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Abstract

Despite several efforts to investigate the accretion disk and torus, near-simultaneous
broadband studies of the nuclear regions of radio-quiet AGNs remain lacking. NGC 4151,
one of the closest and brightest Seyfert galaxies, provides an excellent laboratory for probing
the circum-nuclear regions of AGNs. A detailed, near-simultaneous broadband spectral
study of NGC 4151 is carried out during one of its historic minimum activity states, using
archival data from the Ultraviolet (UV) to the Infrared (IR) regions. We used the radiative
transfer code SKIRT to model the source and to constrain the properties of the torus. We
found that the observed broadband spectral energy distribution is best explained by a
two-torus geometry with a polar conical shell structure.
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1. Introduction

Active Galactic Nuclei (AGNSs) are highly luminous massive objects (Mpp ~ 10°-10"9M,)
powered by the accretion of matter [1] onto supermassive black holes (SMBHs). In the
vast majority of AGNs (~80-90%), the ratio of radio flux at 5 GHz to the B band optical
flux is observed to be less than 1 [2]. Such AGNs are called ‘Radio-Quiet (RQ)’-AGNs.
Seyfert galaxies are a subclass of RQ-AGNs characterized by moderate to low luminosity,
with an absolute magnitude of Mp > —23 [3]. Seyfert galaxies, which exhibit both broad
and narrow optical emission lines, are called Type-1 AGNs, whereas Type-2 AGNs show
only narrow emission lines.

According to the RQ-AGN unification scheme [4,5], differences observed between the
optical spectra of Type-1 and Type-2 Seyferts arise primarily due to the orientation of a
“dusty torus” in the line of sight between the observer and the broad-line region (BLR).
The Type-1 AGNs are viewed face-on; therefore, the emission from the BLR clouds can be
directly observed, which explains the broad emission lines in their spectra. Conversely,
an edge-on view intersects the torus, obscuring the BLR and nuclear regions of AGN,
resulting in (Type-2) narrow emission lines.

Dust in the torus is expected to absorb a considerable fraction of the optical and UV
radiation produced by the accretion disk, which is then reprocessed into IR radiation.
For weak-jetted AGNs, the thermal radiation from dust grains in the torus is expected
to be the prime source of emission in the IR energy bands [6]. Even more than thirty
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years after the proposition ([7], and the references therein), the geometry, composition,
and other physical properties of the torus remain elusive. There have been many attempts
to constrain the properties of the torus from observed optical and IR emission. Early
analytical models employed simplistic structures, such as an annular ring/flared disk, with
a two-dimensional uniform density distribution of dust surrounding the accretion disk [8,9].
However, even before these works, Krolik and Begelman [10] argued that a homogeneously
distributed torus may not be physically possible, as the dust cannot survive near the central
engine. Instead, they suggested that the dust is more likely to be clumpy or cloud-like.
From mid-IR (MIR) interferometry observations, Jaffe et al. [11] reported spatially resolved
structures in the dusty torus of NGC 1068, which supports the proposition by Krolik and
Begelman [10].

Over the last two decades, radiative transfer (RT) modelling has been carried out to
constrain the dust composition and geometry of the torus (e.g., [12-15]). Present day RT
codes, such as CLUMPY [16,17], “Clumpy AGN Tori in a 3D geometry (CAT-3D)” [18],
RADMC-3D [13], and “Stellar Kinematics including Radiative Transfer (SKIRT)” [14] are
widely used to model dust emission in AGN, incorporating advanced geometry and dust
distribution [17,19-24].

SKIRT provides a fully three-dimensional Monte Carlo RT framework with high
flexibility, enabling the implementation of arbitrary dust geometries through a range of
built-in structures and classes, together with adjustable smooth and clumpy dust mixtures.
These capabilities are particularly well-suited for modelling complex torus configurations
comprising multiple torus components.

NGC 4151 is one of the brightest nearby Seyfert galaxies (z = 0.0033; [25]) at a dis-
tance of ~15.8 Mpc (megaparsecs) [26]. NGC 4151 was initially classified as a broad-line
Seyfert [27]. Several studies have investigated the properties of the source across multiple
wavebands [28-34]. Though originally classified as an RQ-AGN [35], later observations
in radio, X-ray, and -y-ray bands indicate the presence of possible jet/outflow activity in
NGC 4151 [36—41]. Recently, NGC 4151 has also been classified as a changing-look AGN,
exhibiting both changing-state and changing-obscuration behavior [33,42]. Variations in the
accretion rate are generally considered the primary driver of changing-state transitions [33]
with higher accretion rates typically associated with Type-1 states and lower rates with
Type-2 states, while changes in the line-of-sight obscuration can give rise to changing-
obscuration events. The optical and UV variability of NGC 4151 has been well-studied
over many decades (e.g., [43-46]). This is one of the few sources that includes extensive IR
reverberation studies [47-49].

