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ABSTRACT

The southern nucleus of NGC 3256, a nearby luminous infrared (IR) interacting system (d=40Mpc; Lir=10"° L;), hosts a deeply
obscured low-luminosity active galactic nucleus (AGN) associated with a massive and fast bipolar collimated molecular outflow.
JWST/NIRSpec observations revealed bright spatially resolved ro-vibrational CO v=1-0 4.67 um emission at the base of this molec-
ular outflow extending out to ~300 pc, which is excited by the ~4.7 um IR radiation from the southern dusty core. Using Monte
Carlo radiative transfer models, we analyzed the CO v=1-0 band emission to determine the intensity of the ~4.7 um IR radiation field
across the outflow base. We find that the core spectral luminosity density at ~4.7 um as seen by the material in the outflow base is
~2—4 times higher than that inferred along our line of sight, indicating an anisotropic near-IR radiation field. Moreover, the slower
than d~2 decrease of the near-IR flux density across the outflow base suggests a collimated radiation field, for which we estimate a
small half-opening angle (15-20°) and a diameter of the collimating structure of 15+5 pc. This is slightly smaller than the diameter
of the obscuring envelope (25+5 pc). Combined with the expansion of this obscuring envelope, traced by the blueshifted CO v=1-0
absorption toward the nucleus, this suggests that the AGN is beginning to clear its environment. We estimate Ny~1022-2% cm~2 for
NGC 3256 S, which is similar to that of Type 2 AGNs. However, in contrast to Type 2 AGNs, a high covering factor of the obscuring
material, possibly sustained by inflows linked to the galaxy merger and similar to that expected in deeply obscured compact obscured
nuclei (CONs), is needed to explain the absence of extended high-ionization emission. Therefore, NGC 3256 S shares properties with

CONs and Type 2 AGNs.
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—A. Introduction

61

ergers of gas-rich galaxies funnel large quantities of gas and
- dust into their central regions, triggering intense star formation
. > nd active galactic nuclei (AGNs; e.g., Sanders & Mirabel 1996;
opkins et al. 2013; Rodriguez Montero et al. 2019). This activ-

ty initially occurs in heavily dust-obscured environments, where
CCultraviolet and optical emission from young stars and the AGN
is absorbed by dust and is re-emitted in the infrared (IR), lead-
ing to IR-bright galaxies with Lig >10""1% L, i.e., luminous
and ultraluminous IR galaxies (LIRGs and ULIRGs). Among
the most deeply embedded systems are compact obscured nu-
clei (CONs), with Ni;>10%4"2> cm™2. CONSs are characterized by
their exceptionally compact and strong mid-IR radiation densi-
ties, which are capable of exciting submillimeter HCN-vib emis-
sion (Falstad et al. 2021; Garcia-Bernete et al. 2025; Gonzalez-
Alfonso et al. 2026). As star formation- and AGN-driven feed-
back clears the obscuring dust and gas, ULIRGs, the most lumi-
nous systems, are thought to transition into quasars (e.g., Sny-
der et al. 2013; Kawaguchi et al. 2020). This clearing is con-
sistent with the ubiquitous detection of massive molecular out-
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flows in ULIRGs (Sturm et al. 2011; Veilleux et al. 2013; Cicone
et al. 2014; Gonzalez-Alfonso et al. 2017; Pereira-Santaella et al.
2018; Lutz et al. 2020; Lamperti et al. 2022).

We here focus on the nearby LIRG NGC 3256 (d=40 Mpc;
Lir=4x10"" L), which hosts an obscured AGN in its southern
nucleus as well as fast massive molecular outflows. Thus, ow-
ing to its proximity, it provides a unique opportunity to investi-
gate the transition from a dust-obscured into an unobscured AGN
phase in a gas-rich merger in detail.

The NGC 3256 system is an advanced merger (projected nu-
clear separation of <1kpc). The northern component is dom-
inated by a strong starburst with a star formation rate of
~15 My yr~! (Lira et al. 2008), which is not investigated in this
paper. In contrast, the southern component, NGC 3256 S, hosts
an extremely dust-embedded nucleus (e.g., Pereira-Santaella
et al. 2010; Diaz-Santos et al. 2010) powered by a low-
luminosity obscured AGN (Ly_jorey ~ 10*ergs™!), as sug-
gested by multiwavelength modeling of near-IR, mid-IR, and
X-ray observations (Ohyama et al. 2015). Similar to CONs,
no high-ionization transitions or direct X-ray emission are de-
tected in NGC 3256 S from the AGN (e.g., Lira et al. 2002;
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Fig. 1. IWST/NIRSpec maps of NGC 3256 S. First panel: 4.7 um continuum map. The units are MJy sr™!. Second and third panels: Maps of the H,
v=0-0 S(8) 5.05 um and CO v=1-0 P(5) 4.71 um lines, respectively. The units are 10~'° erg cm™ s~! arcsec™2. The dashed lines in the second panel
delineate the molecular outflow area. The dotted line marks the direction perpendicular to the outflow axis (approximate galaxy disk location). The
position and size of the apertures described in Sect. 2 are indicated the third panel. Fourth panel: Classification of the CO v=1-0 band according to
the absorption or emission of the P and R branches. The red area marks regions in which both branches are in absorption. The blue area indicates
regions in which the R branch is in absorption and the P branch in emission based on the R(2) and P(5) lines (see Sect. 3.2 of PS24). The green
areas are regions in which both branches are in emission. The black cross in all the panels marks the position of the 4.7 wum near-IR continuum

peak at R.A. (ICRS) = 10h27m51.22s Decl. (ICRS) = —43d54m19.2s.

