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MORPHOFIT: An automated
galaxy structural parameters
fitting package
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In today's modern wide-field galaxy surveys, there is the necessity for parametric
surface brightness decomposition codes characterised by accuracy, small
degree of user intervention, and high degree of parallelisation. We try to address
this necessity by introducing MoORPHOFIT, a highly parallelisable pyTHON package
for the estimate of galaxy structural parameters. The package makes use of wide-
spread and reliable codes, namely, SEXTRACTOR and GALFIT. It has been optimised
and tested in both low-density and crowded environments, where blending and
diffuse light makes the structural parameters estimate particularly challenging.
MORPHOFIT allows the user to fit multiple surface brightness components to
each individual galaxy, among those currently implemented in the code. Using
simulated images of single Sérsic and bulge plus disk galaxy light profiles with
different bulge-to-total luminosity (B/T) ratios, we show that MORPHOFIT is
able to recover the input structural parameters of the simulated galaxies with
good accuracy. We also compare its estimates against existing literature studies,
finding consistency within the errors. We use the package in ? to measure
the structural parameters of cluster galaxies in order to study the wavelength
dependence of the Kormendy relation of early-type galaxies. The package is
available on github® and on the Pypi server?.

KEYWORDS

galaxies: morphology, methods: data analysis, techniques: photometric, galaxies:
photometry, galaxies: fundamental parameters, galaxies: clusters: individual: Abell
S$1063, galaxies: clusters: individual: MACS J0416.1-2403, galaxies: clusters: individual:
MACS J1149.5+2223

1 Introduction

The accurate measurement of galaxy structural parameters (e.g., total magnitudes,
sizes, Sérsic indices, position angles, ellipticities) provides extremely useful insights into
galaxy formation and evolution studies. The photometric structural analysis of galaxies
allows us to perform their morphological classification. This sheds light on the presence
of common processes taking place during galaxy formation and evolution and provides
qualitative information that supports galaxy classification schemes, which also helps to
constrain the dynamical modelling of galaxies (e.g., Binney et al., 1990; van der Marel, 1991;

1 https://github.com/torluca/morphofit.
2 https://pypi.org/project/morphofit/.
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Cappellari et al., 2013). Furthermore, magnitudes and sizes can
be used to measure empirical scaling relations (e.g., the effective
brightness—effective radius (or Kormendy) relation Kormendy
1977), while ellipticities and position angles can be used for
shear and intrinsic alignment measurements (e.g., Lee et al., 2018;
Kannawadi et al., 2019).

The measurement of galaxy structural parameters is usually
conducted with 1D or 2D methods. The 1D methods, e.g.,
isophotal analysis, work well in low signal-to-noise conditions,
since they azimuthally average the surface brightness along the
elliptical isophotes. 2D methods are routinely performed by creating
parametrised models for the 2D galaxy surface brightness. They
have the advantage of allowing us to disentangle among different
galaxy components, as well as taking into account the point-spread-
function (PSF) of the observations through its convolution with
the galaxy light profile (see Méndez-Abreu et al., 2008; Peng et al.,
2010; Bonfini, 2014; Gao and Ho, 2017 and references therein for
differences between 1D and 2D techniques). The most common
parametrisation for the surface brightness distribution is the Sérsic
model (Sérsic, 1963). It consists of a smooth surface brightness
distribution with seven degrees of freedom, involving the profile
centroid, the total magnitude, the effective radius, the Sérsic index,
the axis ratio, and the position angle. The model owns his success
not only to the fact that it is a good approximation of the surface
brightness distribution of galaxies, but also to the fact that it
can be used to disentangle between classical and pseudo-bulges
(Fisher and Drory, 2008, but see Costantin et al., 2018 for a different
approach), and, for n = 1, it approximates the exponential behaviour
of galaxy disks. The Sérsic profile can also be used to discover hidden
substructures. The latter may consist of spiral arms, rings, bars, that
deviate from a smooth surface brightness distribution and, therefore,
require additional modelling components with respect to the simple
Sérsic profile (Sonnenfeld, 2022). The morphological description
of galaxies can be conducted also with non-parametric techniques.
However, their use is not advised in low signal-to-noise conditions:
non-parametric techniques mostly rely on being able to measure
a gradient in galaxies and that is possible only for high signal-to-
noise conditions, especially in the case of shallow profile gradients.
Additionally, the required background subtraction might cause a
sky over-estimation when dealing with low signal-to-noise shallow
gradients®.

Modern photometric and spectroscopic surveys have enabled
the measurement of galaxy structural parameters for millions of
galaxies. This allows astronomers to characterise galaxy properties
and build relations among them with high statistical precision
(e.g., La Barbera et al., 2010; Simard et al., 2011; Kelvin et al., 2012;
Kawinwanichakij et al., 2021). This rapidly growing sample of
galaxies with quality imaging has sparkled renovated interests
in the development of codes for the measurement of galaxy
structural parameters and galaxy morphological classification
that are accurate, time efficient, and require very few input from
the user. These codes involve the use of non-parametric fitting
(cas Conselice, 2003, GINI Lotzetal, 2004, MORFOMETRYKA
Ferrari et al., 2015), parametric fitting (GiM2D Simard et al., 2002,

3 See https://users.obs.carnegiescience.edu/peng/work/galfit/TFAQ.html
for a detailed discussion.
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BUDDA de Souza et al., 2004, Gasp2D Méndez-Abreu et al., 2008,
PYMORPH Vikram etal., 2010, GALAPAGOs Haiufller et al., 2011;
Haufller etal,, 2013, 1mMFIT Erwin, 2015, GALIGHT Dingetal,
2021, GALAPAGOS-2 Hiufller etal,, 2022) or machine learning
methodologies (DEEPLEGATO Tuccillo etal, 2018, GAMORNET
Ghosh et al., 2020, GALNETS Li et al., 2022).

In this work, we present a package called MORPHOFIT*. The
package seeks to address the necessity of modern galaxy surveys
for parametric surface brightness decomposition codes that are
accurate, parallelisable, and automatic, meaning that they require a
small degree of human inspection and intervention. The package is
written in PYTHON and relies upon the well-tested and widespread
codes GALFIT (Peng et al., 2010; Peng et al., 2011) and SEXTRACTOR
(Bertin and Arnouts, 1996). MORPHOFIT allows the user to measure
galaxy structural parameters in stamps around individual objects or
by simultaneously fitting multiple galaxies in the image. It has been
optimised and widely tested in low and high-density environments,
the latter being characterised by the presence of blending and diffuse
light effects. It contains routines to create PSF images from the
knowledge of star positions in the images, as well as the ability to
run SEXTRACTOR in forced photometry mode to use its parameters
as either individual galaxy properties estimates or starting point for
the GALFIT fit.

