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A B S T R A C T 
We present the spatially resolved measurements of a cool galactic outflow in the gravitationally lensed galaxy RCS0327 at z ≈
1.703 using VLT/MUSE IFU observations. We probe the cool outflowing gas, traced by blueshifted Mg II and Fe II absorption 
lines, in 15 distinct regions of the same galaxy in its image-plane. Different physical regions, 5 – 7 kpc apart within the galaxy, 
drive the outflows at different velocities ( V out ∼ −161 to −240 km s −1 ), and mass outflow rates ( Ṁ out ∼ 183 – 527 M $ yr −1 ). 
The outflow velocities from different regions of the same galaxy vary by 80 km s −1 , which is comparable to the variation 
seen in a large sample of star -b urst galaxies in the local universe. Using multiply lensed images of RCS0327, we probe the 
same star-forming region at different spatial scales (0.5–25 kpc 2 ), we find that outflow velocities vary between ∼ −120 and 
−242 km s −1 , and the mass outflow rates vary between ∼37 and 254 M $ yr −1 . The outflow momentum flux in this galaxy is 
≥ 100% of the momentum flux provided by star formation in individual regions, and outflow energy flux is ≈ 10% of the total 
energy flux provided by star formation. These estimates suggest that the outflow in RCS0327 is energy driven. This work shows 
the importance of small scale variations of outflow properties due to the variations of local stellar properties of the host galaxy 
in the context of galaxy evolution. 
K ey words: galaxies: e volution – galaxies: haloes – galaxies: high-redshift – gravitational lensing: strong. 

1  I N T RO D U C T I O N  
Galactic outflows (or winds) are ubiquitous features in star-forming 
galaxies across cosmic time (Veilleux, Cecil & Bland-Hawthorn 
2005 ; Rubin et al. 2010b , 2014 ; Heckman & Thompson 2017 ; Rupke 
2018 ) and are one of the cornerstones of the currently accepted galaxy 
evolution models (Somerville & Dav ́e 2015 ; Faucher-Giguere & 
Oh 2023 ). Without these outflows, simulations fail to produce the 
current population of galaxies (Dalla Vecchia & Schaye 2012 ; 
Nelson et al. 2015 ; Pillepich et al. 2018 ). Outflows regulate star 
formation in galaxies (Hopkins et al. 2010 ) and, in some cases, 
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quench the star formation process (Hopkins, Quataert & Murray 
2012 ; Hopkins et al. 2014 ; Geach et al. 2018 ; Man & Belli 2018 ; 
Trussler et al. 2020 ). Outflows carry metals from the interstel- 
lar medium (ISM) of galaxies to the surrounding circumgalactic 
medium (CGM) (Shen et al. 2013 ; Tumlinson, Peeples & Werk 
2017 ; P ́eroux & Howk 2020 ), chemically enriching the CGM. This 
in-turn helps set the galaxy mass–metallicity relation (Tremonti 
et al. 2004 ; Shen et al. 2012 ; Chisholm, Tremonti & Leitherer 
2018b ) and the stellar mass–halo mass relationship (Behroozi, 
Wechsler & Conroy 2013 ; Agertz & Kravtsov 2015 ). The driving 
sources of these outflows can be stellar activities like: supernovae 
(Lehnert & Heckman 1996 ; Strickland & Heckman 2009 ), and 
stellar winds from massive OB stars (Heckman & Thompson 
2017 ), or from active galactic nuclei (AGN) (Veilleux et al. 2005 ; 
Ishibashi & Fabian 2022 ; Sorini et al. 2022 ). In this paper, we 
focus on the outflows powered by star formation (e.g. Zhang 
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2018 , for a re vie w of the theory of star formation driven out- 
flows). 