Alonso-Herrero et al. 2012; Pereira-Santaella et al. 2011, 2024a;
Garcia-Bernete et al. 2025). NGC 3256 S also hosts a large-
scale (~1kpc) high-velocity (~1000kms~') collimated bipolar
molecular outflow, in which hot (7~2000 K), warm (7T~300 K),
and cold (T=15-50K) molecular gas have been detected using
H, and CO lines (Sakamoto et al. 2014; Emonts et al. 2014;
Bohn et al. 2024; Pereira-Santaella et al. 2024c¢), with the cold
molecular phase accounting for the great majority (>90%) of the
outflow mass. Similar collimated molecular outflows have been
detected in other (U)LIRGs classified as CONs (e.g., ESO 320-
G030, Pereira-Santaella et al. 2016; Gorski et al. 2024; Arp 220,
Barcos-Mufioz et al. 2018; and Zw 049-057, Lankhaar et al.
2024). Therefore, NGC 3256 S exhibits some properties asso-
ciated with CONSs, although its nuclear Ny and mid-IR radiation
density are likely lower than that of CONSs, so no bright HCN-vib
emission is produced.

In Pereira-Santaella et al. (2024c), hereafter PS24, we ana-
lyzed the CO v=1-0 4.67 um ro-vibrational band emission ob-
served by the Near-Infrared Spectrograph (NIRSpec) aboard
the James Webb Space Telescope (JWST). This ro-vibrational
emission is spatially coincident with the base of the molecu-
lar outflow detected in the Atacama Large Millimeter Array
(ALMA) data and shows consistent kinematics, suggesting that
this emission is associated with the outflowing molecular gas
of NGC 3256 S (see PS24). This CO emission is produced by
resonant scattering of the AGN near-IR light, analogous to the
mechanism observed in Orion (Gonzalez-Alfonso et al. 1998,
2002). Using the large velocity gradient approximation, we mod-
eled the line flux ratios of the P(J+2) and the R(J) transitions of
the band, which share the same upper level. From these models,
we constrained the physical conditions of the gas in the outflow
base and obtained these results: (a) the CO v=1-0 emission is
excited by the intense near-IR illumination from the AGN up
to ~300 pc; (b) there is a significant temperature gradient in the
molecular gas from >40K at the nucleus to <15 K at 300 pc; and
(c) the gas in the outflow base has a low aco conversion factor

of ~(0.40-0.61)x 3240~ M, (K kms~! pc?)~!.

This is the first paper in a two-paper series. We extend
our analysis of the molecular gas in the outflow base apply-
ing a Monte Carlo radiative transfer (MC RT) model (see, e.g.,
Steinacker et al. 2013). This approach allows us to model not
only line ratios, but also the absolute luminosities of the band.
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In this first paper, we investigate the CO v =1-0 emission, and
in the second part (Pereira-Santaella et al. in prep.), we discuss
the H; v,=1-0 band detected in emission for the first time in
the interstellar medium in this outflow (Pereira-Santaella et al.
2024b).

This paper is organized as follows: The data reduction and
aperture spectral extraction are presented in Sect. 2. Sect. 3 de-
scribes the MC RT models and the fitting of the observed spectra.
In Sect. 4 we discuss the inferred properties of the radiation field
and nuclear obscuring material. Finally, in Sect. 5, we summa-
rize the main results of the paper.

2. Data reduction

We wused high-spectral-resolution (R~1900-3600) JWST/
NIRSpec integral-field spectroscopy obtained with the grating/
filter pair G395H/F290LP (2.87-5.27 um). These observations
are part of the director’s discretionary early release science
(DD-ERS) program 1328 (PI: L. Armus and A. Evans). The
field of view of these data is 3”/1x3’/1 and the angular resolution
is ~0”2. The same observations were analyzed in PS24, and
we therefore followed the same reduction steps, but used an
updated version of the pipeline (1.12.4) and calibration context
(1254) and a smaller spaxel size of 0”705 for the final cubes
to better recover the spatial information. More details on the
data reduction can be found in PS24 and Garcia-Bernete et al.
(2024a).

In addition, we combined the JWST/NIRSpec data with CO
J=1-0 (115.27 GHz) ALMA observations of NGC 3256 from
program 2018.1.00223.S (PI: K. Sakamoto). This dataset was
also used in PS24, and its standard data reduction is described
in more detail there. The beam full width at half maximum
(FWHM) of this ALMA cube is 0739x0"/37.

As discussed in PS24, the CO v=1-0 band in NGC 3256 S is
seen in emission along the outflow base in absorption toward the
nucleus, while the P branch is in emission and the R branch in
absorption (P-R asymmetry) along the disk of the galaxy (see the
fourth panel of Fig. 1). The MC RT models we present are appli-
cable to areas in which the CO band appears in pure emission,
and we thus selected multiple regions mostly along the outflow
axis (see the third panel of Fig. 1).

We used apertures with a diameter of 0”74 (~80 pc) and sub-
tracted the contribution produced by the wings of the bright nu-
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clear point-spread function following the method described in
sect. 3.3 of PS24. We also used these apertures to extract the
rotational CO J=1-0 emission from the ALMA cubes. We note
that the apertures we used are smaller and encompass slightly
different regions than those used in PS24. We provide an ap-
proximate correspondence between the apertures in Table 1. The
ALMA and JWST data cubes were aligned based on the posi-
tions of the 5 um near-IR and the 115 GHz millimeter continua.

3. Analysis and results

The stellar disk of NGC 3256 S is seen almost edge-on from our
line of sight, while the molecular outflow lies approximately in
the plane of the sky (e.g., Sakamoto et al. 2014). This orientation
is ideal for the study of the CO v=1-0 emission at base of the
outflow, since it limits the contribution of the disk to the spectra
of the outflow (see Fig. 1). The CO v=1-0 band is excited by
the bright near-IR continuum emission produced by the warm
dust (T4 ~ 600K; Ohyama et al. 2015) in the dust-embedded
nucleus of NGC 3256 S. This near-IR continuum illuminates the
molecular gas in the outflow base, exciting the v=1 vibrational
levels of the CO molecules, which subsequently decay through
the observed v=1-0 emission (see Fig. 6 of PS24).

