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ABSTRACT

We study the spatially resolved physical properties of the Cosmic Snake arc in MACS J1206.2-0847 and the arc in Abell 0521 (A521).
These are two strongly lensed galaxies at redshifts z = 1.036 and z = 1.044. We used observations of the Hubble Space Telescope
(HST) and the Atacama Large Millimeter/submillimeter Array (ALMA). The former gives access to the star formation rate (SFR) and
stellar mass (M, ), and the latter to the H, molecular gas mass (My,o). HST and ALMA observations have similar angular resolutions
of 0.15”-0.2”, which with the help of strong gravitational lensing enable us to reach spatial resolutions down to ~30 pc and ~100 pc
in these two galaxies, respectively. These resolutions are close to the resolution of observations of nearby galaxies. We study the
radial profiles of SFR, M,, and M,,, surface densities of these high-redshift galaxies and compare the corresponding exponential
scale lengths with those of local galaxies. We find that the scale lengths in the Cosmic Snake are about 0.5 kpc—1.5 kpc, and they are
3-10 times larger in A521. This is a significant difference knowing that the two galaxies have comparable integrated properties. These
high-redshift scale lengths are nevertheless comparable to those of local galaxies, which cover a wide distribution. The particularity
of our high-redshift radial profiles is the normalisation of the M, surface density profiles (£M,,01), which are offset by up to a factor
of 20 with respect to the profiles of z = 0 counterparts. The SFR surface density profiles are also offset by the same factor as XM,

as expected from the Kennicutt-Schmidt law.

Key words. galaxies: high-redshift — galaxies: structure — gravitational lensing: strong — stars: formation

1. Introduction

Observations of high-redshift galaxies give unique insights into
the formation processes of young galaxies. The star formation
rate (SFR), stellar mass (M, ), H, molecular gas mass (M),
dust mass (Mgys), and metallicity are key observables for study-
ing the physical properties of galaxies. At high redshift, we
generally only have access to the galaxy-integrated physical
properties. However, determining spatially resolved physical
properties is needed to help us understand the galactic structures
and evolutionary history. In nearby spatially resolved galaxies,
the study of the radial profiles of the cited observables provide
important information about the star formation activity inside the
galaxy, which is responsible for their M, and metallicity build-
up (e.g., Regan et al. 2001; Tremonti et al. 2004; Leroy et al.
2008; Tamburro et al. 2008; Rosales-Ortega et al. 2012; Sanchez
et al. 2013; Erroz-Ferrer et al. 2019).

The main objective of measuring the radial profiles of key
observables in nearby galaxies is to constrain star formation
models. Because we lack a strict theory of star formation, estab-
lishing empirical laws, such as the Kennicutt-Schmidt (KS; e.g.,
Kennicutt 1989), main sequence (MS; e.g., Speagle et al. 2014)

* The reduced maps are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or viahttp://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/657/A25
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and mass-metallicity (e.g., Tremonti et al. 2004; Maiolino et al.
2008) relations, represents the first step in galaxy modelling.
The radial profiles, and more generally, high-resolution studies
of galaxies, enable us to test and calibrate these empirical star
formation recipes. It is timely to determine whether the empir-
ical star formation laws valid in nearby galaxies hold at higher
redshifts.

Measuring the radial distribution of the key galactic observ-
ables at high redshift may prove challenging because spatial
scales below ~1kpc need to be resolved. At z > 1, we can
therefore currently only study radial profiles with the help of
gravitational lensing, which enables us to reach sub-kiloparsec
resolutions in strongly lensed galaxies.

Massive galaxies or massive galaxy clusters bend space-time
and act as spatial telescopes. Taking advantage of them allows
us to probe background galaxies at increased spatial resolutions
and at amplified luminosity (e.g., Richard et al. 2010; Jones et al.
2010; Bayliss et al. 2014; Livermore et al. 2015; Patricio et al.
2018; Cava et al. 2018). Using the lens model, constrained based
on the mass distribution of the lens galaxy or cluster, the mag-
nification map of the lens in the image plane at various red-
shifts can be predicted, and the image of the lensed galaxy in the
source plane can be reconstructed. Because the surface bright-
ness is conserved through lensing, surface densities of physi-
cal quantities can be compared without the need to correct for
lensing.
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We present in this work the spatially resolved study of the
physical quantities related to the star formation process (SFR,
M, Mo, and My,g) of two strongly lensed galaxies, the Cos-
mic Snake at z = 1.036, with M, = (4.0 = 0.5) x 10'° M, and
SFR = 30+10 My yr~! (Cavaetal. 2018), and A521 at z = 1.044
with M, = (7.4 £ 1.2) x 10" My and SFR = 26 + 5 My yr~! (as
derived in this work). A detailed analysis of the stellar clumps
and molecular gas clouds of the Cosmic Snake has been per-
formed by Cava et al. (2018) using the Hubble Space Telescope
(HST), and by Dessauges-Zavadsky et al. (2019) using the Ata-
cama Large Millimeter/submillimeter Array (ALMA), respec-
tively. The study of stellar clumps and molecular gas clouds in
A521 will be presented in two forthcoming papers (Messa et al.,
in prep. and Dessauges-Zavadsky et al., in prep.) The study of
the molecular and ionised gas kinematics of both galaxies has
been presented in Girard et al. (2019) using ALMA data and
observations from Patricio et al. (2018) with the ESO Multi
Unit Spectroscopic Explorer (MUSE), respectively. Moreover,
Patricio et al. (2019) has studied the metallicity gradient in the
Cosmic Snake using data obtained with the Spectrograph for
INtegral Field Observations in the Near Infrared (SINFONI).

For both galaxies, we combine observations obtained with
HST and ALMA and observations of the Cosmic Snake obtained
with SINFONI and the Herschel space observatory in order to
measure the radial profiles of their surface densities of SFR
(ZSFR), M, (ZM*)7 Mmol (ZMmo])s and Mdust (ZMdust)’ and the
corresponding scale lengths (assuming an exponential profile).
We compare these radial profiles with those of 52 nearby galax-
ies from studies by Regan et al. (2001), Leroy et al. (2008),
and Tamburro et al. (2008), as well as one individual galaxy at
z = 1.45 from Ushio et al. (2021), and two stacks obtained for the
high-redshift galaxies analysed in Calistro Rivera et al. (2018)
(z ~ 2-3) and in Jafariyazani et al. (2019) (z ~ 0.1-0.42).

The paper is structured as follows: in Sect. 2 we present the
studied galaxies and their gravitational lens modelling, observa-
tions, and data reduction. In Sect. 3 we present the measurements
of ZSFR, XM, XMy, and My, for the Cosmic Snake and
AS521 galaxies. In Sect. 4 we present the derived radial profiles
and scale lengths, and we discuss our results. Finally, in Sect. 5
we give our conclusions.

Throughout this paper, we adopt the A-CDM cosmology
with Hy = 70 km s™! Mpc’l, Qm = 0.3, and Qp = 0.7. We adopt
a Salpeter (1955) initial mass function.

2. Observations and data reduction
2.1. Cosmic Snake and A521 galaxies

The Cosmic Snake arc in MACS J1206.2-0847 and the arc
in Abell 0521 (which we refer to as A521) are two strongly
lensed galaxies. We see several counter-images of them that are
stretched and magnified from a few to hundreds of times (see
Figs. 1 and 2).