The package is written in a modular nature, such that each
individual module can be run independently depending on the
user necessities. The modules can be chained in a pipeline that
constitutes a novel method to fit galaxies in a cluster environment.
In particular, this method involves the surface brightness profile
fit of galaxies in images of increasing sizes. This approach has
already been adopted in Tortorelli et al., 2018b (hereafter, LT18) to
measure the sample dependence of the Kormendy relation. In this
work, we improve the methodology and we successfully apply it in
Tortorelli et al. (2023) (hereafter, LT23) to measure the wavelength
dependence of the Kormendy relation. It differs from the usual
approach adopted in the literature, where the authors limit their
surface brightness fit to stamps around individual galaxies. It has
been shown (see Figure 5 of LT18) that this approach negatively
impacts the estimated galaxy properties. By fitting the surface
brightness profiles in stamps around galaxies, the minimisation
algorithm converges to biased structural parameters since the local
sky background is dominated, in the case of galaxy clusters, by
the intracluster light and not by the actual image background.
We refer the reader to Section 3.3 of LT18 for a more detailed
analysis of this aspect. The cluster environment is particularly
challenging for the fit in stamps because of the intracluster light
and the high galaxy density. The latter requires a simultaneous fit
of multiple sources to take into account light contamination among
neighbouring objects. The former requires a careful modelling of
its contribution, usually by adding an additional large Sérsic light
profile to the brightest cluster galaxy (BCG) (Kluge et al., 2021), as
well as a careful estimate of the image background. The methodology
we propose addresses these two aspects. In order to deal with
nearest neighbours, we use an iterative approach where we analyse
images of increasing size. In order to deal with the intracluster light
contamination in flux, instead, we average the structural parameters

4 https://github.com/torluca/morphofit.
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measured with different background estimation methods and we
add a secondary Sérsic light profile (Kluge et al., 2021) to the BCG
fit. This methodology is, therefore, especially useful in the case of
galaxy clusters and compact groups.

In addition, since as mentioned earlier, sometimes galaxies are
best fit by a multi-component surface brightness distribution, the
package is designed such that each individual galaxy can be fit with
multiple components among those currently implemented in the
code (i.e., Sérsic, deVaucouleurs, exponential disk). However, the
multi-component capabilities of MORPHOFIT have been tested up to
two light profile components, therefore the user must use care when
fitting a larger number of components for its own specific scientific
case. Although galaxies may have a lot of structures (like rings,
pseudorings, lenses, bars, envelops, and spiral arms), a parametric
bulge-disk decomposition is one of the first possible quantitative
steps to tag a galaxy as an early or late-type system.

This work is structured as follows. In Section 2, we present
the main features of MORPHOFIT. In Section 3, we test the package
against simulated data generated as both single Sérsic (Section 3.1)
and bulge plus disk profiles with a variable B/T ratio (Section 3.2).
Section 4 contains the comparison between the results obtained
with this automated methodology and those from already published
catalogues. We provide the main conclusions in Section 5.

2 MORPHOFIT main features

MORPHOFIT has a modular nature. Each module can be run
independently with respect to the others. For the sake of clarity,
we describe the different modules that constitute MORPHOFIT
following the pipeline for the morphological analysis of galaxies
first introduced in LT18, improved in this work, and further used
in LT23 (Figure 1). This pipeline has been designed to mitigate
the challenging aspects of measuring the structural parameters
in galaxy clusters, e.g., intracluster light and blending. It allows
for the measurement of the structural parameters via an iterative
approach by fitting images of increasing size (to deal with nearest
neighbours), with different PSF image estimates, different sigma
(noise) images and on multiple background estimations (to deal
with the ICL contamination in flux). The various steps of the
pipeline correspond to the different modules MORPHOFIT is built
upon: SEXTRACTOR run in forced photometry mode to get an initial
estimate of the galaxy structural parameters; creation of PSF images
for the surface brightness profile convolution; GALFIT run on stamps
using the SEXTRACTOR properties as input; GALFIT run on regions
and full images, using the fit on stamps and regions, respectively,
as initial guesses; creation of multi-wavelength catalogues of best-
fitting structural parameters. We design the pipeline to be especially
useful for fitting galaxy clusters and compact groups.

Each MORPHOFIT module is constituted by two scripts. The
first one creates an HDF5 table that stores file paths and variable
values. The second script reads the HDE5 table and performs
the measurement tasks. The scripts are run via ESUB-EPIPE’
(Ziircher et al,, 2021, 2022), a PYTHON package that takes a single

5 https://cosmo-gitlab.phys.ethz.ch/cosmo_public/esub-epipe.
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FIGURE 1

Flowchart describing the structural parameters measurement steps of
the pipeline adopted in LT18 and LT23. The red boxes refer to
estimates using GALFIT, while the green box using SEXTRACTOR.
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properly formatted PYTHON executable file and runs it as either
single core job or multi-core job, on both local machines and
computer clusters via job schedulers.

2.1 SEXTRACTOR structural parameters
estimate

The initial estimate of the structural parameters is performed
using SEXTRACTOR. MORPHOFIT first stores the science (sci), the
root mean square (rms) and the exposure time (exp) images paths,
the photometric parameters for SEXTRACTOR and the paths to
SEXTRACTOR executable and required files into an HDF5 file. Then, in
the main script, it derives the non-photometric parameters needed
by SEXTRACTOR (GAIN, SATURATION, EXPOSURE_TIME,
MAGNITUDE_ZEROPOINT), the image background value and
the PSF full width at half maximum (FWHM). The non-photometric
parameters are obtained by reading them from the image headers.
If they are not present in the image header, they can be estimated
via survey-specific functions the users might need to implement in
MORPHOFIT (e.g., saturation by finding the highest value pixel in the
image). The image background value is estimated by sigma clipping
the image, where each source is masked according to a segmentation
map. We obtain the latter by running SEXTRACTOR on the image in
single image mode. The resulting background amplitude and rms

frontiersin.org
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are given by the median and the standard deviation of the sigma
clipped masked image. The PSF FWHM of the image is estimated
by fitting stars with a two-dimensional circular Moffat profile. The
stars positions are provided by the user by means of an external
catalogue (see Section 2.2). The different estimates of the FWHMs
from the stars in the image are then median combined as described
in Section 2.2.

In order to exploit the full potential of having multi-wavelength
data, MORPHOFIT runs SEXTRACTOR in forced photometry mode.
To do that, it needs a detection image. The latter is created by
following the prescription in Coe et al., 2006 and references therein.
This prescription involves stacking the sci images in the available
wavelength bands by normalising them according to the rms of
the background noise in each waveband. The detection image has
the average PSF of all the stacked images. SEXTRACTOR estimates
the isophotal apertures and sizes from this detection image. The
inclusion of all the wavelengths allows MORPHOFIT to obtain a
detection image where objects of different colours are present and
detected by sExTRACTOR. If provided, the rms images are used as
weight images for SEXTRACTOR. MORPHOFIT creates the rms image
for the detection image by doing the root sum squared of the rms
images for each waveband normalised by the rms of the background
noise in each waveband.

The final catalogue contains the measurement for all the detected
objects in the available wavebands. MORPHOFIT then excludes stars
by removing sources which have the CLASS_STAR parameter
greater than CLASS_STAR > 0.95 in all wavebands. It also excludes
sources that have FLUX_RADIUS < 0and MAG_AUTO > 35 ABmag.
MORPHOFIT also defines for each waveband an aperture and PSF
corrected magnitude labelled as MAG_ISO_CORR following the
prescription in Coe et al., 2006.

2.2 PSF images creation

Accurate surface brightness fitting requires convolution of the
galaxy light profile with the image PSE. MORPHOFIT contains a
module that creates PSF images using four different methods (more
methods can be easily added by the user). The PSF images can be
created for each individual sci image (or parts of it) and wavelength.
To create the PSF images, the package requires an input star
catalogue for each waveband covering the same sky portion of the
original image. The star catalogue can be either provided by a third-
party source (e.g., GAIA catalogue, Gaia Collaboration et al., 2021)
or generated by the user. In LT23, we generate the star catalogue
by running SEXTRACTOR in single image mode on the sci image.
Since the measurement of magnitudes and sizes are independent of
the seeing estimate given to SEXTRACTOR, we set the CLASS_STAR
keyword to the nominal ACS value of 0.1larcsec. Then, we select as
stars those belonging to the locus of fixed size in the magnitude-
size plane. Once selected, we visually inspect them to ensure that
they are not saturated and they are sufficiently isolated. Using the
stars positions, MORPHOFIT creates M x N pixels wide PSF images
for every waveband, where M, N are user defined.

