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Abstract

We presentyWST and Atacama Large Millimeter/submillimeter Array (ALMA) imaging for the lensing system
SPT0418-47, which includes a strongly lensed, dusty, star-forming galaxy at redshift z = 4.225 and an associated
multiply imaged companionThe JWST NIRCam and MIRI imaging observations presented in this paper were
acquired as part of the Early Release Science program Targeting Extremely Magnified Panchromatic Lensed Arcs
and Their Extended Star formation (TEMPLATESJhis data setprovides robusmutiwavelength detections of

stellar light in both the main (SPT0418A) and companion (SPT0418B) galaxies, while the ALMA deteciipn of [C
emission confirms thaBPT0418B lies atthe same redshifas SPT0418AWe infer that the projected physical
separation of the two galaxies is 4.42 + 0.05 kpc. We derive total magnifications of y =29 + 1 and p = 4.1 £ 0.7 for
SPT0418A and SPT0418B, respectively. We use Pa&thSPECTORAINd CIGALE to derive stellar masses. We find

that SPT0418A has a stellar mag¥of= 3.4° )1 © 10'°M; from PROSPECTORY M« = 1.5 + 0.3 x 10%M, from

CIGALE. The stellar mass ratio of SPT0418A and SPT0418B is roughly between 4 4312 for PROSPECTOR

and 7.5 = 3.7 foCIGALE). We see evidence of extended structure associated with SPT0418A that is suggestive of a
tidal feature. These featuresalong with the close projected proximity, imply that the system is interacting.
Interestinglythe star formation rates and stellar masses of both galaxies are consistent with the main sequence of
star-forming galaxies athis epoch,indicating thatthis ongoing interaction has nohoticeably elevated the star
formation levels.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Strong gravitational lensing (1643); Galaxy
mergers (608); Einstein rings (451)

1. Introduction

27
NASA Postdoctoral Fellow. In the standard paradigm of galaxy formatiorpresent-day

spiral galaxies are products of hierarchiadsemblywith the

Original content from this work may be used under the terms P . : :
of the Creative Commons Attribution 4.0 licence. Any further disks arising after the last major merger either as a byproduct of

distribution of this work must maintain attribution to the author(s) and the title dissipative mergers(e.g., Robertson etal. 2006; Governato
of the work, journal citation and DOI. et al. 2009) or from subsequentgas accretion and minor
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dissipative mergers(e.g., Baugh et al. 1996; Steinmetz& 5 kpc from the main galaxy, which could potentially influence
Navarro 2002). In this picture, dynamically cold disks become the main galaxy.

increasingly rare at higher redshifts (e.g., Hopkins et al. 2010). The layout of this paperis as follows. In Section 2, we
Moreover, mergers can induce bursts oktar formation, and describe the data used for this analysisnd in Section 3,we
hence can drive star formation at early times when mergers argresentour analysis of the nearby companiortiereafter,we
expected to be more frequen{Sanders efal. 1988; Hopkins designatethe main galaxy SPT0418A and the companion
et al. 2008; Sotillo-Ramos et al. 2022). Studies of high-redshift,galaxy SPT0418B.Next, in Section 4, we discuss the lens
dusty, star-forming galaxies (DSFGs) have supported a picturemodeling and dynamicalstate of the system, conduct SED

in which many of these strongly star-forming galaxiesare modeling, and estimate the stellar mass. In Section 5, we have
major mergers(Engel et al. 2010; Alaghband-Zadeh etal. our concluding remarks abouthe SPT0418-47 system and
2012; Marrone et al. 2018; Litke et al. 2019; Perry et al. 2022).how a merger would affecbur understanding of itThrough-
Theoretical works, such as those of Narayanan et al. (2015) arit, we assume a Planck cosmology (Planck Collaboration
Hayward et al.(2011), have also investigated whether DSFGs et al. 2020): Ho= (67.4 + 0.5) km §' Mpc™", Q= 0.315 +
are a homogeneous population and found that significant 0.007,and O, = 0.685 + 0.007.

fraction could be quiescentlisks rather than late-stage major

mergers.
A counterpoint to this picture was presented by Rizzo et al. 2. Data and Processing

(2020), who used the Atacama Large Millimeter/submillimeter 21.JWST

Array (ALMA) to investigate the kinematics of the DSFG ] .

SPT0418-47 at z = 4.225. Rizzo et al. (2020) found that Imaging observations ofSPT0418-47 were taken by the

SPT0418-47 exhibits orderly disk rotation, with a ratio of NIRCam and MIRI instruments on 2022 August 11 and 2022

