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ABSTRACT

Aims. Gravitationally lensed systems allow a detailed view of galaxies at high redshift. High spatial- and spectral-resolution measure-
ments of arc-like structures can offer unique constraints on the physical and dynamical properties of high-z systems.

Methods. We present near-infrared spectra centred on the gravitational arcs of six known z ~ 2 lensed star-forming galaxies of stellar
masses of 10°~!! M and star formation rate (SFR) in the range between 10 and 400 Mg/yr. Ground layer adaptive optics (AO)-
assisted observations are obtained at the Large Binocular Telescope (LBT) with the LUCI spectrographs during the commissioning of
the ARGOS facility. We used MOS masks with curved slits to follow the extended arched structures and study the diagnostic emission
lines. LBT observations are used to demonstrate the spectroscopic capabilities of ARGOS.

Results. Combining spatially resolved kinematic properties across the arc-like morphologies, emission line diagnostics and archival
information, we distinguish between merging and rotationally supported systems, and reveal the possible presence of ejected gas. For
galaxies that have evidence for outflows, we derive outflow energetics and mass-loading factors compatible with those observed for
stellar winds in local and high-z galaxies. We also use flux ratio diagnostics to derive gas-phase metallicities. The low signal-to-noise
ratio in the faint HB and nitrogen lines allows us to derive an upper limit of ~ 0.15 dex for the spatial variations in metallicity along
the slit for the lensed galaxy J1038.

Conclusions. Analysed near-infrared spectra presented here represent the first scientific demonstration of performing AO-assisted
multi-object spectroscopy with narrow curved-shape slits. The increased angular and spectral resolution, combined with the binocular
operation mode with the 8.4-m-wide eyes of LBT, will allow the characterisation of kinematic and chemical properties of a large

sample of galaxies at high-z in the near future.
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1. Introduction

The history of baryonic assembly in galaxies is governed by
complex interactions between different astrophysical processes.
The accretion of cool gas through cosmological infall of pris-
tine and recycled material regulates both the star formation and
the growth of the central supermassive black hole (SMBH) in
the host galaxy (e.g. [Lilly et al.|2013). Galactic-scale outflows
associated with stellar activity and SMBH accretion, depositing

* The LBT is an international collaboration among institutions in the
United States, Italy and Germany. LBT Corporation partners are: The
University of Arizona on behalf of the Arizona university system; Isti-
tuto Nazionale di Astrofisica, Italy; LBT Beteiligungsgesellschaft, Ger-
many, representing the Max-Planck Society, the Astrophysical Institute
Potsdam, and Heidelberg University; The Ohio State University, and
The Research Corporation, on behalf of The University of Notre Dame,
University of Minnesota and University of Virginia.

** E-mail: perna@arcetri.inaf.if

energy and momentum to the surrounding medium, are expected
to affect the physical and dynamical conditions of infalling gas
and the formation of new stars, preventing massive galaxies from
overgrowing, and producing the red colours of ellipticals (see
Somerville & Davé|2015/for a recent review).

Most star-forming galaxies (SFGs) and active galactic nu-
clei (AGN) show evidence of powerful, galaxy-wide outflows.
Spatially resolved optical, infrared (IR) and millimetre spectro-
scopic studies are revealing the extension, the morphology, and
the energetics related to the ejected multiphase material, both in
the local Universe (e.g. |Arribas et al.[2014} |Cresci et al.|[2015b;
Cicone et al.|2014} |Contursi et al.|2013}; [Feruglio et al.| 2015}
Harrison et al.[2014; Rupke & Veilleux|2013; |Sturm et al.|2011)
and at high redshift (e.g. Brusa et al.|2016; |[Forster-Schreiber et
al.2014;|Genzel et al.[2014; Harrison et al.[2012}2016; Newman
et al.|2012;|Perna et al.2015alb)). In order to understand the phys-
ical processes responsible for the outflows and the long-term ef-
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Table 1: Galaxy properties and log of observations.

Name z Coordinates 7 log(M.,) SFR Dates Band  width TOT seeing FWHM  resolution
@ @) 3 “ () (O) (O] ® ® a9 dn a2 as)
J0143 (CSWAL16)  1.502  01:43:50 +16:07:41 11 101791 75+ 10/17 J 0.7" 35m 1.30” 0.50” 1.3 kpe

H 0.7” 35m 1.10” 0.42” 1.1 kpc
J1343 (CSWA28)  2.092  13:43:36 +41:54:29 9 10.0703 12*11 05/16 K 0.5” 35m 0977 041" 0.7 kpe
J1038 2.197  10:38:42 +48:49:19 8 9.1704 4073 03/17 H 0.3” 260m 1.00” 0.52" 1.0 kpe
(Cheshire cat arc) K 227m 1.00” 0.43" 0.8 kpc
J1958 (CSWA128) 2225  19:58:35 +59:50:59 10 107705 250773, 05/17 H 0.3” 30m 1.18” 0.50” 0.6 kpc

K 27m 1.03” 0.32” 0.4 kpc
J1110 (CSWA104) 2480  11:10:16 +64:59:17 9 9.5:04 15*55 05/16 K 0.5” 80m 0.98” 0.41” 0.9 kpc
70022 (8 o’clock) 2736 00:22:41 +14:31:14 6 1059, 390" | 10/1610/17 (K 037 242m  1.04” 0.43” 0.9 kpc

Notes. Column (1): lensed galaxy names as reported in the paper, with other common names in parentheses. Column (2): spectroscopic redshifts
from the literature. Column (3): Coordinates of the lensed sources (RA and Dec). Columns (4) and (5): magnification factors and stellar masses,
with nominal correction from a Chabrier to a Salpeter IMF when required, from Jones et al. (2013} J1038), |Shirazi et al.| (2014} J0022),[Saintonge
et al.[(2013] J1343),Johnson et al.| (2017} J1110), [Kostrzewa-Rutkowska et al.| (2014} J0143). For J1038, J0022 and J1110 we specifically refer to
the A2 knot measurements, as reported in the aforementioned papers; all other values do not refer to individual images, but to the lensed galaxy.
Stellar mass of J1958 from this work (see Sect. [§). All stellar masses are corrected for the lensing magnification factors reported in Column
(4). Column (6): SFR from the Ha flux corrected for extinction and lensing magnification using Kennicutt 1998 relation (J1958 and J1343 from
Leethochawalit et al.[|2016; J0022 from |Shirazi et al|2014, using the HB flux). Lensing-corrected SFR of J1110 from Johnson et al.| (2017) and
obtained by SED fitting analysis, nominally corrected from a Chabrier to a Salpeter IMF. Column (7): dates (MM/YY). Column (8): LUCI filters;
for J0022, we used a clear filter to detect Ha line redshifted at ~ 2.45um. Column (9): curved slit width. Column (10): Time on target. Column
(11): seeing as measured by the DIMM station. Column (12): spatial profile FWHM obtained integrating the reference star flux within a 100 px
interval along the X axis. Column (13): estimate of the spatial resolution in the source plane. For J1038, J0022 and J1110 we refer to the A2 knots,
using the magnifications derived by Jones et al.| (2013), |Shirazi et al.|(2014) and Johnson et al.|(2017), respectively.

fects they may have on the global baryon cycle, host galaxy and
outflow properties have been studied looking for causal relation-
ships.

In AGN-dominated systems, outflow energetics seem to be
related to the AGN power: faster and more powerful winds are
preferentially found in more luminous, massive, and fast accret-
ing nuclei (e.g. Carniani et al.|2015} |[Fiore et al.|2017} [Harrison
et al.|[2016} [Perna et al.||2017a; Woo et al.|[2016; [Zakamska &
Greene||2014). AGN-driven outflow properties have also been
related to star formation rate (SFR) in the host galaxy in order to
test the impact of these winds on the state of star forming gaseous
clouds, but contrasting results have been found (e.g.|Balmaverde
et al.|2016}Lanzuisi et al.|2017; Mullaney et al.|[2015;Wylezalek
et al.[2016).

Star-formation (SF)-driven winds have also been investi-
gated and several authors have found that the incidence of out-
flows increases with the SFR (e.g. |[Cicone et al.|2016; |Chen et
al|[2010; Rubin et al.|[2014). In SF-dominated systems, the ef-
fects of outflows can also be probed studying the relationships
between SFR, stellar mass, and gas-phase metallicity (Mannucci
et al.|[2010; Tremonti et al.[|[2004), because of the interconnec-
tion between accretion/ejection of material to/into the interstel-
lar medium (ISM) and the physical conditions regulating the for-
mation of new stars (e.g.|Davé et al.|2011; [Lilly et al.[|2013). In
particular, the spatial distribution of the heavy elements within
a galaxy, keeping track of the effects of outflows, can constrain
the baryonic assembly history (e.g. /Anglés-Alcazar et al|2014;
Gibson et al.[[2013)).

Lensed galaxies and quasars offer a wealth of information to
study galaxy evolution at redshifts in the range 1.5 — 3, that is, at
the peak of star formation and AGN activity: magnification ef-
fect increases both the apparent size on the sky and the total flux
of lensed sources by up to factors of tens. Ionised gas emission
lines can therefore be used to characterise the internal kinemat-
ics and metallicity gradients on scales as small as 100 parsec,
especially when exploiting the correction provided by adaptive
optics (AO; e.g. Jones et al.[[2010] 2013} [Leethochawalit et al.
2016; [Shirazi et al.|[2014; |Stark et al.||2008). In particular, the
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study of gravitationally lensed systems represents an ideal strat-
egy to characterise the less massive systems at z > 2.

In this paper, we present kinematic and chemical analyses
of the first combined LUCI and ARGOS observations of six
bright lensed galaxies at redshifts of z = 1.5 — 2.7. LUCI is an
IR multi-mode instrument installed at the Large Binocular Tele-
scope (LBT) that can be assisted by the wide-field “seeing en-
hancer” ARGOS facility (see Sect. [J); a detailed description of
the general performances provided by ARGOS, both in terms of
spectroscopic and imaging capabilities, is presented in Rabien et
al., in prep. The targets were selected on the basis of their red-
shifts (in order to ensure the presence of the emission lines of
interest in the proper wavelength range), lensing magnification,
and the presence of a nearby suitable stars (R < 16) for tip-tilt
correction. Their visibility within the scheduled ARGOS com-
missioning runs was also taken into account.

The lensed galaxies are characterised by SFR in the range be-
tween 10 and 400 My/yr, and stellar masses 9.1 < log(M./Mg)
< 10.7. All but one galaxy (J1343+4154; J1343 hereinafter)
are above the main sequence in SFR-M, plane at z ~ 2 (e.g.
Whitaker et al|2012; see Table [I)). We characterise the physi-
cal properties of the lensed galaxies by combining the results
we obtained by high-spectral- and angular-resolution ARGOS
data analysis with the available multiwavelength information, in-
cluding recent lens modelling presented by Jones et al.| (2013),
Leethochawalit et al.| (2016), Shirazi et al.| (2014), and Johnson
et al.|(2017).

