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ABSTRACT

Aims. This paper aims to self-consistently determine the 3D density distribution of the stellar disk in NGC 551 and to utilize it to
study the observational signatures of two-component stellar disks (thin and thick) in galaxies.

Methods. Assuming that the baryonic disks are in hydrostatic equilibrium, we solved the Poisson-Boltzmann equation to estimate the
3D density distribution in the stellar disk of NGC 551. Unlike in previous studies, we used integral-field spectroscopic observations
to estimate the stellar velocity dispersion. A 3D dynamical model of the stellar disk was built using these density solutions and the
observed rotation curve. Using this model, we generated simulated surface brightness maps and compared them with observations to
verify the consistency of our modeling. Furthermore, the dynamical model was inclined to 90° to produce an edge-on surface density
map of the galaxy. We further investigated this map by fitting different 2D functions and plotting vertical cuts in a logarithmic scale
to infer observational signatures of two-component disks in galaxies.

Results. We estimated the vertical stellar velocity dispersion in NGC 551 using an iterative method and obtained results consistent
with the formalism employed in the Disk Mass Survey. Through dynamical modeling of the stellar disk in NGC 551, we produced
moment maps, which reasonably matched the observations, indicating consistent modeling. We examined the simulated edge-on
model by taking vertical cuts and decomposing them into multiple Gaussian components. We find that an artificial double Gaussian
component arises due to the line-of-sight integration effect, even for a single-component disk. This indicates that decomposing vertical
intensity cuts into multiple Gaussian components is an unreliable method for identifying multicomponent disks. Instead, an up-
bending break, visible in the plot of the vertical cuts in the logarithmic scale for a two-component disk, serves as a more reliable
indicator, which is absent in the case of a single-component disk. We performed 2D fitting on the edge-on surface density map using
the product of a scaled modified Bessel function (for the radial profile) and a sech? function (for the vertical profile) to estimate the
stellar disk’s structural parameters. We find that these traditional methods systematically underestimate the scale length and flattening
ratio of the stellar disk. Therefore, we suggest using detailed modeling to accurately deduce the structural parameters of stellar disks

in galaxies.

Key words. galaxies: individual: NGC 551 — galaxies: kinematics and dynamics — galaxies: spiral — galaxies: structure

1. Introduction

The structural and chemical properties of the stars in the
Galaxy have been extensively studied to understand the nature
of the stellar disks. Several galaxy surveys with stellar spec-
troscopy have measured precise chemical and kinematic prop-
erties of a large number of stars in the Galaxy (Luo et al. 2015;
Majewski et al. 2017; Buder et al. 2018; Steinmetz et al. 2020;
Gaia Collaboration 2021; Gilmore et al. 2022). These measure-
ments provided unprecedented coverage of the stellar disk, both
in terms of its spatial distribution and its chemical history. Fur-
thermore, these surveys help us understand the evolutionary his-
tory of the stellar disk in the Galaxy. The extensive datasets of
these surveys have also led to the strengthening of the claim
of the existence of a two-component stellar disk in the Milky
Way around the solar neighborhood. The stellar disk is found to

* Corresponding authors: harshal1908.hr@gmail. com,
naren@iiti.ac.in

have a “thin” and a “thick” component (see, e.g., Yoshii 1982;
Gilmore & Reid 1983). For example, Gilmore & Reid (1983)
studied the star counts in the Galaxy and found that the verti-
cal distribution showed an up-bending break and was better fit
by two exponential components rather than one, indicating the
existence of a two-component disk.

More recent studies wusing Gaia astrometric data
(Gaia Collaboration 2018) and Apache Point Observatory
Galactic Evolution Experiment (APOGEE) spectroscopic data
(Abolfathi et al. 2018) have estimated the age of thousands of
stars (see, e.g., Miglio et al. 2021) in the disk of the Galaxy.
These datasets have been further used to build machine learning
models and predict the age of an even larger number of stars
(Mackereth et al. 2019; Ciucd et al. 2021). They find distinct
age distributions consistent with two different populations in
thin and thick disks.

Several spectroscopic observations in the solar neighbor-
hood also show a bimodal distribution in the [a/Fe] abundance
(Bensby et al. 2003, 2005; Reddy et al. 2006; Lee et al. 2011).
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All these studies strongly indicate the existence of a chemically
distinct two-component stellar disk in the Milky Way. The thin
disk has a relatively small-scale height, residing close to the
midplane, and consists primarily of young, metal-rich stars. In
contrast, the thick disk has a larger extent in the vertical direc-
tion and is dominated by metal-poor, old stars (Bensby et al.
2003, 2005, 2011, 2014; Reddy et al. 2006; Lee etal. 2011;
Jonsson et al. 2018). However, the general radial extent of thin
and thick disks in galaxies remains inconclusive, due to the dif-
ferent ways in which the disks are defined. For example, in
Bensby et al. (2011), Bovy et al. (2012), Hayden et al. (2015,
2017), and Imig et al. (2023), the definitions of thick and thin
disks are considered based on mono-age or mono-abundance
population, and the scale lengths of the thick disks are found
to be smaller than the scale lengths of thin disks. On the other
hand, in studies such as Larsen & Humphreys (2003), Juri¢ et al.
(2008), the thick and thin disks were defined geometrically, and
the thick disks were found to extend farther than the thin disks. In
addition, a thick disk is characterized by a high vertical velocity
dispersion and a slow systemic rotation around the galactic cen-
ter compared to the thin disk (Soubiran et al. 2003; Bensby et al.
2005, 2011; Lee et al. 2011; Kordopatis et al. 2013; Robin et al.
2017, 2022).

Several studies have also found the existence of
two-component disks in external galaxies. For example,
Yoachim & Dalcanton (2006) analyzed the vertical light dis-
tribution in 34 galaxies, fitting the R-band surface brightness
profiles from the du Pont 2.5m telescope from the Las Campanas
Observatory. They found that a two-disk model (thin and thick)
was required to explain the observed brightness distribution.
Comerdn et al. (2018) analyzed the surface brightness of 141
edge-on galaxies using data from the Spitzer Survey of Stellar
Structure in Galaxies, the S*G survey (Shethetal. 2010;
Mufioz-Mateos et al. 2015). Out of their 141 galaxies, only the
surface brightness distributions of 17 galaxies were best fit by
a single disk component. In contrast, the 124 galaxies required
at least two disks to be fit, eight of which required three disks
for a proper fit. Many recent studies (Comerén etal. 2016;
Pinna et al. 2019a,b; Martig et al. 2021) have used Integral-
Field Spectroscopy data from MUSE (Bacon et al. 2010) to
investigate the stellar kinematics and the stellar populations to
study thick disks in edge-on galaxies.

These studies strongly indicate the existence of two-
component disks in galaxies, identified at least geometrically,
chemically, and kinematically. Nevertheless, observing and mea-
suring 3D density distributions would provide direct confir-
mation. However, projection effects contaminate such mea-
surements due to line-of-sight integration. For example, even
for edge-on galaxies, the volume density distribution can only
be determined directly from observations if the scale height
does not change with radius, which has been shown to not
always be accurate. Several authors have shown theoretically
(Narayan & Jog 2002; Banerjee & Jog 2007) and observation-
ally (Robinetal. 2014; Yuetal. 2021) that the scale height
of galactic disks increases with radius. Also, in the case of
a two-component disk, the scale lengths of the thin and the
thick disks could be different (Juri¢ et al. 2008; Bensby et al.
2011; Cheng et al. 2012; Comerdn et al. 2012; Bovy et al. 2016;
Mackereth et al. 2017; Lianetal. 2022; Robinetal. 2022;
Imig et al. 2023), further complicating the interpretation of the
surface density distributions in edge-on galaxies.

To tackle these observational issues, many previous studies
relied upon theoretical modeling of the galactic disks (see, e.g.,
Narayan & Jog 2002; Banerjee & Jog 2007; Patra 2019, 2020).
Assuming the galactic disks to be in vertical hydrostatic equi-
librium, joint Poisson’s equations could be set up and solved to
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obtain the 3D density distribution. Patra (2021) used this mod-
eling method to identify a two-component molecular disk in the
galaxy NGC 6946. In hydrostatic modeling, the vertical veloc-
ity dispersion is a vital parameter. It determines the vertical
pressure, which balances gravity. In earlier studies, the velocity
dispersion in the stellar disks was calculated theoretically due
to a lack of spectroscopic observations (Patra 2020) (see also
Narayan & Jog 2002, where observational data is used for the
Milky Way). Several simplified assumptions were employed to
calculate the stellar velocity dispersion. For example, the stel-
lar disk was assumed to be in vertical hydrostatic equilibrium
solely under its gravity (the contribution from gas and dark mat-
ter was neglected). The stellar scale height was considered to be
constant across all radii, and it was calculated from a general
flattening ratio (FR) (Leroy et al. 2008). However, this FR can
vary from galaxy to galaxy (Bizyaev et al. 2014; De Geyter et al.
2014; Peters et al. 2017). These assumptions (constancy of stel-
lar scale height, neglecting gas, dark matter mass, etc.) are not
true in general, and a direct determination of the stellar veloc-
ity dispersion is desirable to model the galactic disks hydrostat-
ically. We note that these assumptions were adopted only to cal-
culate the stellar vertical velocity dispersion. The 3D density dis-
tribution in different disk components was calculated by solving
the hydrostatic equilibrium equation using these stellar velocity
dispersion values.