rotational to turbulent velocity V/o = 9.7 + 0.4 for the gas.  August 22, respectively, as part of the TEMPLATES program.
This well-ordered rotation contrasts with the picture of clumpy, Imaging was taken with filters spanning wavelengths from 1.15
turbulent gas expected for such a young system (Pillepich et alt® 21 Um, with the target centered in detector B4 for NIRCam.
2019). Rizzo et al. (202have reported high V/o ratios for five The flltelrs_and corresponding exposure times are given in the
additional DSFGs at similar redshift, raising the surprising Appendix in Table 3. _ _ o ,
possibility that disks are common in these systems and that th(—:ej a:rjé sédilgt?gne;g;:gsg%‘i’r '?EF"{/IGFE’EL?FE’Q'L?:?;ts’ﬁr:‘r:;tiigthe
D e rmaton rates (SFRe) are driven by purely IteMal ¢ brocess for the subsebf TEMPLATES data analyzed in
SPT0418-47 the galaxy studied by Rizzo eal. (2020),i$ this paper. Starting with the Level 2A data products for
one of four targets of the JWST Early Release Science (ERS) N/IRCam,we applied a custom destriping algorithm to correct
program Targeting Extremely Magnified Panchromatic Lensed for 1/f noise and jumps between amplifiers.The destriped
Arcs and their Extended Star formation (TEMPLATEEERS ~ Imageswere then run through the JWST pipeline (Version
Program 1355;PI: J. R. Rigby; Co-PI: J. D. Vieira). The !-8:2) using the CRDS context jwst _0988.pmap.
overall aim of TEMPLATES s to use multiple tracers to study _TTS version of the official WST calibration was the most
the spatially resolved starformation in four strongly lensed up-tp-d%te atthe time of this analy;m, gnd s consistentto
galaxies spanning a range of redshift and SFRs. SPT0418-47 within 3% of the absolute flux calibration in Boyer et al.
has the highest redshift of these four targets, at z = 4.225. The (2022). . . -
aim of this paper is to use the JWST imaginggugmented by Fpr_ the MIRI imaging, we used a foqr-pomtqnher pattern
new ALMA observations, to better elucidate the nature of optimized for extended source§Uqcallbratgd imageswere
SPT0418-47. We use NIRCam (Rieke et al. 2023) and MIRl  Processed through the JWST pipeline version 1.9.5dev using
(Wright et al. 2023) imaging to spatially resolve the stellar ]Ehe '\rzr&alp st§_1062.pl’|r1ap._Ther]ce aredknown szrlfplng 'Ss\lﬁs
emission in this system.We combine JWST imaging and ror Imaging, mainly arising from etector 1/ noise. ve
ALMA [C 1I] data and investigate the environmentof this implemented destrlpl_ng for the cu_rrent datglby creating a .
system to discern whether this system is isolated or is _(:eftector terr?plate using ]E:\e iour déth?;rioos[tlorlw_s azrgd_rrﬁmovmg
dynamically interacting.We also determine the stellarmass i Irom each exposure ariestage  of the pipeine. ese
azd specifi)c/: star form%tion rate (sSFR) of the system to ggstgpsediséalﬂz Zaiztetih%rioﬂgctessv;irte Etr?r%?sss?g tgr?c: L\j/\?e?réhl‘fsed
quantify the level at which its star formation is elevated relative 9 PP : 9 P 9

for the analysis in this paper.
to the star-forming main sequence.For this analysis, we ysIS In Tis pap

o= AT S ) We realigned the MIRI and NIRCam imaging to a common
employ spectralenergy distribution (SED) modeling and use  frame to correct for residual astrometric offsets and generated a

the source plane reconstruction for magnification correction.  gimulated point-spread function (PSFpr each filter for the
Originally discovered as a submillimeter source by the Southyate of observation using WebbPSF version 1.0.1.dev126

Pole Telescope (SPT:Vieira et al. 2013), SPT0418-47is 146483494 (Perrin et al. 2012, 2014), given the measured

known to have a high SFR (~28QMr ') with a dense, solar-  yaye front of the telescope,which is measured every two

metallicity interstellar medium, from observations with the days (McElwain etal. 2023). Cutouts of SPT0418-47 in the
Atacama Pathfinder EXperiment and ALMA (De Breuck et al. g115yy through F2100W filters are shown in Figure 1

2019) and from JWST spectroscopy (Birkin et al. 2023). illustrating the relative contrast between the lensing galaxy
Spilker et al. (2020) also observed an outflow of molecular gasang the SPT0418-47 system as a function of wavelength.
in this galaxy with Ml ~ 150M, yr~'. Finally, Peng etal.

; -1
(2022) reported the presence of a star-forming (>1ZM™") 28 . /github.com/STScl-MIRIImaging_ExampleNB/blob/main/
companion located within a projected distance ofless than helpers/miri_clean.py
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Figure 1. Images of SPT0418-47 in all 13 NIRCam and MIRI passbands ranging from 1.15 to 21 pmThese images illustrate the contrasis a function of
wavelength between the foreground lens, SPT0418A, and SPT0418B. Specific locations of SPT0418B are shown in Figure 2. The JWST images are displayed wit
square root scaling. The minimum value of the flux density scale is set to 0.1'qu|ew sky; the maximum in each frame is 2 MJy sbove the sky level. A 1"

scale bar is included in the upper left panélivot wavelengths are labeled for each of the NIRCam filtensd central wavelengths are listed for the MIRI filters.