The PSF modelling is a critical aspect of the structural
parameters derivation. A wrong choice of the PSF model
could severely affect the measurements. Each image might have
peculiarities that make the choice of the PSF used for fitting not
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universal. Since MORPHOFIT can be used on different types of
images, either ground-based or space-based, in order to make it
as generalisable as possible, we implement four different methods to
create a PSF image. The different PSF creation routines are mutuated
from methods that are widely used in the literature for different
scientific applications.

Each method has as initial step the creation of M x N pixels wide
stamps around observed stars from the target image. MORPHOFIT
then subtracts the background value in each stamps to obtain a
background subtracted observed star image. The background value
estimate in each stamp is obtained by sigma-clipping the image
and taking its median as background estimate. The star stamps are
normalised to the maximum pixel value. The four PSF estimation
methods implemented in MORPHOFIT are:

o “Moffat PSF”: The implementation of a “Moffat PSF” profile
was motivated by a number of general properties it possesses.
The “Moftat PSF” is numerically well-behaved when modelling
narrow PSFs in Hubble Space Telescope (HST) images thanks
to its polynomial structure (Trujillo et al., 2001). Additionally,
it constitutes also an analytical approximation to the PSF
predicted from atmospheric turbulence theory when b ~ 4.765,
allowing the modelling of the PSF wings present in real
images obtained from ground-based telescopes. However,
as detailed in Trujillo etal, 2001, it is not sufficient to
consider a circular Moffat PSF profile to model the effects
of seeing on the surface brightness distribution when the
ratio of the effective radius to the FWHM is less than 2.5.
Trujillo et al., 2001 provides a prescription to correct for
this effect. To create a “Moffat PSF”, MORPHOFIT models
the star light profile with a two-dimensional circular Moffat

function:
It
¢(x.y) = bkg+ an:p 5 1)
e o)

where amplt is the model amplitude, (x,,y,) are the positions
of the Moffat model maximum, a = FWHM/ (2 V21/b — 1) is the
core width of the Moffat model, and b is the Moffat model
power index. We also add a background term, bkg, to account
for any residual contamination after the background subtraction
in the M x N star images. Using stars in both simulated and real
images (see Section 4), we check that the best-fitting bkg values
are consistent with zero within the errors. The best-fitting a, b,
amplt, and bkg of each star are then stored and the mean values
of the best-fitting parameters are computed. MORPHOFIT then
constructs the PSF image by using the analytical profile of the
circular Moffat function with parameters given by the mean values
aforementioned.

e “Observed PSF”: The “Observed PSF” is a fast method to
approximate the PSF seen on the images that already includes
the different seeing and detector effects. The final PSF image is
given by the median of the normalised background subtracted
star stamps.

o “PCA PSF”: The “PCA PSF” is a method that is commonly used
in planetary science where the detailed star modelling is crucial

frontiersin.org
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The panels show a comparison among the PSF images obtained with the methods described in Section 2.2. They refer to those of the Abell S1063
cluster in the F814W waveband from the LT23 analysis. From left to right, the panels show the "Moffat PSF", the “Observed PSF", the “PCA PSF” and the
"Effective PSF". The first three PSF images are 100 x 100 pixels wide, while the "Effective PSF" is 200 x 200 pixels since the minimum oversampling factor of
the 'Effective PSF' relative to the input stars along each axis is 2 (see PHOTUTILS manual for a detailed explanation).

(Amara and Quanz, 2012). We first compute a mean star stamp
using all the background-subtracted normalised star stamps.
We subtract the mean star stamp from the latter. MORPHOFIT
flattens the mean subtracted star stamps and stores them
into an array of size s = [number of stars, stamp size?]. It then
performs a Principal Component analysis (PCA) on this array.
The final PSF image is the linear combination of an user-defined
number of Principal components resulting from the PCA. In
principle, by having larger statistics, one can complexify the
resulting PSF including the effects of skewness and asymmetries
by adding higher order principal components (Herbel et al.,
2018).

o “Effective PSF”: The “Effective PSF” is an empirical oversampled
model of the HST PSE The method relies on the Anderson
empirical PSF library (Anderson and King, 2000; Anderson,
2016) that was obtained from observations of star associations
with HST. MOrpHOFIT builds the PSF image using the
EPSFBUILDER class of the PHOTUTILS PYTHON package
(Bradley et al., 2020). This package relies upon the method
in Anderson and King 2000; Anderson 2016 to build the final
PSF image. Its use is recommended only in the case of HST
images.

In Figure 2, we show a comparison among the four PSF types
from the LT23 analysis created using stars from the HST F814W
images of the Abell S1063 cluster. The “Moffat PSF” appears smooth
and regular given its analytical nature. The “Observed PSF” and
the “PCA PSF” reproduce details from the actual stars in the HST
images, including the wings of the PSF profile. The “Effective PSF”
presents a smoother PSF with less pronounced wings. The difference
among the last three methods is mostly due to the small sample
of stars used to construct them, an effect that is less pronounced
for the “Observed” and the “PCA” PSE. The latter is able to handle
the small sample of stars by controlling the number of principal
components used to construct it. The former provides a good
result even with just one object by definition of observed star.
In LT23, we do not use Tiny Tim (?) to model the HST PSE
Tiny Tim model PSFs are designed to be a good approximation
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of the single exposure “flt” images and not of the multidrizzled
images®.

2.3 GALFIT run on stamps

In the flowchart shown in Figure 1, the parameter values
estimated with SEXTRACTOR constitute the starting point for the
GALFIT fit on stamps module. Since the run on stamps requires as
input a catalogue, in principle any other external one can be used,
provided that the appropriate properties are included.

For the fit on stamps, MORPHOFIT requires the user to provide
a target and a source catalogue. The target catalogue contains the
initial parameter values of the galaxies we are interested in. The
source catalogue contains the properties of all the remaining sources
in the image. This allows the user to simultaneously fit neighbouring
objects falling in the stamps cut around the target galaxies.

Both the target and the source catalogues need to contain
the properties that are required as initial values for the surface
brightness fit with Garrrr. The surface brightness components
implemented in MORPHOFIT are the Sérsic, the deVaucouleurs, and
the exponential disk profiles. These require the galaxy centroids, the
magnitudes, the effective radii, the Sérsic indices, the axis ratios, and
the position angles. MORPHOFIT implements the possibility of fitting
multiple components to the same galaxy (among the three previously
mentioned), therefore the target and source catalogues additionally
need information about which profile is being fit, the component
number and whether to keep the values fixed or let them free to vary
in the fit. The column names corresponding to the needed properties
are provided by the user via command-line when running the code.

The first step of this module involves the creation of an HDF5
file that contains the sci, rms, exp and segmentation map (seg)
images paths. Additionally, the table includes the target and source
catalogues path, as well as a list of all the possible fit combinations

6 See https://www.stsci.edu/hst/instrumentation/focus-and-pointing/
focus/tiny-tim-hst-psf-modeling for more details.
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for the different kind of PSF images, sigma images, background
estimations, and wavebands for all the target galaxies.