Integral field and/or long-slit spectroscopy of our targets
have already been presented in the literature, although most of
these observations were not covering the full arcs. We show that
our ARGOS/LUCI observations provide higher signal-to-noise-
ratio (S/N) spectra, and, thanks to the curved shape of the slits,
allow us to cover the total extension of the lensed systems.

The paper is organised as follows: Sections 2 and 3 presents
the LBT observations and spectroscopic data reduction. Section
4 presents the data analysis and the spatially resolved spectro-
scopic results for individual targets. In Section 5, we discuss
the possible effects of non-uniform slit illumination on our kine-
matic analysis. In Section 6, we derive flux ratio diagnostics to
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Fig. 1: Infrared HST and LBT/ARGOS images and optical SDSS three-colour cut-out showing the sample of lensed galaxies studied in this paper.
Scale bars and target names are labelled in each panel. We identified the lensed galaxy components according to the definitions proposed in this
work. For each cut-out, we show the curved slit we constructed for observing the targets (dashed curves). For J1038, we also show with a dotted
box the field of view covered by previous observations obtained by Jones et al.[(2013) with the IFU instrument OSIRIS.

characterise the ionisation source of emitting gas. In Section 7,
we derive the outflow properties for the sources for which we
collected evidence of SF-driven winds in the host galaxy. In Sec-
tion 8, we study the gas-phase metallicity conditions. Finally,
Section 9 summarises our conclusions. A flat universe model
with a Hubble constant of Hy = 72 km s~! Mpc’l, Qu= 0.27
and Qx= 0.73 is adopted. A Salpeter initial mass function (IMF)
is adopted to derive stellar masses and SFRs.

2. Observations

The near-infrared (NIR) spectroscopic data presented in this pa-
per were obtained in single and binocular mode with the two
NIR multi-object spectrographs (LUCIs), at the LBT on Mount
Graham, Arizona, USA. The lensed galaxies were observed
during the commissioning of the Advanced Rayleigh Guided
Ground Layer Adaptive Optics (ARGOS) facility (Rabien et al.
2010; Busoni et al|[2015). ARGOS is a multi-laser guide-stars
ground layer adaptive optics system capable of correcting for the
ground-layer turbulence above the two 8.4m LBT mirrors and
provides an effective seeing improvement of a factor of ~ 2 over
a field of view of 4x4 arcmins (Orban de Xivry et al.[2015,[2016
Rabien et al., in prep). ARGOS is designed for operation with
both LUCI multi-object spectrographs and NIR imagers. With
the binocular operation mode, it is possible to obtain simultane-
ous acquisitions with identical or independent instrument config-
urations for the two LBT mirrors (e.g. taking, for a given target,
the spectra in two bands), significantly reducing the time needed
for an observing program.

The targets were acquired with dithered 150s observations in
an AB sequence. Three or more reference stars are selected for
mask alignment and to derive the exact dithering pattern during

the sequence of acquisitions. For four out of six lensed galax-
ies, curved-slits of 0.3 — 0.5” in width matching the arc’s ge-
ometry on the sky have been constructed on the basis of avail-
able high-resolution HST images using the Luci Mask Sim-
ulator softwareﬂ The other two lensed galaxies in our sam-
ple are not covered by HST images. The slit of J1958+5950
(J1958 hereinafter) has therefore been constructed taking ad-
vantage of LUCI/ARGOS images taken during the commission
time. For J0143+1607 (JO143 hereinafter), we could not obtain
high-resolution pre-images for the mask preparation. Therefore,
we used the r-band SDSS image to construct the MOS mask,
preferring a wider curved slit (0.7") to follow the extended arc
and minimise the flux losses. We also note here that those re-
ported in this paper are the first AO-assisted observations of this
system. In Fig. 1| we reported the cut-outs for each lens galaxy,
with the constructed curved-slits.

All but one target were observed in one or two NIR band
filters, depending on the spectroscopic redshift. The He line of
J0022+1431 (JO022 hereinafter), a lensed system at z ~ 2.7, is
redshifted at ~ 2.45um; in this wavelength region, the K filter
transmission is very low, and the line is expected where the ther-
mal continuum contribution is significant. We therefore used an
open (“clear”) position in the filter wheel, allowing the spectro-
graph to capture the entire light spectrum. For all but one tar-
get, we used the combination of the G210 grating and the N3.75
camera for nominal resolutions of R ~ 5000 and 5900 for H and
K bands, respectively, and a pixel scale of ~ 0.12” /pixel. G150

' The Luci Mask Simulator (LMS) software is available for down-
load at http://abell.as.arizona.edu/~lbtsci/Instruments/
LUCIFER/lucifer.html. The LMS version for masks with curved-
slits, not officially released, can be made available upon request.
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grating, with a nominal R of ~ 4150 for the K-band, was used
for J 134 Table reports the most important properties of the
targets and the observations log.

3. Data reduction

Near-infrared multi-object spectroscopic data have been reduced
with a custom set of routines written by the lead author and
optimised to reduce LUCI observations with curved-slit MOS
configuration. These routines have been extensively tested, com-
paring the final 2D spectra of the observed lensed galaxies with
the ones reduced with an independent pipeline, the “flame” rou-
tine (Belli et al.[2017), created specifically for the LUCISs instru-
ments.

Here the main steps of the data reduction are briefly sum-
marised (see also Fig.[2). After the removal of cosmic rays using
the L.A. Cosmic procedure (van Dokkum|[2001)), we corrected
for the non-linear response of the detector following the pre-
scriptions described in the LUCI User Manuaﬂ We separated
the frames belonging to the A and B positions, respectively, us-
ing a dedicated slit with a star devoted to tracing the position of
each frame on the detector y-axis (the spatial direction; the spec-
tral direction is along the horizontal axis; see Fig. [2 Step 1).
We measured the reference star position using the spatial profile
constructed integrating the stellar continuum within a 100-pixel
sky-line-free interval along the x-axis. From a Gaussian fit of the
spatial profile, we then derived the star position (from the Gaus-
sian centre) and the spatial resolution (from the FWHM) associ-
ated with the individual frame. We then extracted from the MOS
image the A and B two-dimensional (2D) spectra slices within
the edges of the curved slits, taking into account the dithering
pattern (Fig. 2] Step 2).

We corrected the curvature of the 2D spectra by performing
a rectification so that the spatial and spectral channels were all
aligned in dispersion and spatial pixel space (Fig.[2] third panel).
This step is based on the identification of individual bright sky
emission lines, which can be reliably used to trace the variations
in the spectral dispersion pixel scale along the Y axis. Specif-
ically, for a given frame, we extracted a single-row spectrum
Fy-(x) from the scientific 2D spectrum at Y =Y™ as a reference
for the spectral dispersion pixel scale; we then selected a set of
prominent sky lines and derived their central positions via Gaus-
sian fitting, constructing the vector Cy- = {x;}, with x; being the
pixel position of the centroid of the i-th sky line. We repeated the
process for a second single-row spectrum extracted at the posi-
tion Y*+j along the Y-axis, considering the same set of promi-
nent sky lines and obtaining the vector Cy-;. The variations in
the dispersion axis with respect to the position Y* are corrected
performing a polynomial fit of order 2 of the centroid pixel posi-
tion vectors Cy- and Cy-4;. Finally, we used the obtained polyno-
mial function to interpolate the Fy..;(x) spectrum. We repeated
this process for different j values, covering the extension of the
curved 2D spectrum.

Due to grating instability during the acquisition of subse-
quent frames, we referred all the rectified spectra for a given
instrument configuration to the spectral dispersion pixel scale of
the first scientific frame.

We removed the sky lines and background emission by sub-
tracting the 2D frames of the B dither position from the A dither

2 All spectral resolutions are given for a 0.5” slit (see Tab. 5 of [Roth-
berg et al.[2016).

5 Available for download at http://abell.as.arizona.edu/
~lbtsci/Instruments/LUCIFER/lucifer.html
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position (and vice versa), pairing subsequent frames (Fig.|2| Step
4). We coadded all the A sky-subtracted spectra and all the B
sky-subtracted spectra separately. Finally, after a wavelength cal-
ibration performed using OH sky lines, we combined the A and
B spectra.

Flux calibrations were performed using the 2MASS magni-
tudes of the reference stars. For J1038+4849 (J1038 hereinafter)
and J0022 we used emission line fluxes derived from the inte-
gral field unit (IFU) spectroscopic data published by Jones et al.
(2012; for J1038) and the long-slit spectra by Finkelstein et al.
(2009; for J0022) to test the reliability of our calibration: very
good agreement (within < 20%; see Table[2)) was found compar-
ing integrated emission line fluxes from the same images covered
by their observations. We note that slit losses cannot be excluded
in our sample: some emission falls outside the slits because of
seeing effects and the inaccuracy of the perfect centring on the
curved slits along the entire extension of the lensed sources. Nev-
ertheless, for J0022 and J1038, the comparison between ARGOS
and previous observations shows that they are not significant.

In Table [T} we report the median spatial resolutions derived
from our observations. We note that lower spatial resolutions
were usually measured in individual frames, with FWHM values
as small as 0.25-0.30 arcsec. In this work, however, we decided
to use the entire set of frames to gain higher-S/N spectra; as a
result, the final angular resolution is slightly larger.

The final 2D spectra we obtained from the data reduction are
reported in Figs. 3] and [d] In the following sections we briefly
discuss the general spectroscopic analysis.

4. Spectroscopic analysis

Figures [3] and [ show the one-dimensional (1D) integrated rest-
frame spectra, extracted from 6 — 18" apertures, according to the
presence of distinct blobs and extended arc-like emission line
systems along the spatial direction in the 2D spectra. The aper-
ture tracing along the dispersion axis, for each lensed galaxy,
was performed using the relative ‘reference star’ as a reference
and applying the same tracing to the target spectra.

For each source, we defined the systemic redshift on the ba-
sis of the best fitting solution which gives the wavelengths of
narrow components of detected rest-frame emission lines in the
integrated spectra. Spectral fits were performed following the
prescriptions described in our previous studies (e.g. Brusa et al.
2015)). We used LevenbergMarkwardt least-squares fitting code
MPFITFUN (Markwardt2009)) to reproduce all the detected op-
tical emission lines with Gaussian profiles. Due to the presence
of asymmetric line profiles, different sets of Gaussian profiles
were used to reproduce the J1958, J0022, J0143 and J1038 emis-
sion lines.