There have been several attempts to study the inner structure of this source us-
ing observations at different wavelengths, mainly in the IR, optical, and X-ray ranges
(e.g., [28,32,50-53]). Alonso-Herrero et al. [54] investigated the torus properties of 13 nearby
Seyfert galaxies by modelling their IR observations using the CLUMPY torus models. In the
case of NGC 4151, the CLUMPY models showed significant discrepancies in the near-IR
(NIR) regime (Figure 4 of [54]). Using SKIRT, Swain et al. [50] modelled the IR spectral
energy distribution (SED) of NGC 4151 by considering an inner ring and an outer torus
with a two-phase clumpy dust distribution. Although this model successfully reproduced
the observed NIR excess, it failed to explain the mid-IR (MIR) emission of the source.
Furthermore, to the best of our knowledge, previous torus modelling studies of NGC 4151
have largely relied on non-simultaneous IR observations, which is a significant limitation
given the strong variability exhibited by NGC 4151 [20,53,55]. Previous studies, such
as Cerqueira-Campos et al. [56], modelled SEDs using optical, NIR, and MIR photome-
try from Gaia, 2MASS, and WISE. Their analysis focused on the IR torus properties of
Coronal-Line Forest AGNs, using NGC 4151 as a comparison object. However, their mod-
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elling did not include UV observation. Marin et al. [57] constructed a broadband SED of
NGC 4151 using polarized emission over a broad UV-IR waveband. However, they did
not perform detailed RT modelling of the broadband SED. More recently, Kumar et al. [34]
presented a temporally resolved study of NGC 4151, although their analysis was restricted
to simultaneous UV-to-X-ray data.

A key limitation of most AGN torus studies is the lack of broadband coverage, as they
are typically confined either to the IR-optical or UV-X-ray bands. In the case of NGC 4151,
existing torus studies based on non-simultaneous IR data are further complicated by the
strong variability exhibited by this source. AGN exhibits high flaring states as well as
low activity states. To understand the underlying physical processes at work and the
dynamics of the system, it is essential to study these sources in both their high and low
activity states. However, most studies focus on the physical processes responsible for the
high activity states, while investigations of AGNs during their low-activity phases remain
limited (e.g., [58,59]).

In this work, we conducted a near-simultaneous broadband spectral study of
NGC 4151 during one of its low activity states, utilising UV, optical, and IR wavelengths
to constrain its torus properties. Section 2 describes the multi-band data used in this
work. Section 3 presents the results of the 3D radiative transfer modelling, and Section 4
summarizes our main conclusions.

2. Data

The long-term UV light curve of NGC 4151 [34,46] is shown in Figure 1. A broadband
SED of this source was constructed during the year 2000. The source was in a low-activity
state during that period (shaded region in the Figure 1).
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Figure 1. Far ultraviolet continuum light curve from 1976 to 2018. Observations from 1976 to 2014 are
obtained from Couto et al. [46], Kraemer et al. [60], and the 2017-2018 data come from Astrosat UVIT
observations as obtained from Kumar et al. [34]. Low activity states are identified here.

2.1. Optical & IR Data

Optical/IR photometric data are taken from Lyu and Rieke [61,62] and references
therein). They presented a four-decade-long optical and IR light-curve (B, J, H, K, L bands).
These data had already been corrected for aperture effects, galactic extinction, and host-
galaxy contamination [62]. The B band has the best temporal coverage, and the NIR bands
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have sparse data. In order to achieve a near-simultaneous broadband SED, for each band,
the epoch of observation closest to the UV observation (3 March 2000) was considered.

Lyu and Rieke [62] suggest a nominal flux error of ~5% when the AGN nucleus is in a
bright state. However, the source was in a relatively low-flux state during 2000; therefore,
the error could be much higher than ~5%. To estimate the errors, we calculated the standard
deviation ¢ of the flux values within a 90-day range centered on 3 March 2000. The flux
uncertainty was then considered to be ¢ /+/n, where  is the number of available observa-
tions within the time window. The calculated uncertainties in these optical to NIR bands
(B, ], H, K, L) ranged from ~5-13%. We adopted a conservative limit of 10% uncertainty
across these bands. The 10 um data for the source were obtained from Gorjian et al. [63].
The observations were carried out on 25 March 2000, using the MIR large-well imager
(MIRLIN) on the Palomar telescope.

