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Abstract

We present a performance test of the point-spread function (PSF) deconvolution algorithm applied to astronomical
integral field unit (IFU) spectroscopy data for restoration of galaxy kinematics. We deconvolve the IFU data by
applying the Lucy—Richardson algorithm to the 2D image slice at each wavelength. We demonstrate that the
algorithm can effectively recover the true stellar kinematics of the galaxy, by using mock IFU data with a diverse
combination of surface brightness profile, signal-to-noise ratio, line-of-sight geometry, and line-of-sight velocity
distribution (LOSVD). In addition, we show that the proxy of the spin parameter \g, can be accurately measured
from the deconvolved IFU data. We apply the deconvolution algorithm to the actual SDSS-IV MaNGA IFU survey
data. The 2D LOSVD, geometry, and Ag, measured from the deconvolved MaNGA IFU data exhibit noticeable
differences compared to the ones measured from the original IFU data. The method can be applied to any other
regular-grid IFU data to extract the PSF-deconvolved spatial information.

Unified Astronomy Thesaurus concepts: Galaxy kinematics (602); Galaxy rotation (618); Deconvolution (1910);

Astronomy data analysis (1858); Spectroscopy (1558)

1. Introduction

Integral field spectroscopy (IFS), or 3D spectroscopy, is an
observational technique used to collect the 2D spatial
information on the spectral properties of the target object.
IFS observation can be performed by using a single or multiple
integral field unit(s) (IFU(s)), a module that captures one
contiguous region on the sky. Starting from SAURON IFU
(Bacon et al. 2001), many IFS instruments (GMOS, Allington-
Smith et al. 2002; VIMOS, Le Fevre et al. 2005; IMACS,
Dressler et al. 2011; PMAS/PPAK, Kelz et al. 2006; KMOS,
Sharples et al. 2013; MUSE, Bacon et al. 2010) have been
developed in the optical and near-infrared. Nowadays there are
thousands of publicly available IFU data from a number of IFU
surveys such as ATLAS?P (Emsellem et al. 2011), DiskMass
(Bershady et al. 2010), CALIFA (Sanchez et al. 2016), SAMI
(Scott et al. 2018), and MaNGA (Bundy et al. 2015). However,
all of the IFU data from the aforementioned ground-based
surveys have a common limitation (unless corrected by
adaptive optics): spatial information degradation corresponding
to the point-spread function (PSF). The PSF is a combination of
the atmospheric seeing, the aberration from the telescope and
instrument optics, and the sampling size/scheme. Notably, the
effect becomes more severe for the data obtained by a bare
fiber-based IFU, because of the physical gap between sampling
elements, which enlarges effective PSF size. Due to the effects
of PSF, all derived, measured, or fitted quantities from the IFU
data are smoothed and become spatially correlated. To extract
the spatially resolved information as much as possible from the
IFU data, one must minimize the effects of the PSF. A way to
correct the PSF effects is forward modeling, such as a flux-
weighted PSF convolution to the 2D model quantities
(Cappellari 2008; Bouché et al. 2015). However, this is only
an approximation that does not fully reflect the PSF effects.

Historically, there were numerous attempts that tried to
mitigate the effects of the PSF on 2D images in the field of

signal /image processing in particular (see the summaries by
Bongard et al. 2011; Villeneuve & Carfantan 2014, and
references therein). However, those techniques are not directly
applicable to the astronomical data since they are optimized to
three-channel color images or images with different character-
istics compared to astronomical images. There were studies in
the field of astronomy that adopted deconvolution, such as
optimal spectrum extraction from the CCD image (Courbin
et al. 2000; Lucy & Walsh 2003), or reduction of the Spitzer
slit spectroscopy data (Rodet et al. 2008). More recently,
several techniques (Bourguignon et al. 2011; Bongard et al.
2011; Soulez et al. 2011; Villeneuve & Carfantan 2014) were
proposed to restore the 3D correlated IFU data in both spatial
and spectral direction in the context of MUSE (Henault et al.
2003). Bongard et al. (2011) utilized prior knowledge on the
correlation between spatial and spectral direction to deconvolve
the IFU data by using a regularized x> method. This technique
requires two hyperparameters for the deconvolution; however,
the parameters are determined not by quantitative criteria but
by visual inspection of the results from various sets of
parameters through trial and error. Villeneuve & Carfantan
(2014) proposed to use the nonlinear deconvolution technique
on the IFU data with Markov Chain Monte Carlo in a Bayesian
framework, to recover the flux, the relative velocity, and the
velocity dispersion distribution of the target. The technique was
demonstrated on simulated IFU data from mock observation of
objects with two separated emission lines.

In this work, we explore a general method to mitigate the
effects of the PSF that can be applied to any kind of IFU data.
In particular, we study the performance of the PSF deconvolu-
tion method applied to extended sources (galaxies) to restore
their true kinematics. This work was motivated by the study of
stellar kinematics of SDSS-IV MaNGA survey galaxies. We
use the Lucy—Richardson (LR) algorithm (Richardson 1972;
Lucy 1974), which is one of the simplest deconvolution
techniques and requires a minimum number of parameters. We
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validate the algorithm using mock IFU data and show that the
kinematics of galaxies can be well restored through our
deconvolution procedure. In addition, we apply the deconvolu-
tion method to measure the spin parameter Ag, (Emsellem et al.
2007), which is a widely used proxy of the galaxy angular
momentum.

The structure of this paper is as follows. In Section 2, we
introduce the LR deconvolution algorithm and its implementa-
tion to the IFU data. We demonstrate the validity of the
deconvolution technique using the mock IFU data in Section 3.
In Section 4 we illustrate the example of deconvolution to the
MaNGA IFU data. Finally, we show how the deconvolution
can be used to improve the measurement of spin parameter Ag,
in Section 5, and we present a summary in Section 6.

2. PSF Deconvolution of IFS Data
2.1. Lucy—Richardson Deconvolution Algorithm

The LR deconvolution algorithm is an iterative procedure to
recover an image that is blurred (convolved) by a PSF. The
algorithm is introduced here in a simple form,

W = (un;p @p), )

where u” is the nth estimate of the 2D maximum likelihood
solution (uo =d), d is the original PSF-convolved image, p is
the 2D PSF, and ® denotes 2D convolution. If d follows the
Poisson statistics and u" converges as iteration proceeds, u”
becomes the maximum likelihood solution (Shepp &
Vardi 1982). The LR deconvolution method has several
advantages: (1) it is straightforward to implement, (2) it
requires only a few parameters to perform, and (3) it can
perform fast on an average computing machine (takes less than
4 minutes on a 2.67 GHz single-core CPU when applied to a
72 x 72 x 4563 cube (x X y x wavelength)). If the shape of the
PSF is known as Gaussian, then only two parameters are
required for the procedure: (1) FWHM of Gaussian and (2) a
number of iterations. The algorithm produces a nonnegative
solution since it assumes Poisson statistics. However, there are
well-known drawbacks of the algorithm, which are (1) the
noise amplification and (2) the ringing artifact structure around
the sharp feature, which both happen as the number of iteration
(Nier) increases (Magain et al. 1998). Therefore, the relation
between the number of iteration and the quality of the
deconvolved data should be investigated before using the
deconvolved data for further scientific analysis.

2.2. Implementation to the IFU Data

We develop a Python3 code to apply the LR deconvolu-
tion algorithm to optical IFU data. We consider IFU data as a
combination of 2D images at multiple wavelength bins, and we
perform the deconvolution method on the 2D image slice at
each wavelength bin independently. In other words, we apply
the deconvolution method only in the spatial directions, not in
the spectral direction. The core part of the procedure is written
to follow Equation (1). We implement fast Fourier transform
(FFT; Cooley & Tukey 1965; Press et al. 2007) to increase the
speed of the procedure. The algorithm requires a 2D image of
the PSF that has identical size to the input 2D image slice. Here
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we use a 2D Gaussian function image as a PSF, but it can be
any other shape in practice.

To cope with the wavelength dependency of the FWHMpgr
size, we assume the size of FWHMpgr as a linear function of
wavelength and deconvolve a 2D image slice at each
wavelength bin with corresponding FWHMpgr size. We apply
a zero I\?adding on the 2D slice image to increase its size to
2V x 2V before deconvolution to maximize the execution speed
of FFT. After the zero padding, the zero-padded pixels, bad
pixels, and all nonpositive pixels are marked. The marked
pixels are replaced by proper nonzero values to avoid having an
oscillation feature around the masked pixels or having invalid
pixel values after the deconvolution. These marked pixels are
substituted by an iterative value-correction process, which
alters the marked pixels to the average of the nearest positive
pixel values. The value-correction process is applied multiple
times until the boundary of the data is extended by three times
the FWHMpgg. This process significantly reduces the artificial
effect owing to the sharp edge in the result of the
deconvolution. Finally, the LR deconvolution algorithm is
performed on the value-corrected 2" x 2V size image. The
values that were replaced by the value-correction process are
masked to zero after the deconvolution, and the padded region
is cut out. We present the deconvolution code in Python3 for
public use available on GitHub* under an MIT License, and
version 1.0 is archived in Zenodo (Chung 2021).

3. Deconvolution Method Parameter Determination and
Performance Test

In this section, we verify the reliability of the deconvolution
method and also determine the proper value of the deconvolu-
tion parameter, which is the number of iteration. We also check
the acceptable range of the other deconvolution parameter,
FWHMpsg, when the value is different from the correct
FWHMpsr value that is originally imprinted to the PSF-
convolved IFU data. We use three sets of mock IFU data: the
first one where no PSF is convolved, the second one where a
PSF is convolved to the first one, and the third one where the
PSF is deconvolved from the second one by our deconvolution
method. The first set of mock IFU data is generated by using a
model galaxy with various photometric and kinematic para-
meters. We use differences between the true galaxy model
parameter values and the corresponding parameter values that
are extracted from the PSF-deconvolved mock IFU data as
metrics of the deconvolution performance. Using those metrics,
we quantify the effect of the deconvolution and determine the
proper deconvolution procedure parameter values (N, and
FWHMpsE).

3.1. Mock Galaxy Model

We define a mock galaxy model that resembles an actual
rotating galaxy. Our mock galaxy is composed of simple
photometric and kinematic models, which are flux distribution
with the Sérsic profile and kinematic distribution with the thin-
disk approximated galaxy rotation curve (RC) function and a
simple radial velocity dispersion function.

We use a model of a galaxy with infinitely thin disk shape
and ordered rotation. There are several functional forms to

4 http://github.com/astrohchung /deconv. An example code to deconvolve
MaNGA IFU data and compare the 2D kinematics measured from the original
and the deconvolved MaNGA data is provided (partially reconstruct Figure 9).
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Figure 1. Example of an RC model. Each line shows a different shape at the

outskirts described by the 1/R; value (when Vgror = 100 km s and Ry = 27).
The vertical dotted line indicates R;.

describe the typical shape of the disk galaxies: an arctangent
(Puech et al. 2008), a hyperbolic tangent (Andersen &
Bershady 2013), and an inverted exponential (Feng &
Gallo 2011). All these models have an RC converging to a
constant velocity at their outer radii, namely, the well-known
flat RC. Although it is nontrivial to describe the complex shape
of the real RC in a simple form, we try to improve the current
model while maintaining its simple form. We propose the
following RC model, which is a combination of the hyperbolic
tangent function and a linear term:

V(r) = Veor [tanh (é) + R% , )

where Vror is @ maximum circular velocity if 1/R, =0, R is a
characteristic radius where the curve slope changes, and 1 /R, is
the slope of the curve at its outer radii. Figure 1 shows a few
examples of this model with different signs of 1/R,. The
advantage of this model is that it can describe the inclined /flat
RC at the outer radii, as well as the rigid-body rotation motion
at near the center of galaxy, which are typically observed in the
RC of real galaxies. We would like to point out that there is a
degeneracy between R; and 1/R; in terms of the shape of the
curve. For example, the shape of the RC model with certain
Ry =a and 1/R,=b is identical to the other RC model with
Ry =ca and 1/R,=b/c. Therefore, to compare the shape of
different sets of our RC model parameters, a normalized RC
outer radius, R;/R,, should be used.