A direct measurement of the vertical velocity dispersion
in galaxies is challenging, requiring spectroscopic observations
across the entire stellar disk. This was not possible until recently,
with the advent of integral field unit (IFU) spectroscopic obser-
vations. Such IFU-based surveys as ATLAS3D (Cappellari et al.
2011), the Calar Alto Legacy Integral Field Area (CALIFA)
survey (Sdnchez et al. 2012; Walcher et al. 2014), the Mapping
Nearby Galaxies at APO (MaNGA) survey (Bundy et al. 2015),
and the Sydney-Australian Astronomical Observatory Multi-
object Integral Field (SAMI) survey (Croom et al. 2021) have
opened up the opportunity to estimate the velocity dispersion in
the stellar disk. These surveys provide direct measurements of
the stellar velocity dispersion and can be used to estimate the
realistic 3D density distribution by solving Poisson’s equations.

In this study, we analyzed IFU data for the galaxy
NGC551 from Data Release 3 (DR3) of the CALIFA survey
(Sanchez et al. 2016a) to estimate the vertical velocity disper-
sion within its stellar disk. We assumed that the disk is in ver-
tical hydrostatic equilibrium under the gravitational influence of
the gas disks and the dark matter halo, and we self-consistently
solved the coupled Poisson equations to derive a 3D density dis-
tribution. Incorporating this density profile along with a rotation
curve obtained from H I data, we constructed a dynamical model
of the stellar disk. This model was then projected onto the sky
plane—adjusted for the observed inclination—and convolved with
the telescope’s point spread function (PSF) to generate a model
surface density map that can be directly compared with observa-
tions. Furthermore, by reorienting the model to an edge-on view
(90°), we obtained an edge-on surface density map of the galaxy,
which we analyzed by fitting various 2D functions and examin-
ing logarithmic vertical profiles to investigate the signatures of
two-component stellar disks.

2. NGC 551

We performed hydrostatic modeling (as described in the next
section) to investigate the 3D structure of the stellar disk in
NGCS551. For this galaxy, all the required data are avail-
able publicly. Moreover, NGC 551 shows a remarkable sim-
ilarity with the Milky Way in several aspects, including the
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morphology of the stellar disk. NGC551 is classified as an
SBbc (de Vaucouleurs et al. 1991) galaxy, whereas the Milky
Way is classified as an SBc (see, e.g., Hodge 1983) galaxy.
The optical diameter of the Milky Way in B band is ~27 kpc
(Goodwin et al. 1998), whereas that of NGC551 is ~31kpc
(Bolatto et al. 2017) (the assumed angular diameter distance is
72 Mpc; Bolatto et al. 2017). The SDSS r-band luminosity of the
Galaxy is measured to be 3.8"13 x 10! L, (Licquia et al. 2015),
taking the dimensionless Hubble parameter 2z = 0.69 (where
h = 1001qn§1—-01Mpc-' with Hy in kms™! Mpc™') (Freedman 2021)
and M,, = 4.65 (Willmer 2018), whereas that of NGC 551 is
estimated to be 2.0 x 10!° L, (obtained from the SDSS DR14
survey done by Abolfathi et al. 2018). Furthermore, the star
formation rate for our Galaxy is 2.0 + 0.7My yr~! (Elia et al.
2022), and that of NGC 551 is 2.04 +0.33 M, yr~! (Bolatto et al.
2017). The stellar disk mass of the Galaxy is measured to be

5.17”_’“{ x 10" Mg (without bulge; Licquia & Newman 2015),

whereas that of NGC 551 is measured to be 5.75 x 109 M,,
which we obtained from integrating the stellar surface density
(Z,) profile (seen in Fig. 2). Given these facts, the optical disk of
NGC 551 was expected to be very similar to that of the Milky
Way, and hence investigating the structure of its stellar disk
would provide a representative picture of the multicomponent
stellar disks in massive galaxies.

3. Modeling the galactic disk

We adopted a similar procedure to model the galactic disk as
used by several previous studies (Patra 2018, 2020). We mod-
eled the galaxy disk as a multicomponent system consisting of
stellar, molecular, and atomic disks under the external force field
of the dark matter halo. We assumed that all these disks are in
vertical hydrostatic equilibrium under the combined gravity of
all the components, including dark matter. The vertical velocity
dispersion of a disk component solely determines the pressure in
the vertical direction. This pressure balances the combined grav-
itational force due to all disk components. For a simplified math-
ematical description, we further assumed the galactic disks are
concentric, coplanar, and axisymmetric. The center of the disks
coincides with the center of the dark matter halo. Under these
assumptions, Poisson’s equation of hydrostatic equilibrium can
be expressed in cylindrical coordinates as

n=3
= 47TG(Z pi +Pdm),
im1

where @, denotes the overall potential resulting from the gravi-
tational force of the dark matter halo and the baryonic disks. The
variable p; denotes the volume density of different disks, with
i = 1,2,3 representing the stellar, the atomic, and the molecu-
lar disks, respectively. pgn, is the density of the dark matter halo,
which is fixed and determined by mass modeling.

In vertical hydrostatic equilibrium, the vertical gradient of
the gravitational potential is balanced by the pressure gradient.
This fundamental principle can be expressed through the Boltz-
mann equation. For an elemental volume, it can be written as
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The symbol o, denotes the vertical velocity dispersion and was
assumed to be independent of z and only a function of radius. By

utilizing Eq. (2), we rewrote Eq. (1) as
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where p4, pui, and py, denote the volume densities of stars,
atomic gas, and molecular gas, respectively. The last term on
the right-hand side can be estimated using the rotation curve.
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Here, Vi, represents the galaxy’s rotation velocity. As the
rotation curve of the inner region of the galaxy is not flat,
we cannot neglect this term, unlike in some previous stud-
ies (Narayan & Jog 2002; Banerjee & Jog 2008; Comerdn et al.
2018). We assumed that this rotation velocity does not change
as a function of height. Consequently, we kept the last term in
Eq. (3) constant at a particular radius while solving the follow-

ing hydrostatic equilibrium:
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Equation (5) represents a system of three coupled second-order
partial differential equations in p.(z), pm(2), and pp,(z). Solving
these equations at different radii would provide the density of
different disk components (stars, atomic gas, and molecular gas)
as a function of radius and height. This would provide a complete
3D density distribution of a disk.

To solve Eq. (5), we require several input parameters. For
instance, at any given radius, the velocity dispersion values for
the individual disk components must be known (first term of
the left-hand side of Eq. 5). Additionally, we need dark mat-
ter halo parameters to estimate the dark matter density distri-
bution (ogm; first term on the right-hand side). Furthermore, the
last term on the right-hand side is computed using the rotation
curve. While the initial densities of the disk components used
in solving Eq. (5) can be arbitrary, the solution, i.e., p;(z), must
yield the observed surface density when integrated over z. Thus,
surface densities serve as another key input parameter. In the fol-
lowing subsection, we describe how these input parameters were
estimated for NGC 551.

&)

3.1. Surface densities

We used the 3.6 um infrared (IR) data (with 680 pc angular res-
olution at a distance of 72 Mpc) from the Spitzer observatory to
estimate the surface density profile of the stellar disk. The IR
traces the old stars more accurately than optical bands, such as
the SDSS i band or r band. As a significant amount of mass
is locked in old stars in galaxies (Sheth et al. 2010), 3.6 um
data are suitable for tracing the population of stars that con-
tribute most to the gravity of the disk. We converted the 3.6 um
flux into stellar masses using the calibration relation given as
M, =107 x F35 x (2&)* (Eskew et al. 2012), where Fs ¢ is
the flux in units of Jy, Dy is the luminosity distance in units of
Mpc, and M, is the stellar mass in units of solar mass (Mg).
Estimating the surface density profiles often involves fit-
ting isophotes to the starlight distribution. This fitting tech-
nique usually produces good results when the brightness dis-
tribution does not deviate from an elliptical shape. However,
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Fig. 1. MGE fit of the Spitzer 3.6 um image of NGC 551. The black
contours represent the observed stellar surface brightness distribution,
whereas the red contours indicate the MGE-fitted isophotes. See the text
for more details.

these deviations are common when a disk consists of multiple
components, such as a nucleus, bulge, ring, or spiral arms, or
has asymmetries. In these cases, it is better to model the sur-
face brightness as the sum of multiple 2D Gaussians. We used
the multi-Gaussian expansion (MGE) technique (Monnet et al.
1992; Emsellem et al. 1994; Cappellari 2002) to estimate the
surface density profile of the stellar disk in NGC 551.