Non-simultaneous MIR data: Space-based MIR observations in the 20—40 pm range
from Spitzer, WISE, and AKARI were discussed by Lyu and Rieke [62]. Although the
available cadence is insufficient to draw strong conclusions about variability, the 24 um
flux measurements from Spitzer IRS, MIPS, and AKARI/IRC obtained at different epochs
are consistent with each other within 3c. Similarly, the fluxes at 34 um and 37 um show no
significant evidence for variability across epochs. Therefore, we used the non-simultaneous
MIR fluxes at 24, 34, and 37 um as an independent consistency check on the model predic-
tions rather than as direct constraints in the fitting procedure.

2.2. UV Data

The STIS/HST observed the source in a relatively low-UV flux state on 3 March 2000.
For the construction of the simultaneous SED, we extracted the continuum flux at 1350 A as
obtained from the light curve presented in Kraemer et al. [60].

The light-travel distance across the torus in NGC 4151, on the order of several tens
of days, can produce time offsets between the UV /optical and IR emission, potentially
introducing uncertainties in the constructed SED. Using 36 years of observations, Lyu and
Rieke [62] reported time delays of approximately ~40 and ~90 days between the optical
and IR light curves. However, their analysis was limited by sparse cadence and gaps in
the data. The available IR observations within 90 days of the UV /optical and X-ray epoch
considered in our study are very limited. Therefore, we used the IR flux measurement
closest in time to the UV epoch rather than an average IR flux. The near-simultaneous
multi-wavelength data used in this work are summarized in Table 1.

Table 1. UV, Optical and Infrared observations during the low state. F) is the flux at wavelength A.

A AEy Wavelength

(um) (1010 ergs cm—2 s—1) Band Epoch Reference
0.135 0.57£0.15 G140M grating 3 March 2000  Kraemer et al. [60]
0.44 0.80 £ 0.08 B 4 March 2000  Lyu and Rieke [62]
1.22 0.67 £ 0.07 J 15 March 2000 Lyu and Rieke [62]
1.63 0.40 £0.04 H 6 April 2000  Lyu and Rieke [62]
2.19 1.124+0.10 K 15 March 2000 Lyu and Rieke [62]
3.40 241024 L 15 March 2000 Lyu and Rieke [62]
10.0 5.6 +04 N 25 March 2000  Gorjian et al. [63]

3. Analysis & Results

A simultaneous broadband SED study of NGC 4151 is necessary to understand the ge-
ometry, composition, and morphology of the torus. However, to the best of our knowledge,
no such study has been reported to date.
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The near-simultaneous broadband SED of NGC 4151 was constructed using observa-
tions across different bands, selected to be as close as possible to the UV observation date of
3 March 2000. We used the RT code SKIRT version 9 [14,64] to model the dust around the
AGN torus. The SKIRT code simultaneously handles the dust emission, dust absorption,
and dust re-emission. Our primary objective is to constrain the torus properties utilising
broadband SED that includes multiple IR bands. Therefore, inclusion of dust re-emission in
the model is crucial. Hence, we restricted our SKIRT simulations within UV to IR ranges,
where dust absorption and re-emission dominate.

The emission from the accretion disk surrounding the central SMBHs is generally
regarded as the primary source that illuminates the torus. Therefore, its emission spectrum
is considered an input to the SKIRT simulation. The choice of input AGN spectrum and
various torus components used in the modelling are described below.

3.1. Input SED of Primary Source

There have been many efforts to construct the input SED (e.g., [9,17,18,20,65,66]).
The radiative transfer code SKIRT also provides a default AGN primary source spectrum
(quasarSED) [21]. These input SEDs are typically described by a combination of different
power laws, with the slopes and wavelength boundaries varying across models. However,
all such templates are based on average spectral properties derived from large AGN samples.
Given the variable nature of AGN, the input SED for an individual source at a specific epoch
is likely to deviate from these average representations.

Long-term UV observation suggests that the source is at its historic low state (Figure 1).
We consider the source to be accreting at a 1% Eddington accretion rate. The mass of the
central black hole is adopted as 1.7 x 107 Mg, [67], and we take the radiative efficiency (1)
as 0.1. Under these assumptions, the value of the intrinsic bolometric luminosity (Lp,;)
is 5.6 x 10° Ly, which better explains the observed SED. We assumed that the accretion
disk emits as a multi-colour blackbody, modeling the accretion disk emission using the
diskbb model of XSPEC. Most earlier works assumed isotropic emission from the accretion
disk [17,65]. However, we considered anisotropic emission of the accretion disk as discussed
by Stalevski et al. ([21], and references therein). Figure 2 shows the input SED for an inner
disk temperature (Ti,) of 4 eV.