We use a line-of-sight (LOS) velocity dispersion function as
follows:

o =—20__ 3)
o'r / R1 + 1

where o is a velocity dispersion at the center, r is a circular
radial distance from the center of a galaxy, and R; is a
characteristic scale that is set to be identical to the one in the
RC model. The slope of o, is mainly described by the R}, but o’
is introduced to provide an additional freedom to the slope
(Section 5.1). The o, form is taken from Graham et al. (2018)
with slight modification, and it also well describes the actual
velocity dispersion distribution of galaxies (see Section 4.3).
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Table 1
Mock IFU Data Parameters (Group 1 and 2)

Parameter Value
IFU FOV (arcsec) 32
IFU radial coverage in R, 2.5
S/Nat 1R, 10, 20, 30
Sérsic index 1,4
Inclination (deg) 40, 55, 70
Position angle (deg) 15
Vror (kms™h) 200

3, —0.05

3, 0.00
R, (arcsec), 1/R, (1/arcsec) 3, 0.05

2, 0.05

4, 0.05
oo (kms™h 150
o’ 1

FWHM coefficient ¢ (arcsec) 2.6 (Group 1)
2.3, 2.6, 2.9 (Group 2)
FWHM coefficient ¢; ( x 1075 arcsec A~ —-1.2

Redshift 0.02

Note. S/N at 1 R, is defined as the median S/N of a spaxel around 1 R, per
spectral element.

3.2. Mock IFU Data

We generate three groups of mock IFS data using the
aforementioned photometric and kinematic galaxy model. Each
group of mock IFU data is determined by multiple sets of
model parameters, and each mock IFU datum is generated to
follow the 2D velocity, velocity dispersion, and flux distribu-
tion determined by a set of model parameters. The details of the
mock IFU generation process are described in Appendix A.
Here, we only describe the composition of each mock IFU data
group.

The purpose of Group 1 is to investigate the performance of
the deconvolution with respect to the number of deconvolution
iterations. We determine sets of model parameters as in Table 1
to elaborate the diverse properties of galaxies. We use the
realistic model parameters that could represent the photometric
and kinematic distributions of actual galaxies such as the target
galaxies of the SDSS-IV MaNGA IFU survey. The S/N at one
half-light radius (1 R.) is defined similarly to the MaNGA data,
where S/N = 14-35 per spatial element per spectral resolution
element in r band at 1 R, (Bundy et al. 2015). We also choose
the shape and size of the mock IFU field of view (FOV) to be
the same as the MaNGA IFU data, which have a hexagonal
shape with the FOV size of 12" to 32" in vertex to vertex, with
the size of the spatial element as 0”5 x 0”5. The combination
of each parameter, S/N at 1 R., Sérsic index (nsgsic)s
inclination angle, Ry, and 1/R,, yields 90 sets of mock galaxies
(3 x2x3x5=090; see Section 3.1 for the definition). For
each set of galaxy parameters we construct three types of mock
IFU data. Type 1 (Free) are ideal IFU data without any PSF
convolution or noise (i.e., free from atmospheric seeing effects
and optical aberrations). Type 2 (Conv) are realistic IFU data
where Gaussian PSF is convolved and the Gaussian noise is
added. Type 3 (Deconv) are PSF-deconvolved IFU data that are
obtained by performing the deconvolution method to the Type
2 IFU data. We generate 25 Conv IFU data from each Free
mock IFU datum by adding Gaussian random noise with 25
different random seeds. By using the distribution of the
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parameters measured from mock IFU data with different
random noise, we obtain the statistical distribution of each
extracted galaxy model parameter. Also, we assume the
wavelength-dependent FWHMpgg, which corresponds to the
FWHMpsEg \ = co + ¢1 X A, where ¢ and ¢ are as in Table 1.
This wavelength-dependent PSF represents the wavelength
dependency of the PSF in the real data (Section 4.1). Lastly, 50
Deconv IFU data are produced per each Conv IFU datum with
Nier =1 to 50. In total, 90 Free, 2250 Conv, and 112,500
Deconv mock IFU data are produced as Group 1.

Group 2 is designed to investigate the impact of the two types
of FWHMpgr value on the performance of the deconvolution
method: (1) the FWHMc,,, value, which was convolved to the
PSF-Free IFU mock data, and (2) the FWHMpecony Value, which
is used for the deconvolution procedure. This is to verify the
effect of deconvolution in practical situations where (1) each IFU
datum is observed with various atmospheric seeing sizes and (2)
the FWHMpe.ony 1is different from the actual effective
FWHMcg,,. These effects are identified to ensure that the
deconvolution provides more accurate kinematics compared to
the one from the nondeconvolved data even with a little
inaccurate FWHMpecony. We again construct three types of
mock IFU data using the parameters given in Table 1. Group 2
—Type 1 data are identical to the Group 1—Type 1 data. For
each of the Group 2—Type 1 Free IFU data, we produce 75
Conv IFU data by using three different ¢, values and the 25
different random noise seeds per each ¢ value. Thirteen Deconv
IFU data are produced per each Conv IFU datum with 13
different FWHMpecony Values, which ranges within +0”3 from
the ¢ value with a 0705 interval. We have chosen the 4073
range considering the FWHMpgr distribution of actual IFU
survey data (2722”7 in g band; Section 4.1). It is known that
such FWHMpgr could vary up to 10% over the FOV of a single
IFU (Law et al. 2016). This means that an average FWHMpgg
difference over a single IFU FOV will be less than 0”3. Thus,
the £0”3 range is an extreme case where the entire FWHMpgg
used for the deconvolution is ~10% larger or smaller compared
to the actual FWHMpgg. Ny, is fixed as 20 times. In total, 90
Free, 6750 Conv, and 87,750 Deconv mock IFU data are
produced as Group 2.

Lastly, we produce Group 3 data using a range of mock
galaxy model parameters as in Table 2. This is to verify the
performance of deconvolution in a more diverse combination
of galaxy photometric and kinematic distributions. A total of
40,000 sets of galaxy model parameters are determined
randomly in the Monte Carlo way, and 1 Free, 1 Conv, and
1 Deconv mock IFU data are generated for each set. In total,
40,000 Free, 40,000 Conv, and 40,000 Deconv IFU data are
produced as Group 3.

3.3. Kinematics Measurement and Rotation Curve Model
Fitting

We measure the LOS kinematics from the mock IFU data
produced in Section 3.2 and fit the RC model on the measured
2D kinematic distribution to extract the RC model parameter
values. We use an IDL version of the penalized-pixel fitting
(pPXF; Cappellari & Emsellem 2004; Cappellari 2017) proce-
dure to extract the LOS velocity distribution (LOSVD) from the
mock IFU data. To minimize the pPXF computation time, we
use model spectral energy distributions (SEDs) identical to the
ones that we used for the mock generation (see Appendix A) and
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Table 2

Mock IFU Data Parameters (Group 3)
Parameter Value
IFU FOV (arcsec) 12, 17, 22, 27, 32
IFU radial coverage in R, 1.5,2.5
S/Nat 1R, 10-30
Sérsic index 1,4
Inclination (deg) 10-80
Position angle (deg) 15
Vror (kms™h) 50-300
R, (arcsec) 14
1/R, (1/arcsec) —0.1-0.1
oo (kms™) 50-300
o’ 1
FWHM coefficient ¢, (arcsec) 2.3-29
FWHM coefficient ¢; (x 107> arcsec 10\’1) —3.6-1.2
Redshift 0.02

Note. S/N at 1 R, is defined as the median S/N of a spaxel around 1 R, per
spectral element. When values of a parameter are listed with commas, one of
the values is randomly selected. When values of a parameter are given in a
range, the value is selected randomly within the range.

fit only the velocity and the velocity dispersion without any
additive or multiplicative Legendre polynomials or high-order
kinematic moments. Following the recipe from Cappellari
(2017), (1) we match the spectral resolution of the model SED
to that of the mock IFU data, and (2) we de-redshift the mock
IFU spectra to the rest frame before extracting the LOSVD. We
also masked the wavelength around the known emission lines,
although there is no emission line in the mock IFU spectra.
Considering the wavelength coverage of the mock IFU data
(3540 to 7410A; see Appendix A), we limit the fitting
wavelength range as from 3700 to 7400 A for the LOSVD
measurement.

We fit our RC model (Equation (2)) to the extracted 2D
velocity map of mock galaxies to quantify the shape of the RC.
From the fitting, we obtain the RC model parameters (Vror, R;,
1/R,) and the kinematic geometrical parameters (center x,
center y, position angle, and inclination angle). The fitting
procedure uses the minimum x? method that finds a set of
parameters that is minimizing the x> between the true 2D
velocity map and the measured 2D velocity map. The following
equation describes the 2D model velocity map,

Vobs (', @) = Veys + V(r)sin i cos(¢ — ¢y, “4)

where r’ is the distance from the kinematic center of the galaxy
to each pixel on the sky, r is galaxy-centric radius in the
deprojected plane, Vgys is a systematic LOS velocity of the
kinematic center, and i and ¢, are kinematic inclination angle
and the position angle in the observed (projected) plane,
respectively. Including the delta Ax and Ay from the kinematic
center position in the observed plane, eight parameters are fitted
simultaneously (Vsys, Vror» Ri» 1/Ra, i, ¢9, AXeen, and
Ay cent)-

The minimum > method is sensitive to the initial values
when there are multiple fitting parameters, in particular for the
geometrical parameters (i, ¢g, AXcene and Ayeen,)- To fit the 2D
RC model with suitable initial parameter values, we first fit the
2D Sérsic model to the reconstructed g-band image of the mock
IFUs before fitting the RC model. The geometrical parameters
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Figure 2. Plots demonstrating the effects of the PSF convolution and deconvolution on the 2D maps of S/N, r-band flux, LOS velocity (V), and velocity dispersion
(0). 1D radial profiles of the r-band flux, LOS velocity, and velocity dispersion along the major axis are also shown. The first, second, and third columns represent the
2D or 1D distribution of the measured quantities from PSF-Free (Free), PSF-Convolved (Conv), and PSF-Deconvolved (Deconv) mock IFU data, respectively. The
mock IFU data are selected from Group 3 Monte Carlo mock IFU samples (see text). The fourth (fifth) column shows the difference between the quantities from the
Conv (Deconv) and the Free mock IFU data. The size of the major tick in the 2D maps is 10”. A dashed (dotted) ellipse is overplotted in the top left panel to represent
the size of 1R, (2R,). FWHM of the convolved PSF is shown as a blue hatched circle in the Flux—Conv panel. The black open star on the V-Free panel is the location
of the example spectrum in Figure 3. Spaxels with S/N < 3 are paled out in the 2D maps except for the S/N map. Only data points within 5 ° of major axis are
shown in the radial profiles for clarity. Blue paled-out lines are underplotted on the Vo profiles (Free, Conv, Deconv) and the opgjor profile (Free only) to represent
the fitted RC (and o) model functions. Blue vertical dashed lines in the Vi,jor profiles denote R; of the corresponding fitted RC model function.

obtained from the 2D Sérsic model are used as the initial value
of the 2D RC model fitting.
There are two caveats in fitting our RC model:

1. The velocity map should cover sufficiently large radial
range along the major axis compared to the R;; otherwise,

the 1/R, parameter cannot be accurately determined. In
particular, it is important to have sufficient radial
coverage along the major axis. The radial coverage along
the minor axis contributes significantly less than the
coverage along the major axis to the RC model fitting,
because of the cos(¢ — ¢,) term in Equation (4).



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 257:66 (35pp), 2021 December

1.01

0.94

0.81

0.7

Flux (norm.)

0.6

0.54

PSF-Free (+10) |
0.4+ —— PSF-Convolved
- PSF-Deconvolved

3880 3900 3920 3940 3960 3980 4000
Wavelength (4)
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location of this spaxel is marked as a black open star in Figure 2. The median
S/N of this spaxel is 36. Each spectrum is normalized by the median of each to
show only the difference between spectra in their shape. The thickness of the
spectrum from Free (gray) represents +1o error at each wavelength bin.