In PS24, we showed that the low-J lines of the band (up to
Jio ~3—4) are optically thick. To model the observed intensities
of all the lines of band, a detailed radiative transfer treatment
is therefore required. To achieve this, we developed an MC RT
model (Sect. 3.1) that is sensitive to the different optical depths
of the lines in the band and can predict the expected luminosity
of each line. We used the MC RT model predictions to fit the
observed band emission and constrain the physical conditions of
the outflowing gas and the near-IR radiation field (Sect. 3.2).

3.1. MC RT model for the CO v=1-0 band

We modeled the scattering of the nuclear near-IR radiation by
CO molecules in the outflow using an MC RT approach. This is
appropriate for modeling the anisotropic emission expected from
resonant scattering of the incident near-IR radiation because the
opacity of the low-J lines of the CO v=1-0 band is high (PS24).
To simulate the illumination of the molecular gas in the out-
flow by the compact IR core, we assumed homogeneous spheri-
cal clouds with half-hemisphere irradiated by photons following
parallel tracks (see Fig. 2 left). This is a highly symmetric ge-
ometry, so a simple MC RT calculation is sufficient to achieve
accurate results (see, e.g., Steinacker et al. 2013). We assumed
that the cloud had a Gaussian velocity distribution with a disper-
sion, oy ~ 0.425Av, where Av represents the FWHM, and a CO
column density along its diameter, N&*, that corresponds to an
average CO column density of (Nco) = 2/3NZE* for the cloud.
The steps of the calculation are the following: (1) we defined
the initial wavelength and spatial coordinates of the photons. The
wavelength grid covers a small range around each ro-vibrational
transition (see below) to account for the varying optical depth
across the velocity resolved line profiles. The photons were uni-
formly distributed in a circle with a radius matching that of the
sphere, and located just outside its surface. They were also dis-
tributed in the wavelength grid following the intensity of a black-
body with T4 to simulate the spectral energy distribution (SED)
of the near-IR radiation field. T4 is not well constrained by the
data (~300-600 K are compatible with the near-IR continuum
and CO band), so we assumed a fixed intermediate 73=400 K,
which is also consistent with the observed nuclear continuum in

our line of sight. (2) The optical depth, 7, traveled by the photon
before it interacts with a CO molecule was then randomly gener-
ated using an exponential distribution (eq. 25 of Steinacker et al.
2013). This 7 was then compared with the optical depth from
the location of the photon to the surface of the cloud, 7. (3) If
T > T, the photon escapes the system and its wavelength and
escape direction were recorded. Otherwise, the absorption and
re-emission of the photon by a CO molecule was simulated. Ac-
cording to its energy, the absorbed photon excites a CO molecule
to a specific v=1 level. Then, a new wavelength is assigned to
the re-emitted photon based on the transition probabilities of the
possible decay paths (P and R branches of the v=1-0 band, and
pure rotational transitions within v=1). Finally, assuming that the
CO molecules emit isotropically, the re-emitted photon was as-
signed a new propagation direction sampled uniformly in solid
angle, corresponding to complete redistribution in angles. Steps
2 and 3 were repeated until all photons escape the cloud.

For step 2, we needed to compute 7, as function of NZ3*.
The optical depth depends on the population of the energy levels
of the CO molecules (see, e.g., Egs. 6-9 of PS24). Based on the
analysis in PS24, the great majority of CO at the base of the out-
flow is in the ground vibrational state, and its excitation is driven
by collisions with H, and not by IR pumping. Therefore, we as-
sumed that the CO level populations only depend on the kinetic
temperature, Ty, the Hy density, ny,, and NZ3*/Av, which were
frozen during the MC RT calculations. Under these assumptions,
we created a grid of models using the non local thermodynamic
equilibrium (non-LTE) code RADEX (van der Tak et al. 2007)
with Ty;,=12-125K, ny,=10?-10° cm™3, and Ng‘g"/Av=1017—
10* cm™2/(kms™!) with 25 log steps for Ty, and Ng&*/Av and
10 log steps for ny,, due of the reduced sensitivity of the mod-
els to ny, variations. In total, the grid had 6250 models. For the
RADEX calculation of the v=0 level populations, we used the
spectroscopic parameters of CO from Goorvitch (1994) and the
collisional coefficients from Yang et al. (2010).

Using the RADEX grid of models, we estimated the optical
depth at the line center, 74(0), for each vibrational CO transition.
Some of these CO transitions have high opacities, so the core of
their profiles are saturated while their wings are optically thin.
To account for this, we defined a grid of velocities between 0
and Ao, with A between 5 and 7 depending on 7(0), to cover
the line wings down to 74(v) <0.05, and a sampling of o /2.
Since the line profiles are symmetric, we only computed half of
the profile with the MC RT. So for each transition, we simu-
lated between 10 and 14 velocity channels. Between 80000 and
110000 model photons were assigned to each velocity channel
of each transition according to the blackbody SED. A total of
~10 to 40 million of model photons were traced for each MC RT
simulation, depending on NZ3*.