The Cosmic Snake galaxy has four multiple images along
an arc with magnifications between 10 and >100 (Fig. 1). All
of them correspond to the northern part of the source galaxy.
The northern and southern regions are images of slightly more
than half of the galaxy, whereas the central region shows two
highly magnified counter-images, both with fewer than 20% of
the galaxy. Slightly less than 50% of the source galaxy is not
visible in the arc. The Cosmic Snake galaxy has a fifth isolated
counter-image to the north-east of the arc (~15” away from the
northern tip of the arc), which is uniformly lensed by a magni-
fication of 4.3 and is not shown in Fig. 1. With a total lensing-
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Fig. 1. HST RGB-colour composite image of the Cosmic Snake (red fil-
ter: F160W, green: F105W, and blue: F606W). Magnifications are high-
lighted using coloured regions, from transparent for regions amplified
1-10 times, to red for regions magnified more than 500 times, as defined
in the colour bar (on the right side). Galaxies marked with a cross are
foreground lensing cluster member galaxies that contaminate the Cos-
mic Snake.

corrected M, of (4.0 +0.5) x 10'° M, a total lensing-corrected
SFR of 30+10 Mg yr~!, and a redshift of z = 1.03620 (Cava et al.
2018), the Cosmic Snake is representative of MS star-forming
galaxies at z ~ 1 (e.g., Speagle et al. 2014). The integrated M,
and SFR of the Cosmic Snake were measured on the isolated
counter-image to the north-east, so that they also contain the
~50% of the mass and SFR that is absent in the arc.

The A521 arc (Fig. 2) shows five counter-images of a source
galaxy at z = 1.04356 with magnifications between 3 and >50.
The north-eastern counter-image is almost not stretched. This
counter-image clearly shows that the A521 galaxy has the spi-
ral structure typical of local late-type disky spiral galaxies. It is
amplified by a factor growing from 2 on the easternmost part
to 5-6 on the western spiral arm. Both spiral arms are visible in
the second counter-image, which is the most elongated and mag-
nified. The third counter-image in the south-west shows only a
small part of the source galaxy, and an even smaller part of the
source galaxy has two counter-images located beside (south) the
cluster member galaxy marked with a plus in Fig. 2. A521 has
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Fig. 2. HST RGB-colour composite image of the A521 arc (red filter:
F160W, green: F105W, and blue: F606W). Magnifications are high-
lighted using coloured regions, from transparent for regions amplified
1-10 times, to red for regions magnified more than 500 times, as defined
in the colour-bar (on the right side). The galaxy marked with a plus is
a foreground member of the lensing cluster that overlaps the A521 arc,
and the galaxy marked with a cross is a foreground member that con-
taminates A521.

an M, of (7.4 + 1.2) x 10'° M and an SFR of 26 + 5 M, yr™'.
These quantities were derived from the spectral energy distribu-
tion (SED) fit on the HST photometry (see Sect. 3.2.2) measured
on the north-eastern counter-image. A521 is also representative
of MS star-forming galaxies at z ~ 1.

2.2. HST observations

The HST images of MACS J1206.2-0847 are part of the Clus-
ter Lensing and Supernova survey with Hubble (CLASH)!. The
Cosmic Snake was observed in 16 HST bands (4 WFC3/UVIS,
7 ACS, and 5 WFC3/IR). We used the 0.03” version of the maps
from the CLASH archive. The exposure time in each HST filter
ranges between ~2000s and ~5000s. The full CLASH dataset
is described in Postman et al. (2012).

We took the AS521 images observed in four HST bands
(F390W with WFC3/UVIS, F105W and F160W with WFC3/IR,
and F606W with WFPC2) from the HST archive (projects
11312 and 15435). The exposure time in each HST filter ranges
between ~2000s and ~5000s. Individual calibrated exposures
were aligned and combined in a single image using the soft-
ware Multidrizzle (Koekemoer et al. 2007). The final images
have spatial resolutions of 0.06”” and 0.1” for WFC3 and WFPC2
observations, respectively. HST RGB-colour composite images
including the magnification maps of the Cosmic Snake and A521
are displayed in Figs. 1 and 2, respectively.

2.3. CO and dust continuum observations with ALMA

The observations of the Cosmic Snake arc were acquired
in Cycle 3 (project 2013.1.01330.S). They were performed
in the extended C38-5 configuration with a maximum base-
line of 1.6km and 38 antennas of the 12 m array in
band 6 with a total on-source integration time of 52.3 min

! The data from CLASH are available at https://archive.stsci.
edu/prepds/clash/

(Dessauges-Zavadsky et al. 2019). The targeted CO(4-3) emis-
sion line was observed at 226.44 GHz, corresponding to a
redshift of z = 1.036. The observations of the isolated counter-
image to the north-east of the Cosmic Snake arc and A521 were
obtained in Cycle 4 (project 2016.1.00643.S). As described in
Girard et al. (2019), the configuration we used was C40-6 with a
maximum baseline of 3.1 km and 41 antennas of the 12 m array.
The total on-source times in band 6 were 51.8 min for the iso-
lated counter-image of the Cosmic Snake and 89.0 min for A521.
The tuned frequency for the isolated counter-image was the
same as for the Cosmic Snake arc. For A521, the frequency was
tuned at 225.66 GHz, which corresponds to the frequency of the
CO(4--3) line at the redshift of z = 1.043. For all three observa-
tions, the spectral resolution was set to 7.8125 MHz.

For the data reduction, the standard automated reduction pro-
cedure from the pipeline of the Common Astronomy Software
Application (CASA) package (McMullin et al. 2007) was used.
Briggs weighting with a robust factor of 0.5 was applied to image
the CO(4-3) emission. The cleaning was made interactively on
all channels with the clean routine in CASA until convergence,
using a custom mask and ensuring that all the CO emission
was included in all channels. A final synthesised beam size of
0.22” x 0.18” with a position angle of 85° was obtained in the
case of the Cosmic Snake arc, 0.21” X 0.18” at 49° for the Cos-
mic Snake isolated counter-image, and 0.19” x 0.16” at —74°
for A521. Primary beam correction was applied. The achieved
RMS is 0.29 mJy beam™" per 7.8125 MHz channel for the Cos-
mic Snake arc, 0.42 mJy beam™' per 7.8125 MHz channel for the
isolated counter-image, and 0.26 mJy beam™' per 7.8125 MHz
channel for A521. The immoments routine from CASA gave
the CO(4-3) moment-zero maps by integrating the flux over the
total velocity range showing the CO(4-3) emission. The result-
ing velocity-integrated CO intensity map of the Cosmic Snake
arc is displayed in the middle panel of Fig. 3, and that of A521
is shown in Fig. 4.

We detect the 1.3 mm dust continuum in the Cosmic Snake
arc, which corresponds to a rest-frame wavelength of 650 pm.
It was imaged over the calibrated visibilities of the four spec-
tral windows and by excluding channels where the CO(4-3)
emission was detected. The final synthesised beam size is of
0.20” x 0.18” at 86° and RMS of 14 uJybeam™'. The 1.3 mm
continuum map is displayed in the right panel of Fig. 3. No
1.3 mm continuum is detected in A521.

2.4. CO observations with PdBl

The Cosmic Snake was observed with the Plateau de Bure inter-
ferometer (PdBI) at 113.23 GHz, the redshifted frequency of the
CO(2-1) line. The observations were conducted in March 2014
using six antennas in the extended A-configuration for an on-
source integration time of 7.6 hours. The data reduction was
performed using the GILDAS software packages clic and map-
ping. The data were imaged with the clean procedure (using
the hogbom deconvolution algorithm) and natural weighting.
The resulting synthesised beam after reduction has a size of
1.71”x0.62" at the position angle of 17°, and the achieved RMS
is 1.02mJy beam™" per 12 MHz channel.

2.5. Ha observations with SINFONI

The observations of the Cosmic Snake in Ha with SIN-
FONI were performed in 2011, with an exposure time of
6h in total (Patricio et al. 2019). For the data reduction,
the pipeline developed by MPE (SPRED; Abuter et al. 2006;
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Forster Schreiber et al. 2009) was used in addition to cus-
tom codes for the correction of detector bad columns, cosmic
ray removal, OH line suppression and sky subtraction (Davies
2007), and flux calibration. The detailed steps of this procedure
are explained in Patricio et al. (2019). The Ha emission map
of the Cosmic Snake is displayed in the left panel of Fig. 3.
A521 was also observed with SINFONI (Patricio et al. 2019),
but the galaxy is not bright enough in He to spatially study its
emission.