2. The 2D RC model is less sensitive to the galaxies with
too low or too high inclination angle. Due to the sin i
term in the Equation (4), the Vgor term is often
inaccurately measured at low inclination angle (close to
face-on). At high inclination angle, the fitting result is not
reliable because of the relatively small number of data
points along the major axis and the significant PSF
convolution effects that scramble the information
between the measured quantities on and out of the major
axis, even in the PSF-deconvolved mock IFU data.

In Appendix B, we analyze the RC model fitting result of the
Group 3 mock IFU data and derive analytic criteria to ensure
the accuracy of the RC model fitting result. We find that when
the result satisfies Rmax, s/N>3 major/R1 > 2.5 and the fitted
inclination angle falls on 75° >i > 25°, the fitting results are
considered reliable. In addition, we find that the model
parameter values measured from the mock IFU data with
FOV equal to 12" are not well recovered because of an
insufficient number of valid data points (S/N > 3) in such a
narrow FOV with a given spatial element size (0”5 by 0”5). In
further analysis, we only consider the fitting results to be those
that are satisfying the above criteria (R 31 /x5 / Ry > 2.5 and
75° >1i>25°).

3.4. Results and Discussion

In this subsection, we present the performance of our
deconvolution method by using the mock IFU data. We show
the relation between the restored kinematics and the deconvo-
lution parameters (Njer, FWHMpecony) and discuss the
adequate choice of the deconvolution parameters. Lastly, we
demonstrate the feasibility of applying our deconvolution
method to more generalized cases, by showing the test result of
the deconvolution method for mock IFU data with various
combinations of the galaxy surface brightness distribution,

Chung, Park, & Park

galaxy inner and outer kinematics, its geometry, radial
coverage and S/N of data, geometry, and size of the convolved
PSF.

3.4.1. Effects of PSF Convolution and Deconvolution

Figure 2 shows the effects of PSF convolution and
deconvolution by using test results from one of the Group 3
(Monte Carlo) mock IFU data (nsesic = 1, S/Nig, = 25,
i=48° Vgor=212kms ', R, =37, 1/R,=0.02 (1/arc-
sec), 0 =T74kms "', FWHMpgr = 2”88, FOV = 32"). Panels
on the leftmost column show the 2D or 1D quantities measured
or extracted from the Free IFU data. The quantities match very
well with the model 2D photometric and kinematic distribu-
tions that we put in, meaning that the mock IFU data are
constructed accurately in accordance with the model para-
meters. The second-to-left column presents distributions from
Conv IFU data, and the second-to-right column displays the
difference between the leftmost and the second-to-left column.

As expected, the panels clearly exhibit noticeable changes in
all three quantities (flux, velocity, and the velocity dispersion)
caused by the PSF convolution. The differences in FluXp,jor
and Vp,jor 1D profiles (the second-to-right column) also show
evident deviation between the Conv and the Free. In particular,
the characteristic radius of the RC (R represents the size of the
inner linear part) is increased by the PSF convolution. The
overall velocity dispersion around the center is also increased,
but at the very center the dispersion is decreased. This is caused
by the combination of the PSF convolution effects on the LOS
velocity and the velocity dispersion distribution. The con-
volved PSF increases the velocity dispersion, in particular
along the minor axis because of the the opposite direction of
LOS velocity around the minor axis. On the other hand, the
convolved PSF smooths the velocity dispersion distribution so
that it decreases the velocity dispersion at the center but
increases the dispersion around the center because the center
has both the brightest point and the highest velocity dispersion.

The central column presents the distributions from Deconv
IFU data, and the rightmost column shows the difference
between the Deconv and the Free. It is clear that the difference
between the Deconv and the Free is significantly less than the
same between the Conv and the Free. Compared to the Conv
column, the apparent b/a ratio is decreased, the flux at the
center is increased, and the R, of the RC is now much closer to
the one from the Free column. The difference in both velocity
and velocity dispersion distribution is also much diminished.
This result clearly exhibits that the flux, the velocity, and the
velocity dispersion distribution from the PSF-deconvolved IFU
data are indeed well recovered toward the true distributions.
However, the distribution near the edge of the galaxy becomes
fuzzier and shows some systematic feature, in particular in the
flux distribution. This is partially due to the low S/N near the
edge of mock IFU data, and partially due to the edge effect of
the deconvolution. We would like to point out that the edge
effect in this example is already significantly reduced by the
iterative value-correction process (see Section 2.2). Without the
iterative value-correction process, the edge effect makes a
distinctive artificial hexagonal shape oscillating pattern on the
entire image. We put additional examples of Group 1 mock
IFU data in Appendix C to show the result with different input
distributions. The examples in Appendix C demonstrate that
the deconvolution method on IFU data is working effectively



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 257:66 (35pp), 2021 December

Chung, Park, & Park

n=1 n=1 n=1 n=4 n=4 n=4
i =40 i =55 i=170 i =40 i =55 i=170
R1=3 R1=3 R1=3 R1=3 R1=3 R1=3
1/R, = 0.05 1/R, = 0.05 1/R, = 0.05 1/R, = 0.05 1/R, = 0.05 1/R, = 0.05
AZOO" IOS/IN@IlRe;lol T 1T T '? S T ]
n o S/N @1R.=20 = i N H
e o S/N @1R.=30 - H )
5 :
5
o
>
<

A(R1/R3)

Ai(°)
0 @ g,

Yo,
2]

Niter Niter Niter

0 1020304050 0 1020304050 0 1020304050 0 1020304050 0 1020304050 0 1020304050

Niter N iter N iter

Figure 4. Difference between the true RC model parameters and the fitted model RC parameters from the PSF-deconvolved mock data (Deconv) with respect to the
number of LR deconvolution iterations (N;., = 1-50). Each column shows the results from the mock IFU data with different Sérsic index (ns¢sic) and kinematic
inclination angle (i). In each panel, A of one of the four RC model parameters (AVror, ARy, A(R{/R,), and Ai) with a different number of deconvolution iterations
(Nyier) are plotted as open circles. Color represents the S/N at 1 R, value that is used to generate the corresponding PSF-free mock IFU data (Free) of each open circle.
Black dashed lines are plotted at the difference of 0 as a guidance. The arrow points out the value of the fitted parameters from the PSF-convolved mock IFU data
(Conv). For clarification, we put only one solid error bar per S/N at 1 R, value in each panel instead of putting error bars on every open circle. The error bar represents
the standard deviation of each A parameter value from 25 different random seeds (there is almost no dependency of the standard deviation of the A parameters with
respect to Nye,). The dotted error bar is the corresponding standard deviation from the difference between the true RC model parameter value and the fitted model RC

parameter value of the PSF-convolved (Conv) mock IFU data.

well and the method restores the distributions of photometric
and kinematic quantities close to the true distributions.

We visualize the effect of the deconvolution method in the
wavelength dimension in Figure 3. Figure 3 shows an example
of spectra at the spaxel where AV between the Conv and the
Free is about —20 km s~ '. Because the size of one wavelength
bin of the spectrum corresponds to 69kms~', AV of
—20kms~' (~0.29 pixel) is hardly recognized between the
spectra by eyes, even around the strong absorption lines. It is
also noticed that the Deconv spectrum is slightly noisier than
the Conv spectrum. The mean difference between the Conv and
the Free spectrum at this spaxel is 4.0%, but the corresponding
difference between the Deconv and the Free spectrum is 4.6%.
In fact, the noisier Deconv spectrum is expected by the effect of
the LR deconvolution algorithm (noise amplification).
Although the Deconv spectrum is noisier than the Conv
spectrum, the overall shape of the Conv spectrum has changed
and shifted through the deconvolution process, and the LOS

velocity and the velocity dispersion of the Deconv spectrum are
better recovered to the true value.

3.4.2. Deconvolution Parameters

Figure 4 represents the difference between the fitted and the
true RC model parameter value as Ny, increases from 1 to 50.
The error bar is calculated from the 25 mock IFU data with
different random seeds that we implemented for the noise
realization. Since the deviation from the true value depends on
the galaxy model parameters, we show the result from multiple
model galaxies at each column from the Group 1 mock IFU
data. The figure shows the case of the mock data with
nsesic = 1, 4 and i =40° 55°, 70°. Here we present the
difference in R, /R, rather than 1/R,, because the R /R, value
better describes the overall shape of the RC without degeneracy
(see Section 3.1).

It is evident that the difference between fitted RC model
parameter values measured from the Deconv and the true RC
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Figure 5. Difference between the true RC model parameters and the fitted model RC parameters from the PSF-deconvolved mock data (Deconv) with respect to the
FWHM of the PSF used for the deconvolution (with fixed Nj., = 20). Each column shows the results from the mock IFU data with different Sérsic index (ns¢sic) and
kinematic inclination angle (i). In each panel, A of one of the four RC model parameters (AVgor, AR, A(R;/R»), and Ai) with different PSF FWHM size used for
the deconvolution (FWHMpecony) are plotted as open circles. Color represents the S/N at 1 R, value that is used to generate the corresponding PSF-free mock IFU data
(Free) of each open circle. Again, black dashed lines are plotted at the difference of 0 as a guidance. For clarification, we put only one solid error bar per S/N at the
1 R. value in each panel instead of putting error bars on every open circle. The solid error bar represents the standard deviation of each A parameter value from 25
different random seeds, as in Figure 4 (there is almost no dependency of the standard deviation of the A parameters with respect to FWHMp,ony). Note that the y-axis

scale of in this figure is smaller than that of Figure 4.

model parameter decreases as Ny, increases. Although the
difference does not always converge to zero as Ny, increases, it
is clear that the difference is significantly reduced by the
deconvolution method. Note that the size of the 1o error of the
fitted RC model parameter values from Deconv is smaller than
the A between the parameter values measured from Conv and
the true values. This result clearly exhibits that the kinematic
parameters are reasonably well restored closely to the true
values, even considering the measurement error.

To visualize the effect of Ny.,, we show varying 2D r-band
flux, LOS velocity, and velocity dispersion map as Ny,
changes in Figure D1, using the same mock IFU data as in
Figure 2. Note that the variation is shown for selected N, =0
(Conv; No deconvolution), 1, 2, 3, 10, 20, and 30. Similar to
the trend of difference between the true RC model parameters
and the fitted model RC parameters to Ny, (Figure 4), the
amount of difference between 2D maps from true and
deconvolved IFU data is larger for the small Nje,.

Considering the overall trend of the A parameter values with
respect to Ny, it is not obvious to determine the optimal Nj,
value. Most of the parameters are rapidly converged to the true

values during the first Ny, ~ 5. At Ny, > 5, the slope of the A
parameter is reduced, although the slope is generally stiffer
when nggic = 4 compared to the nggic = 1 case. In general,
the change of the parameter value depending on Nj, is smaller
than the error bar when N, > 10 (see also the figures in
Appendix D.1). For example, when S/N of data is low (S/N at
1 R, < 10), in practice, Ny, > 10 does not improve the A
parameter for the cases in Figure 4. Moreover, in some cases
the A parameter is even increased as Nj., increases (e.g., the
first column of the fourth row and the fourth column of the
fourth row in Figure 4 when S/N at 1 R, = 10). This is because
the measured parameter values are dominated by the intrinsic
error (low S/N) in the data, not by Nie.. On the other hand,
since the error bar is decreasing when the data have high S/N,
higher Ny, may provide more accurate results if S/N is high.
However, as can be seen in Figure 4, the difference between the
parameters measured by Nje, =20 and N, > 20 is consider-
ably smaller than the difference between the parameters
measured by Njer =0 and Ny, = 20. In addition, the trends
of the A parameter with medium S/N (S/N at 1 R, =20) and
high S/N (S/N at 1 R, =30) are nearly overlapped in all N,



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 257:66 (35pp), 2021 December

Nsersic = 1

400

LI B I L2

R (")

N W~ U,

Vir
(km/s)

AVrot
(km/s)

ARy (")

100
50

O N W O N W =

AVpot
(km/s)

o
ARy (")

L1 .
100 200 300 400

Vot (kmy/s) RY“® (")

Chung, Park, & Park

—— PSF-Convolved
—— PSF-Deconvolved

|2
pd

0.0 s 40
Rtlrue/thrue jtrue (<)

Figure 6. The top panel of each column shows a 1:1 relation between the fitted RC model parameter values from Conv IFU data and the true parameter value (red),
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column presents the difference between the fitted RC model parameter values from Conv (Deconv) IFU data and the true value with respect to the true parameter
values. The error bar in the middle and the bottom panel shows the 1o range of the data points within each arbitrary bin size.

versus A parameters, compared to the difference between
trends of the low-S/N (S/N at 1 R, =10 ) and medium-S/N
cases (see also Figures D2-D5). This implies that the trend
with even higher S/N (S/N at 1 R, > 30) will also follow a
similar trend to that for the medium-S/N and high-S/N cases.
In this work, considering the S/N at 1 R, of MaNGA data
(14-35; Bundy et al. 2015), we use Nj, = 20 as the number of
deconvolution iterations. In Appendix D.1, we present
additional similar figures with various mock galaxy model
parameters to support the validity of our deconvolution
method.