The optically thin lines are re-emitted isotropically by the
cloud, so their intensities do not depend on the observer line of
sight. However, the intensity of the optically thick lines is highly
dependent on the viewing angle (), with stronger emission fac-
ing the illuminated side of the cloud (8>90 deg) and fainter emis-
sion at the opposite side (<90 deg; middle panels of Fig. 2).
Therefore, using the recorded escape direction of the rays, we
computed the angular dependence of the cloud emission. We de-
fined 20 equal angular bins for observing angles 6 between 0 and
180 deg (see Fig. 2, left). The solid angle of each bin is different,
so we normalized the number of rays in each one by the solid
angle of the corresponding spherical segment. Then, for each
transition, we calculated the fraction of the total emission that
falls within each angular bin. Using this fraction, we derived the
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Fig. 2. Left panel: Assumed geometry and side illumination (black arrows) of the spherical clouds by the near-IR radiation field. The observer
viewing angle, 6, and the corresponding spherical segment for this axisymmetric geometry are shown in blue. Middle and right panels: MC RT
results for a model with 7};,=20K, nH2:104 cm™3, and (Nco)/Av=10"3 cm™2/(kms™"). The middle panel shows the last scattering location of
the rays before they escape the cloud for an optically thick line (bottom; P(3)) and an optically thinner line (top; P(9)). For the thinner line, the
distribution is almost homogeneous and isotropic, while for the thicker line, the emission is mostly produced at the illuminated side of the cloud,
thus highly anisotropic. The right panels show the simulated CO v=1-0 band for three viewing angles in arbitrary flux units.

integrated luminosity of any line i produced by the cloud, Ly ;,
from the observed flux in any direction 6.

We also used these models to derive the monochromatic lu-
minosity of the near-IR source around 4.7 um, L,, that illumi-
nates the clouds based on the scattered CO v=1-0 band. The
total continuum power density incident on a cloud, P,, is
P, = Acioud X F,(d), (D
where Acjouq 18 the cross-section area of the spherical cloud, and
F,(d) is the flux density from the central IR source at a distance
d. For isotropic emission, F,(d) = L,/(4rd?). For these models,
the radius of the cloud, o4, can be expressed as a function of
the RADEX parameters,

1 (NZ&\ Ay
T == —_—,
cloud 7 Av nco

@)

where nco is the CO number density. The number of CO
molecules in the cloud, N, is 4/37rrg’10u 47co, SO Acloud can be
written as

3

— 2 _
Acloud = T oud = 2Av | Ay

3N (N*C“g* )1
From the MC RT models, we obtained the ratio, r;, of the con-
tinuum power density integrated over a velocity bin, AvP,, and
the line luminosity, r; = AVP, /Ljine;. When this result is com-
bined with Egs. 1 and 3, the near-IR flux density exciting the CO
v=1-0 band is

Nmax
Fy(d) = ( ch )

12
N3

“

TiLiine,i »

which can be determined from the observed luminosity of each
line of the CO band. The number of CO molecules, N, was self-
consistently obtained from the ALMA CO(1-0) emission using
the emission predicted for this line by each RADEX model (see
also PS24).
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3.2. Best-fit parameters

To estimate the best-fit parameters for the regions at the base
of the outflow, we first measured the observed flux of all the
CO v=1-0 lines. Following PS24, we subtracted a baseline con-
tinuum and included it in the line-fitting procedure lines from
other species (the '*CO v=1-0 band, the 4.65 um deuterated
polycyclic aromatic hydrocarbon (D-PAH) band, H, and H1 re-
combination lines, and [K m]4.62 um) that lie in this wavelength
range (4.55-4.80 um). This contribution from other species is
shown in the first column panel of Fig. 3 for each region as a
solid green line.

Then, we calculated the y? for each of the 6250 MC RT mod-
els for viewing angles within the range stated below by com-
paring the predicted fluxes of the CO v=1-0 lines with the ob-
served ones. For each model, we also computed the expected
F,(d) illuminating the molecular cloud for each CO v=1-0 line
flux (Eq. 4). Sakamoto et al. (2014) estimated that the outflow
lies close to the plane of the sky with an inclination i of ~80f0°.
This corresponds to viewing angles 6, as defined in Sect. 3.1 and
Fig. 2, of the outflowing clouds in the blue- and redshifted sides
of the outflow from 70° to 110°, and we thus only considered
lines of sight within this range. Finally, we assigned a probabil-
ity proportional to exp(—x?) to each model and determined the
marginalized probability density functions for the model param-
eters and other derived physical quantities such as the predicted
CO v=1-0 fluxes and F,(d). Predicted line fluxes with a signifi-
cance below 30" were treated as upper limits.

During this process, we noted that the best-fit models sys-
tematically underestimated the fluxes of the P(1) and P(2) tran-
sitions at 4.67—4.68 um, in particular in region W2. This is likely
caused by the CO ice absorption band at ~4.67 um (Boogert
et al. 2015) that reduces the fluxes of the lines. This is plausible
since the CO ice band is indeed detected in the nuclear spectrum
of NGC 3256 S (PS24) and extended ice absorptions from other
species such as H,O and CO, are widespread in local (U)LIRGs,
including NGC 3256 S (Speranza et al. 2026). Therefore, we
modeled the optical depth of this absorption with a Gaussian
profile centered at 4.675 um with =0.006 um, whose peak op-
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Fig. 3. MC RT fitting results for each region. The name of the region is indicated in the top-left panel. Top left: Continuum-subtracted JWST/
NIRSpec spectrum (solid black line). The red line is the best-fit CO v=1-0 model plus the contribution from the other species, indicated as a solid
green line (see Sect. 3.2). Bottom left; Observed fluxes of the CO v=1-0 lines (black diamonds) as a function of the wavelength. The flux of the
best-fit model is represented by the red circles and downward arrows for the upper limits. The dashed blue line shows the fitted optical depth for
CO ice band at 4.67 um (right axis). Middle panels: Probability density distributions for log Ty, (top panel in orange) and log(Nco)/Av (bottom
panel in black). The median value is indicated in the top right corner of the panel and shown with a vertical dotted line. Right panel: Hypothetical
core flux derived from the MC RT model for each CO v=1-0 line assuming that the core emission is isotropic (red circles). The dashed red line
represents the scaled emission of blackbody at 400 K. For reference, the nuclear spectrum of NGC 3256 S measured with JWST/NIRSpec is shown
in blue. The discrepancy between the observed nuclear flux (blue line) and that derived from the MC RT model (red points) suggests that the core
does not emit isotropically (see Sect. 4.1).
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Table 1. Properties of the regions.