2.2. ALMA at the position of the lens.We produced flux-weighted mean

We combine ALMA observations of the [@] 158 pm line \d/elocity maps of the .[C ] emission after masking pixels
. , ; . etected at <30 significance.

and underlying dust continuum observed in projects
2016.1.01374.S (PIY. Hezaveh) and 2016.1.01499.S (R:
C. Litke). Both projects used a similar correlator setup,
centering the [@1] line in the upper sideband, while the lower There are multiple sources neaBPT0418A thatcould be
sideband provides continuum datal he total on-source time physically associated ithey lie at the same redshiftIn this
between both projects was 4.9 Mle performed a continuum  section,we investigate each of these sourcesen perform a
subtractionin the uv-plane assuminga linear frequency  source plane reconstruction of SPT0418-47.
dependence of the continuum emissi@xcluding frequencies
with significant [QI] emission from the fit. Compared to Rizzo 3.1. The Multiply Imaged Companion

et e}l. (2020)’.Wh° only used Fhe data from .2016'1 .01499.8 The JWST imaging reveals in detail the stellar emission from
prOjeCt (PI thke), our combined observationshave a four SPTO0418A. To better view SPTO418_47, we model and
times smaller beam and a factor of 14 greater total on- remove the flux from the foreground lens, which is an elliptical
source time. , _ galaxy at z = 0.263. We use GALFIT (Peng et al. 2002, 2010)
_The individual observing blocks from each projecspan a {5 fit 5 S¢rsic bulge to the foreground lens at the wavelength of
wide range in spatial resolution, frofi02 to 0'15. We jointly o F150W bandpass, convolving the model with the PSF from
imaged the data using naturalveighting (accounting forthe WebbPSF. In the model, we also add a secondary exponential
different phase centers and frequency setups of the two projectgijk component to improve the model in the central region of

using tclean in the CASA software package (McMullin etal.  the galaxy. During the fitting, we mask nearby galaxies and use
2007; THE CASA TEAM et al. 2022). We imaged thig] [De the error map to weightthe fit. The best-fitx? modelfor the

emission using the continuum-subtracted data with a spectral pylge hasn=3.17 + 0.02 and r,= 088 + 0 01, while the
resolution of 50 knmi'$. We base our analysis on images createddisk componenthas r,= 0/067 + 0 D01 and contains 7% of
by applying a 50 mas external taper in the uv-plane, which offefige total light.

a reasonablecompromise between spatial resolution and We take the besfit in F150W, fix the axis ratios,position
sensitivity and is well matched to the resolution of the NIRCamangles of the two componentand Sérsic parameteand then
imaging. The final synthesized beam size was 93 mas x 97 masiodel the lensing galaxy atthe other wavelengths using the
reaching a sensitivity of 0.20 mJy b&aim 50 km §' channels appropriate PSFs from WebbPSF. We allow the position,
of the [Cll] cube, after correcting for the primary beam respons@hysical scaleand flux to be free parameter3he position is

3. Detection of the Multiply Imaged Companion

3
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-100 - 0 km/s 50 - 200 km/s

Figure 2. Residual color image of SPT0418-47 generated from the F277W, F356W, and F444W NIRCam imaging after modeling and removal of the foreground
lens using GALFIT.The left panel shows SPT0418A and SPT0418&Bth arrows denoting the two images of SPT04188so circled in cyan and green are two
additional potential companions investigated in Section 3.2 that are not detected in the ALMA dgteoft®urs at the rest frame of SPT0418-47 are overlaid on

the NIRCam image in the center panel, integrated over the channels where the companion appears from —100riddikents the redshift of SPT0418-47. The

slight offsets between the ring and the contours in the center panel are due to the contours being integrated only over the channels where the companion appears
strongly, rather than the whole ring. In the right panel, we show thg §Bntours integrated from 50 to 200 ki grelative to the redshift of SPT0418-47 to show

the extended feature opposite the companiconnected to the ring formed by the lensing of SPT0418Phe center of the region where the foreground lens was
subtracted is masked because the statistical noise is high.

left free to account for any remaining subpixel astrometric plane kinematics of SPT0418B, and SED modeling and stellar
offsets between imagesshile the physical scale is left free to  mass estimates of both.
account for radial color gradients.

In the left panel of Figure 2, we show a three-color image of
the lensed galaxy after the removal of the foreground¥éhs. 4.1. Source Plane Reconstruction
this image,we can now see two bluer objectgne interior to . .
the arc and the other exterior on the opposite side. This We pgrform source plane rgconstructlon USINGNSTRON-
geometry is consistent with multiple lensed images of a single oMy (Blrrer & Ama_re_: 2018; B|rre_r et ?'- 2021). LENSTRON-
companion (SPT0418B)as discussed by Peng edl. (2022). OMY is capa}blg ofj_omt parametrlc flttm_g of the foreground
The proximity of SPT0418A and SPT0418B in the image p|anelens mass dls_trlbutlon.and flux dIStr.Ib.Utlon of th_e background
is suggestive of a small separation in the source plane. sourge,enabllng the s'|multane0l:s fitting of"multlple photo-

The ALMA [C 1] data also show clear emission signatures atMetric bandsFurther,it can use "shapelets” (Refregier 2003;
the locations of the two images of SPT0418BIn the center ~ Refregier& Bacon 2003; Massey & Refregier 2005; Birrer
panel of Figure 2we present contours from the ALMA [G] et al. 2015), which are a series of 2D basis functions, to rapidly
data,integrated from —100 to 0 km §' relative to the central reconstruct the source plane without parametric models of the
velocity of SPT0418A, overlaid on the NIRCam imaging. This source light,so long as an accurate lens mode used.As a
emission confirms that SPT0418B is very close to SPT0418A nonparametric method of source plane reconstruction, shapelets

not only in the image plane,but also in velocity space Both can reconstruct substructuresthat are missed by simple
images of SPT0418B have consistemian relative velocities ~ parametric modelstinally, LENSTRONOMY can add shapelets
of approximately =130 km §'. on top of parametric models of the source to find any additional
substructure in the source plane without using many orders of
3.2. Other Potential Companions shapeI%Bs for structures thaire well described by parametric
models:

In addition to SPT0418B, there are two more objects visible 1o model the globalstructure of the SPT0418-47 system,
only in the NIRCam fllt.ers_ atsmall aﬂgu.lar separahoﬁ'.hesg we start by using elliptical Sérsic profiles in the source plane.
o??—%t?-’gché)ei?et E:(I)gé;Séigfér:?h7a-1?r:£/2v.v%)1u)l gg‘(’)tﬁ)ﬁ;\?eag'&These simple models provide a good first-order fit to the
TLD O L0 ) .. . profiles. To model the mass profile of the lensing galaxyye
projected phyS|c_:aI separatl_ons of ~10 kpc fror_n SPTO418A if atgq 5 singular isothermalellipsoid with external shear.We
the same redshiftThese objects do noappear in the ALMA perform multiband fitting of our GALFIT-subtracted data in

[C 1] data,and photometric redshiflestimates usingCIGALE F277W, F356W, F444W, F560W, and F770W.Starting with

give redshifts of o= 0.4 + 0.25 and g,:< 0.05 for the west onl . : . )
. ) y the parametric profiles, we first presample the space using
and south objectsrespectively We thus conclude thatthese a particle swarm optimization (Kennedy & Eberhart 1998),

objects lie in the foreground and are not associated with get near the solution while sampling the high-dimensional

SPT0418A or SPT0418B. space quickly We then use this approximate solution to seed
the Markov Chain Monte Carlo (MCMC) sampleremcee
(Foreman-Mackeyet al. 2013), allowing it to run to
Given the projected proximity of SPT0418B, we next convergenceWe then add shapelets to the source modedt
explore whether this system is an ongoing merger and attempt
to constrain its physical parameters. We investigate the source® One feature of shapelets is thahe final models can include regions with

i ; unphysical negative flux values. The presence of negative values is intrinsic to
plane reconstruction of SPT0418A and SPT0418B¢ Image the shapeletapproachin the idealized casethe summation of the shapelets
% should result in a net positive flux at all locationbut when modeling with a
We mask the noisy residuadt the center of the foreground galaxy in this limited number of shapeletsthese unphysicahegative flux values occurat
image. some locations surrounding brighdpsitive features.

4. Evidence for an Ongoing Merger
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Figure 3. Source plane reconstruction of each band modeled using shapelets and parametric source models. Each row shows one of the three NIRCam bands use
the modeling. The leftmost column shows the image plane shapelet reconstruction with the GALFIT-subtracted data. The second column displays the observed im
plane of SPT0418-47, with regions masked out due to unassociated flux outlined in red. The third column provides the normalized image plane residuals after mo
subtraction. We note that there is remaining small-scale structure that is not removed, because it is smaller that the smallest-scale shapelets used. The rightmost f
shows the source plane reconstruction derived from the combination of parametric and shapely modeling, with the caustic and critical curve overlaid. All panels are
rotated such that north is up and east is left. Due to the changing source structure with wavelength, we cannot use the same shapelet set for each band, but rather
reconstruct each one separatalgjng the same mass model and initial source plane model.

shapeletson top of these Sérsic profiles, we are able to
reproduce those features in the image plandgading to the
reconstruction shown in Figure Shapelets are usefih this
reconstruction,as previous reconstructions(Hezaveh et al.

each wavelength to bettermodel any substructure foreach
image.

In this lens modeling due to the prior GALFIT subtraction
of the lens light, we found difficulty in modeling both
SPT0418A and SPT0418B when including the background  2013; Spilker et al. 2016; Rizzo et al. 2020) did not detect
noise with LENSTRONOMY. In the future,it would be prudent emission from regions poorly representedby parametric
to perform the lens light subtraction within the software used tomodels, such as the tail-like features extending from both
conduct the lens modeling, rather than using two separate SPT0418A and SPT0418B. Shapelets are a quick way to model
methods. As part of this modeling, we imposed a prior that all these new features,building on parametric models without
values below a threshold of0.010 less than the median are  doing a full pixelated reconstruction.
ignored relative to the pixeldistribution in the region we are Figure 3 shows the lens model in the F356W filter, a band in
modeling. This prior forces LENSTRONOMY to consider only which both SPT0418B and the extended structure associated
flux from regions with a higher signal-to-noise ratio (S/N), with SPT0418A can be clearly seen. We list the parameters for
while ignoring pixels less than the threshold in the parametric the lens model of this system in Table 1, along with the
model fitting. estimated uncertainties.We note that the derived 6¢ is

From the source plane reconstruction,we find that the consistent with Rizzo et al(2020) to within the uncertainties,
projected physicakeparation between the centers of the two  and slightly lower than what is found in Spilker et a{2016).
galaxies is 4.42 + 0.05 kpc. In modeling the source plane with  Next, we use the parametriclens mass model listed in
pure Sérsic profileswe are unable to reproduce some of the  Table 1 to generate a backward ray tracing of the system. This
features in both SPT0418A and SPT0418B. By adding approach provides an alternative to the joint parametric
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Figure 4. We show a source plane reconstruction generated using backward
ray tracing. We produce this reconstruction using the F277W5356W, and
F444W filters as in Figure 2. The dust-obscured galaxy SPT0418A is on the
right, and the bluer SPT0418B is on the left.