In the main script, the first step is to create cutouts around
each target galaxy. The cutouts are centred on the galaxy centroid.
Following Vikram et al., 2010, the x,
stamps are given by.

size a0d Y, pixel sizes of the

2)

Xsize = Te) (IcosO] + glsinf]),

ysize = ey(|Sin6| +q|C039|), (3)

where 7, is the effective radius of the target galaxy in pixels, y is an
user-defined enlarging factor, 0 is the angle between the galaxy major
axis and the image x-axis, and ¢ is the galaxy axis ratio. Since the
estimates might be different for different wavebands, the user can
provide a reference band, whose values are used to create the cutout
around the target galaxy. This ensures that the cutouts have the same
pixel size for every waveband analysed. In LT23, these parameters
are set to values of the SEXTRACTOR estimates in the HST F814W
waveband”:

x = XWIN_IMAGE, 4)
y=YWIN_IMAGE, ()

r = FLUX_RADIUS, (6)
y=20, 7)

6 = THETAWIN_SKY*7/180, ©)

q =BWIN_IMAGE/AWIN_IMAGE. ©)

Rather than considering all the galaxies that fall inside the stamp,
MORPHOFIT simultaneously fit only those neighbouring objects that
have distance d in arcseconds from the target galaxy that is less than

d<d .= \/(xsize/2)2 + (ysize/z)2 x pixel scale, (10)

where x,.

and y,. are given by Eq. 3 with y = 10 and pixel scale is
the image pixel scale in arcsec/pixel.

GALFIT requires a “bad pixel image” to know which pixels of the
image need to be fit. MORPHOFIT creates this ‘bad pixel image’ by
assigning zeros to pixels belonging to the target and neighbouring
galaxies, and greater than zero values to pixels belonging to sources
not included in the fit. The latter might be galaxies having distances
greater than d from the target galaxy or stars which are masked
during the fitting procedure. In LT23, the “bad pixel image” is created
using the SEXTRACTOR output segmentation map.

The sigma image used in GALFIT can be provided by the user,
generated by MORPHOFIT or internally generated by GALFIT itself.

»

We refer to them as “external sigma image”, “custom sigma image”,
and “internal sigma image”, respectively. MORPHOFIT creates the last
two, assuming the sci images are provided in units of electrons/s,

according to the following prescriptions:

7 See SEXTRACTOR's user-manual for a detailed explanation of the
keywords https://sextractor.readthedocs.io/en/latest/Param.html.
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e “custom sigma image”: MORPHOFIT creates the sigma image
Oimg following GALFIT’s user manual®

Oimg = \/ (sci—bkg_amp)/exp + rms?, (11)

where sci is the science image, bkg_amp is the amplitude of the
science image background in the same units as the sci image, exp
is either a fixed exposure time value or an exposure time image,
and rms is the root mean square image. The negative values of
the sci image are set to zero in creating the sigma image. The
sigma image is further smoothed with a Gaussian kernel having
a width value of w = 1.2 pixels and its pixel values are set to nan
where the rms image pixel values exceeds 10°. To avoid systematic
errors and have a correct value of the reduced XZ, the units of the
images and their header keywords need to be adjusted such that
GAIN x sci x NCOMBINE = electrons, where NCOMBINE is the
number of images used to create the sci image. In LT23, we work with
HST images in units of electrons/s. Therefore, we set the following
drizzled sci image keywords to:

EXPTIME =1, (12)
GAIN = exptime, (13)
NCOMBINE = 1, (14)

where exptime is the drizzled image total exposure time in seconds,
EXPTIME is the image header keywords detailing the sci image
exposure time, GAIN details the detector instrumental gain, and
NCOMBINE is the number of images combined to produce the sci
image.

e “Internal sigma image™ in order to let GALFIT correctly
create the sigma image, the sci image needs to be converted
from electrons/s units to ADU. To do that, MORPHOFIT
divides the sci image by the instrumental gain and multiplies
it by the exp image or, if not provided, by the exposure
time. A similar operation is performed on the background
amplitude value. The package further sets the sci image
header keyword BUNIT = ADU, the GAIN keyword to its
instrumental value and the image zeropoint is updated such that
zpt’ = zpt — 2.51og,;,(GAIN).

GALFIT requires also an estimate of the sky background of an
image. MORPHOFIT provides the possibility to either pass an user-
defined value or to let GALFIT freely fit the background amplitude
and gradient in the x and y directions. In LT23, the initial estimate
of the sky background is obtained from the sigma clipped masked
image (see Section 2.1). MORPHOFIT includes also the possibility to
provide GALFIT with a parameter constraints file.

MORPHOFIT creates the input file for GALFIT, runs it on the
individual stamps, reads and saves in a FITS table the best-fitting
parameters from the GALFIT output files. It also creates diagnostic
plots for each fitted galaxy. These diagnostic plots are:

8 users.obs.carnegiescience.edu/peng/work/galfit/README.pdf.
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FIGURE 3
This figure shows the diagnostic plots automatically created by morPHOFIT. Upper left panel shows the comparison between the two component
surface brightness fit and the SExTRACTOR aperture photometry for the target galaxy. The upper central panel shows the pixel value histograms of the
original, model and residual images generated by GALFIT. The upper right plot shows a Gaussian fit to the pixel values distribution of the residuals image.
The bottom panels show the original, model and residuals images after the fit with GALFIT.

original, model, and residuals images from the GALFIT fit;

pixel count histograms of original, model, and residuals images;

Gaussian fit of the residuals image pixel count histogram;
e comparison between the best-fitting surface brightness profile
and the azimutally averaged aperture fluxes.

Figure 3 shows an example of the diagnostic plots for the fit on a
stamp around one of the simulated galaxies created in Section 3
in the F1I40W HST waveband. The galaxy is simulated as a bulge
plus disk component. MORPHOFIT is able to correctly fit the double
component as shown by the model and the residual images, and by
the comparison between the best-fitting total light profile and the
aperture photometry obtained with SEXTRACTOR.

2.4 Image regions creation

The pipeline, as illustrated in Figure 1, involves the use of the
results from the fit on stamps for estimating the galaxy properties on
increased size images. These are obtained by creating image regions.
MORPHOFIT contains a module that crops or divides into a number
Nig of equally sized regions the sci, rms, and exp images. After
creating the HDF5 file containing the images paths and the N,.., value,
the main script crops the image (if the appropriate keyword is set
to “True”) and then divides it into N, regions. The crop routine is
further sub-divided into two kinds: a size-based crop, where the user

specifies the x and y pixel ranges, and a catalogue-based crop, where
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the initial image is restricted to the area containing sources inside an
user-provided catalogue.

2.5 GALFIT run on regions

This module performs the surface brightness fitting of sources
inside the regions created in Section 2.4. The HDF5 file contains the
sci, rms, exp and seg images paths, the to-be-fitted galaxy catalogue
path and the list of possible fit combinations for the different kind of
PSF images, sigma images, backgroud estimations and wavebands.
In the main script, MORPHOFIT performs similar operations as the
ones described in Section 2.3. The only difference is that, in place
of creating stamps, it finds the sources from the user-provided
catalogue that fall into the specific region and use their parameter
values as initial points of the surface brightness fit. In LT23, the fit
on regions uses as initial values of the structural parameters those
obtained from the GALFIT run on stamps, but any user-provided
catalogue can be used as input, provided that the appropriate
properties are included. The typical number of simultaneously fitted
sources in LT23 is ~20.