2.6. Herschel data

For the Cosmic Snake we also considered the Herschel data from
the Herschel Lensing Surveys (Egami et al. 2010). The Cosmic
Snake is detected in all Herschel bands (PACS100, PACS160,
SPIRE250, SPIRE350, and SPIRE500). Herschel photometry of
the Cosmic Snake was carried out by Cava et al. (2018). A521
was also observed with Herschel, but we did not use Herschel
data for A521.
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2.7. Gravitational lens models

The gravitational lens models used for the Cosmic Snake and
AS521 are detailed in Cava et al. (2018) and Richard et al. (2010),
respectively, and are constrained by multiple images observed in
HST observations. The models were computed and optimised
with Lenstool (Jullo et al. 2007), resulting in magnification val-
ues with a precision between 80% and 90%. The root mean
square (RMS) accuracy of the lens models for the positions in
the image plane is 0.15””and 0.08" for the Cosmic Snake arc and
AS521 arc, respectively. These models are applied throughout the
paper to recover the source properties of these lensed galaxies.

3. Determination of physical quantities
3.1. Recovery of the galactocentric radius

In order to derive the galactocentric radii in the image plane, we
proceeded as follows. We created a mask of concentric ellipti-
cal rings centred on the centre of the galaxy in the source plane
(ellipses on the left of Fig. 5). Then, we projected this mask onto
the image plane using the lens model of the galaxy, and obtained
a map of galactocentric radii for the lensed image (arc on the
right of Fig. 5). Figure 5 is an illustration of this process for the
Cosmic Snake. Following the prescriptions of Leroy et al. (2008)
for the local galaxies, we required that the width of the rings in
the image plane was at least equal to half the size of the beam.
We adjusted the width of the ellipses in the source plane accord-
ingly. The number of ellipses was then determined by the maxi-
mum radius at which a given physical quantity of the galaxy was
detected, and it therefore varies as a function of the data used
(HST, ALMA, or SINFONI).

The surface of each ring (S ) was computed following
Sting = Npixring * p?, where Npix ring 1s the number of pixels in
a given ring in the image plane and p is the pixel size in physical
units. We assumed the surface brightness to be constant inside
each ring, hence it is conserved through gravitational lensing.
We can thus infer the surface density of various physical quanti-
ties without lensing corrections. To verify whether this hypothe-
sis is correct, we derived for each quantity the lensing-corrected
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radial profile. To do this, we divided the brightness and the size
of each pixel by its magnification obtained from the gravitational
lens model when we integrated the flux inside an elliptical ring
in the image plane. The resulting radial profiles deviate by less
than 5% for most data points and by never more than 10% (only
for a few data points) from the radial profiles obtained when a
constant surface brightness was assumed. We are therefore confi-
dent that the assumption of a constant surface brightness in each
ring is robust enough. The following subsections describe how
we inferred the various physical quantities for the Cosmic Snake
and A521.

3.2. Stellar mass and star formation rate surface densities
3.2.1. Cosmic Snake arc

For the Cosmic Snake, we used the HST data from CLASH in 16
bands from the ultraviolet (UV) to the near-infrared (Cava et al.
2018) to determine its XM, and XSFR. The arc is especially in
the redder bands (3700 nm) contaminated by foreground cluster
galaxy members. Before extracting the Cosmic Snake photome-
try, we subtracted the contamination from the brightest and clos-
est cluster members to the arc (marked with a cross in Fig. 1).
We computed the contamination by modelling the cluster mem-
bers with a sum of two 2D Sérsic profiles each. For more details,
see Appendix A.

The Cosmic Snake galaxy is detected up to the galactocentric
radius of 7 kpc in all HST bands. We defined a mask of 20 ellip-
tical rings covering the range from Okpc to 7 kpc in the source
plane with a step of 350 pc, corresponding to our average HST
spatial resolution. We measured the respective surface brightness
in each ring and each band. The corresponding values are given
in Table B.1.

We are interested in the radial profiles of XSFR and XM,
therefore we performed an SED fit on the photometry for each
ring. From the SED fit, we also derived the attenuation (Ay) that
we used to correct the ZSFR Ha radial profile for extinction (see
Sect. 3.4), and the infrared luminosity (Lir), which we fine-tuned

Table 1. Priors explored in the SED fits.

Model Attenuation law  Agemin (Gyr) Ay min
1 MW 0.1 2

2 MW 0.1 3

3 MW 0.5 2

4 MW 0.5 3

5 MW 0.1 free

6 MW 0.5 free

7 Calzetti 0.1 free

8 Calzetti 0.5 free

Notes. For each model above, we considered exponentially decreasing
and constant SFHs.

Table 2. Radial profile of the lensed Lr for the Cosmic Snake.

Radius (kpc) L (10'° Ly)

0 10.2+0.3
0.35 55+03
0.7 25+03
1.05 1.3+0.3

Notes. The values were computed assuming that the parameters vy, £,
and Ty, of the MBB fitted over the total FIR SED of the Cosmic Snake
are valid for the FIR SED of each ring.

with the value measured in Sect. 3.3 to obtain a better constraint
on the best SED fit.

We used the updated version of the HyperZ code for photo-
metric redshift and spectral energy distribution (Schaerer et al.
2013) to fit the SED for each ring. We explored the fits per-
formed with 16 different priors on the following parameters: the
attenuation law, the age of the youngest stellar populations in
the galaxy (Agemin), the minimum attenuation (Ay min), and
the star formation history (SFH). The attenuation laws we used
are the Milky Way law (MW) from Allen (1976) and the Calzetti
law from Calzetti et al. (2000). We considered two SFHs: con-
stant, and exponentially decreasing. The priors are detailed in
Table 1, where each model is tested with the two possible SFHs.
The combination of priors that yields the best match between
the Lir predicted by the SED fit and the measured lensed Lig
per ring” derived in Sect. 3.3 (see Table 2) is model 4 from
0kpc to 0.7 kpc, model 3 from 0.7 kpc to 1.4 kpc kpc, and model
6 from 1.4kpc to 7kpc, all adopting a MW attenuation law,
Agemin = 0.5 Gyr, and a constant SFH. This indicates a strong
gradient of attenuation from the central to the external regions
of the Cosmic Snake galaxy. The HyperZ code yields errors on
the derived ZSFR and M, but our choice of priors is the main
source of uncertainty here. We therefore assumed an error of 1o
on the physical quantities derived from SED fits for each ring.

3.2.2. A521 arc

For A521, we used the HST data in four bands from the UV to
the near-infrared to determine its XM, and XSFR. The arc, espe-
cially in the redder bands (3700 nm), is contaminated by fore-
ground cluster galaxy members. Five of them overlap the mask
of A521. Three of them contaminate the mask only slighlty with

2 We assumed that all the absorbed (UV) flux is reprocessed by dust
locally, that is, in the same ring, meaning that we considered no leaking
radiation outside the ring.
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their halos, which has a negligible impact on the photometry of
AS521. One of them (marked with a cross in Fig. 2) is particu-
larly bright, therefore we modelled it with a Sérsic function and
subtracted its flux from the image, as we did for the galaxies in
front of the Cosmic Snake arc (see Appendix A). The last mem-
ber (marked with ‘+’ on Fig. 2) overlaps the arc. Modelling this
last cluster member would result in a large uncertainty. There-
fore we instead cut out part of the mask at the location of the
cluster galaxy, so that the contaminated pixels were left out from
the flux integration. The cut was performed as follows: we traced
a contour at 20" detection around the foreground galaxy and fit-
ted an ellipse to it (using a least-squares algorithm). All pixels
inside the fitted ellipse were excluded from the flux integration
of the A521 arc. Because the contaminating cluster galaxy is
detected in all bands, this process was applied for each band. To
compute the uncertainty associated with the ellipse defining the
pixels to be excluded from the flux integration over the A521
arc, we integrated the fluxes considering ellipses at 1o~ and 30
detection limits.