10-° S —

AF) (erg cm™2s7T)

10—11 L
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Figure 2. The primary source SED of NGC 4151 for Tj, = 4 eV.

https://doi.org/10.3390/ galaxies14010003


https://doi.org/10.3390/galaxies14010003

Galaxies 2026, 14, 3

6 of 18

3.2. Torus Geometry

The dust surrounding the central engine plays a crucial role in the observed SED.
The UV /optical continuum radiation emitted by the accretion disc is absorbed and re-
emitted by this dust in the IR regime. Hence, a more realistic torus geometry must be
modelled to reproduce the observed SED.

We modelled the spatial dust distribution around the central engine as a three-
component model, which includes (a) an inner torus with a flared disc geometry, (b) an
outer torus with a flared disc geometry, and (c) a polar conical shell structure as shown
in Figure 3. The inclusion of a polar conical shell component is motivated by the earlier
works (e.g., [47,68-70]), where the presence of an extended mid-IR emission from the polar
dust/wind was suggested in NGC 4151 and a few other Seyfert galaxies, which extends up
to hundreds of parsecs.

These two equatorial tori with flared disc geometry are characterized by parameters
such as half opening angle (¢), the inner radius (Rj,), and outer radius (Rout). The parame-
ters for the inner and outer tori are differentiated by using subscripts I and O, respectively.
We considered the half opening angle ( ¢) of the inner and outer torus to be 23° [62],
in agreement with 15-33° ¢ of the NLR bicone in NGC 4151 [71]. The schematic diagram of
the adopted model is shown in Figure 4. For the inner radius (R;,) of the inner torus, we
adopted 0.04 pc as its value, in agreement with the SKIRT modeling of Swain et al. [50] and
reverberation analysis of Lyu and Rieke [62], Minezaki et al. [72] and NIR long-baseline
interferometric studies of Kishimoto et al. [73].

Figure 3. Schematic representation of the structure of a torus. The left diagram shows a two-equatorial
torus geometry, and the right figure shows the polar conical shell structure.

The relationship between the Rj, of the inner torus and the sublimation temperature

Rin ~ 1.3 x /LN . T, 28 pe 1)

where L&GN is the AGN luminosity expressed in 10%erg/s, Tﬁ%g is the temperature of the

is given below [74].

dust mixture in the unit of 1500 K. Considering the value of Rj, as 0.04 pc, we found that
the inner edge of the inner torus has a temperature of ~1600 K, which is aligned with the
results of Lyu and Rieke [62]. The radial extent of the inner torus defines the Ry, of the outer
torus. This was adopted ~1 pc based on studies by Tristram and Schartmann [75], which
found that the warm dust responsible for the mid-IR emission is located about 30 times
further outside the dust sublimation radius (30 x 0.04 pc). We also considered the Royt of
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the torus to be 15 pc aligned with the polarimetric imaging of Ruiz et al. [76] and the earlier
radiative transfer modeling works of Swain et al. [50].

i = Inclination angle
o = half opening angle of torus

Figure 4. Schematic representation of the equatorial two-torus model with a polar conical shell
component. Dimensions are not to scale; the figure is intended for illustration purposes only.

The main parameters for the polar conical shell includes the inner opening angle
(Bin, po1), outer opening angle (6o, po1), inner radius (R, po1), and outer radius (Rout, pot),
respectively. The direct constraints on the exact angular boundaries of 6;, po1 and oyt pol
are limited. In this work, 6;, pol and Oy, pol adopted values of 70° and 90°, respectively.
These values are broadly consistent with those adopted in earlier studies [22,70].

3.2.1. Dust Composition and Distribution

The spatial dust distribution surrounding the central engine is characterized by a
radial dust density power law [77], as shown in Equation (2), that incorporates a density
gradient along both the radial (r) and polar (6) directions.

o(r,0) o r=Pem1¢0s0, 2)

Here, p represents the power law index and q represents polar exponent. We adopted
a value of 1 for p and 0 for g, as provided by Swain et al. [50].