Galactic outflows are multiphase, containing neutral gas, ions, 
molecular gas, and dust. These phases of baryonic matter exist at 
different temperatures co v ering a few orders of magnitude from 
∼ few − 100 K (cold outflo ws), 10 4 –10 5 K (cool outflo ws), to 
T > 10 6 K (hot outflows) (Somerville, Popping & Trager 2015 ; 
Thompson et al. 2016 ; Kim et al. 2020 ; Fielding & Bryan 2022 ). 
In order to observe all the rele v ant gas phases we need to target 
a plethora of wavelengths covering the electromagnetic spectrum 
from X-ray, UV, optical, to millimeter bands (e.g. Sakamoto et al. 
2014 ; Bordoloi et al. 2014b ; Zhu et al. 2015 ; Cazzoli et al. 2016 ; 
Chisholm et al. 2018a ; Lopez et al. 2023 ). All these phases can co- 
exist together in the same galaxy as multiphase outflow (e.g. M82 
Strickland & Heckman 2009 ). They are also abundant in star-forming 
galaxies (Rupke, Veilleux & Sanders 2005a , b ; Rupke 2018 ). 

It is quite challenging to observe outflowing gas in the CGM di- 
rectly through emission at high redshift, as the gas surface brightness 
is proportional to the square of the number density of the gas ( I ∝ n 2 ). 
This makes the emission too faint, and only the densest phases of the 
outflow will show emission. Studying the outflows in emission has 
been done in very bright objects (e.g. Rupke et al. 2019 ; Burchett 
et al. 2021 ; Zabl et al. 2021 ; Shaban et al. 2022 ; Dutta et al. 2023 ). 
Detecting the outflows in emission constrains the physical sizes and 
the geometries of these outflows, and how far they are from the 
galaxies generating them (Wang et al. 2020 ). 

Another approach to study the faint outflows is through absorption 
lines. A background source, like a quasar or a bright galaxy, probes 
the foreground outflowing gas and the diffuse outflowing gas is 
detected as absorption against the light from the background source. 
This provides gas kinematics, column density, and line strength 
(equi v alent width) of the outflowing gas along the line of sight 
(e.g. Rubin et al. 2010a ; Bordoloi et al. 2011 ; Bouch ́e et al. 2012 ; 
Schroetter et al. 2015 , 2016 , 2019 ). Owing to the paucity of bright 
background quasar or galaxy near a foreground galaxy, this method 
typically provides one sightline per galaxy, limiting these studies to 
characterizing the statistical properties in large samples of galaxies. 

A second method for studying the outflows in absorption is to use 
the stellar light of the galaxy itself to probe the outflows along the 
line-of-sight ‘Down the Barrel’ (e.g. Adelberger et al. 2005 ; Steidel 
et al. 2010 ; Rubin et al. 2014 ; Bordoloi et al. 2014a ; Chisholm 
et al. 2015 ; Heckman et al. 2015 ; Chisholm et al. 2016 ; Xu et al. 
2022 ). Both these methods by design only obtain global properties 
of outflows in these galaxies. In these studies, the kinematics and 
masses of galaxy wide outflows are correlated with the total star 
formation rate (SFR) or the stellar mass ( M ! ) of the galaxies to try 
to disentangle how they are driv en. Howev er, individual galaxies 
show large spatial variations of SFR and stellar masses (Rigby et al. 
2018a , b ), suggesting that local star-forming properties might play 
an important role in driving star formation dri ven outflo ws (Murray, 
Quataert & Thompson 2005 ). Little information exists regarding 
spatial variation of galactic outflows within individual galaxies at 
these high- z (Bordoloi et al. 2016 ). 

There are three distinct approaches to study spatially resolved 
outflo ws in indi vidual g alaxies: (1) studying local g alaxies with 
large angular footprint on the sky, for example Milky Way (Fox 
et al. 2015 ; Bordoloi et al. 2017 ; Clark, Bordoloi & Fox 2022 ) or 
M82 (Strickland & Heckman 2009 ), (2) studying other low-redshift 
galaxies using spatially resolved IFU observations using rest-frame 
optical emission lines (Sharp & Bland-Hawthorn 2010 ; Reichardt 
Chu et al. 2022 ), and (3) to use gravitationally lensed galaxies which 
are naturally stretched o v er a large angular area on the sky. This 

allows us to study galactic outflow in a spatially resolved manner 
and trace the outflowing gas to their driving source (Bordoloi et al. 
2016 ; James et al. 2018 ; Sharma et al. 2018 ; Fischer et al. 2019 ; Chen 
et al. 2021 ). Only gravitational lensing enables us to study spatially 
resolved properties of galaxies beyond the local universe. 