Figure 5 presents the difference between the fitted RC model
parameter and the respective true value as a function of the
Gaussian PSF FWHM used for the deconvolution (FWHMpecony)-
FWHMpecony s varied from 2”3 to 279 with 0”05 increments
when the FWHM of the convolved Gaussian PSF (FWHMcyg,,) 18
276. Ny is fixed as 20. Again the error is calculated from the
result with 25 mock IFU data generated with different random
seeds. The figure shows the case of the mock IFU data with
the combination of ngsge = 1, 4 and i =40, 55, 70° with R,
and 1/R, fixed as 3 and 0.05, respectively. Indeed, there
is a dependency of the fitted parameters on the FWHMpecony
value, but variation of the value is not significant when
[FWHMpecony — FWHMcony| <073, considering the error bar.
As the FWHMpecony is varied, the difference between the
parameters from the Deconv (open circles) and the true value
changes, but not always linearly. In all cases, the measured
parameter values from the deconvolved IFU data are clearly
getting closer to the true value, compared to the values without
deconvolution (values measured from Conv mock IFU data).
Considering all four kinds of fitted parameters, the best result is
obtained when FWHMpecony =FWHMcq,y, although the differ-
ence between the fitted and the true model parameters from
the Deconv and the Free are not always minimum at
FWHMpccony = FWHMc,,,,. From this test result, we conclude

that in most cases the deconvolved IFU data produce fairly
consistent results when FWHMpc.ony —FWHMcg,y is less than
0”3 (i.e., when the measurement error of the size of FWHM¢gy, is
less than 0”3). In Appendix D.2, we present supplementary
figures with different FWHMc,,, values (2”3 and 2”9) and
different mock galaxy model parameters.

3.4.3. Results from the Monte Carlo Mock IFU Data

Here we present the result of the deconvolution method
performance verification test with Group 3 Monte Carlo mock
IFU data. This is to validate that the deconvolution method
works well not only with the mock galaxy model with a certain
combination of model parameter values but also with a diverse
combination of the galaxy model parameters. We divide the
results according to nggjc value because the results are highly
correlated with nggc. Figures 6 and 7 show the results with
Nsersic = 1 and nggic = 4, respectively. Note that we only
include the results when the Deconv mock IFU data satisfy the
fitting qualification criteria, which are IFU FOV equal to or
wider than 17", Ryajor, s/N>3/R1 > 2.5, and 75° > i > 25°. The
number of mock IFU data used for Figure 6 is 2354, and for
Figure 7 it is 3820. In Figure 6, all Vgor, R1, Ri/R,, and i
model parameters measured from the Deconv mock IFU data
show good agreement with the true value. On the contrary, the
model parameter values measured from Conv mock IFU data
show considerable deviations from the true value. In Figure 7,
again all parameters measured from the Deconv mock IFU data
show good agreement with the true value. The model parameter
values measured from Conv mock IFU data show larger
discrepancy in the case of ngggic = 4.

Results from the figures show that our deconvolution method
successfully restores the kinematic properties of galaxies. It
also shows that the measured parameter values from the Conv
mock IFU data have a noticeable deviation from the true value,
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Figure 7. Same as Figure 6, but with mock IFU data of nggsic = 4.

especially when nggic = 4. It can be interpreted as the PSF
convolution effect becoming more significant when there is a
steeper relative flux slope between the adjacent spaxels. This
effect is most evident for the R, parameter. R™ — R™ of the
Conv mock IFU data show a median offset of 1”8 in Figure 7.
This large offset also affects 1/R,, where many 1/R, values
from Conv are measured in the condition where they did not
meet the fitting qualification criteria.

4. Application to SDSS-IV MaNGA IFU Data
4.1. MaNGA Point-spread Function

We use IFU data from the third public release of MaNGA
(Bundy et al. 2015), which is a part of Sloan Digital Sky Survey
(SDSS) Data Release (DR) 15 (Aguado et al. 2019). Among the
4824 DR15 MaNGA cube data, we select 4,426 unique galaxies
from the MaNGA main galaxy sample (primary, color-enhanced
primary, and secondary; Wake et al. 2017) by removing repeated
observations, duplicated galaxies with different MaNGA-ID,” and
special targets (IC 342, Coma, and M31). For the repeated
observations and duplicated galaxies, we choose data observed
by a bigger IFU. If both are observed by IFU with the same
size, then we use the data with higher blue channel S/N as
recorded in the FITS header of the data. In the context of
deconvolution, it is important to know the accurate information
about the shape and size of PSF that is convolved to each
MaNGA IFU datum. According to Law et al. (2015, 2016) and
Yan et al. (2016), it is known that (1) the size of the PSF
FWHM ranges between 272 and 2”7 in g band, (2) the shape
of the PSF is well described by a single 2D circular Gaussian
function, (3) the FWHM of the fitted model Gaussian function
agrees with the measured FWHM within 1%-2%, and (4) the
PSF FWHM varies less than 10% across the FOV within a
single MaNGA IFU. MaNGA IFU data provide the

3 https: //www.sdss.org/dr15/manga/manga-caveats,/

10

reconstructed MaNGA PSF image in griz band, as well as
griz PSF FWHM values in its header. The g-band PSF FWHM
distribution of all the SDSS DR15 MaNGA data is shown in
the left panel of Figure 8. To account for the wavelength
dependency of the MaNGA PSF FWHM (Figure 8, middle
panel), we fit a simple linear function (first-order polynomial)
to the PSF FWHM of griz bands to interpolate /extrapolate the
PSF FWHM value at other wavelengths. The average absolute
difference between the reconstructed PSF FWHM values
recorded in the IFU data header and the PSF FWHM values
from the fitted linear function is 07007 with a standard
deviation of 07006, calculated from all the MaNGA IFU data.

Considering the error of the reconstructed PSF FWHM of
MaNGA IFU data (1%—2% or 0.025-0.05 in arcsec; Law et al.
2016), we conclude that the PSF FWHM from the fitted linear
function gives a reasonable PSF FWHM at each wavelength
bin. The distribution of the slope of the fitted linear functions is
shown in the right panel of Figure 8.

4.2. Measurements of Kinematic Parameters

We measure the LOS velocity and the velocity dispersion
from 4425 unique MaNGA galaxies. The measurement
procedure is similar to the procedure that is described in
Section 3.3, but with several differences. Instead of using one
single stellar population model template, we use 156 single
stellar population model SED templates from the MILES stellar
library (Sadnchez-Blazquez et al. 2006; Vazdekis et al. 2010;
Falcén-Barroso et al. 2011) generated by using a unimodal
initial mass function (Vazdekis et al. 1996) and Padova+00
isochrones (Girardi et al. 2000), age from 1 to 17.78 Gyr,
and metallicity (Z) from —2.32 to 0.22 (26 ages x6
metallicities = 156). We use an option to use sixth-order
additive and multiplicative Legendre polynomials during the
fitting to account for the low-order difference and offset
between the MILES model and data. We mask the spectrum
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Figure 9. The results of the PSF deconvolution on three MaNGA galaxies. The number at the top of each SDSS gri image is the PLATE-IFU designation of a given
galaxy. For each galaxy, images in the left column show reconstructed MaNGA gri image, velocity, and velocity dispersion distribution obtained from the original
MaNGA data. Images in the right column are those from the PSF-deconvolved MaNGA data. The hatched blue circle represents the PSF FWHM size of each galaxy.
Spaxels with median S/Nypxr < 3 are paled out in the velocity and velocity dispersion distributions. Each major tick interval corresponds to 10”.

pixels around the known emission lines. Model SED templates
are convolved with a Gaussian function to match the spectrum
resolution of MaNGA data as provided in the SPECRES HDU.

4.3. Results

Figure 9 shows the result of deconvolution applied to three
of the MaNGA galaxies as an example (PLATE-IFU:

7495-12703, 8313-12705, 8137-6103). These galaxies are
chosen based on their shape of the RC and the velocity
dispersion profile. Each reconstructed gri image obtained from

the deconvolved MaNGA (Deconv) data shows a noticeable
difference compared to the reconstructed gri image from the

11

original MaNGA (Ori) data. The MaNGA-Deconv data show
more sharpened substructures. The restored substructures are
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Figure 10. The velocity and velocity dispersion profiles from the original and deconvolved MaNGA data. Only the data points from +10° of the major axis with

median S/Nypxr > 3 are shown for clarity.

not artifacts created by the deconvolution method but are actual
substructures that can be seen in the SDSS gri image that has
higher spatial resolution. The velocity distribution also shows
the apparent change, especially around the center of galaxies
(i.e., the velocity gradient becomes steeper). The velocity
dispersion exhibits some changes as well and shows narrower
dispersion distribution near the center and sharper substruc-
tures. The restored substructures can be understood intuitively
as a result of deconvolution. The difference between MaNGA-
Ori and MaNGA-Deconv data can be seen more prominently in
Figure 10. The figure clearly exhibits the changes in the
velocity and the velocity dispersion distribution along the
galaxy major axis.

5. Measurement of the Spin Parameter

In this section, we investigate the reliability of the Mg
parameter measured from the deconvolved IFU data. A is a
proxy of the spin parameter A. It is calculated from the
luminosity-weighted first and second velocity moments as in
Emsellem et al. (2007),

RV) SV ER|V
(RVVZ+0%)  SY RRNV? + of

where F;, R;, V;, and o, are flux, radius of the concentric ellipse,
LOS velocity, and LOS velocity dispersion at the ith spatial
bin, respectively. Ap is widely used in various applications,
such as kinematic classification of galaxies (Emsellem et al.
2011; Cortese et al. 2016; van de Sande et al. 2017; Graham
et al. 2018), measurement of the angular momentum of merger
remnants (Jesseit et al. 2009), and the studies of the
environmental dependence of galaxy spin (Greene et al.

AR = )
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2018; Lee et al. 2018). There are also studies investigating
the origin of fast and slow rotators (Naab et al. 2014; Penoyre
et al. 2017), and the evolution of galaxy kinematics by using
spin parameter (A\gz or V/o) and simulation data (Choi &
Yi 2017; Lagos et al. 2017; Choi et al. 2018; Martin et al.
2018). In particular, van de Sande et al. (2019) provide
comprehensive analysis on the dynamical parameter measured
from both observation and simulation though using V/c instead
of AR'

Typically Mg is calculated by using the information within
galaxy half-light radius (equivalent to the R;'™°"; Hopkins et al.
2010; Cappellari et al. 2013) and denoted as Ag . It is known
that Ag, is mainly correlated with two parameters: inclination
angle (e, as axis ratio) and FWHM of PSF that is convolved in
data, because distributions of F;, R;, V; and o; are much
affected by those parameters (Cappellari 2016; Graham et al.
2018).