For each set of Gaussians, we imposed the following con-
straints: the wavelength separation between emission lines is
constrained in accordance to atomic physics; the flux ratios be-
tween [N II]16583 and [N 1I]16548 and between [O TI]A5007
and [O 11]24959 components is fixed to 2.99:1 (Osterbrock &
Ferland||2006). We excluded from the fit the regions where sig-
nificant sky-subtraction residuals downgrade the emission line
profiles (e.g. Fig.[3] grey shaded area).

To best characterise the kinematic properties in all our targets
in a homogeneous way, we used the non-parametric approach
(e.g. Rupke & Veilleux 2013). In fact, this approach does not
depend on the number of Gaussian components used to model
the emission lines, which may suffer from strong degeneracy be-
tween the different components (see e.g. [Zakamska & Greene
2014).
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Fig. 2: Sketch to illustrate some of the steps of the data reduction (see Sect. [3|for the complete data-reduction procedure used in this work). For
clarity, the diagram shows a set of only two subsequent frames. The first two panels show a sketch of a 150s exposure through a MOS mask
designed to observe a science target and a reference star with two dither positions. The panels display the 2D spectra obtained from the two
curved slitlets (in the upper side), dedicated to the science target, and two long slits (in the lower part), to allocate the reference star spectrum. The
extended structures observed in the upper spectra, due to sky emission lines, highlight the strong distortion caused by the curved slitlets. In the
first panel (frame A), the target and the reference star are in the relative upper positions: J1038+4849 Ha emission line blobs can be distinguished
in the figure (in the vicinity of the spiral symbol), as well as the stellar continuum (next to the star symbol). In the second panel (frame B), the
objects are in the relative lower positions. The insets in the Step 2 show the extracted slices from the upper and lower positions, distinguishing
between A and B spectra. These 2D spectra are then displayed in the Step 3 part of the diagram, after the rectification. Step 4 shows the A-B and
B-A results for both upper and lower slices (the colour bars here are inverted for a better visual inspection of the Ha knots). Finally, Step 5 shows

the final 2D spectrum obtained from the combination of the Step 4 intermediate products.

Non-parametric velocities are obtained measuring the veloc-
ity v at which a given fraction of the total best-fit line flux is
collected using a cumulative function. The zero point of velocity
space is defined adopting the systemic redshift derived from the
integrated spectra. We carried out the following velocity mea-
surements on the best fit of [O 1I1]A5007 and/or He line profiles,
depending on the wavelength coverage of LBT observations and
the absence of bad sky-subtraction residuals affecting the line
profiles:

— W80: The line width comprising 80% of the flux, defined as
the difference between the velocity at 90% (V90) and 10%
(V10) of the cumulative flux;

— V10: The maximum blueshift velocity parameters, defined as
the velocity at 10% of the cumulative flux;

— V90: The maximum redshift velocity parameters, defined as
the velocity at 90% of the cumulative flux;

— Vpeak: The velocity associated with the emission line peak;

— V50: The velocity associated with 50% of the cumulative
flux.

These velocities are usually introduced to characterise asym-
metric line profiles. In particular, W80 is closely related to the
velocity dispersion for a Gaussian velocity profile (W80 ~ 1.1x
FWHM), and is therefore indicative of the line widths, while
maximum velocities (V10 and V90) are mostly used to constrain
outflow kinematics when prominent line wings are found (e.g.
Cresci et al.||2015a; [Cano-Diaz et al.|[2012; |Perna et al.|2017a).
V peak has been used as a kinematic tracer for rotating disk emis-
sion in the host galaxy (e.g. Harrison et al.|[2014} Brusa et al.
2016): the peak flux density of the emission line can trace the
brightest narrow emission-line components, when perturbed gas
emission contribution is not dominant.

Table [2] summarises the relevant spectral fit measurements;
reported errors were estimated from Monte Carlo trials of mock
spectra (see, e.g.|Perna et al.[2017a/for details). In the following
sections, we briefly introduce the properties of the lensed galax-
ies and describe the detailed spectral analysis for each target.

4.1. J1038, the Cheshire cat arc

SDSS J1038+4849 is a lensed system associated with a rela-
tively poor group of galaxies at z ~ 0.45, dominated by two lu-
minous elliptical galaxies. Belokurov et al.| (2009) and Bayliss
et al.| (2011)) identified four major ring systems associated with
background galaxies at redshift 0.80, 0.97, 2.20 and 2.78 (see
also|Irwin et al.[2015)). This system is also known as the Cheshire
cat (Carroll || 1866) gravitational lens because of the smiling-cat-
like appearance defined by the spatial configuration of the fore-
ground and background lensed galaxies.

Archival observations taken with HST WFC3 using the
F390W, F110W, and F160W filters are available for this target.
Part of the extended arc structure has been observed with the
NIR integral field spectrograph OSIRIS at Keck II (see Fig.[I)),
and K-band spectroscopic results have been presented by Jones
et al.| (2013).

ARGOS observations cover the entire arc associated with
the galaxy at z = 2.20 and previously observed with Keck II.
Figure [3] (top panels) shows the integrated spectrum around the
HpB+[O 111] and Ha+[N 11] lines, redshifted in H- and K-band, re-
spectively. We fitted all the emission lines simultaneously using
atomic physics constraints and the same kinematic components
for each set of Gaussian profiles. Due to the presence of strong
sky line residuals affecting the blue wing of the HB, we con-
strained the amplitude ratio of the different Gaussian sets to be
the same for the two Balmer lines. The presence of prominent
extended blue wings is noticeable in Balmer lines and [O III]
profiles, with associated velocities as high as V10 = —148 + 7
km/s (to be compared with the smaller V90 = +57 + 3 km/s).
These profiles are generally interpreted as due to outflows. In
fact, while maximum velocities as high as ~ 1000 km/s are eas-
ily observed in local and high-redshift galaxies associated with
intense AGN activity (e.g. [Bischetti et al.[|[2017; |Genzel et al.
2014; |Kakkad et al.|2016} Lanzuisi et al.|2015; Mullaney et al.
2013 Zakamska et al.|[2016), much smaller velocities are ex-
pected for SF-driven outflows (e.g. |Cicone et al.|2016; |(Cresci et
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four different Ha knots. The features at ~ 1.558um 1n the 2D spectrum of J1038 are associated with the LUCI detectors’ persistences.

al.||2017; Lagos et al.|2013; Murray et al.[|2005; [Newman et al.
2012; [Talia et al.|[2017). In Sect. @, we report classical flux ratio
diagnostics (Baldwin et al.[[1981) to study excitation conditions
of the emitting gas, for both unperturbed and unsettled compo-
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nents, in order to decipher whether or not the physical conditions

are compatible with outflows.

HST images show that this arc-like structure is composed of
multiple overlapping arcs and knots. Three luminous knots are
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Fig. 4: Portion of LBT/ARGOS K-band integrated spectra of J0022 (top left), J1110 (top right) and J1343 (bottom). See Fig. [3| for detailed

description.

easily distinguishable (A2, A3 and A4 in Fig.[I), and a fainter
image (A1) can be identified at the lower end of the arc.

A source reconstruction through lens modelling has been
presented by [Jones et al.| (2013)). According to these authors, the
Al and A2 images do not correspond to the same emitting region
in the source plane. Moreover, A2, A3, and A4 are all associated
with the same source-plane region, with the parity of A3 inverted
with respect to those of A2 and A4 (Jones, private communica-
tion).

All the knots detected in HST images are seen in ARGOS
spectra, especially in [O III] and He lines (see Fig. [3] top pan-
els). A3 is the more elongated structure and presents two small
sub-systems both in HST images and NIR 2D spectra, with the
north one showing greater extension at shorter wavelengths. The
same sub-systems may be tentatively recognised also in A2 and
A4 images (see the insets in the top right panel), but with blueish
extension in the south sub-components. These kinematically re-
solved shapes in [O I1I] and He line knots in 2D spectra confirm
that A2, A3, and A4 are different images of the same physical re-
gion, with A3 inverted with respect to the others, in line with the
Jones et al.| (2013)) lens model. The shape of A1l is instead quite
different. Finally, we also note the presence of a small faint knot
between the A2 and A3 images, noticeable in the [O III]15007
emission line and fairly resolved in Ha, blueshifted with respect
to the bulk of the doubly ionised emission.

In Fig. 5] we report the spectra extracted from the regions in
the proximity of the brightest knots associated with [O III]15007
and Ha (we consider the regions above 5o as contour levels; see
labels in 2D spectra, Fig.[3). We also extracted the spectrum from
the fainter blob (A1) considering the regions above 20 as con-
tour levels. The spectral analysis revealed that A2, A3, and A4
are characterised by consistent (within 1 + 207) kinematic prop-
erties, with [O III] W80 velocities of the order of 155 + 4 km/s
(see Table 2] for more details). The spectrum associated with A1,
although affected by lower S/N, is instead significantly different:
broad (W80([OI11]) = 202 + 5 km/s), double peaked profiles are
recognised in the more prominent emission lines. Moreover, we
notice that the values of fio;1)/ fue and fiornn/ frp are consistent,
given the observational uncertainties, for A2, A3, and A4, while
Al shows significantly different flux ratios, as expected.

‘We also note that the [O III] and Ha fluxes of the source A3
are consistent with the sum of the fluxes associated with A2 and
A4 (fao = faz + faa; see Table @ According to the cusp rela-
tion between the magnifications of multiple images (e.g. [Kee-
ton et al.[|[2005), when the source lies close to a cusp caustic,
the three closely spaced images of the source should satisfy
|ttal — lup| + luel = 0, where w;, is the signed magnification of the
central image. This relation can explain the observed fluxes, in
line with the fact that A3 is inverted with respect to A2 and A4.
Therefore, our results agree with the lens model presented by
Jones et al.| (2013)), according to which the images A2, A3, and
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Fig. 5: 71038 integrated spectra of the four bright knots, colour-coded as labelled in the left panel. Grey shaded regions mark the wavelength
ranges most affected by sky-line residuals and excluded from the spectral fit. To facilitate the comparison, we normalised the fluxes so that the

peak intensity of the [O III] line is unity for each integrated spectrum.

A4 are associated with a unique emitting region in the source
plane while Al refers to different sources (Jones, private com-
munication).

In order to study the sub-systems in the bright lensed galaxy
images, we derived kinematic maps of the [O III]A5007 and Ha
emission lines analysing 1D spectra extracted along the Y axis.
A minimum S/N of 5 was required for the detection of the emis-
sion lines; if this criterion was not met for a single spaxel, the
adjacent spaxels were averaged until both [O 1[]A5007 and Ha
lines were detected with S/N > 5. The lower panels in Fig. []
show the non-parametric velocity measurements for individual
1D spectra; in the upper panel, we reported a zoom of the 2D
spectrum around the [O III] line, to highlight the complex kine-
matics associated with the rest-frame optical emission lines.