Strong gravitational lensing works as a natural telescope for 
background galaxies. Lensing magnifies and stretches out the shape 
of distant galaxies while preserving their surface brightness. The 
apparent shape of galaxies in the image-plane (the plane on the 
sky in projection that contains the distorted and magnified images 
of the background galaxies) will appear larger than their true size 
in the source-plane (the plane where the background galaxy lies). 
Furthermore, the lensing can cause the background galaxy to have 
multiple images in the image-plane with varying magnifications. 
These multiple images magnify individual regions of the same 
galaxy at different physical sizes (Schneider, Ehlers & Falco 1992 ; 
Schneider et al. 2006 ). We can use this ef fecti ve ‘zoom-in’ to trace 
the outflowing gas back to the local star-forming regions in a galaxy 
that drives them. By studying the relationship between spatially 
resolved outflow properties in an individual galaxy and the local 
stellar properties of the star-forming regions that drive these outflows; 
one can create empirical models relating energy/momentum of 
the outflowing gas with the energy/momentum that drives these 
outflows (Heckman et al. 2015 ). This will inform the next generation 
of feedback models to create observationally realistic galaxies in 
numerical simulations. 

The advent of wide-field integral field unit (IFU) spectrographs 
has become a game-changer in efficiently carrying out spectroscopy 
of spatially extended faint gravitationally lensed arcs. IFU spectro- 
graphs can provide spectra for each location (spatial-pixel or spaxel) 
in the field of view of the unit. By observing the lensed galaxies 
with the IFUs, we can obtain spectral datacubes with good signal- 
to-noise ratios (SNRs) in relatively short time compared to spectra 
from multiple single slits observations to co v er the same field of 
view. From these IFU spectra, we can calculate the properties of 
the outflows and the properties of the local star-forming regions and 
deduce if there are any correlations between them. 