Region d@ log Liog=1-0) ®  log Lygna © logF,@ logTiin @ 10g{(Nco)/Av®  1coice P PS24
(pc)  (Kkms™' pc?) (ergs™) dy) (K) (cm™2/(kms™1)) region ®
N1 68 7.08 39.29 10.21 £0.03 1.56 +£0.16 18.12 £ 0.63 0.13 N1
N2 136 6.95 38.65 9.66 + 0.03 1.44 + 0.20 17.99 + 0.63 0.08 N1
N3 140 7.02 38.78 9.74 £ 0.03 1.45 +0.18 18.03 £ 0.59 0.07 N1
N4 221 6.96 38.54 9.48 + 0.03 1.34 +£0.16 18.07 £ 0.59 0.05 N2
N5 244 6.71 38.05 9.20 + 0.03 1.23 +0.16 17.84 + 0.55 0.13 N3
S1 75 6.96 39.09 10.27 £0.03 1.59 +£0.16 18.26 + 0.67 0.34 e
S2 137 6.63 38.37 9.77 £ 0.03 1.43 +0.16 18.37 £ 0.71 0.16 e
S3 174 6.55 38.16 9.58 + 0.03 1.38 £ 0.20 18.32 £ 0.79 0.14 S1
S4 288 6.65 38.04 9.32 £ 0.03 1.29 £ 0.16 18.36 £ 0.73 0.23 S2
W1 91 6.96 38.50 9.81 +£0.03 1.41 £0.15 18.70 £ 0.72 0.34 e
w2 93 6.93 38.59 9.70 £ 0.02 1.44 £ 0.13 18.53 £ 0.67 0.48 e
w3 202 6.85 38.09 9.11 £ 0.03 1.27 £ 0.15 18.67 +£0.72 0.10 N4
W4 250 6.70 37.99 9.19 £ 0.03 1.34 £ 0.21 18.04 £ 0.75 0.14 S3

Notes. @ Projected separation between the nucleus and the region. No correction for inclination was applied because the outflow is close to the
plane of the sky. ® Luminosity of the CO(1-0) 115.27 GHz rotational line calculated using eq. 3 of Solomon & Vanden Bout (2005). ©) Integrated
luminosity of all the lines of the ro-vibrational CO v=1-0 4.67 um band. ” Spectral continuum flux density at ~4.7 pm exciting the ro-vibrational
CO emission derived from the MC RT modeling (Sect. 3.2). ) Mean Ty, and (Nco)/Av derived from the MC RT modeling (Sect. 3.2). ) Measured
optical depth of the CO ice absorption at ~4.67 um affecting the CO band emission (Sect. 3.2). ® Approximate correspondence with the larger

apertures (0”5 diameter) defined in PS24.

tical depth was optimized iteratively to minimize the systematic
discrepancy between the predicted and observed P(1) and P(2)
fluxes.

The results from this fit are shown in Figs. 3 and A.1 and are
summarized in Table 1. The predicted and observed CO band
fluxes for all regions agree very well (left panels of Figs. 3
and A.1). The probability distributions obtained for Ty, and
(Nco)/Av are also shown in the middle panels of Fig. 3 and
A.1. Ty, follows the same trend as reported in PS24 with de-
creasing temperatures, from 40K to 20K, for increasing nu-
clear distances between 70 and 300 pc (see Fig. 12 of PS24) .
No clear trend is observed for (Nco)/Av, which varies between
10'89 and 10'® cm™2/(km s~!), although the values in the south-
ern regions are higher by ~0.3 dex. The obtained (Nco)/Av are
consistent within the uncertainties with those estimated using the
two-temperature model in PS24. ny, it not shown since it is not
well constrained by these data and its distribution is almost flat.

The right panels of Fig. 3 compare the actual nuclear spec-
trum measured with JWST/NIRSpec (in blue) with the hypo-
thetical flux expected at Earth derived using the MC RT model
for each CO v=1-0 line (in red), assuming that the core emis-
sion is isotropic (i.e., £, = 4xd®F,(d)/(4nD?*) with D=40 Mpc
and d the projected separation between the nucleus and the cen-
ter of each aperture). The molecular outflow in NGC 3256 is
very close to the plane of the sky (i~80°; Sakamoto et al. 2014),
so using the inclination corrected d would increase f35>. only by
~10%. Except for W1, W2, and W3, which lie relatively far from
the outflow axis, the core fluxes derived from the modeling ex-
ceed the observed nuclear emission by a factor of 2—4 across all
regions. This discrepancy suggests that the near-IR continuum
emission of the nucleus is anisotropic, with lines of sight along
the molecular outflow exposed to an enhanced near-IR radiation
field. As expected, the modeled core flux increases with wave-
length, consistent within the uncertainties with the assumed T4
of 400 K.
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Fig. 4. Logarithm of the product of the squared distance of each region
to the nucleus, 42, and the 4.7 um flux, F,, required to produce CO v=1-—
0 band emission detected in each region according to the MC RT model
(Sect. 3.2) vs. d. The red circles correspond to regions located along
the outflow axis, and the green circles correspond to off-axis regions
(see Fig 1). The dashed green line indicates the d*F, derived from the
observed nuclear spectrum (i.e., edge-on luminosity of the obscuring
envelope) assuming isotropic emission (F, = L,/(4nd?)). The solid red
line is the best-fit model assuming that a collimated beam illuminates
the outflow (Eq. 5)

4. Discussion
4.1. Anisotropic nuclear near-IR emission

Bipolar outflows in AGNs are typically launched along direc-
tions perpendicular to the obscuring torus of gas and dust (e.g.,
Honig & Kishimoto 2017). The outflow of NGC 3256 S lies
very close to the plane of the sky, so it is likely that the torus
of NGC 32568 is seen nearly edge-on. Efstathiou et al. (2022)
showed that the IR emission from the torus in IR-bright galax-
ies can be highly anisotropic, with corrections increasing the in-
ferred AGN luminosity by up to a factor of ~10 for nearly edge-
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on tori. Therefore, the anisotropic 4.7 pm near-IR radiation field
suggested by the MC RT modeling in Sect. 3.2 can be consistent
with the presence of an edge-on torus.