Table 1
Lens Model Parameters

Parameter Model Valué'

6e 17207 £ 0 D02
O -0.031 £ 0.006
[0} 0.061 + 0.009
XLens _0010 + 0003
Yiens -0.003 £ 0.002
2 -0.005 + 0.003
Y2 -0.007 + 0.004
Note.

& Uncertaintiesare estimatedtaking the averageof the 16th and 84th
percentiles from the marginalized distributions of the MCNMENSTRONOMY
parameters are defined as follows:i®the circularized Einstein radius; and
& are the x- and y-components to the ellipticity,ens and Yy ens are the offset
from the center of the image in arcseconds, grahy y, are the external shear
componentsThe orientation of this models in the native orientation of the
NIRCam detector,with rotations introduced afterward to avoid introducing
autocorrelation noiseThe rotation from the NIRCam detector orientation to
north up is 245° clockwise.

Cathey et al.
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Figure 5. The upper panel shows an ALMA velocity map of the SPT0418-47
system,scaled to highlightthe internalvelocity gradientof SPT0418B.The

two ellipses are the regions where emission from SPT0418B is expeatsd],

the area within these two ellipses shows mirrored velocity gradients, as
expected from the lensing geometrin the bottom right, we show the beam
size as the crosshatched ellipse. The velocity range is displayed from -200 to
0kms™" relative to the redshiftof SPT0418A,as reported in Reuteret al.
(2020). The middle panel shows the extracted rotation curve from the southeast
image of SPT0418B, along the line shown in the first panel. The bottom panel
shows the extracted velocity dispersion along the same line in the top panel.
The horizontal line in the middle panel is the size of the beam—both the
velocity and dispersion profiles are sampled more finely than the synthesized
beam size.

previous studies (Messias &tl. 2014; Rybak et al. 2020) of

shapelet fitting shown in Figure 3 for assessing the presence ofther DSFGs.

additionalstructuresWe take the NIRCAM F277W,F356W,
and F444W imaging and map it back to the source plane,
accounting for magnifications of the multiple images to create
the source plane reconstruction.The result is shown in
Figure 4.In this figure, we again see some extended structure
in the light distribution, consistenwith that inferred from the
shapelets.Further, we can see color gradientsacrossboth
SPT0418A and SPT0418BFor SPT0418A,we can see the
core region, which appears white in this color mapping,
corresponding to the quadruply imaged clump mesible in

4.2.Image Plane Kinematics of SPT0418B

We create a velocity momentmap from the [C 1] data in
Figure 5 to investigate whetherthe kinematic signatures are
also consistent with our prediction of images from our lensing
reconstruction,and investigate the image plane kinematics.
Internal gradients are visible in both SPT0418A and
SPT0418B.As highlighted by the ellipses in Figure 5, the
velocity gradients for the two images of SPT0418B are equal
and mirrored, as must be true if we are observing multiple

the MIRI bands. This region then extends outward into a largerimages of the galaxy.

red structure that has higher extinction. The tail feature
extending from SPT0418A to the northwestin Figure 4

A rotation curve and velocity dispersion are extracted for the
southeasimage of the companion along the line shown in

appears blue, just as it does in the image plane color composit€sgure 5. From this figure, we see that the velocity and

shown in Figure 2. Similar tidal features have been found in

6

dispersion profiles for SPT0418B are consistent with a galaxy
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These flux densities include contributions from both
SPT0418A and SPT0418B. From the ALMA data, we measure
96% = 2% of the flux as being associated with SPT0418A.
When fitting the SED for SPT0418Awe include this fraction

of the flux density for all bands measured by Reuteet al.
(2020). The differences in SFR and stellar mass between using
this fractional flux and using the total flux are smaller than the
statistical uncertainties.

We use botICIGALE (Boquien et al. 2019) arRROSPECTOR
(Johnson et al. 2021) to fit the SEDs. This provides a measure
of the systematic uncertainties associated with the assumptions
in the SED modeling. CIGALE is an SED fitting code
commonly used for DSFGs thasimultaneously models UV-
far-IR (FIR) emission of galaxiesjncluding prescriptions for
stellar-age-dependerdust attenuation in the UV and dust
emission in the IRRROSPECTORerforms similarly, but allows
for greater flexibility when modeling the star formation history
(SFH) of a galaxy,by accepting nonparametric solutiorfsor
both codes, we assumea Chabrier initial mass function
(Chabrier 2003). For both codes, we use a flexible attenuation
curve parameterization thallows for a variable UV-optical
T35 o s g o SETRAB vt s s phoomoty 9 2 V-band attonuationspeifcal, CIGALE uscs the
because itis more sensitivg to residuals from the subtraction of the IZnsing Wparametgrlzatlon from Boquien et al. (201_ 9_) a?RbSPECTOR
galaxy than the outer image. that of Kriek & Conroy (2013). The metallicity is allowed to

vary for SPT0418A,and we apply a uniform prior on the
metallicity between 80% and 125% of solar, consistent with De
that exhibits ordered rotation butis dynamically hot. Rizzo Breuck et al. (2019; 0.3 <Z/Z, < 1.3), and based on our
et al. (2020) found a dynamically cold disk for SPT0418A team’s spectroscopic analysis (Birkin et 2023).
using a kinematically driven reconstruction method with a V/oc  For SPT0418B,we set a uniform prior between 65% and
ratio of 9.7 £ 0.4, though this reconstruction appears to not ~ 75% solar on the metallicity foPROSPECTORbased upon the
include emission from both SPT0418B and the tail feature seeNIRSpec analysis of Birkin et al. (2023). We fix the metallicity
in SPT0418A. to solar for CIGALE, as this is the closest metallicity value
available in the code. With CIGALE, we model the SFH
. parametrically as an exponential decay.{= 1 Gyr), with an
4.3. Stellar Mass Ratios additional burst component using the Bruzual & Charlot (2003)