There were several attempts to mitigate the effect of the PSF
on Ag, measurement: (1) by correcting Ag, by 1/v¢é (Emsellem
et al. 2011; D’Eugenio et al. 2013; Cortese et al. 2016;
Greene et al. 2018) or (2) by applying an empirical correction
function such as Graham et al. (2018, hereafter G18) and
Harborne et al. (2020, hereafter H20). The empirical correction
function provides a convenient way to correct the PSF effect to
a certain parameter. Generally these functions are derived
based on galaxies from a model or simulation. Therefore, those
functions have nonnegligible dependence on the galaxy model
or simulation used. In other words, the form or coefficient of
those functions will be different if such a function is generated
using other model/simulated galaxies. Those correction
functions should be used with caution because they can often
undercorrect or overcorrect such a parameter when they are
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applied to the real galaxies. In addition, the equation should be
used within a certain boundary condition such as a range of
Sérsic index.

Here we show that our deconvolution method can also be
used to accurately measure Ag,. In Section 5.1, we measure Ag,
from the Group 3 Monte Carlo mock IFU data (Free, Conv,
Deconv) and compare the Az, measured from each type of the
mock IFU data. From the result, we find that the \g, value
measured from the deconvolved IFU data is close to the true
Ag,- We also check the amount of change induced by G18
and H20 correction functions using our mock data. Note that
we use a different definition of R; in Equation (1) compared
to G18. In G18, R; is defined as the circularized radius, but in
our work we define R; as the semimajor axis radius of an ellipse
that passes through each spaxel (elliptical radii). The definition
in G18 is the same as the original definition of Ag, in Emsellem
et al. (2007), as well as in Greene et al. (2018). The other
definition (semimajor axis) was used in some other studies
(Cortese et al. 2016; van de Sande et al. 2017; Lee et al. 2018).
The difference between the two definitions is the different
weighting of the kinematics around the minor axis. Generally,
for regular rotators, this weighting is not a major contributor to
the Ag, calculation because the LOS velocity around the minor
axis is small owing to the projection effect. H20 provides two
forms of correction function for both definitions of R;. In this
study, we use the H20 correction function with the R; defined as
the semimajor axis radius. H20 also showed that the corrected
Ag, value by both forms of correction function are similar to the
true value when applied to Ak, measured with elliptical radii.
Contrary to the seeing correction of \g, using the empirical
function, measurement of Ag, using the deconvolved IFU data
is completely independent from any galaxy model. In
Section 5.2, we measure Ag, from both MaNGA-Ori and
MaNGA-Deconv and examine the differences. Finally, in
Section 5.3, we test the validity of the Ak, value measured from
the deconvolved IFU data by using the actual MaNGA data as
a proxy of PSF-Free data. We consider MaNGA DRI15 data as
a seeing-free ground truth and generate PSF-convolved and
PSF-deconvolved IFU data from the original MaNGA data. We
present the difference between Ak, values measured from the
original. MaNGA IFU data and PSF-convolved/decon-
volved data.

5.1. Verification Using Mock Data

We calculate A, following Equation (5), by using the
reconstructed r-band flux, the velocity, and the velocity
dispersion distribution measured from the Free, Conv, and
Deconv Monte Carlo mock IFU data (Group 3, 40,000 IFU
data each; see Section 3.2 and Table 2). The area for the Ag,
calculation is defined as the spaxels within an ellipse where the
semimajor axis radius is R.. We also calculate the corrected Ag,

value by applying the correction function in G18 to the /\%’“V
value to compare the result between the corrected value and the
value measured from the deconvolved IFU data. To apply
correction functions of G18 and H20, we use nd2¢., RE™, and
FWHMpsr at the r-band pivot wavelength (6231 A). REree
should be used instead of R;°"". This is because both correction
functions assume that such a seeing-corrected R. value is
available from a high-resolution seeing-free image or obtained
by a fitting method that calculates seeing-corrected R. (e.g.,
multi-Gaussian expansion fitting; Emsellem et al. 1994;
Cappellari 2002).
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First, we check the ratio between the calculated Ak, values
(ACOHV )\Deconv )\GIS Corr. and )\HZO Corr.) and the true >‘RP value

(/\Free) as a functlon of true )\Frfe value. In our mock IFU data,
the angular size of R, is determined by the combination of [FU
FOV and radial coverage in R, (Table 2, Appendix A). Thus,
we divide the result depending on three parameters of mock
IFU data, (1) nsersic (1, 2, 3, 4), (2) IFU FOV (127-32"), and (3)
radial coverage in R, (1.5 R, and 2.5 R.). We plot the relation
between the calculated ratios to the )\Free of each divided result.
Figure El is shown as an example of the result for the mock
IFU data with nggsic = 1 and 4 and IFU FOV = 1.5 R, and 2.5
R.. To illustrate the overall dependence of the ratio on the nggie
and the size of R., we take the median of the ratios and the
median of the standard deviation of the ratios at each bin (per
A)\IFezee =0.1) in each panel of Figure E1. We plot the median
of the ratios and the median of the standard deviation of
the ratios as a function of opsp/RS™, where opsp=
FWHMpgg/2.355. UPSF/Remaj is calculated from each combina-
tion of IFU FOV and the radial coverage. For example, the
rightmost filled circle red data point in the leftmost panel in
Figure 11 (opsp/RM™ = 0.276, AZ™™ /AR =0.82 £0.03) is
derived from the top left panel of Figure El (nggsic = 1, IFU
FOV = 12" (=1.5 R.)) by taking the median and the median of
lo of the binned relation. Note that the actual opsg/Re™ of
each combination of IFU FOV and the radial coverage is not a
constant. This is because FWHMpgr of the Group 3 IFU data is
slightly different for each mock IFU datum as 2”6 +0”3.
Since R, is different for each combination of IFU FOV and the
radial coverage, the difference caused by FWHMpgE is also
different for each combination of IFU FOV and the radial
coverage (e.g., A(opsp/RI™) = £0.04 for IFU FOV = 12"
and radial coverage =2.5 R.). Nevertheless, Figure 11 could
still be used to show the dependence of A%’“" / /\,Féee with

respect to opgg/R."™

Figure 11 shows that )\C"“" deviates significantly from )\Free
and the amount of the deviation becomes larger as nsgic
increases and as opsp/R." 4 jncreases. On the other hand,
/\gf“’“v is strikingly well restored to the correct value (/\Ef’e),

although there is some deviation when UPSF/Remaj is greater
than 0.2. When opsp/R™ is less than 0.2, the fractional
difference between /\gfc"“v and )\Ezee is less than 3%, with less
than 4.6% point standard deviation. We find that the corrected
Ag, by the G18 or H20 correction function is also close to the
correct value compared to the uncorrected Ag,. However, the

fractional difference versus opsg/Rs" shows that different
trends depend on nggge. G18 correction works best when
galaxy nsgsic = 1. On the contrary, H20 correction works best
when galaxy ngsic = 4. This discrepancy is most likely due to
the difference of the galaxy model used between this
study, G18, and H20.

We would like to note that the fractional difference

()\l,?fm“"/)\giee) also shows some dependence on nggyg.. The

fractional difference is decreased (i.e., AR®°™ is under-

corrected) when ngg. value increases. This could be due to
the fact that the deconvolution method is working less
effectively when the original flux distribution has a steeper
gradient (see figures in Appendix C). On the contrary, the result
in Figure 15 shows the opposite trend where the )\Ef“’“v values
measured from high ngsge values are closer to the true Ag,
value. We discuss this discrepancy in Section 5.3.
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Figure 11. Ratio between the true and the measured/corrected spin parameter \g, depending on nggsic and opsp /R™_ The leftmost panel shows the ratio measured
from the Group 3 mock IFU data (Table 2) with ng¢sic = 1. Other panels show the result from mock IFU data with nsgic = 2, 3, 4. Filled circles are estimated from
mock IFU data with radial coverage = 1.5 R,, and the open diamonds are estimated from mock IFU data with IFU radial coverage = 2.5 R,.
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Figure 12. Ratio between the true and the measured/corrected spin parameter Ag, depending on nsgsic and velocity dispersion profile coefficient 0. The leftmost
panel shows the ratios measured from the Group 3-like mock IFU data set (Table 2, all with 32” FOV and radial coverage of 2.5 R, with nsgsic = 1), depending on
velocity dispersion profile coefficient oy = 1, 0.5, 0.25, 0.125, 0.0625. Other panels show the results from mock IFU data with ng¢sic = 2, 3, 4.

In addition, we have checked whether there is an unexpected
dependency of the result due to the realism of the equal variety
of kinematics used for the mock IFU data. Since the
deconvolution method itself is a data processing procedure
that is independent of the realism of the model used for the
verification, the flux or kinematic distribution should be
recovered close to the true distribution regardless of the
realism of the original flux or kinematic distribution. As
expected, there are no noticeable differences between the blue
curve in Figure 11 depending on Vyor or oy values of the mock
galaxy.

We conducted an additional test with a different set of mock
data that have a slightly modified 2D velocity dispersion
distribution profile. The Group 3 mock data set is constructed
with the velocity dispersion profile of only o’ = 1, where the
velocity dispersion drops sharply between the center and r = R,
(Equation (3), Table 2). However, the velocity dispersion
profile of the actual galaxy does not always follow the same
shape. For example, in Figure 10, when we fit Equation (3) to
the velocity dispersion profile, MaNGA data 8313-12705
(PLATE-IFU) are well described by o/ = 1. On the other hand,
the velocity dispersion profile of MaNGA data 7495-12703 is
not well fitted by Equation (3), and for MaNGA data
8137-6103, the best-fit o’ value is around 0.44, which is fairly
different compared to the MaNGA data 8313—-12705 case.
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To further explore the performance of deconvolution to the
AR, calculation on a different velocity dispersion profile, we
construct an additional mock IFU data set similar to Group 3
mock IFU data but with different ¢’ values and additional ngge
values. The additional data set is composed of o/ =1, 0.5, 0.25,
0.125,0.0625 2%, 27,272, 273 2 M and nggrie = 1, 2, 3, 4. A
smaller o’ value means a less steep velocity dispersion profile.
For example, if o/ = 0.1, then 0,_g, /0,—¢ = 0.91, but if 6’ =1,
then 0,_g /0,—0 = 0.5. For each combination of ¢’ and nggic
(5 x 4 =20), 4000 mock IFU data are generated randomly in
the Monte Carlo way just like Group 3 mock IFU data but with
a fixed IFU FOV as 32” and IFU radial coverage as 2.5 R.,
meaning that the ratio between FWHMpgr and R, is relatively
fixed for this data set (opsp/Ro™™ ~ 0.17), compared to the
overall Group 3 mock IFU data. In total, 80,000 Free, 80,000
Conv, and 80,000 Deconv IFU data are produced as this
additional test. This data set is analyzed in the same way as
Group 3 mock IFU data, and Ag, values (/\fiee, /\ﬁff’”, /\gfc"“v,
/\gj 8Corr. )\Ef()c""') from this data set are calculated.

First, we check the relation between the ratios (/\%Z’"V / )\,Fezee,
/\]lgfconv/Agiee’ )\%jSCOH./)\ErEee’ Al;fOCorr./Agzee) and the true )\Re
value ()\Eiee) as in Figure E2. Then, we plot Figure 12 in the
same way as we did for Figure 11. Again, the result shows that
)\%’“V deviates considerably from )\Ezee, and the amount of the
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with a mild
is still well

deviation becomes larger as ngggc increases,
dependence on the o’ value. Moreover, A%j“‘"”

restored to the correct value ()\Free) for all combinations of ¢’

and ngg, With the fractional difference between )\DeCO“V and
the correct value less than 1% and less than 19% point
standard deviation.

On the other hand, AGLSC"“ and )\HZOC"“ show noticeable
dependence on the o’ value for all four Nsersic cases, where the
deviation increases as the ¢’ decreases. The reason for the
deviation of )\GISC"“ )\H2OC°“ could be because of the shape
of the velocny d1spers1on proﬁle covered by the model galaxy
used by G18 or H20, if the model galaxies did not include
velocity dispersion distribution close to flat. In Section 3.4.1,
we discuss the effect of PSF convolution on the velocity
dispersion distribution. When there is a small gradient of the
velocity dispersion profile (i.e., smaller ¢’), the amount of
smoothing effect on the velocity dispersion around the center
will also be smaller, so the velocity dispersion around the
center will be increased relatively less than the case of a steep
velocity dispersion gradient profile. Thus, the amount of
change in the Ag, value caused by PSF convolution will be
smaller if the veloc1ty dlspersion profile has a lower gradient.
The dependence of A RO“V on ¢’ shows the expected trend in
Figure 12, which 1mp11es that the G18 correction function
overcorrects the )\CZ’“V value.