Dust grains surrounding the AGN must withstand intense radiation from the accretion
disk. The silicate and graphite are considered the primary dust components of the AGN
torus, with the compositions provided by Draine and Lee [78] (53% silicate and 47%
graphite). These distinct silicate and graphite dust grain populations follow the classic
Mathis, Rumpl, and Nordsieck (hereby MRN) grain size distribution [79], as given in
Equation (3).

dN(a) = Ca=3>da, (3)

where ‘a” denotes the grain size, which takes values between 0.005 um and 2.5 pm, with nor-
malization factors Ce,pme = 1071513 and Cyje = 1071211 as taken from Weingartner and
Draine [80].

Due to the intense radiation field from the accretion disk of AGNs, small grains may
be destroyed. To ensure the survival of smaller dust grains, Krolik and Begelman [10]
suggested that dust grains are likely to exist in a clumpy state. Hence, we used a two-phase
medium approach, in which high-density clumps were added to a low-density smooth
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medium [81]. The parameter clump fraction (Cg,c) provides the fraction of dust mass
locked up in clumps.

The clump properties of a torus are primarily described by the total number of clumps
(Nelumps), and the scale radius of each clump (Rgump)- We considered about 1% of the
radial extent of the torus as the Rejymp-

The dust is distributed on a three-dimensional Cartesian grid consisting of several cubic
cells. Within each cell, the dust density remains uniform. The typical resolution for our simu-
lations is 200 cells per axis. The emission for all models was evaluated using a logarithmically
spaced wavelength grid covering the range from 0.005 to 300 um. An enhanced wavelength
resolution was applied between 1 and 20 pum to accurately capture the silicate features. Each
simulation utilized 108 photon packages (often called photons) for the calculations.

The inclination angle i was adopted as 45° [62,71]. Furthermore, we adopted a distance
of 15.8 Mpc to NGC 4151 [26,62].

The volume filling factor (V) of the torus is the ratio of total volume occupied by the
clumps (V) to the total volume of the torus (V). Earlier works of clumpy/two-phase torus
models explored a wide range of volume filling factors (Vf), ranging from a very small value,
such as ~0.1%, to even higher than 30% [19,82-85]. L6pez-Gonzaga and Jaffe [83] found that
for most of the type-1 objects, the volume filling factors within a 1 pc radius (“inner rim”) are
between 0.4 and 1.4%. We adopted a Vi value of 0.5% for the inner torus, and 10% for the
outer and polar conical shell. The SKIRT input parameter Njumps is derived from the values
of Vg and Rejump- The details of the frozen parameters in the model are presented in Table 2.

Table 2. Values of frozen parameters in our modelling and their references.

Model Parameter Adopted Value Reference
Input SED Lo 5.6 x 10°Lg
Inner Torus Rin, 1 0.04 pc Minezaki et al. [72]
Rout, 1 1pc
o7 23° Lyu and Rieke [62]
Rclumps,l 0.01 pc
Outer Torus Rin,0 1pc
Rout, 0 15 pc Swain et al. [50]
oo 23° Lyu and Rieke [62]
Rclumps, (e} 0.14 pc
Conical Shell Rin, pol 1pc
Rout, pol 15 pc
Gin, pol 70°
Gout, pol 20°
Rclumps, pol 0.14 pc

3.2.2. Estimation of Model Parameters

Input SED model: We varied Tj, from 3 eV to 10 eV. We found that Tj, > 6 eV failed
to reproduce the optical/NIR data. However, a Tj, value of 4-5 eV better explains the
observed SED.

Torus model: In our analysis, we vary two torus parameters: (a) the clump fraction (Cgqc)
and (b) the optical depth at 9.7 micron (79 7.m). The wavelength dependence of the optical
depth is estimated assuming an MRN dust grain size distribution. The total dust mass
within the torus is determined by the parameters p, g, and the optical depth at 9.7 um
(T9.7um)- We adopt the same clump fraction values for all three sub-components of the
torus. Our analysis indicates that a higher Cg,. (0.94-0.95) value for all torus components
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is required to reproduce the observed SED. Figure 5 shows the simulated output SED for
different values of the clump fraction applied uniformly across all three components.

Observed daga —

=0.50
i
Cirac = 0.75
Cirac = 0.90 - —--—
108 Grrac = 0.94 4
Ctrac =095 ------
Cfrac=1.00 ——-—-

0.1 1 10
Wavelength (A) in um
Figure 5. The solid and dashed lines represent model SEDs for different values of clump fraction
(Cfrac) varied for all three components of the torus. The filled blue circles denote the UV data, the blue
cross markers represent the optical data points and blue open diamonds denote the NIR data points.
The light gray data points in the optical and NIR regime represent the nearest available data within
90 days. Dark gray open diamonds correspond to the non-simultaneous MIR data as obtained from
Lyu and Rieke [62]. The optical depths for the inner torus, outer torus, and polar conical shell are
fixed at 17, 20, and 20, respectively.