In the MGE method, the galaxy’s light distribution is fit with
multiple 2D Gaussian components iteratively until the residu-
als are consistent with background noise. The method accounts
for the PSF during the fitting process, ensuring accurate char-
acterization of the galaxy’s intrinsic light distribution. The fit-
ted Gaussian components are appropriately deprojected, incor-
porating the fitted intrinsic axial ratio of the disk to construct
the deprojected surface density profile. In Fig. 1, we show the
results of the MGE fit. As shown, the fitted model compares well
with the isophotes. The corresponding deprojected surface den-
sity profile is shown in Fig. 2 (blue line).

To obtain the surface density profile of the molecular disk
in NGC 551, we used molecular gas maps from Bolatto et al.
(2017). They used the Combined Array for Millimeter-wave
Astronomy (CARMA) (Bock et al. 2006) interferometer to map
molecular gas (CO(J = 1-0)) in 126 nearby galaxies as part of
the EDGE-CALIFA survey. We used the total intensity map (the
moment zero map with smooth masking) of the molecular gas to
estimate the surface density profile. To convert the CO flux into
molecular mass (in solar masses), we used the conversion given
by Bolatto et al. (2017),

(6)

2
Mo = 1.05 x 104(SCOA—UDL),

1+z

where ScoAv is the integrated CO(J = 1-0) line flux (in
Jykms™!), z is the redshift. Adopting the inclination and the
position angle of the molecular disk from Table 1, we con-
structed elliptical annular regions of size 2" at different radii
and estimated the surface density profile. We show one such
region in Fig. 3. We note that the gaseous disk in NGC 551
does not show complicated multicomponent structures (bright
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Fig. 2. Deprojected surface density profiles of different disks in
NGC551. The solid blue line represents the stellar surface density,
whereas the dashed orange and dashed-dotted green lines represent the
molecular and atomic gas surface density profiles, respectively. The
stellar surface density profile was obtained using the Spitzer 3.6 pm map
and MGE fitting. The Xy, is measured from maps from Bolatto et al.
(2017). The Zy; profile is obtained through a 3D tilted ring model fit-
ting of the H1 spectral cube obtained through the uGMRT (Swarup et al.
1991; Gupta et al. 2017) observation. See the text for more details.

Table 1. Basic properties of NGC 551.

Parameters Values

RA @ 012740.66 (hms)
Dec @ +371058.5("")
Inc ® 63°

PA® 135°

Dist © 74.5 Mpc
SFR © 2.04 + 0.33 M, yr™!
Optical Diameter © (D»s) 89”

Stellar Disk Mass without bulge @ (M) 5.75 x 10'° M,
Classification © SBbc

Notes. @Skrutskie et al. (2006). ®Obtained by performing MGEfit
(see Sect. 3.1) of the galaxy. ©@The luminosity distance obtained from
Bolatto et al. (2017). “”Obtained from integrating the stellar surface
density (X,) profile from 2kpc outward, excluding the inner region.
©Yde Vaucouleurs et al. (1991).

nucleus, bulge, etc.). Hence, a simple estimation of surface den-
sity within an annular region should suffice. The dashed orange
line in Fig. 2 shows the surface density profile of the molecular
gas in NGC 551.

Lastly, we extracted the HI surface density profile for
NGC551 using the HTI map obtained through the Upgraded
Giant Metrewave Radio Telescope (uGMRT) (Swarup et al.
1991; Gupta et al. 2017) observation (proposal code 39_037) as
part of the Mass modeling and Star Formation Quenching of
Nearby Galaxies (MasQue; PI: V. Kalinova; Kalinova et al., in
preparation) survey—an interferometric H 1 follow-up of CALIFA
galaxies within the EDGE-CALIFA collaboration. The uGMRT
data were analyzed using the Astronomical Image Processing
Software (AIPS) (Greisen 2003), adopting the same approach as
described in Biswas et al. (2022). Consequently, an HT spectral



Raut, H., et al.: A&A, 699, A364 (2025)

37°12'00"
250
~  11'30" —~
S 200 T,
~ o
[\l "
= 00 150 ZO
Q N—
E3] o 100 o
a 10'30 3
50
OOII
0

1h27m45s 428 39%

RA (J2000)

36°

Fig. 3. Xy, distribution in NGC 551. The white ellipse shows a repre-
sentative annular region (a radial bin) at a radius of 6 kpc over which
Xy, was averaged to obtain a data point in the Xy, profile. The Xy, map
was taken from Bolatto et al. (2017). The annular ellipses were demar-
cated, assuming an inclination of 63° and a position angle of 135°. The
dashed red line designates the major axis of the galaxy.

cube was produced. A 3D tilted ring model was fit to the spec-
tral cube using Fully Automated TIRIFIC (FAT) (J6zsa et al.
2007; Kamphuis et al. 2015) to obtain the rotation curve (see
Appendix B for more details). In addition, we obtained the HI
surface density profile of the atomic disk, which was multiplied
by a factor of 1.33 to account for the helium contribution. The
observed HI flux was converted to HI mass using the formalism
given in Biswas et al. (2022),

[MHI )~2.35><105( Dy )2( §Ves )
h* Mo I+z  \h!'Mpe) \Jykms™')’

@)

where h, = W and SV is the integrated line flux cal-
pc

culated in the rest frame of the galaxy. In Fig. 2, the dashed-

dotted green line represents the surface density profile of the

atomic disk. As shown in the figure, the stellar surface density

profile dominates both the gas disks at all radii. Thus, the stellar

disk is expected to primarily determine the vertical density of the

stars.

3.2. Velocity dispersion

The velocity dispersion, which directly governs the vertical pres-
sure, is a fundamental parameter in solving the hydrostatic equi-
librium equation. However, accurately measuring the velocity
dispersion in stellar disks has been challenging due to the lim-
ited spatial coverage of long-slit spectroscopy. The advent of
IFU observations has particularly advanced this field by enabling
measurements of stellar spectra across the entire disk.

In most previous studies on hydrostatic modeling (Patra
2019, 2020), the stellar vertical velocity dispersion was cal-
culated analytically while solving the hydrostatic equilibrium
equation. These calculations often generalize several properties
of the stellar disk. For example, they assume the stellar disk is
isothermal and in hydrostatic equilibrium solely under its own
gravity (Patra 2021) (see also Sarkar & Jog 2020, where obser-
vational data is used for a non-isothermal stellar disk in the
Milky Way). Furthermore, they adopt a constant stellar scale
height (Leroy et al. 2008) calculated using the observed FR in
edge-on galaxies, i.e., ,ll—: = 7.3 + 2.2 (Kregel et al. 2002). Here,
I, and h, represent the scale length and scale height of the stellar

disk, respectively. Under these assumptions, the vertical velocity
dispersion in a stellar disk can be given as

/27rGl _
Ox = T;Z* kms 1,

where I, and X, are in units of kpc, and My pc™2, respectively
(van der Kruit 1988; Leroy et al. 2008). The velocity dispersion
0« can be rewritten as

oy = 1.924/1,%, kms™". )

However, the assumptions adopted to obtain the above for-
mula are often not satisfied in galaxies and, thus, can lead
to significant errors in the estimated vertical velocity disper-
sion. For example, the scale height in most galaxies increases
with radius (Lo6pez-Corredoira et al. 2002; Narayan & Jog
2002; Banerjee & Jog 2007; Mateu et al. 2012; Robin et al.
2014; Lépez-Corredoira & Molgé 2014; Kasparova et al. 2016;
Sotillo-Ramos et al. 2023). Furthermore, the FR is found to
correlate with central surface brightness (Bizyaev & Mitronova
2002) and morphological type (Bizyaev et al. 2014), both of
which are probably correlated with the galaxy’s overall lumi-
nosity. While deriving the analytical expression, the hydrostatic
equilibrium of the disk is considered, but only the gravity of the
stellar disk is taken into account (through X, ). Nevertheless, the
dark matter halo and the gas disks can contribute significantly to
the system’s gravity. This would indeed alter the estimation of
the o, considerably. Therefore, a direct determination of the o,
through observation is crucial. For NGC 551, we used the IFU
spectroscopic observations from the CALIFA survey to estimate
the velocity dispersion in the stellar disk. We used the pyPipe3D
pipeline (Lacerda et al. 2022), an enhanced version of the earlier
Pipe3D pipeline (Sdnchez et al. 2016b), to process the IFU data.
We used the V500 observation setup spanning the wavelength
range from 3745 A to 7300 A, with a spectral resolution (R) of
~850 A at 5000 A. This setup ensures that the analysis includes
stellar absorption lines in the optical band.

The pyPipe3D pipeline takes the IFU data and spatially bins
it using the continuum segmentation binning (CS-binning) algo-
rithm (Sédnchez et al. 2016b). The spectra corresponding to the
spaxels within each spatial bin were averaged and stored as a
single spectrum, together with the average spatial coordinates.
Thus, for each bin, we obtained a spectrum that corresponds
to the mean of the individual spectra of all the spaxels within
that spatial bin, masking spectral pixels with bad values. At the
end of this process, the row-stacked spectra (RSS) file was cre-
ated. Each spectrum within the RSS file was analyzed using the
pyFIT3D spectral fitting code, which separates the stellar con-
tinuum and the ionized emission spectrum from the observed
spectral energy density for each spaxel. First, the stellar kine-
matics and dust attenuation were estimated by generating model
spectra using a simple set of single stellar populations (SSPs)
(Cid Fernandes et al. 2013) convolved with the instrumental dis-
persion to match the spectral resolution of the data. Next, the
ionized gas emission line spectrum was obtained by subtract-
ing the model spectra from the original data. This spectrum was
then fit with a few strong, well-known emission lines to obtain
the emission line parameters. Next, by subtracting the emission
line spectrum from the observed spectrum, we obtained a gas-
free spectrum on which stellar population analysis is performed
and where the spectrum is decomposed into a larger set of SSPs
to obtain different properties such as stellar age and metallicity.
In the end, we obtained the final emission-line free cube, from
which we obtained the stellar velocity dispersion map (see, e.g.,
Lacerda et al. 2022, for more details).