5.2. Application to MaNGA Data

We measure Ag, by using both the original and the PSF-
deconvolved MaNGA data, and we investigate the difference in
the measured Ag, values that is induced by the deconvolution.
We use 2D velocity and the velocity dispersion distribution
(Section 4.2), along with the reconstructed MaNGA r-band
flux data of 4426 MaNGA galaxies that we measured in
Section 4. We use “NSA_ELPETRO_THS50_R,” “NSA_EL-
PETRO_BA,” “NSA_ELPETRO_PHI,” “IFURA/IFUDEC,”
and “OBJRA/OBJDEC” in the FITS header of each galaxy
IFU datum to evaluate the concentric ellipse of each. To ensure
the quality of measured Ag,, we did not include certain spaxels
in the Ag, calculation when a spaxel has (1) median
S/Nppxr < 10 or (2) velocity dispersion <40km's™ !, following
the prescription of Lee et al. (2018). We also did not include
spaxels with spurious kinematics to the Ag, calculat1on where
the absolute value of velocity is greater than 500kms ™" or the
velocity dispersion is less than 50km s~ . When the number
fraction of the excluded spaxels within 1R, becomes larger than
30%, we do not use the Ap from that galaxy for further
analysis. Although we use the same elliptical aperture for the
measurement of both Az manga and Agr, MaNGA Deconv., the
number of spaxels used for each measurement is not always
identical because of S/ Nppxr and velocity dispersion criteria.
We also exclude the galaxies flagged with “CRITICAL” by the
MaNGA Data Reduction Pipeline or Data Analysis Pipeline
(Law et al. 2016; Westfall et al. 2019). These criteria would be
sufficient to observe the impact of deconvolution on g, for the
real data. We note that more strict quality control criteria
should be applied for the further analysis using Ag, (Lee et al.
2018; Graham et al. 2018). The number of galaxies having both
quality-assured Ag, manca and Ag, MaNGA,Deconv. 1S 2268. We
present the relation between the Mg manca and  the
AR, MaNGA,Deconv. 10 the leftmost panels of Figure 13 depending
on nggic of the MaNGA galaxies (NSA_SERSIC_N). Compared
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to the Ag, manga, most of the Ag, MaNGA,Deconv. Values are
moderately increased for both nggye ranges. The median and
standard deviation of A\g, is 0.044 & 0.046, or a median increase
of 8% with 18% point standard deviation for galaxies with
Nsersic < 2. The median and standard deviation of A)g is
0.055 +0.045, or a median increase of 37% with 26% point
standard deviation for galaxies with nggc = 2. Note that the
fractional difference is larger for the galaxies with nggyiec = 2
because the majority of nggic > 2 galaxies have relatively small
Ag, values compared to nggic < 2 galaxies. We also check the
correlation between the two ratios (Ag, MaNGA/AR,.MaNGA,Deconv.
and FWHMpsg/R,), and as expected from the result with mock
IFU data, A g, MaNGA.Deconv./ AR, MaNGA increases as FWHMpsr/R,
increases.

During the validity check of the calculated Ag,, we find tens
of galaxies or more for which their Ag, do not seem measured
correctly. There are several such cases, for example:

1. There are seven galaxies in Figure 13 that have both
AR(),MaNGA and /\Re,MaNGA,Deconv.> 0.8. However, all of
those galaxies’ systematic velocities are highly under-
estimated or overestimated; in other words, galaxy
systematic velocity derived by the NSA redshift is not
matching with the true systematic velocity. After
correcting its systematic velocity, it turns out that their
Ag, value is significantly less than 0.8.

2. There are galaxies with foreground/background objects,
either stars or other galaxies, at or around the IR,
elliptical aperture. Some of them are already masked by
the MaNGA data reduction pipeline, but still there are
tens of IFU data with unmasked interloper. Either masked
or unmasked, the interloping object disrupts the kine-
matics measurement in particular at the border between
the object of interest and the interloper.

3. Contrary to the sample definition of MaNGA galaxies,
there are galaxies where their R, size is comparable to the
IFU FOV. This brings spaxels at the edge of the IFU
FOV to the Ag, calculation. Since the kinematics
measured at near the edge of the deconvolved IFU data
could be different from the correct value, the calculated
Ag, from such a galaxy sample is not reliable.

4. IFU data with small FOV (i.e., 12”) often include only tens
of spaxels in Ag, calculation. This means that even a small
offset at its center position or systematic velocity can lead to
considerable change in the measured Ap, value. These
suggest that more careful data quality assurance is required
to assure the data with a correctly measured \g, value.

We also plot the relation between the Ag, manga and the
corrected Az, (following G18 and H20) in Figure 13. Compared
to AAg, caused by the deconvolution method, the AXg, caused
by G18 correction is higher. Sometimes the corrected value
becomes higher than Ag, = 1, which is nonphysical. As noticed
in Section 5.1, the overcorrection could be due to the different
shape of the velocity dispersion profile of the real galaxy
compared to the profile used to derived the correction function,
or some other unanticipated model-dependent bias. For
example, the data points in Figure 4 of G18 show that the
difference in Ag, caused by the PSF convolution is larger with
model galaxies compared to the real (ATLAS>P) galaxies. This
shows that the G18 correction function could overcorrect the
Ag, values when applied to the real galaxies. Compared to the
AMg, caused by the deconvolution method, the A\g, caused
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Figure 13. Top panels: each panel shows the comparison between the A, measured from the original MaNGA IFU data and the \g, measured from the deconvolved
MaNGA IFU data (left), the A, corrected by following G18 (middle), and the Ag, corrected by following H20 (right), using the MaNGA galaxies with nggic < 2.
Distributions of points are shown as 2D histograms. Bottom panels: same as the top panels, but using the MaNGA galaxies with nggic > 2.

by H20 correction is also higher. The A)g, caused by H20
correction is larger than the AM\g, caused by G18 when
Nsersic < 2, but smaller than the AMg caused by GI8
when nggic > 2.

To better understand this ng. dependence, we plot
AR, MaNGA /A?j;zg;fGA versus opsg/R™ in Figure 14, which
is another representation of Figure 13. In Figure 14, the
difference between the data points and the red dashed line
(AR, MaNGA /AE;;‘;;&GA = 1) indicates the amount of \g, differ-
ence caused by the deconvolution. When nggge = 1, the
AR, MaNGA /ABZ%?I‘;&GA distribution is similar to the green line,
which is G18 correction. In other words, the amount of
correction made by G18 correction is similar to the amount of
Ag, change made by the deconvolution method. Black lines in
the nggsic = 1 panel of Figure 14 are located below the green
line, meaning that if H20 correction is applied to Ag, ManGa,
then the corrected value will be higher than the value corrected
by G18. The inverse of the H20 correction function for the Ag,
value calculated by using circularized radii is also shown as
blue lines. The amount of correction by H20 correction using

the definition of circularized radii (blue dashed line) is similar
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to G18 correction (green line) when the ellipticity is unity.
When the ellipticity is zero, G18 corrections with definitions of
both elliptical and circularized radii (black and blue solid lines)
are identical to each other. This is because elliptical radii are
the same as circularized radii when the ellipticity is zero.

On the contrary, when nggic = 4, the black lines are closer
to the Ag, manGa /AR saNa distribution, whereas the green line
is located below the black lines. This result aligns with the
result in Figure 11, where the Ag, corrected by G18 correction
is similar to the A\g, measured from deconvolved mock IFU
data when nggc = 1 and the A, corrected by H20 correction is
closer to the A\g, measured from deconvolved mock IFU data
when nggic = 4. In other words, the difference in Ag, caused
by deconvolution in the mock IFU data and the MaNGA data
shows similar trends, depending on ngg;. and opsg /R,"". This
result indicates that the G18 or H20 correction function should
be used with caution, because G18 correction could overcorrect
the A\g, when nggic > 3 and H20 correction could overcorrect
the Ag, when ngggic < 3. The amount of correction by H20
correction using the definition of circularized radii (blue dashed
line) is the closest to the Ag, ManGa /AB:;‘;’;IGGA when the
ellipticity is unity, but the amount of correction is still slightly



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 257:66 (35pp), 2021 December

0.5 = nggrsic < 1.5 1.5 < nggrsic < 2.5

2.5 = nggreic < 3.5

Chung, Park, & Park

3.5 = Nggrsic < 4.5

=
N

=

Deconv.
AR., MaNGA/ARS WaNiGA
o o
()] o)

©
o

15

01 02 03 04
Opse/Rg™

—— H20 Corr. (¢ =0.01)

1 1 0 1
0.1 0.2 03 04
Opse/Rg™

—— G18 Corr.

=== H20 Corr. (e=1)

0.1 02 03 04

01 02 03 04
Opse/Rg™

——- H20 Corr. (=1, RF")

Opse/Rg™®

—— H20 Corr. (e =0.01, RF")

Figure 14. The ratios between the Ag, measured from the original MaNGA data and the \g, measured from PSF-deconvolved MaNGA data, depending on opsg / R,

Each panel shows the 2D histogram of ARB,M&NGA/)\E?&‘;}QGA vs. opgp/RM,

when 0.5 < nggsic < 1.5, 1.5 < ngersic < 2.5, 2.5 < nggsic < 3.5, and

3.5 < nsersic < 4.5, respectively. In each panel, the overlapped lines show the inverse of G18 and H20 correction functions when nsgsic= 1, 2, 3, and 4. The

18 Corr.

inverses of correction functions are equal to Ag, MaNGA / )\geVMaNG A (green solid line) or Ag, ManGa/

a2 eRGa (black lines for Mg, with elliptical radii, blue lines for Ag,

with circularized radii). For each inverse H20 function, two inverse functions are shown, one when ¢ = 0.01 (black solid line) and the other when ¢ = 1 (black

dashed line).

larger than the difference between Mg, manga and AB;%‘;‘;{V-GA.

The amount of correction by G18 correction (green line) and
the H20 correction using the definition of circularized radii
(blue lines) are expected to show similar results because both
use the same definition of circularized radii. However, they
show noticeable difference when nggge ~ 1 Or nggic ~ 4.
Again, this could be due to the model dependency behind the
empirically derived Ag, correction functions.

Note that the model galaxies used for G18 were generated
using the Jeans anisotropic modeling method (Cappellari 2008),
whereas the H20 correction was made based on N-body galaxy
models. Both G18 and H20 corrections are empirical correction
functions based on model/simulation. Therefore, any differ-
ence between the model galaxy and the real galaxy could cause
a bias to the parameter values corrected by those functions
when such functions are applied to real data. Figures 11 and 14
show that neither G18 nor H20 correction could provide the
correct Ag, value over the ng . range from 1 to 4.

5.3. Verification Using MaNGA Data

Verification of the deconvolution method using mock data
allows us to test the method in more controlled samples. However,
although the kinematics of the mock IFU data that we have
generated is inspired by the kinematics of the real galaxies, the
kinematics is described by the empirical RC model, not by a
model based on physics. Nevertheless, it is also true that even the
models based on physics are not sufficient to replace the
kinematics of the actual galaxy. The limitation of the empirical
kinematics that we used could raise the question of whether the
deconvolution method is still applicable to the real galaxy. To
mitigate the gap between our empirical kinematics and the real
galaxy kinematics, we examined the validity of our method by
using the kinematics of real galaxies.