Furthermore, we varied the 79 7,,, of the inner and outer torus and the polar conical
shell. We noticed that a higher (>10) value of 79 7, for the inner torus is required to explain
the observed optical and UV flux. On the other hand, higher values (>10) of 197,,m for
the outer torus and polar conical shell are required to explain the observed IR emission.
Figure 6 shows the variation of model SED for different values of optical depth.

The salient points of model fittings are summarized below.

*  The source has been monitored over a long period in the UV band, and we determined

its activity state based on the observed UV flux. Due to limited data points in the
SED, we noticed degeneracies in sets of parameter values that provide similar x?
values. The optical observations were obtained within a day of the UV measurements.
Although IR emission is the most direct tracer of the dusty torus, it is at least a week
or more apart from the UV epoch. Further, the observation at 1.63 um was carried
out ~35 days after the UV observation, and the source was sparsely observed in
the waveband around this epoch. There is an overprediction of flux at the H band
(1.63 pm) for all sets of model parameters. Table Al in Appendix A provides the
ranges of parameter values with a reduced x? value ranging from 0.9 to 1.1. It is to be
noted that the x? values were calculated without considering the 1.63 pm flux.
Our analysis shows a Cg,. value of 0.94-0.95 for all torus components and an optical
depth in the ranges 79 7um1 = 15-20, T 7um,0 = 10-25, and 79 7;;m po1 = 10-25 better
explain the observed SED. The detailed values of these parameters obtained from
the SED modeling are listed in Table 3. Figure 7 represents our model SED for the
parameter set Tin = 4 €V, Cyrac = 0.94, T9.7um1 = 17, To.7.m,0 = 20, and T9.7;m pol = 20
(reduced x? = 1.04).

*  Asdescribed in Stalevski et al. [81], for two-phase models comprising both smooth
and clumpy components, SKIRT first assigns an optical depth by assuming that the
entire medium is smooth. The parameter Cg,. specifies the fraction of the total dust
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mass that is redistributed into clumps. In contrast, the number of clumps and the

size of the individual clumps together determine the fraction of the volume occupied

by clumps, that is, the volume filling factor. A high value of Cg,. implies that most

of the dust mass resides in clumps, whereas a moderate or low volume filling factor

indicates that the medium is predominantly smooth. Our analysis found that the
bulk of the dust mass is indeed concentrated in clumps (Coc = 0.94-0.95), while the
clumps occupy only a small fraction of the total volume, approximately ~0.5% in the

inner torus and ~10% in the outer torus and the polar conical shell. Consequently,

the optical depth at 9.7 um associated with the smooth component is expected to be

significantly lower than the initially assumed optical depth, whereas the optical depth

within individual clumps is expected to be much higher. The effective optical depth

along the line of sight, therefore, results from the combined contributions of both

components, weighted by their spatial distribution.

e While the non-simultaneous MIR data were not considered for model fitting, they

agree with our model predictions (Figure 7).
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Figure 6. The lines represent model SEDs for different values of optical depth 19 7., varied for the

inner torus, outer torus, and polar conical shell, respectively. The filled blue circles denote the UV

data, the blue cross markers represent the optical data points, and the blue open diamonds denote

the NIR data points. The light gray data points in the optical and NIR regimes represent the nearest

available data within 90 days. Dark gray open diamonds correspond to the non-simultaneous MIR

data as obtained from Lyu and Rieke [62].

Table 3. The explored ranges and the optimum values of the parameters that were varied in modeling.

Model Parameter Parameter Range Final Value
Input SED (diskbb) T; 3-10eV 4-5eV
Inner Torus T9.7um,1 0.1-25 15-20
Nelumps,1 1954, 3908, 39,071 1954
Ctrac1 0.5-1 0.94-0.95
Outer Torus T9.74m,0 0.1-25 10-25
Nelumps,0 4804, 48,044, 96,088 48,044
Ctrac0 0.5-1 0.94-0.95
Conical Shell T9.7ym,pol 0.1-25 10-25
Nelumps,pol 407,4072,8144 4072
Crac,pol 0.5-1 0.94-0.95
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To examine the effect of the filling factor of different torus components on the model
SED, we varied the volume filling factors while the T;, and optical depths are kept at their
derived values as given in Table 3. Figure 8 shows the variation of the model SED for
different volume filling factors. We found that a higher value of Vi for the inner torus could
not explain the optical and UV regions, whereas a very low value or very high value of Vi
for the outer torus and conical shell can not explain the IR region well.