This edge-on torus can also account for the fact that in the
three regions W1, W2, and W3, located far from the outflow
axis and thus viewing the torus less strongly face-on, the near-IR
radiation field agrees with that observed along our line of sight.
We note, however, that for region W4, which is also expected
to view the torus edge-on based on its projected location, the
required radiation field is approximately a factor of two higher
than expected. This might indicate that the obscuring material
in the torus is clumpy, allowing the near-IR radiation to escape
along some directions other than the polar axis.

In addition to the anisotropy of the nuclear near-IR radia-
tion field, the MC RT models indicate that its intensity does not
follow a d~2 scaling, with higher intensities required at larger
distances relative to the d~2 case (from about two times brighter
at 70 pc to about five times brighter at 300 pc). The intensities
significantly deviate from the d~2 case, as indicated by a Spear-
man rank correlation coefficient of 0.7 and a p value of 0.036.
(see Fig. 4). This behavior can be explained if the radiation from
the AGN is collimated into a relatively narrow solid angle. Alter-
natively, a fast decrease in the AGN luminosity by a factor of 2
over the last ~1000 yr (corresponding to the light-travel time be-
tween N1 and N5) might also explain the deviations from the d~2
relation. However, a luminosity decline would act isotropically
and should therefore also enhance the off-axis regions, whereas
W1-W3 are consistent with the line-of-sight value.

In this case, the hot dust heated by the AGN emitting in the
near-IR is initially located inside an optically thick envelope of
colder dust (e.g., Gonzdlez-Alfonso & Sakamoto 2019). A fast
outflow is launched by the AGN, potentially associated with the
radio jet suggested by the extended 3.6 cm radio continuum of
NGC 3256 S (see Neft et al. 2003; Sakamoto et al. 2014) and
escapes the dust cocoon through a channel that collimates the
near-IR emission from the inner hotter dust core photosphere.
Under these conditions, the collimated near-IR flux density, F,,
seen by the molecular clouds in the outflow base is L*¥/A(d),
where L5 is the spectral luminosity density emitted within the
conical beam, and A(d) is the area of the beam at a distance d
from the surface of the envelope. For a collimated beam with a
small half-opening angle @ and radius ry at the surface of the
dust envelope, the distance to the virtual apex of the cone is ry/
tan . Hence, A(d) = Q,(rp/ tan @ + d)?, where Q, is the solid
angle of the beam, and

Lbeam Lcore
F, = &)
Q[ + d] dn |2+ d]

tan tan

where L5%™ is related to the total spectral luminosity density of
the core through Lbea™ = Lﬁ"re%‘;, assuming that the core emits
isotropically.

Fig. 4 shows that except W4, the off-axis regions (green cir-
cles) agree with the expected illumination due to the edge-on
torus with L, = 10287 ergs™' Hz™! at 4.7 um. However, all the
regions along the outflow axis (red circles) have higher fluxes
that can be reproduced by the collimated beam model. The pa-
rameters of the best-fit model are —> = 24+9pc and L™ =

tan
10292509 erg s~ Hz~!, which is about three times larger than
the 4.7 um L, measured along our edge-on line of sight. This can
be explained by a higher dust temperature, T,, of the inner core

(15-25% greater than that of the outer envelope for 7,=300—

The nucleus of NGC 3256 S. 1. Anisotropic active galactic nucleus near-IR radiation field

\

Molecular | /
outflow base :
d~300pc | : /

\ : /

\ :‘ /
Optically thick \ /
envelope \ <-—> 2ry~15 pc

deny~25 pc

Hot dust :
core /A

\

1

Fig. 5. Schematic diagram representing the central region up to ~300 pc
from the core of NGC 3256 S. The hot dust core (dark brown) heated by
the AGN is surrounded by an optically thick envelope of colder material
(orange). A channel with a half-opening angle « of ~15-20° transverses
the envelope and collimates the hot core 4.7 um near-IR radiation that
illuminates the molecular gas at the outflow base (blue and red shaded
areas corresponding to the blue- and redshifted outflow lobes, respec-
tively) and produces the observed CO v=1-0 band. The dotted black
line indicates the outflow axis. The schematic is not to scale.

600 K), a deviation of the intrinsic core emission from isotropy,
or by a combination of the two.

To estimate ry, we approximated the beam half-opening an-
gle from the width of the molecular outflow, w, at a distance d,
using the relation

v
2(tana + d)

where T was obtained from the fit. We found a ~15-20°(see
Fig. 1), which implies that the radius of the opemng in the dust
envelope is ro~6-9 pc. The diameter of this opening is slightly
smaller than but comparable to the envelope diameter estimated
from the deconvolved FWHM of the 4.7 pm continuum (07/12;
~25pc) in the NIRSpec data’.