®)
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Fig. 4. Stellar velocity dispersion map of NGC 551 from the third data
release of the CALIFA survey. A velocity dispersion profile was gener-
ated by averaging velocity dispersion values in annular regions at differ-
ent radial bins. The white elliptical region shows one such bin at 6 kpc.
The dashed red line designates the major axis of the galaxy.

We used the second moment (MOM?2) map to estimate the
velocity dispersion in the stellar disk. We extracted a radial pro-
file of the velocity dispersion by averaging o, values in elliptical
annuli at different radii. These annuli were constructed consider-
ing the inclination and position angle of the stellar disk. In Fig. 4,
we show one such annulus (white ellipse) at a radius of 6 kpc.

It is important to note that the measured MOM2 profile rep-
resents the intensity-weighted velocity dispersion along a line of
sight. It is not the intrinsic velocity dispersion of the stellar disk.
This profile can deviate significantly from the actual o, due to
blending effects on the stellar spectra along a line of sight, par-
ticularly in the central regions where the rotation curve gradient
is steep. Three primary factors contribute to this blending of the
rotational velocity into the velocity width: the inclination of the
stellar disk, the slope of the rotation curve, and the spatial reso-
lution (PSF). These effects consistently result in overestimating
the intrinsic o, profile. Hence, the velocity dispersion derived
from the IFU second-moment map cannot be used directly in
Eq. (5). Instead, we used an iterative method (Sect. 4) to self-
consistently assess the intrinsic o, while solving the hydrostatic
equilibrium equation. Our estimation of o, was based solely on
ensuring consistency between the hydrostatic solutions and the
observations. However, we note that there are other methods by
which the stellar vertical velocity dispersion can be estimated
directly. For example, Bershady et al. (2010a) and Bond et al.
(2010) estimated the z-component of o, by decomposing the
line-of-sight velocity dispersion into three components (radial,
azimuthal, and vertical). For NGC 551, our estimate is consis-
tent with these studies (see Sect. 5.1 for more details).

The determination of the vertical velocity dispersion in
the atomic and molecular disks is relatively straightforward,
as resolved spectroscopic observations of galaxies are possi-
ble using radio interferometers. Initial studies of HI emis-
sion in galaxy disks have indicated that the velocity disper-
sion ranges from 6—13 km s~! (Shostak & van der Kruit 1984;
van der Kruit & Shostak 1984; Kamphuis & Sancisi 1993). A
more recent high-spatial-resolution study of 12 nearby galax-
ies reported a consistent value of oy = 11.9 + 3.1km s~
(Calda-Primo et al. 2013). Additionally, Mogotsi et al. (2016)
found a similar result using stacking analysis, with o = 11.7 +
2.3kms™!, further supporting the earlier findings.

Several studies have focused on estimating the velocity dis-
persion in the molecular disks in the Milky Way and external
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galaxies. For example, Stark (1984) studied the velocity disper-
sion in molecular clouds of different masses in our Galaxy. They
found that clouds with masses 10°My < M < 10* M, have a
velocity dispersion of ~9.0*19kms™', and more massive clouds,
having masses 10*Mgy < M < 10°3 Mg, have velocity dis-
persion of ~6.6*9 kms~'. However, in a recent study done by
Marasco et al. (2017), the molecular velocity dispersion inside
the solar circle of the Galaxy was found to be ~4.4 + 1.2kms™.
It should be noted that these studies measured velocity disper-
sion along directions primarily aligned with the midplane of the
Milky Way. Hence, these values can differ from the actual verti-
cal velocity dispersion.

Combes & Becquaert (1997) studied two nearby large spi-
ral galaxies and found the molecular vertical velocity dispersion
to be ~6kms~' and ~8.5kms™!, respectively. They found this
velocity dispersion to be nearly constant over the entire galaxy.
Several other studies have also focused on nearby galaxies with
high spatial and spectral resolution. For example, Wilson et al.
(2011) looked into the velocity dispersion of the molecular disks
in 12 nearby spiral galaxies. They found an average molecular
velocity dispersion of 6.1+1.0 km s~! and additionally compared
these velocity dispersion values with those in the atomic disks of
the same galaxies. They found that the velocity dispersion in the
atomic disk is almost two times higher than the average veloc-
ity dispersion in the molecular disk. Given these estimates, we
adopt values of 6 and 12kms~! for velocity dispersion in the
molecular and atomic disks, respectively.

We note that our choice of these values only marginally
affects the calculated vertical density distribution in the stellar
disk, similar to what is seen in Banerjee et al. (2011), where
changes in the stellar velocity dispersion have minimal effect on
the scale height of the atomic disk. Patra (2019) also showed
similar effects on the atomic disk, where changes in the molecu-
lar velocity dispersion modify the atomic disk marginally. Sim-
ilarly, it is to be expected that changes of the vertical velocity
dispersion of the gas disks have a negligible effect on the stellar
disk. For NGC 551, we varied the atomic and molecular veloc-
ity dispersion values within the range allowed by the literature
(4-8kms~! for the molecular disk and 10-14kms~! for the
atomic disk). We find a less than 1% change in the scale height
of the stellar disk due to this variation.

3.3. Rotation curve

The rotation curve is one of the required parameters in Eq. (5).
The rotation curve for NGC 551 was derived through tilted ring
fitting of the HT spectral cube using TiRiFiC. The tilted ring
model fitting is a widely used and standard method for perform-
ing kinematic modeling of disk galaxies (see, e.g., Rogstad et al.
1974; Di Teodoro & Fraternali 2015; Biswas et al. 2022). In this
method, the galaxy is assumed to be made up of concentric tilted
rings, each with its own surface brightness, systemic velocity,
position angle, and inclination. The parameters of these rings were
fit against the observed spectral cube. The details of fitting the
tilted ring and hence the kinematic modeling are described in
Appendix A. In Fig. 5 we plot the rotation curve. In Eq. (5) we
used the first derivative of the rotation curve. Considering the lim-
itations in measurement, some sharp changes in the rotation curve
can lead to an unrealistic value for its first derivative. To address
this, we fit the rotation curve using a Brandt profile (Brandt 1960)
as

Vmax R Rmax
Vil®) = (R/Ronax)

(1/3+ 2/3(Ri))7

where V;y is the observed rotation velocity, Vi, represents the
maximum achieved velocity, and Ry,,x corresponds to the radius

(10)
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Fig. 5. Rotation curve of NGC 551 derived from the HI spectral cube.
The FAT pipeline was used to produce the rotation curve. The red circles
with error bars represent the rotation curve, whereas the dashed black
line signifies a fit to the rotation curve with a Brandt profile.

at which Vj,.x is achieved. The parameter n determines the rate
at which the rotation curve rises to reach Vy,.x. The fit (dashed
line) is shown in Fig. 5. For NGC 551, we obtain Vi, = 193.1
3.8kms™!, Ryax = 11.4+2.6kpc, and n = 0.25 +0.09. Adopting
these parameters of the Brandt profile, we compute the derivative
to estimate the radial term in Eq. (5).

3.4. Dark matter halo profile

In Eq. (5) the dark matter halo serves as a crucial parameter that
considerably contributes to the total gravity in the system, partic-
ularly at larger heights. We used the rotation curve of NGC 551,
the stellar, H I, and molecular surface density profiles to build the
mass model and estimate the dark matter halo parameters.

Adopting an approach similar to the one described in
Biswas et al. (2023), we used the stellar surface density profile
to calculate the stellar circular velocity (circular velocity purely
due to the gravity of the stellar disk) through Jeans anisotropic
modeling (JAM) (Cappellari 2020). In this analysis, we assumed
a constant mass-to-light (M/L) ratio, which is treated as a free
parameter in the JAM python package. The gas circular velocity
from the gas surface density was calculated analytically assum-
ing a thin disk. We then fit the total observed velocity, Vi, as a
combination of the stellar, gas, and dark matter halo velocities
components, following
V23 =Vite Vi + VR, + Ve, (11)
through a parametric fit of the dark matter halo.

We fit the total velocity V;y by using a Markov chain Monte
Carlo (MCMC) sampler (Fox 1998) for doing mass modeling.
To implement the MCMC fitting procedure, we utilized the code
developed by Tyulneva (2021) based on the MCMC method of
Kalinova et al. (2017a). The mass modeling of NGC 551 uses the
same procedure as described in Biswas et al. (2023). The figure
of the modeled rotation velocity along with the velocity of other
components can be found in Appendix B.