The A521 galaxy is detected up to the galactocentric distance
of 20 kpc in the bands F606 W, F105W, and F160W. However, in
the HST band F390W, it is only detected up to 8 kpc. Therefore
we used a mask covering the range from Okpc to 8kpc of 20
elliptical rings with a step of 400 pc to match half of the aver-
age HST spatial resolution. We measured the respective surface
brightness in each ring and each band. The corresponding values
are given in Table B.2.

We again performed SED fits for each ring to derive the
radial profiles of ZSFR and XM, . We explored the different pri-
ors described in Table 1. The SED fit with the best y? is obtained
with model 6 and a constant SFH. As we have no Lz radial
profile to constrain the SED fit for A521, we assumed that this
choice of priors is valid at all radii. As for the Cosmic Snake, our
choice of priors is the main source of uncertainty. We thus again
assumed again an error of 10 on the physical quantities derived
from SED fits for each ring.

To compute the total M, and SFR of A521, we mea-
sured the total photometry on the north-eastern counter-image
within the detection radius (8 kpc). We then performed two
SED fits using model 6 from Table. 1, the first assumed neb-
ular emission, and the second assumed no emission. The two
fits provide the upper and lower limits of our estimates, as the
choice of priors is the main source of uncertainty. We obtain
M, = (74 +12) x 10"°M, and SFR = 26 + 5Myr .
These values are lensing-corrected, assuming a constant mag-
nification factor of 2.8 on the counter-image. Our estimates
are close to those of Patricio et al. (2018), who used the con-
tinuum of the MUSE spectrum of A521 to constrain M, and
SFR.

3.3. Molecular gas and dust mass surface densities

The detected CO(4-3) line was used as the tracer of M, for
both the Cosmic Snake and A521. To compute M,o;, we used the
CO luminosity correction factor "4,1:L’co<4—3) /L’CO(1 _0)=0.33,
which we extrapolated from r4, and r,; measured in the Cos-
mic Snake (Dessauges-Zavadsky et al. 2019) and z~1.5 BzK
galaxies (Daddi et al. 2015), respectively. We assumed a Milky
Way CO-to-H, conversion factor aco=4.36 Mo(Kkms~! pc?)~!
(Dessauges-Zavadsky et al. 2019). We then have

L., +/0.33
aco )( CO(4—3) ) . )

Mo(Kkms=!pc?)-! J\ Kkms~! pc?
A2S, page 6 of 15

Mo = (

where the CO(4-3) luminosity (L&O(4_3)) is derived from the
integrated flux of the CO(4-3) line (Solomon et al. 1997),
Loy =325 % 10"S cou—3 AV, DE(1 + ) (Kkms™ pc?),  (2)
with ScoAV the velocity-integrated flux in Jy km s7L, vps the
observed frequency in GHz, and D, the luminosity distance of
the source in Mpc.

We integrated the CO(4-3) flux from the moment-zero map
in 6 rings with a width of 300 pc for the Cosmic Snake, and in
16 rings with a width of 400 pc for A521, corresponding to half
of the average spatial resolution of the respective ALMA data.
Because we detect the CO(4-3) line up to 1.7 kpc in the Cos-
mic Snake and 6 kpc in A521, we only considered regions cov-
ering the corresponding galactocentric radii in the radial profiles
of EMo1. The uncertainty (0ing) on ZMpy1 in a given ring was
computed following

e ORMS
ring = P
N, ix,rin /N ix,beam

p g/oVp:

where orys is the RMS within the ring, Npiyring is the number
of pixels in the ring, and Npix peam is the number of pixels in the
beam.

To compute the total My, of the Cosmic Snake and A521
galaxies, we measured the CO(4-3) fluxes from the moment-
zero maps of the isolated counter-image to the north-east of the
Cosmic Snake arc within the detection radius of 1.7 kpc, and
the north-eastern counter-image of A521 within 6kpc. Using
Eq. (1), we obtain My, = (0.9+0.3)x10'° M and My, = (1.1+
0.3) x 10'% M, respectively. These values are lensing-corrected,
assuming constant magnification factors on the counter-images
of the Cosmic Snake and A521 of 4.3 and 2.8, respectively.

From the rest-frame 650 um dust continuum detected in the
Cosmic Snake, we can determine My, from the observed flux
density S, following Casey (2012),

3)

S,D}

Bkt 4
kB\(Tqust) “

dust =

where the spectral radiance (B, (Tquy)) is computed from
Planck’s law at a dust temperature T4, and at the observer-frame

frequency (230 GHz). « = «q (%)ﬁ is the dust mass absorption
coeflicient, where kg is the dust opacity at vy. S is the spectral
emissivity index>. vy, B, and Tqu can be constrained by fitting
a modified black-body (MBB) law over the complete FIR spec-

trum (~8—1000 um in rest-frame) as in Casey (2012),

S(A) = Npp (5)

exXp ( ToTaud )

where S (A1) is the flux density in wavelength space, A, is the
wavelength corresponding to the frequency vy, and Ny is the
normalisation.

We performed a MBB fit over the integrated FIR SED of the
Cosmic Snake, including the Herschel data and the ALMA rest-
frame 650 um measurement (Fig. 6). By integrating the fitted

3 As mentioned in Draine et al. (2007), one should be cautious when
computing dust masses at 4 < 450um because Planck’s law then
becomes highly sensitive to Tgyg-
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Fig. 6. FIR SED spectrum of the Cosmic Snake. The dashed line is the
best MBB fit on the Herschel data (PACS100, PACS160, SPIRE250,
SPIRE350, and SPIRES500) and the ALMA rest-frame 650 wm measure-
ment. The shaded area indicates the uncertainty on the fit.

MBB over the FIR spectrum, we obtained the value of the total
lensed infrared luminosity,

1000 um

Lig = 4nD? f S,dv = (885 + 65) x 10'" L. (6)
A=8um

The best fit yields values of § = 2.2 + 0.2, 49 = c/vy =

162 + 45 um, and Ty, = 38 + 3 K. The errors reflect the uncer-
tainties on the FIR photometric measurements. We assumed
ko = 1.6m*kg™! as proposed in Galliano et al. (2011) because
the values of their corresponding 8 and Ay, 1.7 and 160 pm,
respectively, are close to those constrained by our fit.

We then considered that the vy, 8, and T4, parameters,
derived for the total FIR SED of the Cosmic Snake, apply to the
concentric radial rings, and we scaled the best-fitted FIR SED
according to the ALMA rest-frame 650 pm dust continuum flux
measurement in each ring in order to compute the radial profile
of XMy, We used a mask of four rings with a width of 300 pc
ranging from Okpc to 1.2kpc where we detect the rest-frame
650 wm continuum.

To estimate the errors on ZMy,s, we computed values of
Y Mgy in each ring assuming several values of « calculated from
different combinations of the parameters g, 1o and § as listed in
Ginolfi et al. (2019), and selected from the literature* assuming
different dust composition models. We took the standard devia-
tion of the resulting £M, in each ring as error, combined with
the photometric error on the ALMA data.