Ultraviolet —e—

Optical ——=—

-8 Infrared —<o—
10° 1 Final model ——

L Fy (erg cm? 3'1)
3
)

1072

0.1 1 10
Wavelength (A) in um

10—13

Figure 7. Representative model spectrum along with observed data across the UV, optical, and IR

regimes. The model parameter values are Ty, = 4 eV, Cgoe = 0.94, 97,m1 = 17, To.7um0 = 20,
T9.7um,pol = 20, and the reduced X% = 1.04, as shown in Table A1. The filled blue circles denote the UV

data, the blue cross markers represent the optical data points, and the blue open diamonds denote
the NIR data points. The light gray data points in the optical and NIR regime represent the nearest
available data within 90 days. The dark gray open diamonds correspond to the non-simultaneous

MIR data as obtained from Lyu and Rieke [62].

Observed data
Vg=05,10,1.0% -—-—-

Vi =0.5,10, 10 %
s Vg =1.0,10,10 %
107 Vi=0.5,20,20% -------
Vg=10,10,10% -—--—-

0.1 1 10
Wavelength (A) in um

Figure 8. The solid and dashed lines represent model SEDs for different values of volume filling
factor (Vi) of the inner torus, outer torus, and polar conical shell, respectively. The filled blue circles
denote the UV data, the blue cross markers represent the optical data points, and the blue open
diamonds denote the NIR data points. The light gray data points in the optical and NIR regime
represent the nearest available data within 90 days. The dark gray open diamonds correspond to the
non-simultaneous MIR data as obtained from Lyu and Rieke [62]. The optical depths for the inner
torus, outer torus, and polar conical shell are 17, 20, and 20, respectively.
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4. Discussions & Conclusions

Given its significant variability and as the brightest nearby AGN, NGC 4151 has been
subjected to long-term observations in UV and optical bands. Like other RQ-AGN, earlier
studies of this source were restricted to either the IR or the X-ray—UV regime. While there
were a few attempts to constrain the torus parameters utilising RT codes, these studies
were limited to non-simultaneous IR data collected during various activity states of NGC
4151 [15,20,50,53,86]. Most of these studies employed statistical fitting techniques to esti-
mate the torus parameters (e.g., [15,53]), but the parameters remained poorly constrained
due to insufficient data for quantitatively robust model fitting. Furthermore, these studies
used average AGN SEDs as input. However, given the intrinsically variable nature of AGN,
an average SED may not accurately represent the true spectral energy distribution of a
specific source during a particular activity state. In addition, most of these input SEDs were
empirically derived, rather than being based on physically motivated models.

In this work, we present the construction and detailed modelling of the near-
simultaneous broadband SED of NGC 4151 during one of its UV low states. During
March 2000, the source was in one of its historic low activity states. Unlike other low UV
activity states, near-simultaneous X-ray, UV, optical, and five IR band observations were
available during this epoch. NGC 4151 exhibits complex X-ray emissions, which might have
originated from the inner geometrically thick, optically thin disk and/or from the corona.
Therefore, we have not explicitly used X-ray data in our modeling. This work represents
one of the first comprehensive broadband SED studies conducted on any radio-quiet AGN.

The input SED was derived for a multi-color blackbody spectrum using the diskbb
model of XSPEC. Since the observations correspond to one of the lowest UV activity states
of the source, we adopted an accretion rate of 1% of the Eddington value for NGC 4151
during this period, which is consistent with the observed SED of the source. Notably, the
source was in a Type 1.8 state [87] during our study. Our analysis found that a lower
accretion rate is consistent with the observed SED.

From the modeling of the broadband SED of NGC 4151, we found that an inner disk
temperature of 4-5 eV better explains the observed data. In comparison, Kumar et al. [34],
using simultaneous X-ray and UV observations from AstroSat, reported a higher Tj, value
of 9-10 eV that better reproduced their observed SED. It is important to note that their
observations correspond to a moderate activity state of the source, whereas our analysis
focuses on a low-activity state.

We find that a three-component torus geometry, consisting of (a) two equatorial torus
components and (b) a polar conical shell, is essential to reproduce the observed SED.
The innermost torus component predominantly influences the UV and optical emissions,
whereas the outermost torus and the conical shell have a stronger impact on the IR emis-
sions. The high optical depths obtained in our analysis are consistent with the findings of
Swain et al. [50].