Many previous studies have shown that a Navarro-Frenk-
White (NFW Navarro et al. 1997) profile can provide a good

fit to the rotation curves of massive spiral galaxies, especially
when baryonic effects are properly included (Klypin et al. 2002;
Biswas et al. 2023). Although in some datasets, cored profiles
(e.g., pseudo-ISO) performed equally well or marginally bet-
ter (Jimenez et al. 2003; de Blok et al. 2008), the NFW profile
was originally identified as the universal, spherically averaged
density distribution emerging from ACDM N-body simulations
(Navarro et al. 1997) and, thus, remains a widely used bench-
mark for halo modeling. Therefore, for NGC 551, we adopted
an NFW profile and used MCMC optimization to determine the
best-fit parameters for the dark matter component. The NFW
density profile is given by the following equation:

pam(r) = —L—. (12)
71+ %)
For NGC551, we obtained the dark matter halo parame-

ters as pq (core density) = 19.732:{ x 1073 Mepc‘3, and

R, (scale radius) = 1 1.4’:2:3 kpc. We used these parameters of the
dark matter halo to solve Eq. (5) and estimated the 3D distribu-
tion of stars in NGC 551.

4. Solving the hydrostatic equation

Equation (5) represents three coupled second-order partial dif-
ferential equations. We iteratively solved these equations by
using a similar approach as adopted by many previous authors
(Narayan & Jog 2002; Banerjee et al. 2011; Patra 2020). As
these equations are second-order, we required at least two
boundary conditions to solve them, which can be given as

dp;
(P)eo = pio and tﬂ) - 0. (13)
dZ z=0

The density at the midplane of a galaxy was expected to
be maximum due to vertical symmetry, satisfying the second
condition. However, the midplane density ((p;),=0) required for
the first condition is not directly measurable in external galax-
ies. An iterative approach is employed to estimate it, leverag-
ing the information of the observed surface density. The iter-
ative method starts with an arbitrary trial midplane density at
a particular radius and generates the solution. Then, the corre-
sponding trial surface density is calculated by integrating this
solution, X, = 2 * fow pi:(2) dz. By comparing this trial surface
density with the observed one (at that radius), the midplane den-
sity is iteratively adjusted until the trial surface density matches
the observation with high accuracy, typically within 0.1%. For
NGC 551, this iterative method converged within hundreds of
iterations.

As discussed in Sect. 3.2, the observed stellar velocity dis-
persion, o, is the MOM?2 of the line-of-sight spectra (MOM?2).
This MOM?2 is an overestimate of the intrinsic velocity disper-
sion. Hence, using it directly in Eq. (5) would produce an incor-
rect 3D density of the stars in the stellar disk. To address this
issue, we used an iterative approach to correctly guess the intrin-
sic 04, such that it produces the observed MOM?2 when modeled
self-consistently. We used the same approach as used by Patra
(2020) (see also Patra 2021) to iteratively solve for the densities
as well as for the intrinsic velocity dispersion in NGC 551.

In the first iteration, we began with the observed MOM2 pro-
file as the intrinsic velocity dispersion and solve Eq. (5) between
radii 2 < R < 11kpc to generate the stellar densities as a func-
tion of radius (R) and height (z). We built a 3D dynamical model
of the stellar disk with this density distribution and the observed
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Fig. 6. Illustration of the iterative method workflow. In each panel, the red circles represent the observed MOM2; the blue squares denote the
simulated MOM?2; and the black asterisks indicate the input intrinsic stellar velocity dispersion, 0. The shaded region represents radii to which
we do not apply iterative method. The left panel shows the results for the first iteration, whereas the middle and the right panel show the results for
second and ninth iteration. The iterative method for NGC 551 quickly converged within ten iterations. See the text for more details.

rotation curve. Next, we inclined this 3D model to the observed
inclination (63°), project it into the sky plane, and generate a
spectral cube. This spectral cube was then convolved with the
observed PSF of 2.28" (~796 pc), and collapsed to generate sim-
ulated moment maps. The simulated MOM?2 map was then used
to construct a MOM?2 profile, which is equivalent to an obser-
vation. In the first iteration, as we began with the MOM?2 pro-
file, which is already an overestimate of the o, the simulated
MOM2 would be higher than the observed one. In the next iter-
ation, we adjusted the observed MOM?2 values (points outside
the shaded region) by scaling them with a factor determined by
the difference between these values and the o, from the previ-
ous iteration. We note that this multiplicative factor is different
at different radii, ensuring faster convergence.

In the subsequent iterations, as the input MOM2 profile kept
decreasing, the simulated MOM?2 approached the observed one.
We stopped this method when the simulated and the observed
MOM2 values match within 5%. At this point, the input MOM2
can be considered the intrinsic o, producing observed MOM?2
self-consistently. The left panel of Fig. 6 shows the first iteration,
where the observed MOM?2 is considered as the input o, result-
ing in a simulated MOM2 higher than the observed. In the sub-
sequent iterations (middle and right panels), a lowered input o
results in simulated MOM2 profiles that are close to the observed
one. We find that this method converged within 9 iterations (with
~5% accuracy). We emphasize that the MOM2 points are sam-
pled at approximately 1.7 times the PSF, or about 3.9” apart, to
prevent divergence related to beam smearing. When generating
the final simulated spectral cube, the raw-resolution cube was
convolved with the PSF. If the MOM?2 points are sampled too
closely, any variation in MOM?2 values at one radius could affect
neighboring points due to convolution, potentially causing the
iterative method to fail. For NGC 551, we find that sampling at
~1.7 times the PSF avoids this divergence.

We note that in the central regions of galaxies, factors such
as the steep gradient in the rotation curve, strong noncircular
motions, and the presence of a bulge can significantly broaden
the stellar spectra. This artificial broadening can dominate the
spectral width, particularly in galaxies with high inclinations,
compared to the actual value of o,. Consequently, the effective
MOM?2 can become insensitive to the intrinsic o, causing the
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iterative method to diverge. To avoid these complications, we
exclude the central region of NGC 551 from our modeling. We
did not solve Eq. (5) at radii R < 2kpc. Moreover, the molec-
ular disk in NGC 551 was extended to R ~ 11 kpc. Hence, we
solved Eq. (5) between radii 2 < R < 11kpc, at every 100 pc.
The shaded region in Fig. 6 represents the radii where we did not
apply the iterative method. The spatial resolution of the IFU data
is ~796 pc at the galaxy distance of 72 Mpc, based on the 2.28”
full width at half maxima (FWHM) of the PSF as recorded in the
pyPIPE3D FITS header. Hence, solving Eq. (5) every 100 pc is
adequate in building the dynamical model. However, in the ver-
tical direction, we actually used an adaptive resolution to capture
the variation of the density at a small height (within a kpc). At
every iteration, the step size was determined by the slope of the
density solutions in the previous iteration (see, e.g., Patra 2018,
for more details). For NGC 551, we find that the vertical resolu-
tion is always better than 5 pc.

5. Results and discussion
5.1. The stellar velocity dispersion profile

As discussed in Sect. 3.2, spectroscopic observations enable us
to measure the intrinsic velocity dispersion, even though the
observed values are blended by line-of-sight projection effects.
In Fig. 7, we plot the stellar velocity dispersion in NGC 551
as obtained by the iterative method (blue circles), along with
the analytically calculated dispersion using the Eq. (9). A
scale length value of 4.6 kpc was used to obtain the analytical
o4 (Leroy et al. 2008 orange triangles). This scale length was
derived from a 1D fit to the X, profile obtained from MGEfit
(for further details and plots, see Appendix C). As shown,
for NGC 551, the intrinsic o, can differ from the analytical
value by as much as 70%. This, in turn, can change the stel-
lar scale height by a factor of 1.5-2.0 (see, e.g., Fig. 9). Hence,
the analytical estimation of the vertical velocity dispersion in
the stellar disks might often overestimate the thickness of the
disks.

In the literature, other methods have also been used to esti-
mate the stellar velocity dispersion. For example, the Disk Mass
Survey (DMS) (Bershady et al. 2010b) observed 46 face-on
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Fig. 7. Velocity dispersion profiles of the stellar disk in NGC 551. The
orange triangles represent the o, as obtained by analytical calculation
from Leroy et al. (2008). The blue circles show the intrinsic o, profile,
as obtained by the iterative method. The green squares show the o
profile obtained with the DMS formalism (Bershady et al. 2010a). The
analytical expression can significantly overestimate o, at all radii.

galaxies with the CALIFA IFU. The line-of-sight stellar velocity
dispersion was measured as the projection of the stellar velocity
ellipsoid (SVE) along the line of sight. By applying the prin-
cipal SVE ratios, a relation was derived between the projected
and deprojected velocity dispersions (see Egs. 2, 3, and 4 in
Sect. 3.5.4 of Bershady et al. 2010a, for more details). Using
the vertical anisotropy (8, = 0.388%)0%7 from Kalinova et al.
2017b) and the median of the azimut'%ail anisotropy (84 pro-
file=0.2 £ 0.03 from Chemin 2018), the principal SVE ratios
(= & Z—ﬁ) were estimated. These 7= and Z—Z values were used in
Eq. (5) of Bershady et al. (2010a), to calculate the stellar veloc-
ity dispersion in NGC 551. In Fig. 7, the green squares repre-
sent o, as obtained by the DMS formalism. For NGC 551, the
DMS o, is largely consistent with the iterative method within
~20-25%. However, it should be noted that the DMS sam-
ple consists primarily of face-on galaxies, and their method is
best suited for low-inclination galaxies in the 25° to 35° range,
whereas NGC 551 has an inclination of 63°.