3.4. Ha star formation rate surface density

We used the SINFONI data mapping the Ha emission of the Cos-
mic Snake as the tracer of SFR. We considered the relation given
in Kennicutt (1998) to derive the SFR from the Ha luminosity

(LH(Y)v

—LHQ My yr™!
1.26 - 10*! ergs~! oy

We measured the Ha flux in five rings of 800 pc each, reflecting
half of the average spatial resolution achieved in the SINFONI

SFR = (N

* The parameters are taken from Bertoldi et al. (2003), Robson et al.
(2004), Beelen et al. (2006), Weingartner & Draine (2001), Bianchi &
Schneider (2007), Jones et al. (2017), and Galliano et al. (2011).

map. The rings cover the detection of He from Okpc to 4 kpc.
Using the radial profile of Ay derived in Sect. 3.2.1, we corrected
the Ha flux and then the Hao ZSFR for extinction as in Calzetti
et al. (2000),

Fobs(1) = Fint()107044, ®)

where F ., and Fi,, are the oobserved and the intrinsic fluxes, and
A=58 with k(1=6563 A)/Ry=0.74 for the MW attenuation
law (Allen 1976).

4. Analysis and discussion

4.1. Radial profiles and scale lengths of the Cosmic Snake
and A521

We determined the radial profiles of M,, ZSFR, XM, and
M g5t They are shown in Fig. 7 for the Cosmic Snake in the left
panel and for A521 in the right panel. These radial profiles can be
characterised by a scale length / if they are fitted by exponential
functions. The scale length measures how far from the galactic
centre a given quantity will be depleted on average. Uncertainties
on scale lengths come from the fitting, and they include the error
propagation from the flux measurements. The results are shown
in Table 3.

Although the Cosmic Snake and A521 galaxies at z ~ 1
have comparable galaxy-integrated physical properties (M, ~
(4-7.4) x 10'° Mg, SFR ~ 2630 Mg yr~!, Mo ~ (0.9—1.1) X
10'° M), their scale lengths are very different. The Cosmic
Snake has much steeper profiles with scale lengths of about
0.5-1.5kpc, whereas A521 has longer scale lengths (5—6 kpc).
We verified the robustness of this results with respect to the
effects of spatial resolution and sensitivity.

We convolved a given map at various resolutions and then
used multiple elliptical ring spacings on the convolved maps and
the original map to derive the corresponding scale length values.
All values we found are within 25% of the scale length presented
in this work. The spatial resolution therefore does not bias the
measurement of the scale length because a difference of 25% in
our results would lead to the same conclusions given that the dif-
ference in scale lengths measured on our galaxies is much wider.

We explored the possible effect of the sensitivity of the obser-
vations on the derived scale lengths. Because the sensitivity may
affect the intrinsic size of a galaxy, we tested the variation of
the measured scale length of a given radial profile detected up to
different radii. We list in Table 4 the convergence radius (7cony),
that is, the minimum radius up to which we need to detect the
galaxy in order to find the measured scale lengths (within 10)
given in Table 3. We compared it with the radius up to which
we detected the galaxy (rqe) for each physical quantity. All our
Teony are found to be below about half of the respective r4e;, with
the exception of XMy, in A521, which we discuss below. We
conclude that the sensitivity of our observations is good enough
to allow accurate scale length measurements.

In A521, we measured a scale length for XM, of 6 + 3 kpc
by fitting an exponential on the entire set of points within the
detection radius which, as we mentioned above, is much larger
than in the Cosmic Snake (see Table 3). However, in A521, the
XMy radial profile does not follow a regular exponential, but
shows a bump at 4-5 kpc, resulting in a high scale length value
with a large uncertainty. This bump is due to the western spiral
arm, which appears to be very bright in the CO(4-3) moment-
zero map in the north-eastern counter-image and in the western
counter-images (see Fig. 4). Another way of measuring the scale
length is to fit an exponential only on the points before the bump
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Fig. 7. Radial profiles of the Cosmic Snake (left panel) and A521 (right panel). The blue lines trace the XM, profile, the red and orange lines trace
the My, and XMy, profiles, and the green and black lines trace the XSFR radial profiles from the SED fits and the Ha emission, respectively.
We consider as detection a signal above 40 for the ALMA data and above 20 for the other data. We indicate with an upper limit the datapoint

below the corresponding detection threshold.

Table 3. Scale length measurements of the Cosmic Snake (/cs) and
AS521 (Ias01).

les (kpe) — Iasar (kpe)
Mol 0.55 £ 0.03 6+3
XM gust 0.54 +£0.04
M, 1.5+0.1 5.1+0.5
2SFR (Ha) 1.0+0.3
XSFR (SED) 0.85+0.06 4.0+04

Table 4. Convergence radii (r¢ony) and detection radii (r4e) for the Cos-
mic Snake (CS) and A521.

Galaxy Quantity Feonv (KpC)  7aer (kpc)
CS XMool 0.3 1.7
CS I Must 0.3 1.2
CS M, 3.5 7

CS ~SFR (SED) 1.4 7

CS YSFR (Ha) 2.4 4
A521 XMool 5.6 6
A521 M, 3.2 8
A521 2SFR (SED) 3.6 8

at radii from O kpc to 2.1 kpc. In this way, we do not measure the
global H, depletion in the galaxy, but the internal scale decrease
from the centre out to the spiral arm, for which we find /o =
1.3 £ 0.2 kpc. Even with this calculation, /i, remains more than
twice larger than in the Cosmic Snake.

In the Cosmic Snake, we compared the scale length of the
CO(4-3) emission detected with ALMA with the scale length
of the PdBI CO(2-1) emission to verify whether different CO
transitions still show equally short scale lengths. To match the
resolution of the CO(2-1) moment-zero map, the width of the
rings should be about 2 kpc. However, the CO(2-1) is detected
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up to ~2.5kpc. In order to keep two datapoints, we therefore
adopted rings spaced by 1.2 kpc, about half of the required width,
although one should be aware that a smaller ring spacing might
increase the dependence on noise and irregularities in the galaxy.
We find a significant difference between the CO(4-3) and CO(2—
1) scale lengths, as we measure a scale length for CO(2-1) of
4.3 kpc. However, this result is very uncertain because we have
only two datapoints for CO(2—-1). We can nevertheless note that
we detect the CO(2-1) emission farther out in galactocentric dis-
tance than the CO(4-3) emission (detected up to 1.7 kpc). This
is in general expected because the CO(4-3) line emission, which
traces denser gas, is confined to regions closer to the galac-
tic centre. Dust is also detected where dense molecular gas is
observed, as the My, profile follows the CO(4-3) XMy, pro-
file. Finally, the ZSFR radial profiles derived from SED fitting
and He line emission have the same scale lengths within error
bars. This supports our conviction that the measurement of Isgr
for the Cosmic Snake is a robust result.

4.2. Morphological parameters of the Cosmic Snake and
A521

The difference in the scale lengths of SFR and M, between
the Cosmic Snake and A521 is expected because the shape of
the radial profiles of these quantities can differ much between
two galaxies, depending on their evolutionary stage. The molec-
ular gas is accreted, then concentrates towards the centre because
of torques caused by asymmetries, such as the bar or the spi-
ral arms, on timescales of a few 108-10° yrs. This gas is con-
sumed to form stars, therefore we expect various distributions
of SFR and M, during the lifespan of a galaxy, with concen-
trations in the centre, in the spiral arms, or in Lindblad reso-
nance rings (Lindblad 1964). It has been suggested that as the
molecular gas is compacted in the centre, the SFR is quenched,
which then proceeds inside-out (e.g., Gonzdlez Delgado et al.
2015; Tacchella et al. 2015; Jafariyazani et al. 2019). Usually,
ultra-luminous galaxies tend to have concentrated gas, whereas
MS galaxies may show gas and SFR in the spiral arms or in the
rings.
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Fig. 8. Scale length comparison of ZM o1 (Imol, left panel), ZSFR (Ispr, middle panel), and ZM, (I, right panel) of the Cosmic Snake and A521
with other studies from the literature: Regan et al. (2001) in hatched green, Tamburro et al. (2008) in hatched grey, and Leroy et al. (2008) in
hatched orange for the z = 0 galaxies, Jafariyazani et al. (2019) in turquoise for the z = 0.1-0.42 galaxy stack, Calistro Rivera et al. (2018) in red
for the z = 2—3 sub-millimetre galaxy stack, and Ushio et al. (2021) in yellow for the z = 1.45 galaxy. Measurements for the Cosmic Snake and
AS521 are shown with magenta and blue vertical lines, respectively. Because we have two measurements of ZSFR, we plot the scale length for the
Cosmic Snake derived from the He emission as a teal line. The magenta line is the scale length of the XSFR obtained from the SED fits. We use
transparent rectangles around the vertical lines to visualise the uncertainty range.