We next compare the stellar masses of the two components stellar population model. In contrast, PROSPECTOR uses
We use the lens model from above (Table 1) to derive the Flexible Stellar Population Synthesis stellar population model-
magnifications of SPT0418A and SPT0418BWe find total ing (Conroy et al. 2009; Conroy & Gunn 2010), and we allow a
magnifications of y =29 + 1 for SPT0418A and p =4.1 £ 0.7 nonparametric SFH with a Dirichlet prior on the mass formed
for SPT0418B.The uncertaintieson the magnifications are per time bin (Leja et al. 2019). Lower et al. (2020)
derived from 100 random draws of the MCMC, calculating the demonstrated with simulationsthat such an approach can
flux in the image and source plane reconstructions of the outperform parametric models. The PROSPECTORfit also
parametric model.The multiple images of SPT0418B have permits a nonuniform dustscreen,and we let the fractional
effective magnifications of y=1.2 £ 0.3 and p=2.9 £ 0.6 for obscuration be a free parameter(Lower et al. 2022). The
the inner and outer imagestespectively.For SPT0418B,we posterior for the obscured fraction peaks at >98% for
use only the data for the source exterior to the SPT0418A ring SPT0418A; however, the small amount of light that is
to minimize photometric uncertainties due to overlap with the unobscured is important in the SED fit.
ring. Further, we use the annular aperture shown in Figure 6 to In Figure 7,we show the SED models that best fit our data
find the magnification of SPT0418A in the image planéNe with each code for both SPT0418A and SPT0418B. Similarly,
only use the parametric Sérsic profiles to calculate these the derived quantities from these SED models are presented in
magnificationsallowing us to avoid any unphysicahegative Table 2. The constraints on SPT0418B are less robdsie to
fluxes that arise intrinsically as part of the shapelet process. The more limited set of photometric detections, since this source
difference in the calculated magnification from band to band is is relatively faint and the MIRI integration times are short. For
less than the quoted uncertainty for SPT0418A and SPT0418BPROSPECTORwe plot the median and 1a spread in the model

To compare the stellar masses of SPT0418A and SPT0418B5EDs, and foCIGALE, we plot the model corresponding to the
we extract the photometry for each using fixed photometric minimum x2.3' For PROSPECTORwe find thatit fits the FIR
apertures. Figure 6 shows the aperturesused for each dust emission poorlyThus,we hadPROSPECTORModel only
component.These apertures are designed to be large enough the stellar emission of the SED, so as not to have improper dust
that there is minimal differential flux loss due to the wavelengthmodels bias the fit. The reduced x? statistics for the
dependence othe PSF. The flux densities derived for each PROSPECTOKits to the SPT0418A and SPT0418B SEDs are
source are presented in the Appendix in TableReuter et al.
(2020) also provide 100 pm-3 mm SPT, LABOCA, Herschel/
SPIRE,ALMA, and Herschel/PACS data forSPT0418-47. 31 CIGALE does not calculate the 10 spread in model SEDs.
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Figure 7. Top: UV-FIR SEDs for SPT0418A (left) and SPT0418B (right)with observed photometry notorrected for magnificationThe best-fitmodels from
PROSPECTORandCIGALE are shown as shaded bands and solid curves, respectiveBRG®RECTORSED is the median model SED, with the 16th—-84th percentiles
shown in the shaded regions, while the bestEiitALE SED is the model corresponding to the minimurf {he corresponding model parameters can be found in
Table 2.Bottom: zoom-ins to the rest-frame UV and optical.

3.42 and 0.54,respectivelyand 3.35 and 0.48 when fitwith which is a factor of 2.3 times larger than th€IGALE median
CIGALE. The differencesin the x 2 values between the two  stellar mass value of 1.5 + 0.6 x 18M, . This increases to a
sources are caused by both the numbers of observations and factor of 4.1 for SPT0418B,for which PROSPECTORyields
models. Since SPT0418B only has one data point in the FIR, it§. 2" 3¢ © 10°M, compared to 2.02 +0.9 x 10 M, for
overfits the point for all of the FIR emissioff CIGALE. These differences in the inferred stellamasses are
A comparison of the results from the two SED modeling  |argely driven by the different models for the SFH.AIGALE,
codes in Table 2 shows that the derived SFRs and effeCthe A we assumed a dec“ning exponential SFI;L&F 1 Gyr) with a

from PROSPECTORand CIGALE are consistentwithin the burst component, inferring 80% of the galaxy’s stellar mass as
uncertainties for both SPT0418A and SPT0418B. The inferred peing formed in the recent burst. The nonparametric SFH
stellar metallicity for the main source is consistentith the model we used in PROSPECTORdoes nota priori assume a
solar value we have assumed in tGALE model. shape for the SFH; rather, it fits for the stellar mass formed in