5.2. 3D density distribution in the stellar disk

The solutions of the hydrostatic equation provide the volume den-
sities of different disk components as a function of R and z. We
solve this equation every 100 pc from a radius of 2 kpc to 11 kpc.
Fig. 8 shows the density solutions (solid lines) for the different
disks in NGC 551 ataradius of 6 kpc. We also compare these solu-
tions with the stellar velocity dispersion derived from the analyt-
ical expression obtained from Eq. (9) (dashed lines). As shown in
the figure, the analytically calculated o, produces lower densi-
ties at the midplane, and consequently, the disk extends to larger
heights. This produces thicker stellar disks than expected. More-
over, as the other disks (atomic and molecular) are coupled to
the stellar disk through gravity, they also become thicker than
expected. In NGC 551, at aradius of 6 kpc, the midplane densities
of the stellar, atomic, and molecular disks obtained via numer-
ical computation differ from the analytically derived values by
approximately 91%, 25%, and 22%, respectively.

The half-width at half maximum (HWHM) is an excellent
measure of the thickness of a baryonic disk. This HWHM is

often adopted as the scale height of the density distribution in
the vertical direction. Using our solutions, we estimated the scale
height of different disk components as a function of radius. In
Fig. 9, we plot the scale height of different disk components
(solid lines) in NGC 551. We also compare the scale height pro-
files for solutions with analytically calculated o, shown by
dashed lines. As shown in the figure, the scale height of the stel-
lar disk can be overestimated by a factor of two when using an
analytically calculated . This difference is lower in the atomic
and molecular disks; however, it can also make a difference of
~25-30%. This indicates that the determination of the stellar
velocity dispersion by the spectroscopic method is crucial in
assessing the vertical density distribution in the baryonic disks
(especially in the stellar disk) in galaxies.

5.3. Dynamical model of the stellar disk

Next, we used the density solutions of the stellar disk and
the observed rotation curve to build a 3D dynamical model of
NGC 551. We incline this dynamical model to the observed incli-
nation of 63°, project it to the sky plane, and construct a spectral
cube. This cube is then convolved with the PSF of the IFU obser-
vation, and consequently, moment maps are made. These model
moment maps are equivalent to an observation.

In Fig. 10, we show our model moment maps of the stel-
lar disk in NGC 551. These maps capture the kinematics and
the surface density distribution of the stellar disk. The MOM-
0 map shows the stellar surface density distribution, the MOM-1
map shows the velocity field, while the MOM-2 map represents
the line-of-sight weighted velocity dispersion field. We compare
these simulated maps with real observations to check the con-
sistency of our modeling. We obtain the observed stellar surface
density map by processing IFU data using pyPipe3D. Further-
more, we obtain the stellar surface density map utilizing Spitzer
data (using the calibration given in Eskew et al. 2012). We take
cuts along the y-axis on the model and the observed surface den-
sity maps (Fig. 10) at different radii and compare the resulting
profiles. In Fig. 11, we show two representative cuts at a radius
of 2.5kpc and 5.0kpc. In Fig. 12, we show the resulting surface
brightness profiles at different radii. We take cuts at radii of 2.5,
3.5, 4.5, and 5 kpc. We compare our model (blue lines) with sur-
face density profiles from IFU (broken lines in top panels) and
the 3.6 um maps (broken lines in bottom panels). As shown in
the figure, the model profiles match the observation reasonably
well. However, we note that at the central region, the observed
map has an extra emission, which is not shown in the modeled
map. This emission is more prominent in the IFU map than in the
3.6 um map. Furthermore, both the top and bottom panels show
that as the radius increases, the amplitude of this spiky compo-
nent reduces.

The optical disk of NGC551 has an inclination of 63°.
This non-edge-on orientation can imprint signatures of in-plane,
unsmooth structures onto the vertical profiles. The departures
observed in the central region are expected, primarily from non-
axisymmetric structures such as spiral arms (visible in the mid-
dle panel of Fig. 11), which our axisymmetric model does not
account for.

The velocity dispersion, as traced by the MOM?2, also serves
as a critical quantity for inspecting the consistency of the dynam-
ical modeling. In Fig. 13, we compare the MOM?2 profiles
derived from the modeled and observed maps. As shown, the
profile obtained from the modeled MOM2 map (rightmost panel
in Fig. 10) closely matches the observed one, derived using IFU
data. This indicates that our modeling reproduces the dynamics
of NGC 551 reasonably well.
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Fig. 8. Solutions to the hydrostatic equilibrium equation at a radius of 6 kpc. The left, middle, and right panels present density solutions for stars,
molecular, and atomic gas, respectively. The solid lines in each panel represent solutions when the hydrostatic equations were solved with the
iterative method using CALIFA IFU data. The dashed lines represent the solutions with the analytically calculated stellar velocity dispersion
described by Eq. (9). The choice of stellar velocity dispersion greatly influences the density solutions in all three baryonic disks.
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Fig. 9. Scale height of different baryonic disks in NGC 551 under hydrostatic equilibrium. The left, middle, and right panels represent scale heights
for the stellar, molecular, and atomic disks, respectively. The solid lines in each panel represent the scale height due to our iterative method, whereas
the dashed lines show the scale heights for the analytically calculated o,.. The vertical dashed line in the left panel indicates the scale length of the
stellar disk (4.6 kpc). The analytically calculated o, overestimates the stellar scale height by more than a factor of two, giving the false impression

of a thick stellar disk.

5.4. Edge-on model

Several studies have focused on the stellar surface density distri-
bution of edge-on galaxies to investigate multicomponent stel-
lar disks (Yoachim & Dalcanton 2006; Comerédn et al. 2011a)
in external galaxies. These studies find that a two-component
stellar disk better describes the observed stellar surface density.
However, the observed surface density for an edge-on disk is the
sum of all the light along a sight line from different radii. Fur-
thermore, as the scale height of the stellar disk changes as a func-
tion of radii (for both the thin and the thick disk), the integrated
light might not reflect the true nature of the disk.

To test this, we incline our 3D dynamical model to an angle
of 90° and project it to the sky plane to produce an edge-on sur-
face brightness map. This is equivalent to how we would observe
NGC 551 in an edge-on orientation. We then used this map as
a template to investigate whether traditional methods of fitting
multicomponent stellar disks to the edge-on surface brightness
distribution can recover the original disk parameters.

A364, page 10 of 18

To do so, we adopted a widely used approach and fit the
galaxy surface brightness with a 2D edge-on model for surface
brightness given by

2(R,2) = 2o (R/hr) Ki(R/hg) sech®(z/hz), (14)

where X, is the edge-on peak surface brightness, Ar and
hz are the scale length and the scale height, respectively,
and K;(x) is the modified Bessel function of the first
kind (van der Kruit & Searle 1981; Yoachim & Dalcanton 2006;
Comero6n et al. 201 1b; Mosenkov et al. 2020). This method esti-
mates the scale length and the scale height of the observed disk.
In Fig. 14, we show the model surface brightness distribution of
NGC 551 in edge-on orientation in the left panel and a 2D fit to
it in the middle panel. We also show the residual in the figure on
the right panel. As shown, the edge-on surface brightness is well
fit by the 2D function. From the fit, we find the scale length of
the stellar disk to be ~3.2 kpc.

In contrast, we obtain a scale length of ~4.6kpc from a 1D
fit to the stellar surface density profile derived via MGE fit (blue
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Fig. 10. Simulated moment maps of the stellar disk in NGC 551. The left panel shows the moment zero map, i.e., the total surface density map
in the units of My, pc™2. The middle panel shows the moment one map or the velocity field of the galaxy. The right panel represents the velocity
dispersion map. The last two maps have units of kms~'. These moment maps were generated using the simulated spectral cube obtained through

the dynamical modeling of the stellar disk.
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Fig. 11. Cuts along the y-axis at radii of 2.5 and 5.0 kpc (dashed red and cyan lines) for comparison between the observations and the simulation.
The left panel represents the surface brightness map of the stellar disk, as obtained by IFU observation. The middle panel shows the stellar disk as
observed in Spitzer 3.6 um data. The right panel indicates our simulated intensity distribution. The crosses in each panel indicate the center of the

galaxy.

plot in Fig. 2; for further details, see Appendix C). Notably,
Hunt et al. (2004) performed photometric analysis on H-band
data to obtain a similar scale length of ~4.5kpc, in agreement
with our findings. This indicates that at edge-on orientation, due
to the line-of-sight integration effect, a 2D fit does not recover
the true scale length of the disk. From the 2D fit, the scale
height of the stellar disk was found to be ~400 pc, which rea-
sonably matches the actual scale height, which varies between
200—470 pc as shown in Fig. 9.