2.6 GALFIT run on full images

The next step of the pipeline in Figure 1 is the fit of galaxies
using the full image. This MORPHOFIT module performs the surface
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M1149 F814W

FIGURE 4
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This figure shows the simulated HST Frontier Fields images (2000 x 2,300 pixels) for the clusters M1149 (upper panels) and AS1063 (lower panels). The
M1149 simulations are shown in the F814W (upper left panel) and FI60W wavebands (upper right panel). Galaxies in this cluster are rendered as single
Sérsic profiles. The AS1063 simulations are shown in the F6E06W (bottom left panel) and FI40W wavebands (bottom right panel). Galaxies in this cluster
are rendered as bulge plus disk components with different B/T ratios. The simulated images have been created matching the background noise and the
PSF FWHM of the real Frontier Fields observations. The matching noise features coming from the real rms images are visible for instance in the bottom
and upper right corner of the lower right image. The images orientation and scale are the same, and are highlighted in the lower right figure.

brightness fitting of user-specified sources inside the full image.
This is the preferred choice if the user does not want to follow
the procedure highlighted in LT18, LT23 and is not interested in
cutting stamps around individual galaxies, but rather prefers to
fit them simultaneously. The module works similarly to those in
Sections 2.3, 2.5. The main difference is that it does not cut stamps
around galaxies and it does not determine which sources fall into
the image, but uses all the sources included in the user-provided
catalogue. The main factor limiting the amount of components
the user can simultaneously fit with GALFIT is the Random Access
Memory (RAM). The amount of RAM we could allocate per core was
our limiting factor as well. In this work, we use the high-performance

»9

computing facility “Euler™ at ETH Ziirich. The maximum amount

of RAM we could request per core to avoid entering an unreasonable

9 https://scicomp.ethz.ch/wiki/Euler.
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long queue waiting time was 32 gigabyte (Gb). This amount of
RAM prevented us to simultaneously fit all the sources visible in
Figure 4. For the application of this methodology in LT23, the
amount of sources does not constitute a limitation since the aim is
to fit only the spectroscopically confirmed cluster member galaxies
(~90).

2.7 Best-fitting catalogues creation

At the end of the GALFIT on stamps, regions and full images
modules, a number of surface brightness profile fits with different
combinations of PSFs, sigma images, backgrounds, and wavebands
are available for each target galaxy. In LT23, we use the seven
wavebands of the HST Frontier Fields data (Lotz et al., 2017), all
four PSF estimation methods described in Section 2.2, custom
and internally generated sigma images, and both fixed and free to
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vary backgrounds. MORPHOFIT provides modules to combine these
measurements into a single estimate of the structural parameters
per individual galaxy via a weighted sum. This is crucial to
penalise the combinations of PSFs, sigma images, and backgrounds
that produce incorrect surface brightness fits, thereby providing
a more robust estimate of the structural parameters with realistic
errors. Indeed, it is known that the formal errors computed
by GALFIT account only for statistical uncertainties in the flux
(Peng et al., 2011).

The estimates X, of the structural parameters for each
individual galaxy per waveband are obtained via a weighted average
of all the measurements X; obtained with different combinations of
PSFs, sigma images, and backgrounds:

Zici)mbxi Wi
Xest = ZNcomb > (15)
iz Wi
1
W= (16)

ierr

where w; are the weights, X; ... the errors quoted by GALFIT for

i,err
3

each fit and “est”, “comb” stand for estimate and combinations,
respectively.

The error on the estimates o, is computed as the square root of
the unbiased weighted estimator sample variance:

Neomb
0_2 _ Zizl Wi
est — N 2 N
comb _ comb ,, 2
(Zi:l Wi) Zi:l Wi

where the terms have the same meaning as in Eq. 15.

N,

comb

Z Wi(Xi _Xest)z’

i=1

(17)

3 Test on simulated HST images

In order to test MORPHOFIT and the performance of the pipeline,
we create simulated HST images matching the characteristics of
the data used in LT23. The images are simulated using the non-
public code “Ultra Fast image generator”'® (UrIG, Bergé et al., 2013;
Bruderer et al., 2016; Herbel et al., 2017; Tortorelli et al., 2018a;
Fagioli et al., 2020; Tortorelli et al., 2020, 2021). UFIG is a fast
software written in PYTHON wrapped around c++ code that
simulates astronomical images in different optical filter bands.
From internally generated or user-provided catalogues, UFIG
renders galaxies pixelated light profiles, including observational and
instrumental effects, such as noise, PSF and pixel saturation. In the
standard implementation, galaxy properties are drawn from a simple
yet realistic galaxy population model that has been calibrated in
Tortorelli et al., 2020, 2021. Galaxies are rendered on the image with
random positions according to Sérsic light profiles.

We generate simulations matching the instrumental and
observational effects of real HST Frontier Fields survey images
for the clusters Abell S1063 (AS1063) and MACS J1149.5 + 2,223
(M1149). We use the Frontier Fields rms image to generate realistic
background noise, we set the GAIN, SATURATION, PIXEL SCALE

10 https://cosmology.ethz.ch/research/software-lab/ufig.html.

Frontiers in Astronomy and Space Sciences

09

10.3389/fspas.2023.989443

and MAGNITUDE ZEROPOINT of the simulated images to the
same values as the real HST images. Furthermore, we set the FWHM
of the image to the value measured on stars on the real image as
described in Section 2.2.

We create two kinds of simulations with UFIG: galaxies rendered
as single Sérsic profiles following the Sérsic indices distribution used
in Tortorelli et al., 2020, 2021 and galaxies rendered as bulge plus
disk with B/T values in the range 0.1 < B/T < 0.9 and values of the
Sérsic indices fixed to n =4 and n = 1, respectively. Figure 4 shows
an example of the quality of the simulated images we generate. The
upper panels show single Sérsic profile simulations in the F814W
and FI60W wavebands with instrumental parameters matching
those from the real M1149 Frontier Fields images. The bottom panels
show the bulge plus disk simulations in the F606W and F140W
wavebands with instrumental parameters matching those from the
real AS1063 Frontier Fields images. The simulation of a realistic
noise is particularly visible in the FI40W and FI60W wavebands,
where noise features coming from the real rms images are visible. The
differences with respect to the observed Frontier Fields images reside
in the simplistic treatment of the stars that are rendered as circular
Moffat profiles in the simulations, in the absence of galaxy clustering
and in the more complicated morphology of real galaxies. However,
these differences do not constitute a problem, since our aim is to test
whether our methodology is able to recover the input magnitudes,
sizes and Sérsic indices of the simulated objects, and whether the
structural parameters estimated on real data are consistent with
already existing literature values.

3.1 Single Sérsic profile simulated galaxies

In the single Sérsic profile simulations, galaxy intrinsic
properties are drawn from the empirical galaxy population model
calibrated in Tortorelli et al., 2020, 2021. UFIG uses these properties
to render galaxies on a pixelated grid. To perform the surface
brightness fitting of galaxies in the single Sérsic profile simulations,
we follow the same pipeline adopted for the LT23 work. We run
SEXTRACTOR on the simulated images and we use the resulting
structural parameters as initial values for the surface brightness
fitting with GALFIT on stamps. We select as target galaxies that
have magnitude mpg 4y <22.5 (measured with SEXTRACTOR
MAG_AUTO), which is the completeness limit of the images in
LT23. These are 54 for AS1063 and 70 for M1149. We use the
seven wavebands of the Frontier Fields survey (F435W, F606W,
F814W, F105W, F125W,F140W, F160W), two methods for the PSF
image creation (“Moffat” and “observed”), “custom” and “internal”
generated sigma images and we let the background both fixed and
free to vary. This leads to a total of 3,024 combinations to fit for
AS1063 and 3,920 for M1149. For the fit on regions, the number of
combinations is 336 for both clusters. For the fit on the full images,
the number is 56 per cluster.