In this work, we study the spatial variation of the cool ( T ∼ 10 4 K) 
outflows in the strong gravitationally lensed galaxy RCSGA032727- 
132609 (hereafter referred to as RCS0327) at z = 1.70347 (Wuyts 
et al. 2010 , 2014 ; Shaban et al. 2022 ). In Shaban et al. ( 2022 ), 
(hereafter Paper I ), we measured the maximum spatial extent of 
the cool 10 4 K outflowing gas to be ≈ 30 kpc using the resonant 
Mg II emission lines. In this work, we present the spatially resolved 
outflows kinematics and gas properties from blueshifted Mg II and 
Fe II absorption lines. The paper is organized as follows: Section 2 
describes the observations, Section 3 describes spectral extraction, 
and Mg II and Fe II modelling, Section 4 describes the results of 
the analysis, Section 5 discusses the results in the context of 
the energetics of galactic outflows, and Section 6 presents the 
conclusions. We assume a " CDM cosmology with a Hubble constant 
H 0 = 70 km s −1 Mpc −1 , matter density parameter #m = 0.3, and 
dark energy density parameter #" = 0.7. We use the AB magnitude 
system in our calculations. 
2  DESCRI PTI ON  O F  O B S E RVAT I O N S  
RCS0327 is a gravitationally lensed star-forming galaxy undergoing 
a merger at z = 1.70347 ± 0.00002 (see Section 3.2 ). The foreground 
galaxy cluster RCS2032727-132623 at z = 0.564 causes the strong 
gravitational lensing of the galaxy (Wuyts et al. 2010 ; Gilbank et al. 
2011 ; Wuyts et al. 2014 ). The apparent shape of the galaxy due to 
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Figure 1. Left: Coloured image of RCS0327 from the MUSE data cube. Three narrowband images of 100 Å width are combined to create an RGB image. The 
blue, green, and red narrow bands are centred at 4850, 6050, and 8050 Å, respectively. Right: Coloured image of the same field using Hubble Space Telescope 
(HST) Wide Field Camera 3 (WFC3) F390W, F606W, and F814W filters. The main arc is marked with a dotted green polygon. The dashed cyan rectangles mark 
the multiple images due to lensing of the target galaxy. 
lensing consists of the main arc subtending 38 ′′ on the sky (Wuyts 
et al. 2014 ) and a smaller counter arc at the south of the lensing cluster 
(see Fig. 1 ). The galaxy is associated with a dark matter halo mass of 
log 10 (M h / M $) = 11 . 6 ± 0 . 3 (Bordoloi et al. 2016 ), corresponding 
to a circular velocity of V cir = 156 ± 28 km s −1 . We refer the reader 
to Bordoloi et al. ( 2016 ) for details of the arc. The left panel of Fig. 1 
shows the Multi-Unit Spectroscopic Explorer (MUSE) observation 
of RCS0327. 
2.1 MUSE obser v ations 
We use observations of RCS0327 with the MUSE (Bacon et al. 2010 ) 
on the Very Large Telescope (VLT) (programme ID: 098.A-0459(A); 
PI: S. Lopez). RCS0327 was observed for a total exposure time of 
3.1 h. We refer the reader to Paper I and Lopez et al. ( 2018 ) for 
a detailed description of the observations and data reduction. The 
MUSE datacube is calibrated in air. We transform the wavelength of 
all the extracted spectra from the datacube from air to vacuum in the 
rest of our analysis. 
2.2 HST obser v ations 
The HST WFC3 (Dressel 2019 ) observations of RCS0327 were used 
to construct the lens model (Sharon et al. 2012 ). These observations 
were obtained under HST /GO programme ID: 12 267 (PI: J. Rigby) 
in the F606W , F390W , and F814W filters, respectively. The exposure 
times in each filter are 1003, 1401, and 2133 s for F606W, F390W, 
and F814W, respectively. The right panel of Fig. 1 shows the RGB 
image representing RCS0327 using these filters. 

We also use the HST -WFC3 photometric observations of the rest- 
frame H β emission line and the continuum for RCS0327 (programme 
ID: 12267, PI: J. Rigby, Wuyts et al. 2014 ) to calculate the SFRs and 
SFR surface densities ( % SFR ; SFR per unit area). The H β and the 
continuum were observed with the HST infrared filters F132N and 

F125W, respectively. The exposure times are 2112 and 862 s for 
F132N and F125W, respectively. The specific details of these filters 
are summarized in Dressel ( 2019 ). 
3  M E T H O D S  
3.1 Extraction of 1D spectra 
In this section, we describe how we extract and continuum-normalize 
the 1D spectra from the different regions of RCS0327 from the 
MUSE datacube. First, we identify the highest surface brightness 
pixels along the curvature of the main arc. We then define 14 square 
pseudo-slits regions on the main arc, that are centred on these pixels. 
Each square is 1 ′′ × 1 ′′ (5 × 5 spatial pixels 2 ) in area and does not 
intersect with the neighbouring squares. This makes all the selected 
pseudo-slits bigger than the maximum size of the seeing during the 
observation, which is 0.8 ′′ . We choose these squares to be located on 
the star-forming knots of the galaxy E, U, B, and G (Bordoloi et al. 
2016 ). For the counter arc, we extract one spectrum that co v ers the 
whole arc. We are going to use this spectrum to represent the total 
integrated galaxy. These pseudo-slits are shown in the image-plane 
of RCS0327 in Fig. 2 , top row. We ray-trace the position of these 
pseudo-slits onto the source-plane using the lens model (see Section 
3.2 ) and present them in Fig. 2 , bottom row. The location of these 
pseudo-slits relative to the galaxy in its source plane is presented in 
Fig. 3 . The different x-y planes of Fig. 3 correspond to the four images 
of the galaxy in the image-plane that have different magnifications 
and spatial distortions (see Section 5 ). 