The region associated with A1 presents peculiar velocity gra-
dients, with increasing W80 and |V'10| going from south to north
(low to high Y values in Fig. [6); the velocity peak, instead, goes
from positive to negative values, similar to the V50 measure-
ments. All these trends are due to the presence of double peaked
profiles (see Fig.[5} orange profiles), with an increasing flux con-
tribution of the bluest component going from lower to higher Y
values (see also Fig.[0] top panel). The other bright knots are in-
stead associated with mild velocity variations, with V10 =~ —100
km/s, V90 =~ 50 kmy/s, and W80 =~ 150 km/s. The presence of
asymmetric profiles with prominent blue wings in both [O III]
and He lines is highlighted by the difference of a factor of two
between V10 and V90 measurements. Regular variations are in-
stead observed in the panels showing V50 and V peak measure-
ments, going from negative to positive and then again to nega-
tive values with increasing Y in A2, A3, and A4. The fact that
the more A3 blueshifted regions appear at higher Y, in contrast
to what happens in A2 and A4, again confirms the fact that A3
is inverted with respect to the other images.

Non-parametric measurements also show the presence of
highly disturbed kinematics in the overlapping arcs between the
knots, with V10 < —150 km/s and W80 > 200 kmy/s, possibly
associated with shocks/outflows in the galaxy. These velocities
are larger than the ones in proximity of the bright knots. This
may be explained assuming that the outflowing gas is more ex-
tended than the bulk of emission, associated with systemic, un-
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perturbed material (see the source reconstruction presented by
Jones et al.|2013): under this assumption, in fact, the regions be-
tween the knots the non-parametric velocities are less affected
by the systemic emission component. Similar behaviour has also
been observed in the ionised component of a multi-phase mas-
sive outflow of an obscured QSO at z ~ 1.5, XID 2028 (Brusa
et al.[[2018; |Cresci et al.|2015a; |Perna et al.|[2015a)). The outflow
characterisation of J1038 is discussed in Sect.

Jones et al.| (2013) observed the southern component of the
J1038 arc, covering the A2 image and the upper part of Al. They
observed a large velocity offset between these two images and
concluded that they are the components of a merging system
with a mass ratio (6+3):1 (deriving the stellar masses from spec-
tral energy distribution (SED) analysis), with the A1 component
being the more massive and luminous in IR bands. The source
plane reconstruction presented by Jones et al.|[2013| shows the
presence of faint Ha emission in regions between the two com-
panions. This emission could be associated with ionised gas in
tidal streams as well as with outflowing gas (see Fig. 3 of Jones
et al.|2013). In fact, the presence of a companion at ~ 6 kpc
does not exclude the presence of outflows in the system (see
e.g. Rupke & Veilleux|2013| 2015}, [Feruglio et al.|2013}; Saito
et al.|2017; [Harrison et al.|2012; [Vayner et al.|2017; |Baner;1 et
al.|2017| for examples of interacting systems in which evidence
of outflows has been found, both in the local Universe and at
z~ 2).

The high spatial resolution provided by ARGOS and the use
of curved-slit matching the entire extension of the arc allowed
us to observe the entire kinematic structure associated with Al.
We note that, while the kinematic signatures found in A1 are not
observed in other regions across the arc, disturbed kinematics
are observed over the entire extension of the lensed system. We
therefore suggest that the presence of galaxy-wide outflows may
be a more plausible scenario to explain the observed kinematics
in all images apart from A1l. Moreover, the presence of substruc-
tures in the A2, A3, and A4 images may suggest that the lensed
galaxy has a clumpy morphology, as usually observed in high-z
galaxies, and the presence of outflows may be associated with
these star forming clumps (e.g.|Genzel et al.[2014).
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Fig. 6: Top panel: zoom of the J1038 2D spectrum around the [O III]
line. Lower panels: non-parametric velocity measurements as a func-
tion of the position along the spatial axis from which 1D spectra have
been extracted. Red and blue symbols refer to Ha and [O III[]A5007
line velocity measurements. Orange shaded areas refer to the regions
associated with the knots in 2D spectra, as labelled in the top panel.
In the first panel, V90 (positive) and V10 (negative) measurements are
reported. The other panels show W80, V50, and Vpeak variations. For
V10, V90, and W80, we show with solid lines the average velocities de-
rived from the total integrated spectrum for the [O III] line (dot-dashed
lines refer to £107). For V50 and V peak panels, we indicate the 0 km/s
velocity with dashed lines. We refer to Sect. ] for the description of
individual non-parametric velocity estimators (and associated distinct
kinematic properties).

Summarising, we find evidence of disturbed kinematics pos-
sibly associated with outflows over the entire extension of the
arc, with the exclusion of the region associated with the Al im-
age, related to a different emitting region (e.g. a galaxy compan-
ion; Jones et al.|2013) dominated by rotating motions.

4.2. J1958

SDSS J195845950, the giant arc at redshift z = 2.225, is lensed
by a rich galaxy cluster at redshift 0.24 and was discovered by
Stark et al.|(2013). No HST images are available for this source;
we obtained an ARGOS image in Ks-band on the commissioning
night of May 19, 2016, using LUCI 1, with an integration time
of 74 minutes (Fig.[I)). The system is comprised of three images
and extends over > 5”.

Figure 3| (central panels) shows the integrated spectra around
the HB+[O 111] and Ha+[N II] lines, redshifted in H- and K-band,
respectively. Because of the low S/N and the presence of intense
sky lines in the proximity of Balmer lines, we constrained, also
for this target, the relative amplitudes of Gaussian profiles repro-
ducing the HB and He lines. The best-fit shows the presence of
two distinct Gaussian components of each emission line. These
components are also easily visible in the 2D spectra (insets in
the central panels of Fig.[3).
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Fig. 7: Top panel: zoom of the J1958 2D spectrum around the [O III]
line. Lower panels: 11958 non-parametric velocity measurements as a
function of the position along the dispersion axis from which 1D spectra
have been extracted. Blue symbols refer to [O III] measurements. See
Fig. @for a more detailed description of the figure.

A lens model for the J1958 system has been presented by
Stark et al.| (2013). It was recently used by [Leethochawalit et
al.|(2016): the authors, using IFU OSIRIS observations covering
the three images of J1958 (CSWA128 in their work), observed
that the two kinematic components, also detected in the ARGOS
spectra, are actually spatially separated (by ~ 1 — 2 kpc) in the
source plane. Moreover, they found that the region between the
two kinematic components is associated with the largest velocity
dispersions (see Fig. 1 inLeethochawalit et al.[2016). According
to these results, the target can be associated with a merger sys-
tem.

As for the target previously presented, we compared the
spectra of Al and A2 images and found evidence that they are
related to the same emitting region in the source plane ( non-
parametric velocities are consistent within 1 + 20-; Table E]) The
central image (B), barely distinguishable in the Ks-band LBT
image (Fig.[I)), appears instead redshifted by 191+ 13 km/s (with
> 40 significance).

Due to the presence of bad sky-subtraction residuals around
Balmer lines, we derived spatially resolved kinematic analy-
sis only for the doubly ionised oxygen. In Fig. [/, we reported
the kinematic map of the [O II]A5007 emission line derived
from the analysis of 1D spectra extracted along the Y axis.
The variations in all non-parametric velocities display a sym-
metric behaviour, with increasing velocities going toward the
centre of the slit. The peak-to-peak velocity amplitude between
the A1/A2 images and the central B knot is ~ 200 km/s, while
maximum velocities vary by a factor of two; taken together, it
is unlikely that these changes can be associated with internal
motions within the gravitational potential of a galaxy. Alterna-
tively, this may be suggestive of the presence of two different
lensed galaxies caught during an ongoing interaction, as also
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reported in [Leethochawalit et al.| (2016). Finally, we note that
both velocity dispersion and peak velocity variations reported
by Leethochawalit et al.| (2016) are consistent with those derived
in this work.

4.3. J0143

The system SDSS J0143+1607 was discovered as part of the
CASSOWARY survey (Belokurov et al.[2009). It is lensed by a
source at z = 0.42 and comprises a bright arc and one counter
image associated with a source at redshift 1.502. The spectro-
scopic information of the two sources was derived by |Stark et al.
(2013)), analysing long-slit optical spectra obtained at the Mul-
tiple Mirror Telescope. The spatial resolution of the SDSS griz
images, the only available imaging data for this system, does
not allow us to infer the geometry of the lensed galaxy within
the bright arc; for visual purposes, however, we indicated with
Al and A2 the emission coming from the opposite ends of the
curved slit, possibly associated with two distinct knots (Fig. [T)).
The spectroscopic ARGOS observations cover the entire bright
arc with a curved slit of 0.7” in width.

Simple galaxy-galaxy lens models have been reported for
this target by |Stark et al.| (2013) and [Kostrzewa-Rutkowska et
al.| (2014, CSWA 116 in their papers). The source plane recon-
struction shows an extended source close to the cusp, with the
nuclear regions outside of the caustic. This configuration is com-
patible with the presence of a bright arc in the image plane, as-
sociated with a double image of the nuclear regions (Kostrzewa-
Rutkowska, private communication).

In the bottom panels of Fig. 3] we report the integrated spec-
trum of J0143 around the HB+[O 1II] and Ha+[N II] lines, red-
shifted in the J- and H-bands, respectively. The best-fit model
reported in the figure was obtained with the simultaneous multi-
component approach. Asymmetric lines with extended red wings
were modelled with two sets of Gaussian profiles. The presence
of bad sky-line residuals strongly affects the [N 11]16549 line and
the blue wing of the [N II]16584 feature. These regions have
therefore been excluded from the fit. We also note that in the
J-band spectrum, the target is off-centre by ~ 0.5 toward the
lower part of the curved slit (see the 2D spectra in Fig. [3); there-
fore, that part of the Al region was not perfectly sampled.

The 2D spectrum shows a clumpy morphology in the line
emission, with at least four different knots associated with dif-
ferent line centroids along the dispersion axis (see also Fig.[§] top
panel). The bottom panels of Fig. [§]report the kinematic map of
the Ha line for this target, analysing 1D spectra extracted along
the Y axis. Disturbed kinematics are observed in the regions Al
and A2, with V90 ~ 100 km/s (to be compared with correspond-
ing V10 ~ 50 km/s; see Fig. [§] for typical errors). These mea-
surements may be interpreted as due to the presence of receding
high-velocity gas driven by stellar winds.