Thanks to the high degree of parallelization of the package,
these combinations can all be fit simultaneously, provided that the
appropriate number of cores is available to the user. We use the
high-performance computing facility ‘Euler’ at ETH Ziirich for all
the surface brightness fit carried out in this work and for the image
simulations. The seven bands simulated images for both clusters
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are created using two cores and 8 Gb of RAM in roughly 10 min.
The fit on stamps uses 6,944 cores, 4 Gb of RAM per core and a
run-time that ranges from minutes to a couple of hours depending
on how large the stamps are and, therefore, how many sources are
simultaneously fit. The fit on regions uses 672 cores, 8 Gb of RAM
per core and a run-time that ranges from less than an hour to almost
24 h depending on the number of sources per region. The fit on
the full images requires more computational resources and is more
time intensive. It uses less cores, 112, due to the smaller number
of combinations, but 32 Gb of RAM per core and a run-time that
ranges from 12 h to roughly 3-4 days. The latter is especially true
for the bulge-disk component fit (see next section) that doubles the
amount of simultaneous components to fit.

We use MORPHOFIT to fit the surface brightness distributions
with single Sérsic profiles with the following seven free
parameters:

e x, y centroid: we set the initial value of the centroid
pixel ~coordinates by converting the SEXTRACTOR
ALPHAWIN_J2000 and DELTAWIN_J2000 sky coordinates
in the F814W waveband into the corresponding pixel
coordinates for each individual stamp.

o mag: we set the initial value of the total galaxy magnitude using
the parameter MAG_AUTO in the waveband of the galaxies we
want to fit.

e r.: we set the initial value of the effective radius in pixel using
the SEXTRACTOR parameter FLUX_RADIUS in the waveband
of the galaxies we want to fit.

e n: we set the initial value of the Sérsic index to n = 2.5.

e q: we set the initial value of the axis ratio using the
SEXTRACTOR parameters BWIN_TIMAGE and AWIN_IMAGE
to g =BWIN_IMAGE/AWIN_IMAGE in the waveband of the
galaxies we want to fit.

e P.A.: we set the initial value of the position angle using the
SEXTRACTOR parameter THETAWIN_SKY in the waveband of
the galaxies we want to fit.

We then create the catalogue containing the estimates of
structural parameters for every single galaxy as described in
Section 2.7. These are then used as initial values for the fit on regions
and the results are, in turn, used for the fit on the full images. We
use windowed positional parameters as initial values following the

1'!. The manual recommends

suggestions in the SEXTRACTOR manua
the use of windowed parameters rather than its isophotal equivalents
because, despite being more CPU intensive, they provide a less noisy
estimate.

We show in Figure 5 the comparison between the structural
parameters measured with MORPHOFIT and the input properties
of the simulated images. We compare the magnitudes, the
effective radii and the Sérsic indices of the target galaxies and
their neighbours in the seven Frontier Fields wavebands. The
magnitude comparison shows that bright galaxies (1pg; 4w < 22.5)
at all wavebands are all consistent within the errors with the
input values. The neighbouring objects that have magnitudes
greater than mipg 4w > 22.5 lie close to the one-to-one relation

11 http://astroa.physics.metu.edu.tr/MANUALS/sextractor/sextractor.pdf.
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as well, but they are consistent with the input values only at
the 30 level. The scatter of the effective radii and of the Sérsic
indices is also remarkably small. Roughly 80% of the galaxies are
consistent within the errors with the input values, while all of
them become consistent with the input when we consider the
30 level.

3.2 Bulge plus disk simulated galaxies

We draw new properties from the empirical galaxy population
model for the bulge plus disk simulations. Galaxies have B/T
ratios that are drawn from a uniform distribution in the range
0.1 <B/T <0.9. The bulge and disk profiles of an individual galaxy
have the same centers, while different Sérsic indices (n = 4 for bulge,
n = 1 for disk) and different effective radii. The disk effective radius
is Te disk = Nx re,bulge’
in the range [1,4]. When fitting an exponential disk profile with

where N is drawn from a uniform distribution

GALFIT, the package requires as input the scale radius of the disk,
R. Therefore, we input it by dividing the 7, 4;
in Peng et al., 2010.

The surface brightness fitting of these galaxies follows the

« by 1.678 as explained

pipeline in Figure 1 as well. We use the same selection of target
galaxies and number of combinations for AS1063 and M1149
fit on stamps as in Section 3.1. We use MORPHOFIT to fit the
surface brightness profile of each target galaxy using a Sérsic and
exponential disk profiles for the bulge and the disk, respectively.
The two profiles share the same initial values for the centroid
(sexTRACTOR ALPHAWIN_J2000 and DELTAWIN_J2000),
magnitude (SEXTRACTOR MAG_AUTO), axis ratio (SEXTRACTOR
BWIN_IMAGE/AWIN_IMAGE), and position angle (SEXTRACTOR
THETAWIN_SKY). The initial values differ for the Sérsic index,
which is let free to vary for the bulge, while fixed to n = 1 for the disk,
and for the effective radius. The initial value for the bulge effective
radius is given by the sexTraAcTOR FLUX_RADIUS parameter,
which is the radius that encloses 50% of the total light from the
galaxy. The initial value for the disk scale length is given by the
SEXTRACTOR FLUX_RADIUS parameter divided by 1.678, since
this is the relation between the scale length and the effective radius
quoted in Peng et al., 2010. The best-fitting estimates from the fit on
stamps are then used as initial values for the fit on regions and on
the full images.

Figure 6 shows the comparison between the structural
parameters estimated with MORPHOFIT and the input properties
of simulated bulge plus disk galaxies. We report the results for
the bulge and disk magnitudes and sizes, and for the bulge Sérsic
indices, since the disk ones are kept fixed at the values used to
generate the simulations. The results in this case show a larger
scatter with respect to the single Sérsic profile. This is expected
since we are trying to simultaneously minimise a larger number
of parameters per galaxy, where the slightest change in light
contribution of one of the components is immediately reflected on
the parameters of the other one. Additionally, the disk component
is more susceptible to the estimate of the image background,
therefore caution must be applied when fitting the sky background
value.

Bright galaxy magnitudes keep being close to the one-to-
one relation. The percentage of objects consistent with the input
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FIGURE 5

The top, middle and bottom panels show the comparison between the input simulated galaxy magnitudes, the galaxy effective radii, the galaxy Sérsic
indices and the best-fitting magnitudes, effective radii, Sérsic indices from MORPHOFIT, respectively. Magnitudes are in the AB system, while the effective
radii are expressed in units of pixels. mag, r, and n refer to the total magnitude, the effective radius and the Sérsic index of the input and fitted Sérsic
profile, respectively. For each row, we only select a sub-sample of the seven wavebands for plot clarity. Red points refer to the simulated target galaxies
and their neighbouring objects. The black solid line represents the one-to-one relation between the input and the best-fitting quantities.

magnitudes is around 50% if we consider the 1o level, while it
is around 70% at the 3¢ level. If we consider all galaxies, these
percentages go to the 25% at the 1o level and 55% at the 30 level.
The degeneracy arising in the simultaneous minimisation of two
components is particularly evident in the larger errors and scatter
of the effective radii and Sérsic indices. Bright galaxy bulges and
disk effective radii have percentages of agreement with the input
values within 1o that are slightly lower than those obtained for the
magnitudes (~30%), but similar for the 30 case. The percentages of
galaxy bulges Sérsic indices that are consistent with the input values
are 30% for the 1o case and 60% for the 30 case. If we consider the
bright galaxies, the percentages rise to 35% and 70% for the 1o and
30 cases, respectively.