We use the MaNGA DRI15 data as a ground truth (PSF-Free)
and test our deconvolution method in the same way as we did
with the mock data. Although the MaNGA data are already seeing
convolved, the flux and kinematic distribution is far more realistic
than any empirical model or simulation. First, we generate PSF-
convolved data (PSF-Conv) by convolving fixed-size PSF
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(FWHM =2”6) to MaNGA IFU data. Then, we again apply
the deconvolution method to the PSF-convolved data and generate
PSF-deconvolved data (PSF-Deconv). Kinematic parameters
(velocity and velocity distribution) are measured from all Free,
Conv, and Deconv in the same way as described in Section 4.2,
and \g, values are also measured as described in Section 5.2. The
velocity and velocity distribution of the seven selected nearby
MaNGA galaxies (z < 0.023 and IFU FOV > 27") are shown in
Figure E3. A\g, values measured from Free, Conv, and Deconv
data of those seven galaxies are also presented.

In Figure 15, we plot the ratios between the Ag, measured
from Conv and Free (x\%f“v / )\Eiee) and Deconv and Free
()\l,gf“’“" / )\}:{fe) as a function of )\f{fe and opsp /R™". We only
use the galaxies that passed the quality control that we applied in
Section 5.2. We further exclude the galaxies that show
A)\gi’nv > 0.05 and /\Eiee> 0.7, because visual inspection finds
that the Ag, of those galaxies are not measured correctly, due to the
reasons that we noted in Section 5.2. The result is further divided
depending on Sérsic index (nsgic < 2 and nggsic = 2). For
galaxies with ngerie < 2, AR™™ /AR = 0.833 & 0.128 (median
and standard deviation) but AR°°™ /AR = 0.932 + 0.121. For
galaxies with ngesic > 2, AR™ /AR = 0.828 £ 0.123 but
)\Qf“’“v / )\f{fe = 0.976 4+ 0.119. Interestingly, )\gfmv is mea-
sured more accurately for the galaxies with nggie > 2 compared
to the galaxies with ngg;c < 2. This might seem in contradiction
to the expectation from Figure 11, where the galaxies with
Nsérsic < 2 could give )\gfc"“" values closer to )\,F{fe. However,
considering the distribution of the overall data points and its
standard deviation in Figure 15, it is inconclusive whether the
result of Figure 15 does not align with the expectation. The main
sequence of the data points shows that the fractional difference
between /\gf“’“v and /\E‘fe values is less than 0.04 dex for galaxies
with nggge < 2 when opgp /R™ < 0.2. A similar fractional
difference is observed from the main sequence of the data points
with ngggc > 2 cases when opsp /R < 0.4. The recovered
A',?jw“v values do not show clear dependency with respect to the
opse /R™, but only for a limited opsp /R™" range owing to the
insufficient data points at larger opsg / Remaj‘.
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Figure 15. Comparison between the ratios of Ag, measured from PSF-Convolved or PSF-Deconvolved IFU data with respect to /\E’fe and opge /R™- using MaNGA
DRI15 galaxies as the PSF-Free data. Panels on the left show )\gj‘“ / ARee and AReo™ / Age® as a function of Ag*® or opsp /RI™ for the original MaNGA galaxies with
nsersic < 2. Panels on the right show the same as the left panels, but using the original MaNGA galaxies with nggsic > 2. The median and standard deviation of

AR/ MRS are noted in the bottom panels.

The result presented in Figure 15 shows that the \g, values
measured from the deconvolved data are well restored to the
correct value, although the measured value (/\R]?fconv) is slightly
(<0.04 dex.) smaller than the true \g, value on average. Note
that it is inconclusive whether )\gfco"" values are well restored

when opsp /R™ > 0.4, with this verification experiment using
MaNGA data as the PSF-Free data. Considering the trend of
)\ch"nv /)\Eiee in Figure 11, the A‘,?j“mv values could be smaller

(<0.1 dex.) than the true \g, value when opgp /R™- > 0.4,
In Figure E4, we plotted a figure that is the same as
Figure 15, but when the FWHMpgr value for the deconvolution
or g, correction is different from the true value by +0”3. The
results give an idea of the sensitivity of the A\g, values when
incorrect FWHMpgE is used for the deconvolution or correction
function. Over the tested FWHMpge range (+073), the
AR, / /\,Fiee values show the difference maximum 0.05 (5%

point), whereas the )\%’"" shows over 17% difference compared

to AR™®. Therefore, g, from the deconvolved data or corrected
Ar, by the correction function still provides better values
compared to the uncorrected Ag, value.

6. Summary and Conclusion

We investigate the effects of the PSF deconvolution of the
optical integral field spectroscopy data on galaxies’ internal
kinematics. We develop a procedure to apply the LR algorithm to
deconvolve IFU data. The procedure deconvolves given IFU data
efficiently using only two parameters (N, and FWHMpgg). We
generate a large number of mock data with varying Sérsic profile
and the RC model and use them to verify the feasibility of the
deconvolution method. Using the mock data, we have shown that
the deconvolution works well on the IFU data. Contrary to the
kinematics measured from PSF-convolved mock IFU data, the

18

kinematics measured from deconvolved mock IFU data is well
restored to the true kinematics of mock galaxies.

We deconvolve the mock IFU data with a wide range of a
number of iterations (1-50). From the result, we have
determined the number of iterations of the deconvolution
procedure as 20. We also show that the deconvolution is not
highly sensitive to the PSF FWHM size used for the
deconvolution, although the use of accurate PSF FWHM close
to the one implied in the PSF-convolved IFU data is always
desired. The result from various mock IFU data shows that the
deconvolution method is working on a variety of galaxy
photometric/kinematic distributions. The deconvolution is
powerful in the sense that it can provide an unbiased (model-
independent) correction to any PSF-convolved IFU data. We
apply the deconvolution to the real data, SDSS-IV MaNGA.
We show that the deconvolution makes a noticeable difference
in the 2D flux, the velocity, and the velocity dispersion
distributions.

Finally, we demonstrate that the Ag, spin parameter can be
well estimated from the PSF-deconvolved IFU data. Using the
mock IFU data, we show that the Ag, can be correctly measured
from deconvolved IFU data within 3%, when the ratio between
the convolved PSF size (opsg) and the galaxy effective radius
(R.) is less than 0.2. We measure Ag, from the PSF-
deconvolved MaNGA data. The Ag, measured from the original
MaNGA data and the Ag, measured from the deconvolved
MaNGA data show the moderate difference compared to the
difference caused by empirically driven Ag, correction func-
tions. We generate PSF-convolved/deconvolved mock IFU
data by considering the original MaNGA IFU data as perfect
(PSF-Free) data. The Ag, comparison result from the experi-
ment using the original MaNGA IFU data as perfect data shows
that A, values measured from the PSF-deconvolved mock IFU
data are close true Ag, values. Therefore, the deconvolution
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method is indeed working well with the realistic IFU data
as well.
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Appendix A
Mock IFU Data Generation

In order to quantitatively examine the change made by the
deconvolution, the mock IFU data should be generated
correctly as per the model galaxy parameters. Here we describe
the generation process of each type of mock IFU data (Free,
Conv, Deconv) in detail. Initially, ideal IFU data (Free, without
any seeing effect) are produced for each set of galaxy model
parameters. Then, the PSF-convolved IFU data (Conv) are
made by the convolution of a wavelength-dependent PSF on
the 2D image at each wavelength slice with the addition of
Gaussian random noise. Deconv IFU data are produced from
Conv IFU data by applying the deconvolution method.

An arbitrary synthetic spectrum, composed by single stellar
populations with three different ages (1 Gyr (15%), 5 Gyr
(60%), 10 Gyr (25%)) from the MILES stellar library (Sanchez-
Blazquez et al. 2006; Vazdekis et al. 2010; Falcén-Barroso
et al. 2011), is chosen as a rest-frame model spectrum (using
unimodal initial mass function (Vazdekis et al. 1996) and
Padova+00 isochrones (Goirardi et al. 2000); AXN=2.51 A, \
range from 3540 to 7410 A).

For each set of galaxy model parameters (Section 3.2), we
generate the Free and Conv mock IFU data, according to the
following steps:
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. The spatial and spectral sampling size of the mock IFU

data is determined. Following the sampling size and the
data structure of MaNGA IFU data, we choose spatial
sampling size as 0”5, and in the spectral direction we use
a logarithmic wavelength sampling from log;, A= 3.5589
to 4.0151, with a total of 4563 wavelength bins.

. 2D maps of flux (Sérsic profile), LOS velocity with

respect to the galaxy center (Equation (2)), velocity
dispersion (Equation (3)), and S/N distribution (set by
S/N at 1 effective radius) are identified as per a set of
galaxy model parameters. Angular size of R. is
determined by two parameters, IFU FOV and IFU radial
coverage in R., by dividing half of the IFU FOV by the
IFU radial coverage in R.. We assume that all three maps
follow the identical geometry as defined by the inclina-
tion angle, position angle, X¢en, and yeene. In the case of
the S/N map, a relative S/N map is generated as per the
Sérsic profile and then scaled to have an S/N at 1 R, as
per the galaxy model parameter.

. At each 2D pixel (spaxel), a rest-frame spectrum is

shifted and broadened in the spectral direction as per the
respective LOS velocity and the velocity dispersion value
in the 2D map. First, the spectrum is convolved by a
Gaussian function as per the velocity dispersion value.
Second, the spectrum is redshifted by z of a model
galaxy. Third, a spectrum at each spaxel is blue- or
redshifted according to the corresponding LOS velocity
value with respect to the galaxy center.

. (Conv IFU data only) A 2D Gaussian PSF is convolved to

the 2D image slice at each wavelength bin. The size of the
Gaussian PSF FWHM is determined according to the
model FWHM coefficient parameters. For example, in the
case of co=2"6and c; =—1.2 x 10:5” A™', FWHMcq,
at g-band effective wavelength (4770 A) is 2”52 (which is
the median g-band PSF FWHM size of the MaNGA
galaxies; Figure 8).

. A constant spectral resolution (2.9 A) is applied at each

spaxel as a proxy of instrument resolution of the real IFU
data. It is done by the convolution of the Gaussian
function (FWHM=1.45A) to each spectrum. The
FWHM size of the applied Gaussian function is
determined by the quadratic difference between the
instrument spectral resolution and the intrinsic resolution
of the model synthetic spectrum (2.51 A).

. The noise spectrum at each spaxel is calculated. First, a

relative S/N spectrum is calculated from the flux
spectrum (assuming Poisson noise), and the relative
S/N spectrum is scaled so that the S/N value of the
median flux value would be matched to the S/N value in
the 2D S/N map (generated in step 2). The noise
spectrum is calculated by dividing the flux spectrum by
the scaled S/N spectrum. The noise spectrum is not
added to the flux spectrum at this stage.

. Hexagonal shape mask is applied to the IFU data to

resemble the MaNGA-like IFU data.

. (Conv IFU data only) Gaussian random noise is applied

to the IFU data using the noise spectrum from step 6. At
each spaxel, the noise spectrum is multiplied by the
Gaussian random value (—3 to 3) and then added to the
flux spectrum.

. Generated mock spectra are saved in 3D cube FITS

format. Each noise spectrum is converted to an inverse
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variance spectrum (=1/ noisez) before being saved. Flux,
inverse variance, mask, wavelength, and spectral resolu-
tion data are saved in FITS extension similar to the actual
MaNGA IFU data.

Appendix B
Validity of Rotation Curve Model Fitting

In Section 3.3, we notice that there are cases where the RC
model fitting could give an unreliable result under certain
circumstances. One case is where the 2D velocity data do not
have sufficient radial coverage to constrain the RC slope at the
outer radius. For example, in Figure 1, the model would not be
able to constrain the RC outer radius slope if the data cover
only up to »=4". The other case is where the geometry of the
fitted galaxy is close to either edge- or face-on. In this case,
both fitted RC velocity amplitude (Vror) and inclination angle
(i) become unreliable. We investigate these two cases in detail
using the Group 3 mock IFU data (Section 3.2), which
represent various combinations of galaxy parameters that
mimic the actual IFU data. From the result, we estimate the
criterion that the result of RC model fitting can be considered
as valid.