From each pseudo-slit, we create a 1D spectrum by summing the 
flux along the two spatial axes of the flux cube. The error spectrum 
is the square root of the sum of the variances from the variance cube 
for the same spatial regions. Then, we identify the important spectral 
lines in our spectra. The lines of interest in this work are Mg II , Fe II , 
Fe II ∗, and [O II ]. The vertical-dashed lines in Fig. 4 annotate these 
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Figure 2. Top row: MUSE white light images of the counter arc, Image 3, Image 1, and Image 2 of RCS0327 in the image-plane, respectively. The colour 
map represents the surface brightness. Locations of pseudo-slits used for spectral extraction in the image-plane are shown as white polygons. The green lines 
represent the critical lines. The images are ordered in terms of the areas of the spectral extraction regions in the source-plane, with decreasing area and increasing 
magnification from left to right. Bottom row: source-plane reconstructions of the images in the top row. The locations of the pseudo-slits in the source-plane are 
presented as white polygons. The labels in the panels represent the name of each pseudo-slit for the rest of the analysis. 

Figure 3. Location of the pseudo-slits in the source-plane of RCS0327. The x-y plane image represents the HST reconstruction of the counter arc image from 
Fig. 1 . The z-axis represents the average lensing magnification of each individual image in the image-plane, where magnification increases with higher z. The 
polygons represent the source-plane reconstructed pseudo-slits, similar to those in Fig. 2 . The lo wer le vel (red, black, and blue polygons) is from Image 3. The 
middle level (blue polygons) is from Image 1, and the top level (blue polygons) is from Image 2. Polygons of similar colour are probing the same physical region 
with different magnifications. We use the lens model to do ray-tracing of the coordinates of the slits from the image-plane to the source-plane (see Section 3.2 ). 
The centre of the x-y plane is the pixel with the highest surface brightness in the HST image in the image-plane. 
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Figure 4. White light-weighted spectrum of the main arc from the MUSE data cube. The flux is shown as a solid blue line and the error is shown as a solid red 
line. The dashed coloured lines represent the detected emission or absorption transitions in the spectrum, and each distinct colour represents one ionic species. 
This integrated spectrum has a high SNR of 86, and even the weaker Fe II 2249 line is detected. In our analysis, we e xclusiv ely use the [O II ], Fe II , and Mg II lines 
from MUSE observation. We mark the rest of the lines in the spectrum for completeness. All the transitions shown in this Figure are summarized in Table 1 . 
Table 1. Absorption and emission lines in the galaxy spectrum. λ represents 
the vacuum wavelength of the transitions. f 0 is the oscillator strength. These 
values are from Morton ( 2003 ) and Leitherer et al. ( 2011 ). 
Transition λ [ Å] Feature f 0 
Mg II 2796 .351 Resonant abs/ems 0.6155 

2803 .528 Resonant abs/ems 0.3058 
Fe II 2249 .877 Resonant abs 0.001821 

2260 .781 Resonant abs 0.00244 
2344 .212 Resonant abs 0.1142 
2374 .460 Resonant abs 0.0313 
2382 .764 Resonant abs 0.320 
2586 .650 Resonant abs 0.069125 
2600 .173 Resonant abs 0.2394 

Fe II ∗ 2365 .552 Fine-structure ems –
2396 .355 Fine-structure ems –
2612 .654 Fine-structure ems –
2626 .451 Fine-structure ems –
2632 .108 Fine-structure ems –

[O II ] 2470 .97 Emission –
2471 .09 Emission –

Al III 1854 .718 Absorption 0.559 
1862 .791 Absorption 0.278 

C III] 1906 .683 Emission –
1908 .734 Emission –

Cr II 2056 .257 Absorption 0.1030 
2062 .236 Absorption 0.0759 
2066 .164 Absorption 0.0512 

Mg I 2852 .963 Absorption 1.83 
lines, which are tabulated in more detail in Table 1 . 

For each transition of interest, we select a ± 150 Å region around it 
from the extracted 1D spectra. We perform a local continuum fitting 
of these spectrum slices for each line by first masking all absorption 
and emission features, and then fitting a 3rd order polynomial to the 

continuum. We visually inspect each continuum fit and for each bad 
continuum fit we interactively perform a local continuum fit with 
a spline function using the rbcodes 1 package (Bordoloi, Liu & 
Clark 2022a ). 