4.4. J0022, the 8 o’clock arc

J0022+1431 lensed galaxy was discovered by |Allam et al.
(2007), from visual inspection of an SDSS imaging data cata-
logue of candidate interacting/merging galaxy pairs. Follow-up
imaging and spectroscopy revealed that this system, dubbed by
Allam et al. the "8 o’clock arc", is associated with a bright Ly-
man break galaxy at z = 2.73 strongly lensed by a z = 0.38 red
galaxy (Allam et al.[|2007). The system has been observed with
HST/NICMOS (using the F110W and F160W filters; see Fig.
[[), and with HST/WFC2 (F450W, F606W, F814W). Long-slit
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Fig. 8: Top panel: zoom of the J0143 2D spectrum around the He line.
Lower panels: J0143 non-parametric velocity measurements as a func-
tion of the position along the spatial axis from which 1D spectra have
been extracted. Red symbols refer to Ha line velocity measurements.
In the first panel, V90 (positive) and V10 (negative) measurements are
reported. The other panels show W80, V50, and V peak variations. See
Fig. @for a more detailed description of the figure.

spectroscopic follow-up observations have also been obtained
covering part of the elongated structure with Keck LRIS (op-
tical) and Gemini NIRI (NIR; |Finkelstein et al.[2009), and with
VLT/X-Shooter (UV to NIR; Dessauges-Zavadsky et al|[2010,
2011). Integral field NIR spectroscopic data have been obtained
at VLT/SINFONI, mapping for the first time the entire extension
of the arc in H-band (Shirazi et al.|2014])). The study of the most
prominent optical emission lines of J0022 has however been lim-
ited by observational constraints: the [O III]JA45007 line falls out-
side the H band (d,ps ~ 1.87um), while the Ha is redshifted at
~ 2.45um in the vicinity of a strong atmospheric sky-line (see
Dessauges-Zavadsky et al.|2011).

The top-left panel of Fig. ] shows the LBT/ARGOS in-
tegrated spectrum over the entire curved-slit, with our best-fit
model superimposed. The presence of bad sky-line residuals
strongly affects the blue wing of the Ha line. We therefore used
the [N I1]16584 line to derive non-parametric estimates for this
target, obtaining W80 = 313 + 12 km/s and V10 = -230 + 9
km/s.

In the top panel of Fig. Pl we show a zoom of the
LBT/ARGOS 2D spectrum of J0022 in the proximity of the
He line. The Balmer emission is associated with two promi-
nent knots in the lower and central parts of the slit (Y ~ 1.5”
and ~ 4” in the figure, respectively), which are connected by
an extended arc; an additional knot is also distinguishable in the
upper part of the slit (Y ~ 7”). Overall, the elongated structure
and the three images can be related to the arc shown in the HST
image (Fig. [I). The HB flux map of the arc obtained by [Shirazil
et al.| (2014) using the IFU instrument SINFONI shows relative
fluxes between the three images which are consistent with those
in the LBT/ARGOS spectrum. Therefore, we can confirm that
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Fig. 9: Top panel: zoom of the J0022 2D spectrum around the Ha
line; the shaded white area shows the region associated with bad sky-
line subtraction residuals. Lower panels: J0022 non-parametric velocity
measurements as a function of the position along the spatial axis from
which 1D spectra have been extracted. Red symbols refer to [N II] line
velocity measurements. In the first panel, V90 (positive) and V10 (neg-
ative) measurements are reported. The other panels show W80, V50,
and Vpeak variations. See Fig. [6]for a more detailed description of the
figure.

differential slit losses are not at the origin of the different fluxes
associated with the three knots.

Gravitational lens models of the arc have been presented by
Dessauges-Zavadsky et al.| (2011) and [Shirazi et al.| (2014)); the
three images are related to a unique emitting region in the source
plane, with A2 inverted with respect to the other two images.
For consistency with the analysis of J1038 and J1958, for this
galaxy we also compared the integrated spectra extracted from
the three different knots, deriving, as expected, consistent non-
parametric measurements (within 1o7), with W80 =~ 280 km/s
and V10 ~ —200 km/s (see Table [2)).

The presence of distinct kinematic components is notable
from the 2D spectrum in Fig. [9] showing faint Balmer emission
at high negative velocities (< —150 km/s) over the entire exten-
sion of the lensed galaxy. The bad sky-line residuals affecting the
blue wing of the He line, however, do not allow for the use of the
bright Balmer line for the study of kinematic variations along the
Y axis. We therefore used the fainter [N I1]16584 line to perform
spatially resolved kinematic analysis. In Fig. 0] (lower panels),
we report the non-parametric velocity measurements obtained
from the analysis of 1D spectra extracted along the Y axis, fol-
lowing the same prescriptions as described in the previous sec-
tions (but requiring for each 1D spectrum a line detection at S/N
> 3). All non-parametric velocity measurements are consistent
within 1o along the arc. We note however that, despite the large
uncertainties associated with these measurements, the [N II] non-
parametric velocities reflect the variations in the Balmer line pro-
file in the 2D spectrum: the bulk of the emission coming from
the overlap of the Al and A2 images is shifted to more nega-
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Fig. 10: Top panel: Zoom of the J1110 2D spectrum around the Ha
line. Lower panels: J1110 non-parametric velocity measurements as a
function of the position along the dispersion axis from which 1D spectra
have been extracted. Red symbols refer to Ha velocity measurements.
See Fig. @for a more detailed description of the figure.

tive velocities and is responsible for the small variation observed
in V90. Instead, the emission associated with faster-approaching
gas seems to be uniformly distributed over the extension of the
lensed galaxy ( V10 = —230 + 9 km/s from the total integrated
spectrum). Possible interpretations of the observed kinematics
are the presence of strong outflows or, alternatively, a merger.

In support of the outflow picture, |[Finkelstein et al.| (2009)
and |Dessauges-Zavadsky et al.|(2010) reported that ISM absorp-
tion lines in the rest-frame UV spectrum of J0022 are blueshifted
with respect to the stellar photospheric features of about 120 —
160 km/s. Moreover, Shirazi et al.|(2014), modelling the HB spa-
tially resolved emission line velocity map in the source plane,
showed that the velocity field cannot be fitted by a simple rotat-
ing disk and that more complex kinematics, possibly associated
with outflows, are present.

4.5. J1110

J1110+6459 (J1110 hereinafter) is a giant arc at z = 2.48 lensed
by a galaxy cluster at redshift 0.66. It was discovered as part of
the CASSOWARY survey (Stark et al.[2013)) and is composed of
three main images (A1, A2 and A3; Fig.|[l) covering ~ 17" on
the sky. Archival HST/WFC3 (UVIS and IR) images reveal the
presence of bright emission knots within the three overlapping
images. Johnson et al.[|(2017) identified the same set of individ-
ual clumps within the three images and confirmed that they are
associated with the same emitting region in the source plane.

In Figure @] we show the LBT/ARGOS integrated spectrum
over the entire curved slit with the best-fit model superimposed.
The Ha line is well modelled with a single narrow Gaussian
profile. However, the 2D spectrum shows more complex kine-
matics, with different knots elongated along the velocity axis.

Article number, page 11 of 18



A&A proofs: manuscript no. 32387corr1

As for J1038, we derived a kinematic map of the Ha emission
line analysing 1D spectra extracted along the Y axis. Figure [I0]
shows that a velocity gradient could be present in the central
image, A2. It has the highest magnification and shows the most
resolved structures (Johnson et al.[2017)); however, a higher S/N
is required to improve the quality of the kinematic analysis and
confirm the presence of distinct kinematic structures within the
A2 image. Kinematic variations in the non-parametric measure-
ments are much smaller than the ones observed in the targets
previously presented (i.e. J1038, J1958 and J0022); on the basis
of this consideration, we may exclude a significant contribution
of mergers or outflows in the observed kinematics. Instead, the
kinematic gradients observed in the ARGOS spectrum may trace
gravitational motions in the galaxy.

Reconstructed images of this lensed galaxy in the source
plane have been presented by Johnson et al.| (2017) and Rigby
et al.| (2017), showing clumpy star forming regions on scales as
small as a few tens of parsecs.

4.6. J1343

The system SDSS J1343+4155 (J1343) was discovered by |Diehl
et al| (2009) and comes from the candidate SDSS merging
galaxy sample (Allam et al.|2004). The arc is lensed by a rich
galaxy cluster at z ~ 0.42 with a bright central luminous red
galaxy. Archival HST/FWC3 (UVIS and IR) images reveal the
presence of bright emission knots within a 20" elongated arc
(Fig.[T).

The Ha spatial distribution in the ARGOS 2D spectrum
well reproduces the clumpy structure observed in HST images.
The integrated spectrum reveals the possible presence of the [N
11]16584 emission line (detected at ~ 20 level); line features are
narrow and symmetric, with W80 = 119 + 10 km/s. The low S/N
does not allow us to study spatially resolved kinematics along the
Y axis. We highlight however that the He emission line seems to
show a shallow velocity gradient for increasing Y values along
the arc: extracting two different spectra from the lower and up-
per parts of the 2D spectrum (see labels in Fig. f)), we observe
a variation in the peak velocity from —15 + 9 km/s to +19 + 10
km/s.

IFU OSIRIS observations and a lens model of J1343 have
recently been reported by [Leethochawalit et al.| (2016, CSWA28
in their work). The authors classified this lensed galaxy as a ro-
tationally supported system, consistent with our LUCI observa-
tions.

5. Slit illumination effects

Slit illumination can vary during the observations because of
changes in seeing and non-perfect curved-slit matching between
the arc structure and the mask. While homogenous slit illu-
mination is obvious for extended sources and sky background,
changes in slit illumination can result for sources which are spa-
tially resolved within the slit width. These variations may be re-
sponsible for changes in the shape of the spectral lines, intro-
ducing systematic uncertainties in velocity estimates along the
slit (e.g.|Campbell|1915; |Spronck et al.|[2013).

As reported in Table[I] the slit widths of all lensed galaxies
apart from J0143 are generally smaller or comparable to the spa-
tial resolution provided by ARGOS. Therefore we do not expect
to observe significant velocity shifts due to slit illumination ef-
fects. However, we tested the reliability of the velocity variations
observed in our spectra (e.g. Figs. [] and [7), by measuring the
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systemic velocity of the reference star of J1958 using its stellar
absorption features. We extracted the stellar spectrum from two
A frames showing significant flux variation (~ 25%) due to a
shift of the star with respect to the slit centre. Then, analysing the
profiles of the stellar absorption features, we measured the line
centroids. Changes of the order of a few kilometres per second
are found, confirming the reliability of the (much larger) veloc-
ity variations found in the individual knots of the lensed galaxies.
We also stress that the velocity variations reported for J1038 ap-
pear to be replicated over the images A2, A3, and A4 (Fig. [6)
and that the same argument applies to Al and A2 in J1958. This
recurrence makes it unlikely that the observed velocity changes
are due to slit illumination effects.