Our analysis indicates a high clump fraction (0.94-0.95) for all torus components and
a low filling factor (~0.5%) for the inner torus, while a moderate filling factor (~10%)
is favoured for the outer torus and the polar conical shell. We also find that an inner
temperature of the accretion disk in the range Ti, ~ 4-5 eV, together with high optical
depths (79 7.m > 10) across all torus components, is required to satisfactorily reproduce
the observed SED. Couto et al. [46] confirm that the 2000 epoch corresponds to a well-
defined low-flux state based on both X-ray spectral properties and the long-term UV light
curve. The intrinsic Ny value obtained from the X-ray observation is 6 x 1022 cm—2, which
suggests that the source has moderate obscuration. This supports the higher optical depth
values in the torus components obtained from our analysis.
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Additionally, we observe that variations in the model parameters result in more pro-
nounced flux changes in the UV-optical bands than in the infrared. Further, NGC 4151
exhibits strong variability and “changing look” behavior. Future studies using near-
simultaneous broadband observations in the UV, optical, and IR regimes, during both
low- and high-activity states, will help strengthen our understanding of the accretion
disk and torus properties of this source, and may also clarify the physical mechanisms
responsible for the changing look behavior in AGN.
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Appendix A

The reduced x? values obtained in the ranges of 0.9 to 1.1 from SED fitting for different
combinations of the inner, outer, and polar dust optical depths are provided in the table
below (Table Al).

Table A1. The reduced )(2 values obtained from SED fitting for different combinations of the inner,
outer, and polar dust optical depths. The table lists the input disk temperature (T,), clump fraction
(Ctrac), optical depths at 9.7 um for the inner torus (79 7.m 1), outer torus (t9.7,,m 0), and polar dust
(T9.7,um,pol), along with the corresponding reduced x>

T; Reduced-x?
Sl. No. (el“}) Ctrac T9.7um,I T9.7um,0 T9.7um,pol (Degrees of Freet)icom =5)
1 4 0.94 16 10 10 0.92
2 4 0.94 16 10 15 1.03
3 4 0.94 16 10 20 1.10
4 4 0.94 16 15 15 0.92
5 4 0.94 16 15 20 1.04
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Table Al. Cont.

T; R -x2
SL. No. (e$) Ctrac T9.7um,I T9.7um,0 T9.7um,pol (Degreesegfugle‘gegom =5)

6 4 0.94 16 20 10 1.05

7 4 0.94 16 20 15 1.05

8 4 0.94 17 10 15 1.10

9 4 0.94 17 15 10 1.06

10 4 0.94 17 15 15 1.02

11 4 0.94 17 20 15 0.98

12 4 0.94 17 20 20 1.04

13 4 0.94 15 25 25 1.06

14 4 0.94 16 16 16 0.93

15 4 0.94 16 16 18 1.03

16 4 0.94 16 16 22 0.96

17 4 0.94 16 16 25 0.99

18 4 0.94 16 18 22 1.01

19 4 0.94 16 22 16 0.98

20 4 0.94 16 22 18 1.08

21 4 0.94 16 22 22 0.98

22 4 0.94 17 16 16 0.91

23 4 0.94 17 16 22 0.91

24 4 0.94 17 16 25 0.96

25 4 0.94 17 18 16 0.90

26 4 0.94 17 18 18 0.90

27 4 0.94 17 18 22 1.00

28 4 0.94 17 18 25 0.98

29 4 0.94 17 22 16 1.03

30 4 0.94 17 22 18 0.96

31 4 0.94 17 22 25 1.01

32 4 0.94 17 25 16 0.97

33 4 0.94 17 25 18 0.92

34 4 0.94 17 25 25 0.94

35 4 0.94 17 20 25 1.09

36 4 0.94 17 25 20 1.08

37 4 0.95 18 10 15 1.03

38 4 0.95 18 10 20 1.07

39 4 0.95 18 15 10 1.10

40 4 0.95 18 15 20 1.04

41 4 0.95 18 20 10 0.92

42 4 0.95 18 20 15 1.07

43 4 0.95 20 15 15 0.94

44 4 0.95 20 20 10 0.97

45 4 0.95 20 20 15 0.90

46 5 0.95 16 10 10 0.91

47 5 0.95 16 10 15 1.03

48 5 0.95 16 10 20 1.10

49 5 0.95 16 15 15 0.91

50 5 0.95 16 15 20 1.04

51 5 0.95 16 20 10 1.05

52 5 0.95 16 20 15 1.04

53 5 0.95 17 10 15 1.10

54 5 0.95 17 15 10 1.05

55 5 0.95 17 15 15 1.01

56 5 0.95 17 20 15 0.98

57 5 0.95 17 20 20 1.04
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