The simulations of single Sérsic profile galaxies show that
MORPHOFIT is able to recover with good accuracy and within
the errors the input parameters of the simulations. In the case
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of the bulge plus disk profile simulations, the simultaneous
minimisation of two components per galaxy causes an increase
in the scatter and in the uncertainties of the parameters. Despite
that, MORPHOFIT provides good performances in the recovery
of the input parameters for bright galaxies. It also provides a
roughly 70% consistency within 30 with the input values if
we consider galaxies spanning the whole range of simulated
magnitudes.

4 Comparison with published
catalogues

The tests on the simulated data demonstrate the good

performances of MORPHOFIT in estimating the structural

parameters, especially in the case of single Sérsic profiles.
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FIGURE 6

The first and second rows of panels show the comparison between the input simulated galaxy magnitudes of bulge (first row) and disk (second row),
and the corresponding best-fitting magnitudes from MorPHOFIT. The third and fourth rows of panels show the comparison for the effective radii and
the scale lengths. The fifth row shows the deviation of the recovered bulge Sérsic index with respect to the input one. For each row, we only select a
sub-sample of the seven wavebands for plot clarity, comparing similar bands for the bulge and disk components. Red points refer to the simulated
target galaxies and their neighbouring objects. The black solid line represents the one-to-one relation between the input and the best-fitting quantities.

Frontiers in Astronomy and Space Sciences 12 frontiersin.org


https://doi.org/10.3389/fspas.2023.989443
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Tortorelli and Mercurio

10.3389/fspas.2023.989443

26 2.0 20.0 T
F MeEsraw, 123 =22.5 —_ = Mesraw, 1123 =22.5 F MEsraw, 1123 =22.5
24 + Mesraw, 1123 > 22.5 E 151 = Mesraw, 1123 >22.5 759 3 misraw, raz > 2205 ™
_ -7 15.0
g z g
S22 2 1.0 - | F12.59
- w -
Z g 210.01
b= = 0.5 2
£207 ch : — 2 759
g 3 S 5ol
184 & 007 ’
o 2.5
-0.5
5% 18 20 22 24 26 205 00 05 10 15 20 00 5 10 15 20
M(Fg14w, LT18) 10910(Re, kpc, Fe14w, LT18) N(rg14w, LT18)
26 2.0 T 20.0
§  mesiaw, 123 =225 — $ Mesaw, 123 =22.5 §  mesiaw, 3 =225
24  mesraw, 123 >22.5 i E 151 § meEsaw, 123 >22.5 1757 §  mgsraw, ir23 > 22.5
_ e 29 - 15.0
4] = =
N o o~
Baol i s @ 101 { 51257
- w
= ; 3 1
] . g os] ] %10 0
20 ¢ g 4 e & 75
g = [ <
El ° 5 5.0 ]
— -
18] & 007 i {
. o I 257 o “;
by}
16 -0.5 T T T T 0.0
16 18 20 22 24 26 -05 00 05 1.0 15 20 0 5 10 15 20
m(Flﬁ()W, MA17) |0910(Re, kpc, F160W, MA17) n(F160W, MA17)
26 2.0 20.0
F Megraw, LT23) =22.5 — B Mgraw, Lr23) <22.5 F Mirsraw, 123 =22.5
4] = MEsraw, tr23) > 22.5 E 15] = Mesraw, 123 >22.5 1759 &4 Mrs1aw, L123) > 22.5
_ -7 15.0-
R Z g
':227 N ° o 104 - 5 12.54
- w
= 5 3 1
3 . :.4‘ ;10 0
2207 g 037 © 757 +
E o S =y
S ool or 5.0
187 8~ il
= 2.54
16 -0.5 T T T T 0.0 ]
16 18 20 22 24 26 -05 00 05 10 15 20 0 5 10 15 20
M(Fg14w, LT18) 10910(Re, kpc, Fe1aw, LT18) Nisraw, LT18)
FIGURE 7

The panels show the comparison between the magnitudes, the log,oR.. with R in kpc, and the Sérsic indices in LT23 and those of LT18 (top and bottom
panels) and MA17 (middle panels). LT18 structural parameters are measured for AS1063 and M1149, while MA17 for M0416. The comparisons with LT18
are in the F814W waveband, while the comparison with MA17 in the FI60W waveband. In all panels, red points represent galaxies with magnitude

m < 22.5 in the F814W waveband, while blue points represent galaxies fainter than this limit in the same waveband. The black solid lines represent the

one-to-one relations.

MORPHOFIT is used in LT23 to measure the structural parameters of
intermediate redshift cluster galaxies in order to build the Kormendy
relation as a function of wavelength.

In Figure 7, we compare the structural parameters estimated
with MORPHOFIT in LT23 with already existing results in the
literature for the same clusters. In particular, we fit galaxies
with single Sérsic profiles and we compare the parameters of
the F814W waveband with those measured in LT18 for AS1063
and M1149. We also reviewed papers with independent and
publicly available catalogues. We compare the FI60W waveband
structural parameters with those measured in Annunziatella et al.,
2017 (hereafter, MA17) for MACS J0416.1-2,403 (M0416). This
allows us to check whether the MORPHOFIT structural parameters
estimation and the methodology behind it perform similarly to
already existing results in the literature. The studies of Merlin et al.,
2016; Di Criscienzo et al., 2017; Shipley et al., 2018; Bradac et al.,
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2019; Pagul et al., 2021 have published photometric catalogues for
AS1063, M1149, and M0416. However, either they do not use GALEIT
at all, or they use GALAPAGOS (Barden et al., 2012) solely to account
for the contamination of the intracluster light. The photometry that
is released in these catalogues has been mainly obtained by running
SEXTRACTOR (or a similar software), therefore it cannot be compared
to our results and used to demonstrate that automatising the process
yields similar results as those obtained from manual adjustments to
the fit (see Appendix five for a comparison between the SEXTRACTOR
structural parameters estimate and the MORPHOFIT one).

The magnitude comparison for AS1063 (upper left panel) shows
that all galaxies are consistent within the errors with the one-to-one
relation. For M0416 (central left panel), the consistency holds for
bright galaxies. Faint galaxies show a large scatter, particularly those
with mp 6w > 22.5, and some of them are not consistent within the
errors with the one-to-one relation. This is expected since fainter
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objects are increasingly harder to fit and different methodologies
adopted in different works may lead to very different estimates. For
M1149 (bottom left panel), the results are similar to those of AS1063,
except for three objects (one of them being the BCG) that resides in
the centre of the cluster where there is strong contamination from
lensed objects.