(6

tana =

4.2. A low-luminosity AGN in an expanding optically and
geometrically thick envelope

Figure 5 shows a schematic of the nuclear region of NGC 3256 S,
including the structures needed to explain the properties of the
CO v=1-0 band and the nuclear near-IR continuum. This ob-
ject hosts a heavily obscured AGN with a relatively modest IR
luminosity, (1-5)x10° L, (Ohyama et al. 2015). Based on our
modeling, this obscured AGN is the main power source of the
hot dust core, vL™® ~4x10° Lo, which is further reprocessed by
an optically thlck dusty envelope.

No high-ionization emission lines such as [Ne vi]7.6 um or
[Ne v]14.3 um (with ionization potentials >95eV) typically as-
sociated with AGNs are detected in the mid-IR spectrum of
NGC 3256S (e.g., Pereira-Santaella et al. 2010; Bohn et al.
2024; Garcia-Bernete et al. 2025). This is similar to the case

! We used the calibration star TYC 4433-1800-1 to estimate the point
spread function FWHM, which was then subtracted in quadrature from
the measured FWHM of the NGC 3256 S nucleus.
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of other deeply obscured AGNs in local (U)LIRGs, which like-
wise lack high-ionization lines in their spectra (e.g., Farrah et al.
2007; Garcia-Bernete et al. 2024b; Perna et al. 2024; Buiten
et al. 2024; Goldberg et al. 2024; Alonso Herrero et al. 2024;
Rieke et al. 2025), where AGNs are identified through extreme
luminosity surface densities (e.g., Barcos-Muiioz et al. 2017,
Pereira-Santaella et al. 2021; Gonzalez-Alfonso et al. 2026), ex-
cited molecular ro-vibrational bands (e.g., Garcia-Bernete et al.
2024b), and anomalous PAH band ratios and equivalent widths
(e.g., Garcia-Bernete et al. 2022; Rich et al. 2023; Donnan
et al. 2023). Therefore, the inner hot dust core of NGC 3256 S
must be optically thick in the mid-IR (with H column density
Ny>10% cm™2) and geometrically thick with a high covering
factor, preventing the escape of ionizing radiation from the AGN
and the formation of an extended highly ionized narrow-line re-
gion as in Seyfert-like AGNs.

Extremely obscured optically thick nuclear cores with high
covering factors are associated with CONs in (U)LIRGs, which
can reach Ny>10% cm™2 (e.g., Gonzélez-Alfonso & Sakamoto
2019). In CON:s, the trapping of continuum photons due to
high dust opacities produces relatively cold SED peaking at
2040 pm, with outer envelope dust temperatures of 7,=80—
200K, even if T, in the inner layers is much higher due to the
greenhouse effect (up to 1000 K; Gonzdlez-Alfonso & Sakamoto
2019; Gonzalez-Alfonso et al. 2026). In contrast, the SED of
NGC 3256 S peaks at shorter wavelengths (~5-10 pm; Ohyama
et al. 2015), suggesting a hotter outer envelope, and therefore,
an Ny<10%* cm™2 lower than that of CONS, as well as less re-
processing of continuum photons. A direct consequence of this
hotter outer envelope is that the rotational HCN-vib lines in the
submillimeter, commonly observed in CONs, are not detected in
NGC 3256 S (Falstad et al. 2021), since its 14 um continuum,
which excites the HCN v, vibrational band and leads to the sub-
millimeter HCN-vib emission, is relatively weak.

To further constrain Ny, we used the HO 3.02 um ice ab-
sorption. This ice absorption is very strong in the nuclear contin-
uum of NGC 3256 S and shows a saturated profile from which
we derived Ny~10% cm=2 (Rigopoulou et al. 2024; Speranza
et al. 2026). This deep ice absorption likely arises from a com-
bination of the prominent dust lane crossing the nucleus of
NGC 3256 S (see Lira et al. 2002; Zepf et al. 1999) and colder
dust in the outer regions of the nuclear envelope, similar to
the material producing the 6 um water-ice absorption associated
with the outer layers of the torus in type 2 Seyfert AGNs (Garcia-
Bernete et al. 2024a).

The molecular outflow seems to be escaping through a chan-
nel in the optically thick envelope (Sect. 4.1). However, the
origin of this channel remains unclear. It may have been cre-
ated by the detected radio jet (Neff et al. 2003; Sakamoto et al.
2014), carved by the molecular outflow itself, or formed through
a combination of the two processes. Alternatively, the chan-
nel might correspond to a preexisting structure established by
the accretion flow. In addition, the envelope itself appears to
be expanding, as indicated by the nuclear blueshifted high-
excitation CO v=1-0 absorption relative to the low-excitation
CO v=1-0 absorption that lies at the CO(2-1) systemic veloc-
ity of NGC 3256 S (PS24). Therefore, these results suggest that
the AGN of NGC 3256 S is beginning to clear its surrounding
environment as a low-luminosity AGN after building up a col-
umn density of Ng~10>2723 cm™2, which is lower than that of a
CON, but comparable to that of typical Seyfert 2 AGN (Ricci
et al. 2017). However, a high covering factor, likely sustained by
stochastic inflows during the galaxy interaction, prevents the es-
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cape of ionizing photons from the AGN, similar to a CON, but
in contrast to typical Seyfert 2 AGNs.

4.3. Core luminosity from the CO emission

We related the obscured core luminosity, L;°*, to the CO v=1-0
band luminosity. From Eq. 4, we defined a luminosity-weighted
factor, kp, that encapsulates the dependence on the physical con-
ditions of the molecular gas (Tin, nn,, and N‘C“g" /Av). We defined
ky = 2/3 X N&&*/ AV X 3 1;Li ] Lyana, where Lyang is the total band
luminosity » Ljine ;. Then, Eq. 4 can be expressed as

Liine i

N
The N can be approximated from the luminosity of the CO(1-0)
rotational line, Lcog=1-0), using the scaling factor, acoXco,
where X¢g is the CO abundance. We found that this scaling fac-
tor varies by a factor of ~2 on average across the NGC 3256 S
outflow base (PS24). Finally, taking into account the geometri-

cal parameters of the collimated beam from the core (@ and ry in
Eq. 5) and combining Egs. 5 and 7, we obtained

Fy(d) = kp )

Lf,ore =k Lband (8)

Lcog=1-0)

where k is a constant that depends on the spatial distribution and
average physical conditions of the molecular gas in the outflow
base.