.,;Lhti m_o?tsiggifi?al?tdiscrepgnc;gg?gffgihe two codes is  g5ch hin and estimates that 33% of the total galaxy stellar mass
wi € Inferred stellar mass.-or PROSPECTOR 25 formed in a recent burstvith a significant fraction of the

] el 14 10 . O o

infers a magnification-corrected stellar mas$.&f 1 © 10", stellar mass having formed atearlier times. This difference
highlights that tion shoul Xerci when comparin

32 \We note that the %values for the two SED fitting packages are not directly ghlights that caution should be exercised én comparing

comparablebecause the codes use differemethodologies to find the best- stellgr mass eStima_teS in the ”terat_ure thate (_jifferentCOdes
fit SEDs. and input assumptions(see also Michatowski et al. 2014;
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Table 2
SED Modeling Results
Source Magnification Code Stellar Mass SFRi00 Zx Av sSFR
() (uM.) (MM yr ") (Z.) (10° M yr™)

SPT0418A 295+ 1.2 PROSPECTOR 10234 10" 4257983 0.94° 1% 3.75912 4.2}9

CIGALE 45+09x 10" 3770 + 545 1 3.8+0.1 84+1.2
SPT0418B 2.92 +0.63 PROSPECTOR 23.9°91" 10° 253238 0.68 39 1.5933 1147

CIGALE 59+26x10° 436+ 17.9 1 14402 74144

Note. The quoted parameter results are values without any magnification correctiti®@ALEenodels assume a fixed stellar metallicity value set t@Zthis code
only permits a few discrete values.

Redshift 10°
10 6 5 4,225 1 S e Da Cunha et al. 2015
I L ! | | ] Speagle-etal: 2014 2-4 ALESS SMGs
5000 g Bouwens et al. 2012 - 9
24 LBGs Ma et al. 2015
104_: Z~ & z~4 SPT SMGs
... Heinis et al. 2014
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4000 = ] Faisst et al. 2020
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ty [Gyr] Figure 9. A comparison of SPT0418A (orange-PROSPECTOR maroon—
CIGALE) and SPT0418B (light blue—PROSPECTOR navy—CIGALE) to the
Figure 8. SFH as found bPROSPECTORor SPT0418A, with 10 uncertainties  main sequence of star-forming galaxieBhe coloration shows the placement
shown in the shaded regionThis shows a relatively constan8FH over the for both for PROSPECTORand CIGALE, with the same colors as Figure 7.
history of SPT0418A with a factor of ~4 increase in the SFR between 100 Myr SPT0418 is compared to z ~ 4 galaxies from da Cunha et al. (2015), Ma et al.
before the observed time and the observed tiffikis could be caused by the (2015),and Faisstet al. (2020), fits to selected galaxy samples from Heinis
merger though that is difficult to causally prove. et al. (2014) and Bouwens e#&l. (2012),and the predicted z = 4.225 main-
sequence relation from Speagle et @014).
Mobasher et al. 2015; Hunt et al. 2019). We have verified that
if we require the SFH to be the same in both codethen the the recentburstto the total stellar mass is moderately model-
two codes give consistent results. dependent and prone to issues like newly formed O- and B-type
Setting aside the offset between the two codes for the derivestars dominating the luminosity ratherthan the older stellar
stellar masses, the ratio of the stellar masses for SPT0418A argbpulation (outshining; Papovich et al. 2001; Narayanan et al.
SPT0418B is consistent between the two codes. Accounting fop023) and the difficulty of determining multiple episodes of
magnification,the inferred true stellar mass ratios aré.2" |3 star formation (lyer etal. 2019). This SFH model, however,
for PROSPECTORand 7.5 + 3.7 forCIGALE, respectively.The suggests thatthe merger has induced significantrecentstar
uncertainties are large, but they still enable us to conclude thatformation, even if this is not apparent from a broad comparison
this system is consistenith being a ~4 to 1 ongoing minor  of the sSFR to the main-sequence populatitmFigure 9, we
merger between the two galaxies. In this context, the extended;ompare the sSFRs for SPT0418A and SPT0418B with
structure associated with SPT0418A is potentially a tidal estimates forthe star-forming main sequence at = 4 from
feature arising from the interaction. _ Bouwens etal. (2012) for UV-dropoutLyman-break galaxies
It is interesting to consider the effect of this merger upon the see Figure 9), from da Cunha et al. (2015) for ALESS
stellar populations in these galaxies. Rizzo et al. (2020) found alaxies from I,:aisstet al. (2020) for ALPINE galaxies,and
dynamically ordered disk in SPT0418Awhich would argue ' ’ _— o
from Speagle et al. (2014) for a compilation of literature

that the interaction has not significantly influenced the internal . 811

dynamics.We considerthe sSFR and SFH as tests forthis iizjnepsleié-rrnl::)zrSaSbTStgftr?::;/(:)Aig;%ésluaelz?‘ofn%r fofrrc;grbfootrhming
icture. Th tric SFH frdPROSPECTO t ’ .

picture. The nonparametric S ’ reuggests a galaxies atthis redshift(see Heinis efal. 2014 and references

minimally variable SFH over 1 Gyr of evolution, with an X
average (magnification-corrected) rate of 32,M". Then, in therein). The sSFRs of both SPT0418A and SPT0418B appear

the last 10 Myr, the SFR jumps to 138 Myr'—a factor of 4 to not (yet) be significantly elevated relative to the main
increase—resulting in the formation of ~33% of the total sequence in this comparisorin da Cunha et al. (2015), the
stellar massof the system (see Figure 8).We caution that multiplicity fraction of the systems was previously identified in
determining the exact contribution of the stellar mass formed inHodge et al. (2013). Of the 2.5 £ z < 4.5 galaxies that appear

9
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to have multiple sources, the majority do not appearto be
significantly elevated off the main sequence.