The lensed galaxy J0143 has instead been observed with a
curved slit whose width is greater than the achieved spatial reso-
lution. Moreover, the spatially resolved kinematic analysis does
not show replicated velocity signatures between the individual
knots. However, the presence of similar kinematic signatures in
both [O III] and Ha suggests that, also for this source, slit illumi-
nation variations are not responsible for the observed kinemat-
ics along the slit. Dedicated follow-up, high-resolution imaging
observations are however required to study the structure of the
bright arc of J0143.

6. lonisation source for the emitting gas

In Fig. [T1] we show the BaldwinPhillipsTerlevich (BPT; Bald-
win et al.||[1981) diagram for the three sources for which we are
able to estimate the [O II]A5007/HB and [N 11]16584/He flux
ratios. For J1038 and J1958, we reported the flux ratios derived
from the different images along the arcs and from the total in-
tegrated spectra shown in Fig. 3} for J0O143, the reported flux
ratios refer to the integrated spectrum. The lines drawn in the di-
agram correspond to the “maximum starburst” curve (Kewley et
al.|2001) and the empirical relation (Kauffman et al.|2003) used
to separate purely SF galaxies from galaxies containing AGN.
In the figure, we also report the flux ratios associated with SDSS
galaxies and AGN at z ~ 0 (Abazajian et al.[2009).

Due to the large uncertainties affecting the flux ratios, we
cannot completely exclude the presence of AGN ionisation in
these sources; neither can we distinguish between possibly dif-
ferent ionisation states between the different knots associated
with a given galaxy (which are all consistent within the errors).
We note, however, that similarly large [O 1II]A5007/Hp ratios are
usually observed in high-redshift galaxies (e.g. [Kashino et al.
20165 Shapley et al.[2015; Steidel et al.|2014)), and are attributed
to more extreme ISM conditions than seen in the spectra of local
galaxies rather to AGN ionisation (e.g. Kewley et al.[2013)). Such
extreme conditions could be related to galaxy interaction/merger
(J1958) and outflow (J1038 and J0143) activity, as suggested by
the presence of asymmetric emission line profiles in our lensed
galaxies.

For J1038, we also estimated the diagnostic ratios possibly
associated with outflowing gas for the integrated spectrum and
the A2, A3, and A4 knots. Outflow emission has been measured
integrating the flux in the < —50 km/s channels; that is, con-
sidering only the blue asymmetric extension of the line profiles
(the maximum redshift velocity is ~ 50 km/s; see Fig. @ We
note that the flux ratios associated with outflows are shifted to
higher [N I1]16584/Ha ( with > 40 significance in the integrated
spectrum). This is generally observed in SF-driven (e.g. |Ho et
al.|2014; Newman et al.[2012) and AGN-driven (e.g. McElroy et
al.|[2015} [Perna et al.|2017b) outflows and is interpreted as due
to shock excitation (e.g. |Allen et al.|[2008)), although other sce-
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Table 2: Spectroscopic best-fit results.

name Jionn Sioun! fup JHa Sfinm/ fra W800111) W80y, V10i0111) V10g, V90011 V90y, Vpeak
J0143 725 +25 3.1+04 680 + 26 0.10 £ 0.04 169 £ 3 1437 -29+2 -49+3 140+3 94 +7 0+2
J1343 - - 69+7 0.08 +0.07 - 119+10 - -57+6 - 62 +6 0+4
J1038 485+ 13 5.34 +£0.35 350+5 0.06 +0.02 182 +3 190 + 6 -148 £ 7 -132+6 57+4 57+3 0+1
—Al 234+0.8 3.9+0.7 22.5+0.6 0.07+0.03 202 +5 211+9 —121+5 —-123+5 91 +4 87+5 —-60 £ 25
-A2 942+ 14 6.2+0.6 63.8+1.7 0.06+0.01 154 + 4 171+ 6 -103+3 —-121+3 50+3 51+6 2+1
-A3 165.1+1.6 6.2+04 116.9+£3.2 0.05+0.01 152+3 163 +9 —-103+ 2 —-113+8 51+2 50+4 -1+3
- A4 872+1.2 6.0 £0.5 58.1+1.3 0.03+0.01 165 +4 1755 —116+ 1 -126+3 49+3 46+ 5 -8+1
J1958 14400 + 300 4.6+0.4 12400 + 500 0.10 £ 0.05 282 +7 269 + 8 —66+ 4 —73+4 213+6 191+9 4+4
- Al 3500 + 100 5.3+0.7 3600 + 200 0.13 £ 0.06 179 +9 182+11 71+ 6 =777 101 9 105 + 11 -5+5
- A2 5100+100 34+0.2 4300 + 200 0.20+0.08 224 + 12 188 +7 -82+3 -90+ 5 145 +13 98 +7 -3+2
-B 2000200 45+1.5 1700 + 240 <0.3"™ 184 + 35 158 +24 75 +30 99+24 257 +7 257+ 7 191 +13
J1110 - - 178+5 <0.16™ - 113 +4 - =572 - 55+2 0+1
— Al - - 4942 - — 105+£5 - -52+3 - 53 +3 -1+2
-A2 - - 39+2 - - 112+ 6 - =71 +4 - 41 +4 —-15+2
-A3 - - 6+1 - - 94 + 28 - -56 +5 - 38 £5 -8+2
J0022* - - 140+3 0.27+0.01 - 313 +12 - -230+9 - 8249 -62+12
- Al - - 9+2 0.26+0.07 - 297 + 78 - -197 £77 - 100 +38 -22+16
- A2 - - 53+2 0.26+0.02 - 286 + 15 - -218 £17 - 68 +11 -40 +29
—A3 - - 36+2 0.25+0.02 - 266 + 17 - —187 £ 19 - 78 £10 -34+16

Notes. Column (1):

target name and relative images in the arc-structure; Columns (2) to (5): non-lensing-corrected fluxes (in 10~'7 erg/s/cm?) and

flux ratios. Columns (6) to (11): non-parametric velocity measurements from [O III]5007 and Ha. Column (12): V peak measurements.

*: For J0022, non-parametric estimates are derived from the[NII] line instead of Her (see text). All velocities are not corrected for the instrument
spectral resolution; by subtracting the instrumental resolution in quadrature we would obtain a difference of 20 km/s for velocities as low as 70
km/s and even smaller corrections for highest velocities (i.e. < 10 km/s at v > 100 km/s).

**: from a 30 upper limit on the undetected [N II] line.

narios have been proposed in the literature to explain this shif
The higher flux ratios could therefore support the idea that the
J1038 asymmetric line profiles are due to SF-driven outflows.
The separation between systemic and outflow flux ratios cannot
be derived for the other source for which we have indications
of the presence of outflows (J0143) because of the presence of
bad sky subtraction residuals on the blue side of the [N I1]16584
emission line.

The three sources observed only in the K band (i.e. with no
detection of HB+[O 1II]) are characterised by [N 11]16584/Ha
ratios similar to those of J1038, J1958, and J0143 (see Table @)
Also in this case, therefore, we cannot completely rule out the
presence of AGN in these systems. We note however that in the
low-mass galaxy regime, i.e. log(Mg)< 10.5, the effect of AGN
contribution to the line flux is expected to be limited (e.g. Wuyts
et al.[2016; |Genzel et al.|2014; [Leethochawalit et al.|[2016).

7. Outflow mass rate and mass-loading factors

Outflow mass rates and mass-loading factors, which is defined as
the ratio between outflow mass rate and SFR, are important in-
gredients of galaxy evolution models (e.g. Oppenheimer & Davé
2008; [Hopkins et al.|2012)). In this section, we report the ionised
outflow properties for the three sources for which we have good
evidence of the presence of ejected material from spectroscopic
analyses, that is, J1038, J0143, and J0022. We stress however
that the merger scenario cannot ruled out for these targets, and
that further observational efforts are required to discriminate be-
tween the two scenarios.

* For example, a metallicity enhancement can also be responsible for
the shift to higher [N I1I]16584/Ha flux ratios (see e.g. [Perna et al.
20170).

—— Kauffman 2003
—— Kewley 2001
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Fig. 11: Standard diagnostic BPT diagram showing the classification
scheme by |Kewley et al.|(2001) for our flux ratio measurements, in com-
parison with the SDSS (z ~ 0) sample (Abazajian et al.[2009; grey con-
tours). The lines drawn in the figure display the curves used to separate
H II-like ionised regions from galaxies containing AGN (from [Kewley
et al.|2001 and [Kauffman et al.|[2003|, as labelled). Black dots refer to
J1038 flux ratios, orange diamonds refer to J1958 measurements, and
the purple point represents JO143 line ratios. For J1038 and J1958, we
report the ratios derived for each knot associated with the arc structure
(A1, A2, A3 and A4 for J1038; A1, A2 and B for J1958). For J1038, for
which we have evidence for the presence of warm outflows, we report
the flux ratios associated with the high-velocity gas emission for the A2,
A3, and A4 images (blue/black small dots) and for the total integrated
spectrum (blue/black dots; see text for details).

We derive the amount of outflowing material using Eq. (1) of
Newman et al.|(2012)),

1.36 my

M,y = (1)
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conical region (e.g. Maiolino et al.|2012)), the outflow mass rate
is

. Vout
Moy = Moy X 3

@)

out

L(Ha) ) ( N,

Vout lkpc
~ M A
(1043erg/s )( ) ofyr

100 cm—3 ) (km/s Rous

where M, is the mass outflow, M,,, is the mass outflow rate,
my is the atomic mass, vy, is the emissivity of the He line, N,
is the electron density in the outflow region, L(Ha) is the Ha
luminosity associated with outflowing material, and R,,,; and v,,,
are the radial extent and velocity of the outflow. We assumed an
electron density of 100 cm™3, commonly observed in SF-driven
outflowing ionised material (e.g. Newman et al.|2012), and an
electron temperature of T, = 10* K to derive the Ha emissivity
(YHo = 3.56 X 1073 erg/s cm?; [Newman et al.[2012).