First, we calculate the R-ratio, a ratio between the maximum
radial distance along the major axis and the R, parameter value
(=Rmajor, s/N>3/R1). We define the maximum radial distance as
the farthest radial distance among the radial distances of the
spaxels that are located within +5° from the major axis and
satisfying S/Nppxr > 3. S/Nppxr is the median S/N of the
spectrum that is used for LOS velocity distribution fitting
(pPXF routine). Then, we plot the relation between the R-ratio
and the fitting accuracy of the normalized RC outer slope value
as in Figure B1. Although there are multiple factors affecting
R-ratio, including the size of IFU, S/N cut, and Sérsic index,
we divide the result depending on its IFU size only because the
size causes the most significant systematic difference to the 1o
variation of the normalized RC outer slope accuracy. In
Figure B1, the accuracy of the normalized RC outer radius
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Figure B1. The difference between the true and fitted RC outer radius slope
(R1/R,) from the deconvolved mock IFU cubes with respect to the R-ratio
(Rmax, s/N>3,major/R1). Color represents the size of mock IFU. Each line
represents the median of the normalized RC outer radius slope differences at
each bin. The shaded region shows the 1o range of the differences. The 1o
range of the 19 fiber size IFU is not shown because it is significantly higher
than others. The vertical red dashed line indicates our choice of R-ratio
criterion, which is R-ratio >2.5.
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slope (R;/R,) shows strong dependence on the R-ratio.
Regardless of the IFU size, the median difference between
the true and the fitted R,/R; is large at low R-ratio, and the
difference becomes smaller at higher R-ratio, except for the 19
fiber size IFU, which is the smallest in its size. The 1o variation
of the R, /R, difference becomes smaller as the mock IFU size
increases, mainly because the larger IFU has more spaxels, so
naturally it can better constrain the parameter values. We did
not plot the 1o range of the 19 fiber size IFU because the range
is larger than the height of the plot. From the result, we set a
criterion of R-ratio > 2.5, to determine whether the measured
R|/R, can be considered as valid, because the difference
between the true and the fitted R, /R, becomes stable and small
at R-ratio >2.5 compared to the difference at R-ratio <2.5. We
also find that the R, /R, value measured from 19 fiber size IFU
(FOV equal to 12”) should not be used. This is because the
measured R, /R, value remains inaccurate even at R-ratio >2.5.

We also analyze the relation between the R-ratio and the
fitting accuracy of the galaxy kinematic inclination angle in
Figure B2. This result is plotted with the IFU data, which are
satisfying a criterion of R-ratio > 2.5 only. The result shows
that the fitted RC velocity amplitude (Vror) is highly uncertain
when the fitted inclination angle is low. In addition, 1o of the
median Vior also decreases when the fitted inclination value
gets higher. Again, we notice that the result of 19 fiber size IFU
is not reliable owing to its small number of spaxels. There is a
slight hint that the fitted result may not be reliable at the higher
inclination side, because the 1o range is getting increased when
the inclination angle is high. This can be explained by the low
number of total spaxel elements when the inclination angle is
high. From the shape of the curves and the 1o range, we set a
conservative criterion of 25° < i%“™ < 75° and consider the
fitted Vror value as valid when the result meets those criteria.
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Figure B2. The difference between the true and fitted RC velocity amplitude
(Vrot) from the deconvolved mock IFU cubes with respect to the fitted
inclination angle. Color represents the size of mock IFU. The solid line
represents the median of the RC velocity amplitude differences at each bin. The
shaded region shows the 1o range of the differences. The vertical red dashed
line indicates the lower end of our inclination angle criterion choice

(250 < ideconv < 750).
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Appendix C
Deconvolution Effect Examples

In Figure 2, we presented the example of the effects of PSF
convolution and deconvolution on the IFU data. Here we show
more examples from our mock IFU data to illustrate the effects
of the deconvolution in various mock galaxy parameter spaces.
Examples are taken from Group 1 mock IFU data. Figures C1
and C2 show the result of the deconvolution at low S/N (S/
N@1 R.=10) when ng. =1 and 4, Ry = 3", and i = 55°.
Figures C3-C6 show the result of the deconvolution at
different combinations of i (55, 70°) and nggse (1, 4), when
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S/N at 1 R.=20 and R; = 3”. The fourth columns of the all
figures represent the significant difference between the maps
from Free and Conv. The effect of PSF convolution is crucial in
the distribution of flux, velocity, and velocity dispersion. The
fifth columns of all the figures show that the changes made by
the PSF convolution are significantly restored by the
deconvolution method. However, the restoration is not very
effective at the outer radius, where S/N becomes low, and also
the flux distribution shows nonnegligible artifacts around the
center of galaxies, in particular when nggic = 4. Nevertheless,
the velocity and the velocity dispersion are generally well
recovered even when nggge = 4.
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Figure C1. Plots similar to Figure 2, but for ngsic = 1, Ry
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= 3", 1/R, = 0.05/arcsec, i = 55°, and S/N@1 R, = 10.
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Figure C6. Plots similar to Figure 2, but for ngeic = 4, Ry = 3", 1/R, = 0.05/arcsec, i = 70°, and S/N@1 R, = 20.

Appendix D
Dependence on Deconvolution Parameters

D.1. Number of Deconvolution Iterations

In Section 3.4.2, we described the relationship between N,
and the restored model kinematic parameters (Figure 4). Here
we give similar plots with model galaxies of different
parameters to provide more insight into the determination of
Njer to the readers. Figure D1 shows the effect of Nj, to the 2D
maps of r-band flux, LOS velocity, and velocity dispersion.
Figures D2-D5 are complementary figures to Figure 4. The
figures show the relations between the fitted RC model
parameter and the N, for different R; (2, 3, 4 (arcec)) and
1/R, (—0.05, 0, 0.05 (1/arcsec)). The result is consistent with
Figure 4; thus, Ny, =20 is an adequate choice for the
deconvolution.

24

D.2. Size of PSF FWHM

Here we show the relation between FWHMp .,y and the
restored model kinematic parameters. We present plots similar
to Figure 5 but with different model galaxies as well as
different FWHMc,,,y.

Figures D6-D9 are complementary figures to Figure 5. The
figures show the relation between the fitted RC model
parameter and the FWHMpe.,,, With different R; (2, 3, 4
(arcsec)) and 1/R, (—0.05, 0, 0.05 (1/arcsec)). The result is
consistent with Figure 5; thus, the result of the deconvolution is
consistent when [FWHMpecony — FWHMcqyy| is smaller than
the FWHMpgr measurement error (072).

Figures D10 and D11 show the result of the deconvolution with
different FWHMc,,, (2.3, 2.9 (arcsec)). Again, the result of the
deconvolution is consistent when [FWHMpecony — FWHMcony| is
small.
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Figure D4. Plots similar to Figure D2, but for R; =2, 1/R, = 0.05.
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Figure D6. Relations between the RC model parameters and FWHMpecony for Ry =3, 1/R, = — 0.05, FWHM(c, = 2.6.
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Figure D7. Plots similar to Figure D6, but for R; = 3, 1/R, = 0.05, FWHMc, = 2.6.
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Figure D8. Plots similar to Figure D6, but for R; =2, 1/R, = 0.05, FWHMc, = 2.6.
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Figure D9. Plots similar to Figure D6, but for R; =4, 1/R, = 0.05, FWHMc, = 2.6.
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Figure D10. Plots similar to Figure D6, but for R; = 3, 1/R, = 0.05, FWHMc, = 2.3.
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Figure D11. Plots similar to Figure D6, but for R; = 3, 1/R, = 0.05, FWHMc, = 2.9.

Appendix E
Effect of PSF Convolution on the Spin Parameter
Measurement

In Figure E1, we plot the relations between the A, ratios
AR /AR, AR JAREe, AR /ARE) and the true A,
value ()\Ei"’e), depending on three mock IFU parameters, IFU
FOV, ngic, and IFU radial coverage in R., using Group 3
mock IFU data (Section 3.1). Most of the panels of Figure E1
show that A\ ratios have little or negligible dependence on
)\Eiee, except when )\Ezee < 0.1. The ratio and its standard
deviation at /\,Fiee < 0.1 look different compared to the ratios at
)\Eiee > 0.1, but this is simply an effect of a small denominator
when )\f{fe < 0.1. Since the denominator (/\22“) is already
small, the actual deviation of Ag, values to the true value
(Ag, — )\EZCC) is also small. The median and the median of
standard deviation of each binned relation (A)\f{fe =0.1) are

30

used to show the overall dependence of the ratios on the mock
IFU parameters as in Figure 11. Unlike the average value of
entire points, use of the median of the binned relations could
avoid the contribution from the large difference and the
standard deviation from the points at Ag** < 0.1. In Figure E2
we plot the relation between the \g, ratios and the true Ag,
value, depending on nggg. and o' parameters using the
additional set of mock IFU data (Section 5.1). Again the
median and the median of standard deviation of each binned
relation (A)\Ef’e = 0.1) are used to show the overall depend-
ence of the ratios on the mock IFU parameters as in Figure 12.
Figure E3 shows the effect of the deconvolution to the 2D
velocity and velocity distribution of the selected seven MaNGA
galaxies, by applying additional PSF convolution to the
MaNGA data. Figure E4 is similar to Figure 15, but for the
case where the FWHMpgr value is different from the true value
by £0.”3.
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Figure E1. Relations between the ratio of Ag, values ()\g;’"v, )\Ef“’“", /\(R}j 8Cory and the true A, value ()\E‘fc) as a function of /\2{,“. Each panel with red, blue, and green
lines represents data points with )\g‘:‘“’ / ARee, Agecon / Akee, and ,\gj 8Corr. / Agee, respectively. Each column represents the FOV of mock IFU data used for each panel
(IFU FOV = 12", 17", 22", 27", 32"). Each of continuous three rows represents the different combination of nggs;c and the IFU radial coverage in R, (nggrsic = 1 and
radial coverage of 1.5 R., nsesic = 1 and radial coverage of 2.5 R., ns¢sic = 4 and radial coverage of 1.5 R., nsasic = 4 and radial coverage of 2.5 R,). Data points are

plotted as gray dots in the background. Colored lines and the corresponding error bars are the median and the standard deviation of the data points from each bin with
the bin size of A/\,Fe:,ee = 0.1
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Figure E2. Relations between the ratio of \g, values (/\gf‘”, AREo™, )\%SC""') and the true \g, value (A\g*°) as a function of AR*®, similar to Figure E1 but using a
different set of mock IFU data (Section 5.1). Each column represents different velocity dispersion profile steepness of the mock IFU data used for each panel (¢/ = 1,

0.5, 0.25, 0.125, 0.0625). Each of continuous three rows represents different nggic of the mock IFU data (ns¢sic = 1, 2, 3, 4). Data points, colored lines, and the
corresponding error bars are plotted in the same way as Figure E1.
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Figure E3. The velocity and velocity distribution of selected nearby MaNGA galaxies (z < 0.023 and IFU FOV > 27”). Distributions in the Free column are velocity
and velocity dispersion distribution measured from the original MaNGA IFU data. Distributions in the other columns (Conv and Deconv) are measured from PSF-
convolved and PSF-deconvolved (PSF FWHM = 276) to the original MaNGA IFU data. The ellipses (black dashed) in the leftmost column show 1 R, aperture,
where the Ag, values are measured. The values in the top left and top right at each panel in the second and fifth columns indicate the minimum and the maximum range
of color, where the color bars are the same as in Figure 2 (blue to red for the velocity distribution and yellow to red for the velocity dispersion distribution). Each major
tick interval corresponds to 10”.
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Figure E4. Comparison between the \g, measured from PSF-Convolved and PSF-Deconvolved IFU data using MaNGA DR15 galaxies as the PSF-Free data, when
the FWHMpsr used for the deconvolution or Ag, correction is different from the FWHMpgr of the convolved PSF. Upper and lower rows show the results when
Nsersic < 2 and Rsgrsic > 2, respectively. The first column shows ,\gj"v / /\,F{:e as a function of opsp /R™. The second, third, and fourth columns show )\I,?:“’"V / )\f{:e as
a function of opgp /R™", but when FWHMpgy used for the deconvolution or Az, correction is 23, 2”6, and 2”9, respectively. The median and standard deviation of

AMg, are noted in each panel.
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