The comparison of log,,R., with R, in kpc, for AS1063 (top
central panel) shows that both faint and bright galaxies are consistent
within the errors with the one-to-one relation at log; R, < 1.0.
The two largest galaxies of the sample (one of them being the
BCG) are not consistent. For such large galaxies, the different
treatments of the background noise among different studies have
a tremendous impact on the final value of the size. The trend for
MO0416 shows a more pronounced scatter with respect to the other
two clusters. The majority of the bright objects at log; R, < 0.5 are
consistent with the one-to-one relation, but with errors larger than
the other two clusters. At log, R, > 0.5, MA17 sizes tend to be
larger than the results from MOrRpPHOFIT. For faint galaxies, only the
smallest ones are consistent within the errors with the one-to-one
relation, otherwise MA17 sizes are overestimated with respect to the
MORPHOFIT estimates. M 1149 shows a similar behaviour as AS1063,
with the two largest galaxies (BCG included) not consistent with the
one-to-one relation.

The AS1063 Sérsic indices (top right panel) estimated with
MORPHOFIT are all consistent within the errors with the one-to-
one relation. The larger the input Sérsic index, the larger is the
error on the estimate. The M0416 Sérsic indices of bright galaxies
below n < 5 are consistent within the errors with the one-to-one
relation, while, above that threshold, MA17 Sérsic indices tend to
be overestimated with respect to the MORPHOFIT estimates. For
faint galaxies, only the ones with n < 2.5 are consistent with the
one-to-one relation, while, at higher Sérsic indices, the MORPHOFIT
estimate tends to be smaller than that from MA17. The M1149
Sérsic indices follow a similar trend as in AS1063, albeit with
five sources at n>5 that are not consistent with the one-to-one
relation.

Overall, the comparison shows that there is a very good
agreement of the MORPHOFIT properties with the literature ones,
especially for AS1063 and M1149, while for M0416 the scatter is
larger, but the consistency is still good. Faint galaxies in MA17 show
alarger discrepancy with respect to the MORPHOFIT estimate. This is
due to the larger impact that different treatments of PSE, sigma image
and background estimation have on the morphological analysis of
faint galaxies. The tests on simulations and literature data confirm
the robustness of the parameters estimated with MORPHOFIT and,
consequently, the analysis of the Kormendy relation carried out in
LT23.

5 Conclusion

In this paper we introduce MORPHOFIT, a package for the
estimate of galaxy structural parameters. The package is designed
to answer to the necessity of modern wide-field surveys for
surface brightness decomposition codes that are accurate, highly
parallelisable and require a small degree of human intervention.
The package is written in PYTHON and it is constituted by modules
that can be run independently or in a pipeline. The latter allows
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the user to estimate the galaxy structural parameters in stamps
around galaxies or using all the galaxies present in an image
and it contains routines to create PSF images from imaged stars.
MORPHOFIT allows the user to fit multiple components to each
galaxy among those currently implemented in the code, namely,
the Sérsic, the deVaucouleurs and the exponential disk profiles. It
makes use of wide-spread and reliable codes, such as SEXTRACTOR
and GALFIT. MORPHOFIT is also designed to take advantage of the
pipeline first introduced in Tortorelli et al., 2018b, refined in this
work and used in Tortorelli et al. (2023) to measure the Kormendy
relation dependence on wavelength. Its parallelisation capabilities
relies on the use of the PYTHON package ESUB-EPIPE.

We test the accuracy of the results by creating simulated images
mimicking the observational and instrumental conditions of the
HST Frontier Fields survey. We create two sets of simulations using
UFIG: one where galaxies are rendered as single Sérsic profiles
and another one where galaxies are rendered as bulge plus disk
components with a variable bulge-to-total luminosity ratio. This
second set of simulations is of great importance because, although
galaxies may have a lot of structures (like rings, pseudorings,
lenses, bars, envelops, and spiral arms), a parametric bulge-disk
decomposition is one of the first possible quantitative steps to tag
a galaxy as an early or late-type system. We use MORPHOFIT and the
pipeline described in Figure 1 to estimate the structural parameters
of simulated galaxies and check whether we are able to recover the
input parameters of the simulations within the errors. We find that
the structural parameters measured by MORPHOFIT on the single
Sérsic simulated galaxies are all consistent within the errors with the
input ones. For the bulge plus disk components, the simultaneous
minimisation of two components increases the degeneracies in the
recovery of the parameters. This leads to roughly a 50% (70%) of
bright objects that show recovered magnitudes consistent with the
input ones at the 1o (30) level, for both bulges and disks. A smaller
degree of consistency is present for bright galaxies effective radii
and Sérsic indices at the 1o level (35%), while at the 30 level the
consistency is similar to the magnitude case.

We also compare the structural parameters estimated with
MORPHOFIT on observed data with those from existing literature
studies. We use the data of the clusters Abell S1063, MACS J1149.5
+ 2,223 and MACS J0416.1-2,403 from the HST Frontier Fields
survey. We compare the parameters of the F814W waveband for
Abell S1063 and MACS J1149.5 + 2,223 with the results from
Tortorelli et al., 2018b and of the FI60W waveband for MACS
J0416.1-2,403 with the results from Annunziatella et al., 2017. We
find a very good consistency of the structural parameters for Abell
S$1063 and MACS J1149.5 + 2,223 with Tortorelli et al., 2018b.
The consistency with Annunziatella et al., 2017 is also very good,
especially for bright galaxies. Faint galaxies have a more sparse
behaviour, but this is expected given the larger impact the different
choice of PSF, sigma images and background estimations have on
faint galaxies morphological properties.

Overall, MORPHOFIT is able to correctly recover the input
simulated parameters, as well as being consistent with existing
literature results. This shows that this package constitutes a
promising tool that can be exploited with modern wide-field surveys
to measure the structural parameters of a large number of galaxies
in a parallel, accurate, and multi-component way, with a very
small degree of human intervention. Future prospects include the
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addition of all the available GALFIT surface brightness profiles
and the possibility to choose between the use of GaLrrT and
GALFITM (Héufiler et al.,, 2013) for the simultaneous fit of all the
wavebands.
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Appendix A: Comparison between
MORPHOFIT and SEXTRACTOR

SEXTRACTOR contains routines that allow the user to perform
parametric surface brightness fitting. We compare the results
of running MORPHOFIT on simulated single Sérsic profile
galaxies (see Section 3.1) with the parametric fit performed by
SEXTRACTOR on the same galaxies. Appendix Figure Al shows

that the magnitudes predicted by SEXTRACTOR lie close to the
one-to-one relation with the input parameters, albeit with a

10.3389/fspas.2023.989443

larger scatter with respect to the MORPHOFIT estimates and
larger errors at faint magnitudes. The figure also shows that
SEXTRACTOR predicted Sérsic indices have larger errors with
respect to the MORPHOFIT ones and are systematically under-
estimated with respect to the input values for # > 2. Consequently,
the effective radii are systematically over-estimated with respect
to the input ones. We implement in MORPHOFIT the possibility
for the user to access the SEXTRACTOR parametric fit feature
and use those values as initial estimates for the fit with
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FIGURE A1

The top, middle and bottom panels show the comparison between the input simulated galaxy magnitudes, the input simulated galaxy effective radii,
the input simulated galaxy Sérsic indices and the best-fitting magnitudes, effective radii, Sérsic indices from MORPHOFIT (in red) and SEXTRACTOR (in
blue), respectively. Magnitudes are in the AB system, while the effective radii are expressed in units of pixels. mag, r, and n refer to the total magnitude,
the effective radius and the Sérsic index of the input and fitted Sérsic profile. For each row, we only select a sub-sample of the seven wavebands for
plot clarity. The black solid line represents the one-to-one relation between the input and the best-fitting quantities.
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