For J1038, we derived an outflow mass of M,,, ~ 2.5 x 107
Mo, using the Ha flux coming from the high-velocity gas in the
A2 image (see Sect.[6), the one to which lens magnification cor-
rection can be applied (Jones et al.|2013). From Eq. (2), we de-
rived an outflow mass rate M,,; ~ 3 My/yr, assuming a galaxy-
wide extension of the ejected material, R,,, ~ 3 kpc, and an
outflow velocity of v,,, = —130 km/s (i.e. assuming that the V10
non-parametric estimate is representative of the outflow veloc-
ity; e.g. |(Cano-Diaz et al.|2012). We note that the outflow size
R,,; cannot be derived with the available information; we there-
fore adopted an outflow radius corresponding to the average out-
flow size measured in star forming galaxies at z ~ 2, R,,, = 3
kpc (from SINS, zC-SINF and KMOS?? IFU spectroscopic sur-
veys; [Forster-Schreiber et al.[2014; |Genzel et al.[2014; Newman
et al.[2012). We caution however that an even larger extension
could be present in this system: [Jones et al.| (2013)) reported the
presence of small substructures associated with blueshifted gas
detected in Ha with low S/N at distances of 3-6 Kpc from the
central galaxy in the reconstructed source plane. Finally, we de-
rived the mass loading factor, 7 = M,,,/S FR ~ 0.1, using a SFR
of 40 Mg/yr (Table

Using similar arguments, we derived the outflow mass,
M,, = 3 x 10" Mg, the outflow mass rate, M,,, ~ 3 Mg/yr,
and the mass loading factor  ~ 0.04 for the J0143 lensed galaxy.
For this system, we adopted the same assumptions regarding out-
flow geometry and plasma properties. The Ha luminosity used
to compute the outflow energetics was derived from the high-
velocity (v > 50 km/s) emission of the integrated spectrum, and
an outflow size of 3 kpc was assumed following the arguments
mentioned above. Due to the presence of extended red wings in
the emission lines, we assumed that the outflow velocity corre-
sponds to the measured redshifted maximum velocity in proxim-
ity of the A1 region, v,,, = V90 = 100 km/s.

Finally, adopting similar arguments and a higher electron
density (N, = 630 cm™>; |Shirazi et al|[2014), we derived the
outflow energetics of J0022 from the A2 image information:
M, = 1x107 Mg, M,,; ~ 3 Mg/yr, and n ~ 0.01. The presence
of a strong atmospheric sky-line on the blue side of the Ha line
led us to use the [N II] line instead to constrain the fraction of

5> Similar SFR is obtained byJones et al.|(2013), from the SED fitting.
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flux associated with outflowing gas. Assuming the same parti-
tion between perturbed and unperturbed fluxes for both nitrogen
and Ha emission, the calculated outflowing gas amounts to 35%
of the total flux of the Ha. This fraction is also consistent with
the one obtained from Hf line by [Shirazi et al.|(2014). Outflow
size of 2 kpc (from blueshifted emission extension in the recon-
structed source plane; |Shirazi et al.|2014) and velocity of 108
kmy/s have also been assumed.

The outflow kinetic power, E,; = 0.5M,,02,,, is 8 x 10%7
erg/s, 1 x 10%° erg/s and 1 x 10* erg/s for J1038, J0143, and
J0022, respectively. These energetics are << 0.1% of the kinetic
output expected from stellar processes (following [Veilleux et al.
2005, E, (SF) ~ 10*7% erg/s); the observed outflows can
therefore be associated with SF-driven winds. All derived out-
flow properties are reported in Table[3] We stress here that these
outflow properties shall be considered as order of magnitude es-
timates, as the uncertainties can be as high as one order of mag-
nitude themselves (e.g. Perna et al.[2015b).

Keeping in mind the large uncertainties and the assumptions
adopted to derive outflow properties, the mass loading factors
derived for these sources (7 ~ 0.01 — 0.10) are compatible with
those observed in both local luminous infrared galaxies (Arribas
et al.[2014; (Chisholm et al.|2017} |Cresci et al.[2017) and high-z
SFGs (Genzel et al.|2014; Newman et al.|[2012)). We also note
that the difference of greater than or approximately equal to one
order of magnitude in SFR and stellar mass of these systems is
not reflected in significant variations in mass loading factor as
some theoretical models alternatively predict (e.g. Muratov et
al.|2015; Hayward & Hopkins|2016).

Table 3: Approximate outflow properties.

source  Myu Mo) Moy Mo/yr)  E,. (ergls)  7q

J1038  2.5x% 107 3 8x 107  0.10
J0143  3.0x 107 3 1x 10  0.04
J0022  1.0x 107 6 1x10® 001

8. Gas-phase metallicity

In this section, we present the gas-phase metallicity estimates
for our sample of lensed galaxies, as we have shown that their
emission lines originate predominantly from star forming re-
gions, with negligible contribution from AGN or shocks. To es-
timate the metallicities, we used the N2 = [N II1]16584/Ha and,
when available, the R3 = [O [I]45007/HB diagnostic ratios, as-
suming the T,-based calibrations from |Curti et al.[|(2017)). When
both line ratios are available, they are jointly used to put tighter
constraints on metallicity, by minimising the y? in the N2 and
R3 calibrations simultaneously while taking into account both
measurement errors and dispersion of each calibration. We run
an MCMC to generate a posterior probability distribution for
log(O/H), whose median and 1o intervals are then assumed as
the inferred metallicity and its uncertainties, respectively. Since
both indicators involve lines close in wavelength, they are unaf-
fected by nebular attenuation. We note here that this approach
provides more accurate metallicity estimates than using the di-
rect combination of the two line ratios as a single diagnostic [i.e.
O3N2 = ([O 1mI1]A5007/HB )/(IN 111]26584/He)] in the major-
ity of cases, although the values inferred with the two methods
are fully consistent with each other within their uncertainties.
This procedure also permits one to discriminate between the two
metallicity solutions for the [O II]A5007/Hp ratio (see Fig. 9 in
Curti et al.|2017). In Table E] we report the metallicities derived
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from the flux ratios previously computed both for the integrated
spectra and for the different images along the arcs for all our tar-
getsﬂ The metallicities inferred from the combination of N2 and
R3 diagnostics are in good agreement with those derived from
the N2 only.

Previous metallicity estimates are reported in the literature
for J0022 (Dessauges-Zavadsky et al.|[2011; |Finkelstein et al.
2009), J1343, and J1958 (Leethochawalit et al.|[2016), where
they are computed following the [Pettini & Pagel (2004)) calibra-
tion of the N2 indicator. We can therefore infer the [N II]/Ha ra-
tio by reversing the Pettini & Pagel| (2004) formula and compare
these measurements with those derived from our LBT/ARGOS
spectra. Previous metallicity estimates are also available for
J1038; the comparison between our results and those presented
by Jones et al.| (2013)) is discussed in the following section.

For J1343 and J1958, [Leethochawalit et al.| (2016)) provides
integrated [N II]/Ha fluxes from OSIRIS observations (see Table
4 of their paper, where J1343 is named after cswa28, and J1958
is named after cswal28); these values are in good agreement
with those reported in this work (see Table 2). Moreover, assum-
ing the central metallicity (reported in Table 4 of|[Leethochawalit
et al.|[2016| ) as a representative value for these galaxies, the
inferred N2 ratios for J1343 and J1958 are 0.100 + 0.019 and
0.207+ 0.003, respectively; re-deriving then the metallicities ac-
cording to our method and the C17 calibrations provides consis-
tent estimates (8.42 + 0.17 and 8.58 + 0.16 for J1343 and J1958
respectively) compared to those presented in this work (see the
N2-column of Table 4). These results also suggest that slit-loss
effects in our spectra are not strongly affecting line-ratio mea-
surements in these sources if compared to IFU observations.

For J0022, our integrated N2 ratio associated to the A2 im-
age (0.26 + 0.02) is more than a factor of two higher than that
reported by [Dessauges-Zavadsky et al.| (2011} i.e. 0.11 + 0.03),
while being fully consistent with the value reported by [Finkel-
stein et al.| (2009, i.e. 0.27 + 0.03). Therefore, it follows that
the oxygen abundance estimated from Dessauges-Zavadsky et
al| (2011)) is underestimated (8.43 + 0.19 when reported to the
abundance scale defined by the C17 calibrations) compared both
to the value inferred from [Finkelstein et al.| (2009, 8.64 + 0.20)
and the LBT/ ARGOS spectrum one (8.63 = 0.16). This can be
reasonably explained by the low S/N in the Dessauges-Zavadsky
et al.[|(2011) X-Shooter spectrum (e.g. [NII] lines are detected at
2 — 30 level).

The metallicity estimates we derived for the sample of lensed
galaxies are in agreement with those generally reported for
galaxy systems at z~ 2 (e.g. |[Erb|2006; Mannucci et al.| 2010}
Cresci et al.| 2010; Wuyts et al.|2016). In Fig. @ we show
the mass-metallicity relation (MZR) combining our results with
those derived from stacked spectra analyses and reported by |[Erb
(2006), Wuyts et al.| (2014) and |Steidel et al.| (2014)). For con-
sistency, all the metallicity measurements from previous works
have been re-derived according to the |Curti et al| (2017) cali-
bration of the N2 indicator. The redshift evolution of the mass-
metallicity relation is highlighted in the figure by comparing the
best-fit MZR obtained by [Andrews & Martini (2013)) from T,
measurements on stacked spectra (in narrow mass bins) of SDSS
galaxies. In addition, the 10 metallicity dispersion of the median
MZR in bins of stellar mass, derived on local galaxies with the
Curti et al.[(2017) calibrations, is enclosed by the grey contours
(see Curti et al., in prep).

® R3 metallicity estimates are not reported in Tablebecause of their
lower reliability compared with the values obtained from the x> ap-
proach.
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Fig. 12: Mass-metallicity relation (MZR) for our sample. The metal-
licities are derived exploiting the |Curti et al.|[2017| (C17) calibration
of the N2 indicator (for J1038, J1958 and J0143 we reported in the
N2+R3 values, affected by smaller uncertainties; see Table [). Previ-
ous N2-based metallicities from the literature are plotted with different
colours/symbols as reported in the legend. The grey shaded area encom-
pass the 1o dispersion of the local median MZR in bins of stellar mass,
as derived from the C17 calibrations for SDSS galaxies (Curti et al., in
prep.). The T,-based local MZR derived from staked spectra in bins of
stellar mass by |Andrews & Martini| (2013)) is also shown as the dashed
green line. We applied corrections to the stellar mass scale to account
for the different IMFs adopted by previous works. For J1038 and J1958,
integrated spectra over the knots associated with an individual emitting
source have been used to maximise the S/N in the faint [N II] emission
lines (see Sects. [f.1] and [4.2] for details). Following Jones et al.| (2013),
for the J1038 system we distinguished between the Al image and the
other knots, possibly associated with two interacting galaxies of 10°°
M, and ~ 10°! My, respectively.

Finally, Fig. [I3] shows the 2D projection of the fundamen-
tal metallicity relation proposed by Mannucci et al.|(2010), 12+
log(O/H) versus pg 32 = log(M,)—0.32X log(S FR). In this plot,
metallicities are computed exploiting the [Maiolino et al.| (2008)
calibration of the N2 diagnostic (last column of Table E[), for con-
sistency on the absolute abundance scale with Mannucci et al.
(2010). Our results are in fair agreement, within the uncertain-
ties, with the absence of any redshift evolution of the relation at
these epochs (see e.g. Belli et al.|[2013}; |Christensen et al.| 2012
Cresci et al.|[2012)), although some of the points appear to lie
more than 0.1 dex below the metallicity value predicted by the
local FMR. In particular, J1958 is the target with the most sig-
nificant deviation from the FMR; this is however consistent with
recent results showing that merger galaxies increase the scatter
in the FMR (e.g.[Wang et al.|2017).