On the other hand, the M, radial distribution in galaxies is
much more constant. We do not expect large differences because
the stars accumulate during the lifespan of a galaxy, either in
the bulge and the disk, or only in the disk. We investigated the
scaling relation between ut™® and M, for the Cosmic Snake
and A521 as in Kauffmann et al. (2003) and Gonzalez Del-
gado et al. (2015), where ™R is the M, inside the half-
light radius (HLR). To compute the HLR, we used the HST
F160W filter map, corresponding to the rest-frame z band as in
Kauffmann et al. (2003). We then measured the HLR directly
from the radial profile of the flux computed on the isolated
counter-image to the north-east for the Cosmic Snake and on the
eastern counter-image for A521, and corrected for lensing. We
obtain 3.5 + 0.1 kpc and 5.6 + 0.2 kpc, respectively. The derived
HLR of the Cosmic Snake and A521 are typical of galaxies at
z ~ 1 with comparable M, (see e.g., van der Wel et al. 2014).
We then used the radial profile of M, to compute 'R, and
we find (5.2 + 0.5) x 108 M, kpc_2 for the Cosmic Snake and
(4.9+0.2)x 10% My kpc=2 for A521. Both the Cosmic Snake and
A521 satisfy the relation between 'R and M, defined empir-
ically by the distribution of local galaxies (Kauffmann et al.
2003; Gonzélez Delgado et al. 2015). This suggests that even
for high-redshift MS galaxies, the radial profile of M, mostly
depends on their total M,. Furthermore, the {MR—M, relation
has been shown to secondarily depend on the morphological type
of galaxies (e.g., Shimasaku et al. 2001; Gonzélez Delgado et al.
2015). According to Fig. 5 of Gonzalez Delgado et al. (2015), the
Cosmic Snake and A521 appear to be of comparable morpho-
logical type (Sa-Sb), with the Cosmic Snake being tentatively of

earlier type (Sa).

4.3. Comparison of radial profiles with local galaxies and
other high-z objects

In Fig. 8 we compare the scale lengths of £SFR, XM,, and
Y Mo of the Cosmic Snake and A521 with the scale lengths
reported in the literature’. We considered 52 local galaxies,
including 15 galaxies from Regan et al. (2001), 14 from Tam-

5 Not all galaxies reported in the literature have measurements of
the scale length of each physical quantity. Galaxies from Regan et al.
(2001), Ushio et al. (2021), and Calistro Rivera et al. (2018) only have
scale length measurements of XMy, and XM, , Tamburro et al. (2008)

burro et al. (2008), and 23 from Leroy et al. (2008). We also
compared them with high-redshift galaxies with published radial
profiles: a massive (1.209° x 10" My) MS galaxy at z = 1.45
from Ushio et al. (2021), a stack of 32 galaxies at z = 0.1 — 0.42
from Jafariyazani et al. (2019), and a stack of 4 sub-millimetre
galaxies at z ~ 2—3 from Calistro Rivera et al. (2018). To trace
the molecular gas, Regan et al. (2001) used the CO(1-0) emis-
sion line, whereas Leroy et al. (2008) used the CO(2-1) emis-
sion in all but two galaxies (NGC 3627 and NGC 5194), where
they used the CO(1-0) emission. Ushio et al. (2021) used the
CO(2-1) emission line, and Calistro Rivera et al. (2018) used
the CO(3-2) emission line.

The distribution of the derived scale lengths in local galax-
ies is very wide. It ranges from ~0.5kpc to ~5.5kpc for all
three quantities. Moreover, no specific trend emerges in the scale
lengths as there is no significant peak in their distributions, with
an exception at [, =~ 1. Compared to the average values from
the sample of local galaxies, the Cosmic Snake has shorter scale
lengths (with the exception of [/,), while those of A521 are
longer. Considering the broad distribution of scale lengths, the
Cosmic Snake and A521 values still lie within the observed val-
ues for nearby galaxies. With Iggg = 4.0 + 0.4kpc, A521 indi-
cates an important star-forming activity in its outer regions, most
likely in the spiral arms. This is in line with the bump seen at
4-5kpc in the XM, profile. These bumps are observed in the
CO radial profiles of local galaxies as well (e.g., in Leroy et al.
(2008), in NGC 3198, NGC 3351, NGC 3627, and NGC 5194,
or in Regan et al. (2001), in NGC 628) and are clearly associated
with the spiral arms observed in the molecular gas maps of these
galaxies. However, o of these local galaxies is never as long
as in A521, they are not longer than 3 kpc, except in NGC 628
where /i, = 5.8 £ 0.2 kpc.

The Cosmic Snake and A521 both appear to be different
from other high-redshift galaxies that we can use for a more
direct comparison with contemporary galaxies: the scale lengths
reported for the MS galaxy at z = 1.45 by Ushio et al. (2021) and
for the stacks of galaxies at z > 0.1 (Jafariyazani et al. 2019; Cal-
istro Rivera et al. 2018) are shorter than in A521 and longer than
in the Cosmic Snake for all three physical quantities. Altogether,
this suggests that 1, Ispr, and I, of high-redshift (z = 0.1-3)

provided XM, scale length measurements, and Jafariyazani et al. (2019)
reported ZSFR scale lengths.
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Fig. 9. Scale lengths of molecular gas as a function of the stellar scale
length for the Cosmic Snake and A521 compared with data from Leroy
et al. (2008), Regan et al. (2001), Calistro Rivera et al. (2018), and
Ushio et al. (2021). The continuous line shows equality, and the dot-
ted lines show +30%.

galaxies cover a similarly wide range of values as in local galax-
ies. There is no trend in a favoured scale length value, in line with
our discussion in Sect. 4.2. More measurements are necessary to
support these preliminary results and to highlight possible mor-
phological trends, such as spiral arms or starbursts (as in sub-
millimetre galaxies), or any other trend tracing the evolutionary
stage of the galaxy.

As in Leroy et al. (2008) and Regan et al. (2001), we com-
pared I;,o and I, of our galaxies. The comparison with data from
Leroy et al. (2008), Regan et al. (2001), Calistro Rivera et al.
(2018), and Ushio et al. (2021) is displayed in Fig. 9. For local
galaxies, we expect a close to one-to-one relation (see Leroy
et al. 2008). A521 satisfies the one-to-one relation, similarly to
the stack from Calistro Rivera et al. (2018) and to the z = 1.45
galaxy from Ushio et al. (2021). The Cosmic Snake, on the other
hand, has a noticeably long [, compared to /.