The sSFR of SPTO0418A therefore appearsto not be
significantly elevated by the mergerjndeed, the location of
SPT0418A on the M-SFR plane is within the 10 scatter of the
z = 4 main-sequence relation from Speagle et(aD14).

5. Conclusions
In this paper, we have used JWST NIRCam and MIRI

imaging of SPT0418-47, which is at a redshift z = 4.225, from

the TEMPLATES ERS program to investigate the unlensed
properties of the SPT0418-47 systerVe have analyzed the

stellar emission from both SPT0418A and the multiply imaged

companion galaxy (SPT0418BJjeriving a lensing model and
determining stellar masses. [CII] data from ALMA

confirm that SPT0418B lies at the same redshift as SPT0418A

which was also reported in Peng &l. (2022),and exhibits a
velocity gradient consistent with internal rotation.

From our lensing model reconstruction of the source plane,
we determine the projected physical offset between the
centroids of SPT0418A and SPT0418BVYe measure a value
of 4.42 £ 0.05 kpcin the source plane, which is broadly

consistent with the estimate of Peng et al. (2022). We also see

tentative evidence for extended features associatedwith
SPT0418A in both JWST and ALMA.The ALMA data also
demonstrate thathe mean velocity offset between the two
galaxiesis 130 £ 10 kms™'. Fits to the SEDs of both
sourcesusing both PROSPECTORand CIGALE indicate that
the stellar massratio of the two galaxies is approximately
between 4 and 7-4.2 ] for PROSPECTORand 7.5 + 3.7 for
CIGALE. The simplest interpretation of these results is that we

are witnessing an ongoing minor merger in this system. Despit

this merger there is no evidence for elevated sSFRs in either
galaxy. Thus, the two galaxies are consistentwith the star
formation main sequence at their redshift. After applying
the magnification correction,we find that SPT0418A has a
stellar mass oM, = 3.4'14" 10'°M, from PROSPECTOROr
Ms=1.5% 0.6 x 10'°M, from CIGALE, and SPT0418B has a
stellar mass o, = 8.2°35 " 10°M, from PROSPECTOROF
Ms=2.02 +0.9 x 1M, from CIGALE. The differences
between these two codes are due to the differassumptions
for SFHs found by each.

Finally, we have compared the results of fitting the SEDs
with PROSPECTORand CIGALE. The two codes yield similar
SFRs,effective extinctions (Table 2)and stellar mass ratios.
PROSPECTORhowever,yields stellar masses thatre system-
atically higher by factors of ~2—4.
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Appendix
Photometry

in Figure 7. Table 3 includes the JWST photometry from
NIRCam and MIRI, while Table 4 summarizes the longer-
wavelength literature fluxesfrom Reuter et al. (2020). The
values in Table 4 correspond to the total flux from SPT0418A
and SPT0418B. As discussed in the text, when fitting the SEDs
for the two components, we assign 95.8% + 2.2% of the flux in

Table 3
NIRCam and MIRI Data

Filter A2 AN Int. Time  SPT0418A  SPT0418B

(pm) (pm) (s) (bdy) (bdy)
F115W 1.154  0.225 687 25+02 0.31+0.03
F150W 1501  0.318 343 37+03 0.48+0.05
F200W 1.990  0.461 429 48+03 0.63+0.06
F277W 2,786  0.672 687 44+03 0.70+0.04
F356W 3563 0.787 343 9.0+02 1.08+0.03
F444W 4.421  1.024 429 15.4+0.2 1.10+0.04
F560W 5.6 1.2 277 375+05 1.56 +0.09
F770W 7.7 2.2 144 791+09 1.91+0.12
F1000W 10 2.0 111 1233+22 2.33+0.39

12.8 2.4 111 98.9+1.4 L
F1500W 15 3.0 111 83.1+3.3 L
F1800W 18 3.0 222 109.3 £ 3.6 L
F2100W 21 5.0 832 104.1 +3.4 L

Notes. The quoted flux densities are observed values without any magnification

correction. The fluxes for SPT0418B are for the outer image alone. See
Section 4.3 for more details on the photometry measurements.

@ For NIRCam,A refers to the pivot wavelengthwhile for MIRI, A is simply
the central wavelength.

We present the photometric data used for modeling the SEDs
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Table 4

Published SPT0418-47 FIR Photometry from Reuter et@020)
A Flux Density
(um) (mJy)
100 <7
160 45+8
250 114+ 6
350 166 £ 6
500 175+ 7
870 108 £ 11
1400 325
2000 9+1
3000 0.79+0.14

the FIR bands to SPT0418AThis percentage corresponds to
the fraction of the flux associated with SPT0418A in the
ALMA imaging, and we assume the same fractionebntrib-
ution for the other FIR observations.
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