Although the recovered scale height matches the actual val-
ues reasonably, an underestimated scale length can significantly
alter the computed FR, defined as scale-length divided by scale-
height. We estimated the scale height as the HWHM of the ver-
tical density distribution. However, in many studies, the scale
height is defined as the decay constant of an exponential or sech?
fit to the vertical density profile. For completeness, we also esti-
mated the FR by adopting these definitions of scale height. In
Fig. 15, we plot FR as a function of radius for NGC551. As
shown, for NGC 551, the FR values vary between 8 and 23
depending on the radius.

Several studies used an exponential function instead of a
sech? to describe the vertical brightness profile of galaxies and fit
the edge-on surface brightness. For example, Kregel et al. (2002)
fit the surface brightness of 34 edge-on galaxies with a 2D edge-
on model for surface brightness given by
Z(R.2) = 2o (R/hw) Ki(R/hg) /") (15)
They used the fit parameters to estimate the FR in these galax-
ies. They found an average FR value of 7.3 + 2.2. Furthermore,
Bizyaev et al. (2014) fit the SDSS g-, r-, and i-band surface den-
sities of 4768 edge-on galaxies with the same model described
by Eq. (14) and estimated the FRs. In Fig. 13 of their paper, they
plot a histogram of FR of a subsample of 3865 edge-on galax-
ies. Their FR values range from as low as 2 to as high as 20,
with ~100 galaxies having FR ~ 8. For consistency, we also fit
the edge-on surface density of NGC 551 with their method and
found an FR value of 10.48+0.01 for the model given by Eq. (15)
and 7.88 + 0.02 for the model given by Eq. (14). These values
are consistent and fall well within the range of their FR values.
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Fig. 12. Comparison of cut profiles along the y-axis of the surface density distribution in the stellar disk of NGC 551. In the top panels, we compare
the IFU observation with the simulation, whereas in the bottom panels, we compare Spitzer 3.6 um with the simulation. Each column of panels
shows different radii. In each panel, the solid lines denote the profiles for simulated maps, whereas the dashed lines show the observed ones. Two
different colors represent two different halves (left and right) of the observed map as shown in Fig. 11. The simulated profiles at different radii

match the observation reasonably well. See the text for more details.
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Fig. 13. Radially averaged velocity dispersion profiles. The solid red
line represents the observed MOM?2 obtained from CALIFA IFU. The
dashed blue line indicates the MOM?2 obtained from the MOM2 map
shown in Fig. 10.

However, it should be noted that these values differ considerably
from the actual FR calculated using scale height data. The FR,
assuming an exponential definition of scale height, is found to be
~9-22, while for a sech? definition, it is ~8—19. These results
suggest that relying solely on a 2D fit to the edge-on surface den-
sity can lead to a systematic underestimation of the stellar disk’s
true FR, as it does not fully capture the complexities of the disk’s
vertical structure.
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Our exercise indicates that the line-of-sight integration effect
can significantly bias the deduced structure of the stellar disks.
Detailed modeling provides a much clearer insight into the 3D
distribution of stars in the stellar disks of galaxies.

As shown in Fig. 15, the FR sharply peaks at R ~ 4.4 kpc.
This is due to the lower value of scale height, resulting from
low velocity dispersion in the stellar disk. To check this further,
we inspected the Ho map of NGC 551 and found a maximum
in the star formation activity around the same radius. It is possi-
ble that this young stellar population (as traced by He emission)
inherited the low stellar velocity dispersion from the cold gas,
resulting in a lower scale height and higher FR values.

We also investigate the perceived signature of a multicom-
ponent disk by examining the vertical cuts of the model edge-
on surface brightness distribution of NGC 551. In Fig. 16, we
plot vertical cut profiles at two different radii, i.e., 2.5 kpc and
3.5kpc. We fit these vertical profiles with single (first and third
panels) and double Gaussian (second and fourth panels) pro-
files. We compare the Bayesian information criterion (BIC) for
the fits to determine which type of Gaussian provides a better
fit. The BIC for the single Gaussian and double Gaussian are
786 and 534, respectively, indicating that a two-component fit
is better. This result suggests the presence of a two-component
disk in NGC 551, whereas the model disk has only one compo-
nent (thick disk). Furthermore, as shown in the figure, the peak
brightness of the thick disk in the double Gaussian fits (second
and fourth panels) is higher than that of the thin disk compo-
nent. This is not observed in galaxies. Therefore, decomposing
the vertical cuts using multiple Gaussian components may not
be a reliable method for investigating the presence of multicom-
ponent stellar disks in galaxies.

In the literature, however, several studies have inspected
vertical cuts of the edge-on surface density distribution in log
scale to identify multicomponent disks (see, e.g., Comeron et al.
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Fig. 14. Surface brightness map of the stellar disk in NGC 551 in an edge-on orientation. The left panel shows the surface brightness map, whereas
the middle panel represents a 2D fit to the map (using Eq. 14). The right panel shows the residual of the fitting. The masked portion in the middle
of each panel represents the region where we did not solve the hydrostatic equilibrium equation. The 2D fit describes the simulated data reasonably
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Fig. 15. Estimated FR of the stellar disk in NGC 551 as a function
of radius. The estimation was obtained using different modeled scale
heights. The solid red line represents the FR of scale length and HWHM
scale height. The dashed blue line represents the FR obtained from the
ratio of scale length and exponential scale height. The dashed-dotted
green line represents the FR obtained from the ratio of scale length and
sech? scale height. The FR varies substantially (between ~8-23) with
radius.

2012). They detected an up-bending break in the log profile
where a two-component disk model fits the observations bet-
ter. To test this, we build a two-component model for the stellar
disk in NGC 551. We chose a surface density ratio of the thick-
to-thin disk (fy) of 0.38, similar to that observed in the Milky
Way (Mosenkov et al. 2021). Following a dynamical modeling
procedure similar to that used for the single-component disk,
we build an edge-on surface density map for a two-component
disk in NGC551. In Fig. 17, we plot the vertical cut profile of
this map at a radius of 2.5 kpc on a logarithmic scale. For com-
parison, we also plot the same for the single-component disk.
Both an up-bending and a down-bending break are shown for
a two-component disk (solid red line), whereas no up-bending
break is shown for a single-component disk (dashed black line).

We note that the prominence of this up-bending depends on the
surface density and velocity dispersion ratios of the thin and
thick disks. For this study, we considered the disk of NGC 551
as a single-component one, which might have introduced some
biases. However, we plan to investigate the suitability of a two-
component stellar disk in NGC 551 in a future paper.

6. Conclusions

We assumed the galactic disk in NGC 551 to be a multicompo-
nent system consisting of stellar, atomic, and molecular disks
in vertical hydrostatic equilibrium under their mutual gravity in
the external force field of the dark matter halo. We set up the
corresponding joint Poisson’s equations of vertical hydrostatic
equilibrium and solved them numerically to obtain a 3D density
distribution in the stellar disk.

The stellar vertical velocity dispersion (o) plays a crucial
role in determining the structure of the stellar disk under the
vertical hydrostatic equilibrium. The o, decides the vertical
pressure in the disk, which balances the gravity. Observation-
ally determining o is difficult. Many previous studies modeling
galactic disks hydrostatically calculate o, analytically, consid-
ering the stellar disk to be an isolated single-component system
in vertical hydrostatic equilibrium. However, in this study, for
NGC 551, we used IFU observations from the CALIFA survey
and estimated the 0.

The observed o, is the intensity-weighted velocity dis-
persion, MOM?2, along a line-of-sight. We used an iterative
method to consistently solve the hydrostatic equilibrium equa-
tions, beginning with MOM?2 as the input to recover the cor-
rect o,. At the end of this method, we recovered a o, pro-
file, which consistently produces the observed MOM?2 profile
in a simulated observation. This velocity dispersion is found to
be consistent with that calculated using the formalism of the
DMS within ~20%. However, this velocity dispersion signifi-
cantly disagrees with the analytically calculated one described
by Eq. (9). For NGC551, the intrinsic velocity dispersion
can differ from the analytically calculated value by as much
as 70%.

The solutions of the hydrostatic equilibrium equation pro-
vide the 3D density distribution in the stellar, atomic, and molec-
ular disks. For NGC 551, we solved the equations at 2 < R <
11 kpc every 100 pc. We find that the vertical density distribution
at all radii for all the components (stars, atomic, and molecular
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Fig. 16. Vertical cuts of the simulated intensity distribution of the stellar disk in an edge-on orientation and its fit with single and double Gaussian

components. The first two panels show vertical cuts at a radius of 2.5 kpc,

and the last two panels show cuts at a radius of 3.5 kpc. The solid black

lines represent the vertical cuts of the edge-on intensity profiles. The dashed red lines represent the fits. The first and third panels show a single
Gaussian fit, whereas the second and fourth panels show a double Gaussian fit. The double Gaussian fits represent the data better, despite having a
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Fig. 17. Vertical cuts of the simulated intensity distributions of the stel-
lar disk in an edge-on orientation plotted on a logarithmic scale and
at a radius of 2.5kpc. The dashed black line represents the single-
component disk, whereas the solid red line represents a two-component
disk. An up-bending break appears only in the two-component disk.

gas) considerably depends on the assumed o,. Our estimated
midplane density based on IFU data differs by 91% for the stellar
disk, and by 25% and 22% for the atomic and molecular disks,
respectively, compared to the midplane densities calculated from
the corresponding analytical expressions.