We note that most of the host galaxy properties reported in
this paper have been collected from the literature, as summarised
in Table [Tl The SFRs of J1038 and J0143 were instead derived
from the observed Ha fluxes, using the [Kennicutt|(1998)) relation
and correcting for lensing magnification factors. For the J1958
lensed galaxy, we derived the stellar mass from SED fitting anal-
ysis, using SDSS and LBT/ARGOS Ks photometric data.

The posterior probability distribution function (PDF) for the
stellar mass is obtained by comparing the fluxes in the six avail-
able passbands (ugriz and Ks) with the corresponding synthetic
fluxes derived from a subset of the suite of 500,000 stellar pop-
ulation synthesis models realised by [Zibetti et al. (2017)), re-
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Fig. 13: Oxygen abundance as a function of u32, according to the
Mannucci et al| (2010) 2D projection of minimum scatter of the local
FMR. Metallicities are derived, for consistency on the absolute abun-
dance scale, with the Maiolino et al.| (2008, MO08) calibrations.

stricted to match the age constraint imposed by the redshift of the
lensed galaxy. The mass corresponding to the median of the PDF
is adopted as our best estimate, while the uncertainty is given by
half of the 16th-84th percentile range (we note that the magni-
fication factor uncertainty is not taken into account and that the
error reported in Table[T|should be taken as a lower limit).

8.1. Metallicity gradient in J1038

The large uncertainties in metallicity estimates due to the low
S/N in the detected emission lines and the intrinsic scatter in
the metallicity calibrations do not allow us to unveil the pos-
sible presence of different gas-phase metallicity conditions in
spatially resolved regions and between the different arc images.
According to the measured errors, however, available data con-
strain spatial metallicity variations to values lower than ~ 0.15
dex, consistent with recent observations and model predictions
(see e.g. 'Wang et al.|2017| and references therein). Greater time
investment is required to spatially resolve the metallicity distri-
bution in these systems.

J1038 is the source with the highest S/N and has been ob-
served in both [O III]+HE and [N II]+He regions. If we consider
the brightest and best-resolved image of the source, A3, and ex-
tract individual spectra requiring a minimum S/N of 2 for the
[N 11]A6584 detection, we can obtain three spectra associated
with the upper and lower blobs (see Fig. [3) and the fainter cen-
tral region. We fitted these spectra using the same constraints
introduced in Sect. 4. Tland derived the line ratios to estimate the
metallicity within different regions in the galaxy. Given that the
Balmer decrement Ha/Hp obtained from the integrated spectrum
is consistent with the absence of dust-extinction, and that the
Hp line is affected by strong sky line residuals at shorter wave-
lengths, we used the case B ratio of 2.86 (Gaskell & Ferland
1984)) to derive [O III]A5007/Hg ratios rescaling the Ha ﬂuxe

7 The metallicity estimates derived using the measured log([O IIT]/HB)
are consistent with those obtained from the ‘corrected’ flux ratios within
the errors, although associated with larger scatter.
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Our metallicity measurements for this source are consistent
with the ones reported by Jones et al.| (2013)) for the central re-
gions in the reconstructed source image plane. Indeed, N2 and
R3 emission line ratios from our ARGOS integrated spectra are
consistent within 1o~ with those inferred from the total observed
fluxes by the OSIRIS spectrograph for the same source. How-
ever, we also note that despite the larger S/N in our spectra with
respect to those reported by Jones et al.| (2013)), we do not detect
any trend in the metallicity of J1038. Moreover, even using the
same calibrations (from Maiolino et al.|[2008)), our estimates do
not show the large range of metallicities found when analysing
Keck spectra, with 12+log(O/H) between 8.1 and 9.0 (see the
last column of Table ). A possible cause lies in the low S/N
of the faint emission lines used: for example, the [N I1]16584
line is detected in A2 with a significance of ~ 20~ (10) in the
LBT/ARGOS (Keck) integrated spectrum.

For J1038, we derived an upper limit on the metallicity gradi-
ent of 0.12 dex/kpc (0.09 dex/kpc), following the Maiolino et al.
2008 (Curti et al.|2017) calibration of the N2 indicator and con-
sidering 2 kpc as the minimum distance sampled in the source
plane by the three spectra extracted from A3 (see Fig. 3 of Jones
et al.|[2013). This metallicity gradient upper limit is lower than
but still compatible within the errors with the one reported by
Jones et al. (< 0.12 dex/kpc vs. 0.15 + 0.07 dex/kpc, following
the same calibration).

9. Summary

We present spatially resolved kinematics and gas-phase metallic-
ity measurements for six gravitationally lensed galaxies at z ~ 2
based on the analysis of rest-frame optical emission lines. The
entire extension of the arc-like geometries was observed with
the LBT laser-assisted adaptive optics system ARGOS. Near in-
frared spectra with high spectral (~ 50 km/s) and spatial (0.4”)
resolution have been obtained to cover the Ha+[N II] complex
redshifted in the H- and K bands. For three sources, we also cov-
ered the HB+[O I11] lines.

We combined ionised-gas spatially resolved spectroscopic
analysis with available spectroscopic information and lens mod-
elling to constrain the kinematic and chemical properties of our
targets. In particular, we find the following key results.

We find strongly disturbed kinematics in the ISM ionised
component of the lensed galaxy J1038. Broad and asymmet-
ric line profiles, with W80 as high as ~ 150 + 300 km/s and
V10 ~ —100 + —-200 km/s, have been detected over the entire
extension of the arc-like structure. In [Jones et al.| (2013) and
Leethochawalit et al.|(2016)), this target has been associated with
an undergoing merger, with the A1 and A2 knots associated with
two companions. Our analysis shows that the Al image can be
associated with a different emitting region in the source plane.
We also suggest that the disturbed kinematics and diagnostic line
ratios we derived for the other images can be related to the pres-
ence of SF-driven outflow in this system.

The spatially resolved non-parametric velocity measure-
ments along the arc of J1958 reveal the presence of two dis-
tinct, spatially separated kinematic components, suggesting the
presence of two approaching galaxies in this system. The source
plane reconstruction presented by [Leethochawalit et al.| (2016)
confirms our results.

Complex kinematics have also been observed in the Ha-
[N II] system of JO022. Our analysis revealed the presence of
blueshifted, possibly outflowing, gas in the region between the
two brightest images, Al and A2, confirming the results previ-
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Table 4: Metallicity

name 12+log(O/H) [C17] 12+1log(O/H) [MO8]
| (from N2)  (from N2+R3) | (from N2)  (from N2+R3)
J1343 total | 8.36'933 - | 8.4110% -
10143 total | 842193 8.38°017 | 8.50%04 8.43+023
71038 total* | 8.28*01 8.19*007 8.31*017 8.16*019
Al | 834702 8317016 8.3670%0 8.3373}
A2 8.29123;3 8.231%}% 8.331%22 8.20+‘§~}§
A3 | 826 8.17:-013 8.29702 8.15+1
A3 (low) | 7.09°0% 3 1218@8 7 9018:§§ 706050
T7-0.25 Q. Y -031 03
A3 (centre) 8.31f§j; 8.28j§;§§ 8.35f§;;§ 8.26f§;?$
A3 (up) | 8.12*0 8.13*0 8.11+02 8.08+0!
c =031 S =026 042 77029
J1958 total” | 8.49*0-10 8.3670:06 8.65%027 8.41%009
A2 | 856103 8,390 8.76:0% 8.46:01)
B | <887 8.16j§3%g <9.00 8.22j§1§§
J1110 total | <8.52 - | <8.69 -
70022 total | 8.64*01 - 8.87+0.17 -
Al | 8 6215112 - 8 8313152 -
-0 -0
A2 8.6328% - 8.86;8;i§ -
A3 | 8.61°02 - 8.87+016 -

Notes. Gas-phase metallicity estimates from the N2 and R3+N2 diagnostics with the calibration from|Curti et al.| (2017, C17; columns 3 and 4) and
Maiolino et al.| (2008, M08; columns 5 and 6). Both the intrinsic scatter of the calibrations and the flux ratio uncertainties are taken into account in
computing the total uncertainties. For J1038, the R3 ratios are derived rescaling the He flux (see the text for details).

*: the metallicity measurements were derived from the spectrum obtained integrating the flux over the A2, A3 and A4 knots, for J1038 (with
log([OII]/HB) = 0.83 + 0.01 and log([NII]/Ha) = —1.25 + 0.03), and over the Al and A2 knots, for J1958 (log([OIIT}/HB) = 0.61 + 0.01 and
log([NII]/Ha) = —0.84 + 0.09), which can be associated with unique emitting regions in the source plane.

ously reported in literature (Shirazi et al.|2014| and references
therein).

The presence of redshifted emitting gas, possibly associated
with receding outflowing material, has been observed in J0143.

For the three sources exhibiting disturbed kinematics reason-
ably associated with ejected ionised material, we derive outflow
energetics and a mass loading factor of ~ 0.01 — 0.1, consistent
with previous studies of SFGs.

We did not find any strong evidence for AGN activity in these
systems. Assuming that the observed emission lines are mostly
due to SF activity, we derived gas-phase metallicity estimates
using the N2 and R3 flux ratio diagnostics. The average offset of
our targets from the local mass-metallicity relation is ~ 0.25 dex.
The lensed galaxies analysed in this work are consistent, within
the errors, with the local FMR.

The low-S/N spectra do not allow us to infer spatially re-
solved metallicity information. On the basis of our measure-
ments, we assessed that the metallicity variations along the slit
in our systems should be less than ~ 0.15 dex.

The analysed NIR spectra in this study represent the first sci-
entific demonstration of the spectroscopic capabilities of the AR-
GOS facility in combination with LUCI. Kinematic and ionised
gas properties within the individual images of lensed systems
have been easily recognised thanks to the achieved high spectral
and angular resolutions provided by the AO correction in com-
bination with the use of narrow, curved-shape slits. In order to
better constrain gas-phase metallicity conditions within high-z
galaxies, high-S/N spectra are required. The simultaneous use
of both LUCI instruments in binocular mode, in combination
with the ARGOS facility, is already reducing the time needed
to complete spectroscopic observing programs by nearly a fac-
tor of three; the full exploitation of the ARGOS correction in

binocular mode will provide an even greater boost to the tele-
scope efficiency in the near future, providing a powerful way to
improve our knowledge on galaxy evolution.
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