We can specifically compare the Cosmic Snake and A521
with local galaxies that have similar XM, and ZSFR radial pro-
files (similar scale lengths), for example NGC 4736 and NGC
5194, respectively (Leroy et al. 2008). NGC 4736 has a quickly
decreasing XM, profile like the Cosmic Snake, whereas in the
XMy profile of NGC 5194, we note a bump at ~4-5 kpc like
in A521. The XSFR profiles of the two local galaxies are both
relatively flat and bumpy as in the Cosmic Snake and A521. The
bumps have been shown to be associated with bursty star forma-
tion in local galaxies. The main difference between the Cosmic
Snake and A521 and the selected z = 0 counterparts (NGC 4736
and NGC 5194) is that the normalisation of the ZM,,, profiles of
the z = 1 galaxies is offset towards high surface densities by ~20
times for the Cosmic Snake and ~4—10 times® for A521, and
this is similar for the XSFR radial profiles. Comparable XM,
and XSFR offsets are observed between the radial profiles of any
local galaxy (Regan et al. 2001; Tamburro et al. 2008; Leroy
et al. 2008) and the Cosmic Snake and A521. Because a higher
My implies a higher SFR according to the KS law (Schmidt
1959, 1963; Kennicutt 1989), it is expected to find the XSFR

® Going from 4 times in the centre, up to more than 10 times at a galac-
tocentric radius of 6 kpc.
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radial profiles to be offset as well. This is indeed the case in both
galaxies. Their XM, and £SFR radial profiles are offset by the
same factors. This suggests a good agreement with the KS law
derived for local galaxies: XSFR o (XMpq)", with n = 0.8—1.2
(e.g., Bigiel et al. 2008, 2011; Leroy et al. 2013). We defer the
study of the resolved KS law in the Cosmic Snake and A521 to
a future paper (Nagy et al., in prep.).

5. Conclusions

We have studied two strongly lensed galaxies at z ~ 1, the Cos-
mic Snake behind MACS J1206.2-0847, and A521 behind Abell
0521. Through gravitational lensing, we were able to access to
sub-hundred parsec resolutions, which enabled us to undertake
spatially resolved studies of these two galaxies.

We derived the radial profiles of XM, , XSFR, and XM, for
both galaxies, and for the Cosmic Snake alone, we also derived
the radial profile of My, . EM, and ESFR were obtained
through SED fitting of the HST photometry of the galaxies. For
the Cosmic Snake, we also used the Ha emission, mapped with
SINFONI, as the tracer of SFR. M, was derived using the
CO(4-3) emission, observed with ALMA, as the tracer of H,.
We performed MBB fitting on the FIR SED, using Herschel
data and ALMA rest-frame 650 um data. We then obtained the
radial profile of My, traced by the rest-frame 650 um dust-
continuum emission.

We fitted exponential functions on the radial profiles in order
to derive the scale lengths of the physical quantities, and found
significant differences between the two galaxies. The Cosmic
Snake has much shorter scale lengths than A521, even though
their integrated properties are similar.

We compared the Cosmic Snake and A521 with other galax-
ies, including 52 local galaxies from Regan et al. (2001), Leroy
et al. (2008), and Tamburro et al. (2008). In local galaxies, we
found that the distribution of scale lengths is very wide and does
not show a trend in a preferred scale length value. The Cosmic
Snake lies at the short end of the local scale length distribution,
whereas A521 is at the long end of the local scale length distri-
bution. Moreover, we also included one individual MS galaxy at
z = 1.45 from Ushio et al. (2021) and two stacks of galaxies at
z = 0.1-0.42 from Jafariyazani et al. (2019), and at z ~ 2-3
from Calistro Rivera et al. (2018) in the comparison. We con-
clude that high-redshift galaxies seem to have a similarly wide
distribution of M, , XSFR, and XM, scale lengths, although
more measurements are necessary to confirm this result.

For the SFR and the M, radial profiles and their scale
lengths, we conclude that the large difference between the Cos-
mic Snake and A521 was not surprising. The radial profiles of
these quantities might indeed vary strongly during the lifespan
of a galaxy. However, the M, distribution is more stable between
galaxies, and in particular, 4'!“® mainly depends on the total M,.
We therefore computed pi'R of the Cosmic Snake and A521
and found that both galaxies satisfy the @t™® — M, scaling rela-
tion that was empirically defined for local galaxies. Moreover,
because this relation helps to determine the morphological type
of galaxies, we were able to observe that the Cosmic Snake
appears to be of later type than A521.

We found galaxies in the nearby universe with M, and
ZSFR radial profiles very similar to the Cosmic Snake and A521,
respectively. The main difference is that the normalisation of the
X Mo and ZSFR profiles of our z ~ 1 galaxies is offset by a fac-
tor of up to 20 towards higher values with respect to any z = 0
galaxy. This shows that ZM, is significantly higher in the Cos-
mic Snake and A521, and the high ~SFR is a direct consequence
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of this. XSFR is indeed offset by the same factor as the XMy,
as expected from the KS law.
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Appendix A: Residuals of the HST images of the
Cosmic Snake

This appendix presents the modelling of the five closest and
brightest cluster members to the Cosmic Snake arc. We also
report the subtraction of their fluxes, which we performed to
recover the intrinsic light of the Cosmic Snake. We fitted the
light profile of each cluster member with a sum of two 2D Sérsic
functions of the form

r (1/n)
I(x,y) = I(r) = I, exp {—b,, [(r_) - 1}} ,

where [, is the surface brightness at the effective radius r,, b, is
a parameter defined such that half of the total luminosity is emit-
ted at r, and can be computed using I'(2n) = 2y(2n, b,), where
I'(x) and (s, x) are the gamma function and the lower incom-
plete gamma function, respectively. The fit minimisation was
performed using the Levenberg-Marquardt algorithm and least-
squares statistic. A mask was applied on the Cosmic Snake arc
to exclude from the fit the regions at galactocentric radii below
4kpc (chosen to be enough for the fit to converge), meaning
that no pixel inside this region was considered for fitting. The

(A1)
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position of the centre of a given galaxy was fixed on the posi-
tion of its brightest pixel. The fit was performed recursively:
the galaxies were subtracted one by one from the image, such
that modifications made to the image by one subtraction were
taken into account for the next fit. The residual images of the
Cosmic Snake arc after subtracting the best fits are shown in
Fig. A.1.

To estimate the uncertainty (AS pand,ring) On the flux density
in the residual images in a given band and for a given elliptical
ring, we computed the RMS of the residual map (orms) inside
20 contours around the cluster galaxies. We discarded points
closer than 10kpc to the centres of the cluster galaxies because
the accuracy of the fit near the peak does not affect the photom-
etry of the Cosmic Snake. The error was additionally weighted
by the normalised fitted model obtained through

| raw _ qQres |
_ band,ring band,ring
Whand,ring = Maxge (1S ™ —gres |), (A2)
TIngi ™ band,ring band,ring

with the labels ‘raw’ and ‘res’ referring to flux densities of the
raw image and the residual map7. Including wyand,ring €nsures that
the error is larger in regions that are strongly affected by the fit.
The final error is thus given by AS pand,ring = ORMS * Whand,ring-

7 The function MaXing (Xpand.ring) gives the maximum value of Xyand ring
for a fixed band.
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Fig. A.1. Cosmic Snake in 16 HST bands. Five cluster galaxies have been removed by subtracting fitted double 2D Sérsic functions. White crosses
mark the location of the centre of the subtracted galaxies. The images are regrouped in lines of four panels that share the same flux range, labelled

by colour bars on the right.
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Appendix B: Photometry Cosmic Snake and A521, respectively. The value shown in the
. . first column (r (kpc)) is the outer radius of the ring. The uncer-
We show in Table B.1 and Table B.2 the photometries of the

. . tainty on a given surface brightness is displayed as a number
Cosmic Snake and A521, respectively. The columns correspond in parenthesis, corresponding to the error on the last digit (e.g.

to the HST bands, and the rows correspond to different radii of
) . 14 = . 14 > U. .
the rings. The rings have widths of 0.35 kpc and 0.4 kpc for the 0.014(3) = 0.014 £ 0.003)

Table B.1. Photometry of the Cosmic Snake in 16 HST bands. The values are in units of uJy kpc™.