Using the observed CO luminosities in the outflow apertures
(Table 1) and the derived LS (Sect. 4.1), we determined indi-
vidual values of k for each region. Since the illuminating flux
decreases as (ro/ tan(a) + d)~% (Eq. 5), k increases with distance,
from ~1x1073 (N1, d=68 pc) to ~8x1073 Kkm s~'pc? Hz™! (N5,
d=244pc). A representative value of k for the central ~300 pc
probed by the NIRSpec data was obtained from the median
of the nine on-axis apertures (N1-N5 and S1-S4), k=(3.5 =
1.1)x1073 Kkms~'pc? Hz™!, which can be used to estimate the
core near-IR luminosity of similar objects that host deeply ob-
scured AGNs and analogous collimated molecular outflows, as
can be the case of some local LIRGs and ULIRGs.

5. Conclusions

The southern nucleus of the interacting luminous IR system
NGC 3256 (d=40 Mpc; Lig=4x10"" Ly) hosts a deeply obscured
low-luminosity AGN (Ly-jokev ~ 10% erg s7') and a mas-
sive bipolar collimated molecular outflow ( mass outflow rate
> 50 Mgy yr™'), oriented nearly in the plane of the sky (e.g.,
Sakamoto et al. 2014; Emonts et al. 2014; Ohyama et al. 2015).
We used JWST/NIRSpec data to study the spatially resolved CO
v=1-0 4.67 um ro-vibrational band emission mostly detected
along the base of the bipolar molecular outflow. We extended the
analysis of this band presented in PS24 by using MC RT mod-
els and a non-LTE treatment of the CO excitation. With this new
models, we investigated the angular anisotropy of the near-IR
radiation field produced by the obscured AGN core that excites
the CO v=1-0 band. The main results from this work are listed
below.

1. Anisotropic radiation field. Using a grid of non-LTE MC
RT models, we successfully fitted the fluxes of all the ro-
vibrational lines of the CO v=1-0 band in 13 apertures
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(r=072; ~40pc) where this band is detected in emission.
From this fit, the ~4.7 um spectral luminosity density, L,,
from the NGC 3256 S core, as seen by the material at the base
of the bipolar outflow, is approximately two to four times
higher than that inferred from the core spectrum along our
line of sight. This indicates that the near-IR radiation field in
this object is anisotropic.

2. Collimated radiation field. In addition, the radiation field ex-
citing the CO v=1-0 band at the base of the outflow does not
decrease with distance according to the expected d~2 law. In-
stead, the observed intensity scaling can be explained if the
radiation from the core is collimated into a relatively nar-
row solid angle. Assuming a collimated beam, with a half-
opening angle @ of 15-20° based on the extent of the bipolar
molecular outflow base, we found that the diameter of the
structure collimating the radiation is 15+5 pc. This is slightly
smaller than but comparable to the diameter of the obscuring
envelope (~25+5 pc). The estimated about three times higher
L, at 4.7 um toward the outflow base indicates that it is ei-
ther illuminated by dust hotter than that observed along our
line of sight or that the intrinsic core emission is anisotropic
at smaller scales.

3. Expanding optically and geometrically thick envelope.
To date, no high-ionization lines have been detected in
NGC 32568, including in its mid-IR spectrum. This indi-
cates that the AGN is surrounded by optically thick mate-
rial even in the mid-IR (Ng>10%* cm~2) with a high covering
factor. The bipolar outflow and the increased IR radiation
field along the outflow direction suggest that the geometry
of the obscuring material resembles a torus that is seen al-
most edge-on in our line of sight. The bipolar outflow and the
blueshifted CO v=1-0 absorption toward the nucleus sug-
gests that the obscuring envelope is currently expanding.

4. Hybrid CON/Seyfert 2 nature. The SED of NGC 3256 S
peaks at shorter wavelengths (~5-10 um) than CONs with
high Ny>10% cm2, indicating a hotter dust photosphere in
NGC 3256 S. This implies a lower Ny than CONs. The es-
timated Ny range of ~10?2-23 cm~2 for NGC 3256 S is com-
parable to that of Seyfert 2 AGNs. However, the absence
of high-ionization lines indicates a high covering factor of
the obscuring material, similar to that expected in CONs and
in contrast to Seyfert 2. This high covering factor might be
sustained by inflows during this galactic interaction. There-
fore, NGC 3256 S shares properties with CONs and Seyfert
2 AGN.

5. Core IR luminosity versus CO luminosity relation. The CO
v=1-0 band emission, Ly,ng, iS proportional to the 4.7 um L,
from the core and the molecular gas mass. Thus, by combin-
ing the CO(J=1-0) luminosity, which traces the molecular
gas mass and the estimated 4.7 um L, illuminating the out-
flow base, we found that for NGC 3256S, L, = kLpang/
Lcog=1-0) with a median value of k =(3.5 + 1.1)x1073
Kkms~'pc? Hz™! for the studied regions. This value of k,
which depends on the physical conditions of the molecular
gas and the outflow geometrical parameters, is representative
of the base of the outflow of NGC 3256 S. Therefore, this ap-
proach might be used to estimate L, only in other obscured
AGN hosting similar bipolar collimated molecular outflows
as some local (U)LIRGs.
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Appendix A: MC RT fitting results for all regions
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Fig. A.1. Continuation of Fig. 3.
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