We estimated the scale heights (HWHM) in the stellar and
gas disks in NGC 551 using the derived density solutions. We
find the stellar scale height to vary between 200—470pc. The
stellar and gas disks are found to flare as a function of radius. We
find that the analytically calculated o, overestimates the scale
height in NGC 551 by about a factor of two. This is concern-
ing, as it can artificially increase the thickness of the stellar disk
by a large amount. Hence, using the correct stellar velocity dis-
persion, as estimated by spectroscopic observation, is critical in
determining vertical scale height in stellar disks.

Using the density solutions and dynamical parameters of
NGC 551, we built a 3D dynamical model of the stellar disk,
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which reproduces the observed MOM?2 profile very well, indi-
cating appropriate modeling of the intrinsic stellar velocity dis-
persion. At the same time, this modeling also reproduces the
observed surface brightness distribution with minor deviations
in the central region, likely due to non-axisymmetric structures
such as spiral arms.

Next, we investigated how the stellar disk in NGC 551 would
be observed in an edge-on orientation. We inclined our dynam-
ical model to an inclination of 90° and projected it onto the
sky plane. Using the traditional method adopted in the litera-
ture, we fit this edge-on intensity distribution with the product of
the modified Bessel function of the first kind, K;(x) and sech?,
as shown in Eq. (14). We find that this projection and fitting
can artificially reduce the scale length of the stellar disk. Con-
sequently, the estimated observed FR can also be decreased sig-
nificantly. For NGC 551, the fitted FR is 7.88 + 0.02, whereas
its actual ratio varies between 8 and 23 depending on the radius.
Hence, estimating the structural parameters of stellar disks by
simply 2D-fitting the edge-on surface density might be affected
by line-of-sight integration effects.
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Fig. A.1. Panel a: HI Moment one map. The black contours are drawn
at 20km ™! intervals. Panel b: Moment one residual map, i.e., the dif-
ference between the moment one map obtained from data and that from
the model.

Appendix A: Kinematic modeling

As mentioned in Sect. 3.3, the kinematic modeling and, hence,
the rotation curve of NGC551 have been derived by fitting
the 3D tilted ring model to the HI spectral cube using FAT
(Kamphuis et al. 2015) following the procedure mentioned in
Biswas et al. (2023). To check the quality of the fit, we look
for the moment one residual map that represents the difference
between the observed velocity field and the modeled veloc-
ity field. Figure A.1 shows the moment one map derived from
observed data and the corresponding residual map obtained
after the kinematic modeling. Figure A.l1b shows that ~ 80%
of the residual velocity lies within +30kms~!, while the rota-
tion velocity goes much higher than that (in the central region
160kms~! and in the outer region 180kms™'). This ensures
the kinematic modeling was done adequately. In future work,
for some galaxies, we will be able to improve our mass mod-
eling technique further, combining the circular velocity curves
(CVC) of CALIFA galaxies from different galaxy components
(Kalinova, Tyulneva, et al., in prep.; Biswas et al., in prep.).
For a subsample of CALIFA galaxies (for those systems where
the different datasets are available), we will be able to com-
bine the inner CVC of the galaxies from stellar dynamics
(Kalinova et al. 2017b) and the inner CVC from molecular gas
kinematics (Levy et al. 2018) with their outer CVC from atomic
gas (Biswas et al. 2023) to model their gravitational potential.
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Appendix B: Mass modeling

As discussed in Sect. 3.4, to obtain Vj,,, mass modeling of
the galaxy has been performed using the MCMC optimization
method. As our primary interest is finding the halo parameters,
we combined the HT and H; surface densities to get a gas surface
density for simplicity. We multiplied the HT surface density by a
factor of 1.4 to account for helium. Assuming the gas disk to be
thin, we calculated its circular velocity analytically (see Eq. 5 of
Biswas et al. 2023). The total rotation velocity can be written as
follows:

Vrzot = Vsztar gas

+V2 +V?

halo> (Bl)
where Viar, Vias and Vi, are the stellar, total gas, and the dark
matter halo component of the rotation velocity, respectively.
We used a three-parameter model to fit the observed rotation
curve. One of the free parameters in our model is the stellar
M/L, i.e., the mass-to-light ratio, which is kept constant with
radius. This same stellar M/L was used while estimating the
stellar velocity component from stellar surface brightness using
JAM (Cappellari 2008). As mentioned earlier, we considered an
NFW profile representing the dark matter halo. For a halo den-
sity given by Eq. 12, the velocity component of the halo can
be expressed through the following equation (see Biswas et al.
2023, for details):

20.24M));
Viato(R) = 0.014M) Tzo‘)x
1/3
In 1+ —£C__ RC/(20.24M20?/)3
20.24My05 | 1+RC/(20.24M)03)
- . (B2)
In(1+C) - vl

where My is the halo mass of the galaxy. This is measured
as the dark matter mass enclosed inside a sphere having the
same center as the galaxy and a radius where the dark mat-
ter density falls to 200 times the critical density of the Uni-
verse. C = Ryp/Rs represents the concentration parameter of
the halo. Thus, M,y and C are the other two free parameters
of our model. We used a similar procedure as mentioned in
Biswas et al. (2023) for implementing the MCMC optimization,
i.e., the selection of the prior is motivated solely from the pre-
vious independent observations and is not dependent on any of
the previous scaling relations (e.g., stellar mass versus halo mass
relation (Moster et al. 2013), My vs. C relation (Maccio et al.
2008; Dutton & Maccio 2014) etc.). The details of the prior
selection are mentioned elaborately in Sect. 5 of Biswas et al.
(2023). We used the same set of priors as they work adequately
for galaxies with different morphologies and kinematics. For
NGC 551, we used 130 walkers, 3000 burn-in steps, and 10000
posterior steps to fit the model through the MCMC optimiza-
tion procedure. Figures B.1 and B.2 show the distribution of the
burn-in and posterior chains during the MCMC run, respectively.
From Fig. B.1, we see that the burn-in chains indeed reach the
stationary phase with a well-sampled posterior parameter space.
Figure B.3 shows the mass modeling of NGC 551 through the
MCMC optimization, whereas Fig. B.4 presents the posterior
distribution of the free parameters. As shown in these plots,
the mass modeling for NGC 551 has been done satisfactorily.
Furthermore, we found the MCMC optimized value for M/L is
0.53f8;%‘5‘, which is consistent with that obtained using the cali-
bration of Eskew et al. (2012), i.e., 0.51. This demonstrates the
consistency of our mass modeling, and hence the halo param-
eters found in this process can be used reliably for hydrostatic
modeling of the stellar disk.
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Fig. B.3. Modeled rotation curve along with the contributions of star,
gas, and halo for the source NGC 551.

Appendix C: Derivation of the disk scale length
through MGEFIT

We described the MGE fit procedure in Sect. 3.1. Here, we
present the model fitting to the surface density profile. We mod-
eled the galaxy light distribution with a combination of a Sérsic
bulge and an exponential disk component described by:

2(r) = Ze exp [_K [(L)” ) 1” R (_L),
re Ts

where X, is the surface brightness of the Sérsic component at the
effective (half-light) radius .. n is the Sérsic index, which con-
trols the curvature/shape of the Sérsic component. « is a dimen-
sionless constant that depends on n. X, is the central surface
brightness of the exponential disk component, whereas ry is the
exponential scale length of the disk component. For the value of
k, we used the equation

.
3 4051 2551512

(C.1)

K=2n-—

NGC 551
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Fig. B.4. Posterior distribution of the free parameters (i.e., M/L, Mg
and C) used for modeling.

Table C.1. Best-fit parameters for a Sérsic and exponential model

Parameter Value
. My pc) 1090 + 120
%o (Mg pc‘z) 481 + 13
re (pc) 543 + 24
rs (pc) 4570 = 60
n 0.39 +0.08

where n is the Sérsic index (Ciotti & Bertin 1999). We per-
formed the fit in the logarithmic domain. In this approach, both
the observed stellar surface density data and the model given by
Eq. C.1 were transformed using the logarithm (i.e., we fit log(X,)
versus 10g(Zmodel))- This procedure is advantageous when deal-
ing with data spanning several orders of magnitude, as it empha-
sizes relative differences across the dynamic range. We per-
formed the fit using the 1mfit package in Python. The best-
fit parameters obtained from the fit, along with their associated
uncertainties, are summarized in Table C.1. In Fig. C.1, we show
the fit to the observed surface density profile.
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Fig. C.1. 1D fit to the log of stellar surface density profile. The solid
black line represents the stellar surface density profile (as obtained by
MGE fit), and the dashed red line represents the combined fit of a Sérsic
bulge and an exponential disk component.
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