r(kpc) F225W F275W F336W F390W F435W F475W F606 W F625W

035 0.003(2) 0.0042) 0.003(1) 0.0033(7) 0.0029(8) 0.0033(7) 0.009(1)  0.010(1)
0.70  0.003(1) 0.002(1) 0.0043(8) 0.0034(6) 0.0033(6) 0.0048(7) 0.0102)  0.013(1)
1.05  0.002(1)  0.0025(8) 0.0041(8) 0.0047(5) 0.0039(5) 0.0060(7) 0.012(2)  0.016(2)
140  0.0026(9) 0.0029(7) 0.0045(9) 0.0057(5) 0.0056(4) 0.0068(7) 0.014(2)  0.019(2)
1.75  0.0022(9) 0.0039(8) 0.006(1)  0.0079(5) 0.0068(5) 0.0095(7) 0.017(2)  0.020(2)
2.10  0.0025(8) 0.0046(8) 0.007(1)  0.0090(5) 0.0092(5) 0.0117(7) 0.018(2)  0.021(2)
245 0.0031(7) 0.00658) 0.008(1) 0.0105(5) 0.0105(5) 0.0126(7) 0.018(2)  0.022(3)
2.80  0.0030(7) 0.0057(8) 0.009(1) 0.0101(5) 0.0095(5) 0.0116(7) 0.016(2)  0.020(2)
3.15  0.0031(8) 0.0048(9) 0.006(1) 0.0075(5) 0.0078(4) 0.0090(7) 0.013(2)  0.016(2)
350 0.0029(7) 0.0035(8) 0.0038(8) 0.0045(5) 0.0043(4) 0.0058(7) 0.008(1)  0.010(1)
3.85  0.0021(7) 0.0027(8) 0.0025(7) 0.0028(5) 0.0022(4) 0.0033(5) 0.0050(8) 0.006(1)
420 0.0014(7) 0.0019(7) 0.0024(8) 0.0017(4) 0.0018(4) 0.0021(5) 0.0031(6) 0.0046(9)
455 0.0015(7) 0.0021(6) 0.008(1)  0.0013(3) 0.0017(4) 0.0015(3) 0.0034(8) 0.0027(8)
490  0.0020(7) 0.0026(7) 0.0018(7) 0.0011(3) 0.0013(4) 0.0015(3) 0.0022(6) 0.0024(8)
525 0.0023(8) 0.0018(6) 0.0020(7) 0.0012(3) 0.0016(4) 0.0010(3) 0.0016(4) 0.0022(7)
560  0.00208) 0.0021(8) 0.0019(6) 0.0011(3) 0.0014(4) 0.0010(3) 0.0009(3) 0.0022(6)
595 0.0022(7) 0.0015(8) 0.0016(6) 0.0012(4) 0.0011(4) 0.0010(3) 0.0008(4) 0.0018(6)
6.30  0.0033(9) 0.0014(8) 0.0011(5) 0.0009(3) 0.0011(4) 0.0012(4) 0.0008(4) 0.0015(6)
6.65  0.0023(7) 0.0025(7) 0.0015(7) 0.0010(3) 0.0014(4) 0.0009(3) 0.0008(3) 0.0018(6)
7.00  0.0012(8) 0.0017(6) 0.0012(5) 0.0007(3) 0.0006(5) 0.0010(3) 0.0008(4) 0.0022(6)

r(kpc) F775W  E814W  ES50LP  FI05W  FIIOW  FI25W _ FI40W  FI60W
035 0028(3) 0.040(5) 0.066(9) 0.10509) 0.152) _ 0.18(1) _ 023(2) _ 0.28(3)
0.70  0.034(4) 0.043(5) 0.07(1)  0.1059) 0.14(1)  0.18(1)  022(2)  0.26(2)
1.05 0.038(5) 0.0486) 0.0709) 0.1049) 0.142)  0.17(1)  0202)  0.23(3)
140  0.040(4)  0.0506) 0.074(9) 0.1029) 0.13(1)  0.15(1)  0.18(2)  0.21(2)
1,75 0.042(6) 0.051(7) 0.072(9) 0.094(9) 0.12(1)  0.14(1)  0.16(2)  0.18(2)
2.10  0.041(5) 0.048(6) 0.066(9) 0.084(9) 0.10(1)  0.12(1)  0.142)  0.15(2)
245 0.040(5) 0.047(6) 0.061(9) 0.0739) 0.09(1)  0.10(1)  0.12(2)  0.12(1)
2.80  0.035(4) 0.041(6) 0.054(7) 0.061(8) 0.0749) 0.08(1)  0.09(1)  0.10(1)
315  0.0283) 0.032(4) 0.043(6) 0.0508) 0.059(7) 0.06(1)  0.08(1)  0.08(1)
350 0.018(2) 0.021(3) 0.030(3) 0.036(7) 0.046(7)  0.048(7)  0.058(9)  0.060(8)
385 0.012(2) 0.0153) 0.0223) 0.027(4) 0.0344) 0.034(3) 0.040(5)  0.044(4)
420 0.009(1) 0.010(1) 0.015(1) 0.018(2) 0.025@) 0.0253) 0.026(5)  0.030(4)
455 0.007(1) 0.008(1) 0.011(1) 0.0132) 0.0153) 0.0193) 0.022(5) 0.022(3)
490 0.008(1) 0.006(1) 0.008(1) 0.011(2) 0.0092) 0.012(2) 0.0183) 0.018(4)
525 0.00409) 0.0049(9) 0.007(1)  0.009(1)  0.008(2) 0.010(1) 0.014(3)  0.015(3)
560  0.0041(7) 0.0045(9) 0.0067(9) 0.008(1)  0.008(2)  0.009(1)  0.013(2)  0.013(2)
595 0.0029(7) 0.0032(7) 0.0042(9) 0.007(1)  0.0070(9) 0.008(1) 0.0102)  0.011(1)
6.30  0.0034(8) 0.0029(5) 0.0043(9) 0.0058(6) 0.0055(5) 0.007(1)  0.0084(4) 0.010(2)
6.65 0.0034(7) 0.0024(4) 0.0035(9) 0.0053(7) 0.0044(6) 0.005(1)  0.0079(4) 0.009(2)
7.00  0.0032(8) 0.0024(4) 0.0045(9) 0.0056(9) 0.0034(3) 0.006(1)  0.0086(4) 0.009(2)
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Table B.2. Photometry of A521 in 4 HST bands. The values are in units of uJy kpc™>.

r(kpc) F390W  F606W  F105W  F160W
04  0011(1) 0.034(3) 0.1853) 0.351(4)
0.8  0.014(2) 0.037(3) 0.179(3) 0.338(5)
1.2 0017(2) 0.0352) 0.161(3) 0.299(4)
1.6 0.017(2) 0.048(5) 0.161(4) 0.282(4)
20  0.0183) 0.046(6)  0.148(4) 0.268(5)
24 0.029(5) 0.055(8) 0.149(5) 0.252(4)
2.8 0.024(5) 0.044(7)  0.132(3) 0.229(3)
32 0016(2) 0.0323) 0.126(3) 0.221(3)
36 0012(1)  0.0272)  0.113(2) 0.205(2)
40  0.00998) 0.025(1) 0.106(2) 0.194(2)
44 0.0097(5) 0.026(1) 0.104(2) 0.188(3)
48  00113(6) 0.023(1) 0.096(2) 0.167(3)
52 0.0109(5) 0.0220(9) 0.088(2) 0.155(2)
56  0.0087(5) 0.019(1) 0.079(1) 0.141(2)
6.0  0.0063(3) 0.0176(9) 0.069(1) 0.124(2)
6.4  0.0054(4) 0.016(1) 0.064(1) 0.115(2)
6.8  0.00604) 0.0127(9) 0.055(1) 0.099(2)
7.2 0.0053(4) 0.01158) 0.050(1) 0.089(2)
7.6 0.0044(4) 0.012(1) 0.048(1) 0.085(2)
8.0  0.0044(5) 0.01009) 0.042(1) 0.074(2)
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