green dots) of NGC 7130 is an H1 region
located at 9”5 to the north of the nucleus. The integrated spectrum was extracted with a fixed aperture of 3”6 in length centered at the nucleus of the galaxy, while the
nuclear spectrum was extracted with a fixed aperture of 0736 and the spectrum of the H1 region with an aperture of 0”72. The labels are as in Figure 3.

11.3 um PAH emission, but extended within the central 175
of the galaxy. Both, the PAH features, and the [Ne11]12.81 um
and Pao emission lines clearly indicate that there is SF within
the nuclear region. Moreover, Figure 19 shows thatin NGC 7130
the PAH molecules can survive within a distance of less than
~100 pc from the AGN without being destroyed. The intrinsic
hard (2-10keV) X-ray luminosities (L—jokev) of the AGNs of
NGC 7130 and NGC 5135 are very similar (= 1 x 10* erg s7;
Levenson et al. 2005, and Levenson et al. 2004, respectively).
Therefore, the existence of PAH emission in the nucleus of
NGC 7130 but not in the nucleus of NGC 5135 suggests that
the PAH carriers are not being destroyed in the latter but the
absence of PAHs is due to the fact that there is no nuclear SF
(or at least it is very weak). The [S1v]10.51 um line is also
detected (although with a high uncertainty) as in the nucleus of
IC 4518W and NGC 5135, and is as compact as the continuum
emission.

The [Nem]12.81 um/Pac ratio is almost constant in the
nuclear region of the galaxy (between 3 and 5 within the inner
1”7 ~340pc). The 11.3/8.6 um PAH ratio is also almost constant
along the central ~200 pc with a mean value of ~2.3. This value
is slightly higher than that seen in NGC 3256 (=~1.7), but both are
in agreement with the median ratio found by Smith et al. (2007)
for the SINGS galaxy sample (1.54)%). The spatial profile of
the 11.3 um PAH/[Ne 11]12.81 pem ratio has his minimum at the
nucleus of the galaxy with a value of ~1.1 (similar to that of the
nucleus of NGC 3256) and increases outward from the central
region.

The [S1v]10.51 um/11.3 um PAH ratio peaks at the nu-
cleus, while the [Nen]12.81 um/[S1v]10.51 um ratio has the
minimum there. The former is due to the fact that the
11.3 um PAH emission is more extended than the [S1v]
10.51 pm line emission. In the same manner, the [S1v]10.51 um
emission seems to be more concentrated than the [Neii]
12.81 m emission as the [Ne 11]12.81 um/[S1v]10.51 wm ratio
increases outward from the nucleus. The nucleus of NGC 7130
is resolved in continuum emission so these variations are indeed
real. In fact, this would be in agreement with the [S 1v]10.51 um
line emission being the signature of the unresolved AGN emis-
sion, and the [Nen]12.81 um line emission being mostly as-
sociated to the surrounding star-forming ring seen in the UV
(Gonzélez Delgado et al. 2001; also detected in PAH emission).
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Figure 19. Same as Figure 13 but for NGC 7130. In this case, all flux spatial profiles are shown: the 11.3 um (top left) and 8.6 um PAH (top right) features, and the

[S1v]10.51 m (bottom left) and [Ne11]12.81 m (bottom right) emission lines.
(A color version of this figure is available in the online journal.)

Because the 8.6 and 11.3 um PAH emissions are more extended
than the continuum and line emissions, the spatial profiles of
their EWs show again their minima in the nucleus, increasing
outward. In contrast, the [S1v]10.51 um EW is approximately
constant (within the large uncertainties) confirming that the re-
gion from where the [S1v]10.51 pm line emission arises is very
compact (at least as compact as the continuum).
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