We also produce a light-weighted spectrum of the main arc by 
weighting the spectrum of each individual spatial pixel by its surface 
brightness. Then, we sum these weighted spectra from the individual 
pixels to produce a light weighted spectrum for the main arc. We 
perform the same procedure for the counter arc too. The median 
SNR of the continuum around the transitions of interest is ≈86 for 
the main arc, and ≈22 for the counter arc. The weak Fe II lines 
2249.877, 2260.781 Å, which are otherwise hard to detect, can be 
easily seen in the main arc and counter arc light-weighted spectra. 
Fig. 4 shows the full light weighted spectrum of the main arc. We 
use a custom software made for this project, named musetools , 2 
to do the spectral extraction and the rest of data analysis. 
3.2 Estimating galaxy properties 
In this section we describe estimation of galaxy redshifts, SFRs, 
and source-plane areas associated with the regions covered by each 
pseudo-slit. 

We need to quantify the systemic redshift for each individual 
region to set the zero systemic velocity of the galaxy, and to compute 
the relative Doppler shifts of absorption and emission lines in the 
analysis. We use the ISM fine-structure [O II ] emission doublet with 
vacuum wavelength λλ 2470.79, 2471.09 Å (Tayal 2007 ; Leitherer 
et al. 2011 ) to calculate the systemic redshift z of each one of our 
chosen locations. 
1 https:// github.com/ rongmon/ rbcodes 
2 https:// github.com/ rongmon/ musetools 
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Table 2. Measured galaxy properties of the selected regions for spectral extraction pseudo-slits for RCS0327 as shown in Fig. 2 . Column (1) is the location of 
each spectral extraction pseudo-slit with the name of the region (e.g. E, U, B, or Image 3), and the name of the image as shown in Figs 1 and 2 . Columns (2) 
and (3) are the right ascension and declination of the geometrical centre of each polygon or pseudo-slit in Fig. 2 in the image-plane. Column (4) is the measured 
redshift from the [O II ] nebular emission lines. Column (5) is the median magnification for each pseudo-slit as measured from the best lens model from Sharon et 
al. ( 2012 ); Lopez et al. ( 2018 ). Columns (6) and (7) represent the measured SFR and SFR per unit area % SFR (or SFR surface density) in the source-plane. The 
lower and upper error bars represent the 16 th and 84 th percentiles limits on all the measured quantities. The horizontal lines in the Table represent the transition 
from one image to another image in the image-plane. 
Region RA Decl. z Magnification SFR % SFR 
Name [ M $ yr −1 ] [ M $ yr −1 kpc −2 ] 
(1) (2) (3) (4) (5) (6) (7) 
B1 3:27:28.35 −13:26:16.95 1 . 70318 + 0 . 00006 

−0 . 00005 6 . 4 + 7 . 1 −5 . 8 23 + 6 −5 2 + 2 −2 
E1,1 3:27:28.36 −13:26:15.75 1 . 70321 + 0 . 00002 

−0 . 00002 10 . 2 + 12 . 0 
−8 . 9 94 + 25 

−22 13 + 4 −3 
E1,2 3:27:28.34 −13:26:14.55 1 . 70338 + 0 . 00003 

−0 . 00003 17 . 8 + 22 . 9 
−14 . 4 28 + 9 −8 7 + 2 −2 

U1 3:27:28.28 −13:26:13.55 1 . 70363 + 0 . 00002 
−0 . 00002 33 . 2 + 54 . 9 

−23 . 7 23 + 10 
−10 11 + 6 −6 

U2,1 3:27:28.21 −13:26:12.55 1 . 70343 + 0 . 00002 
−0 . 00002 120 . 5 + 392 . 9 

−57 . 5 4 + 3 −5 90 + 66 
−100 

U2,2 3:27:28.16 −13:26:11.55 1 . 70367 + 0 . 00002 
−0 . 00002 55 . 8 + 129 . 5 

−35 . 5 13 + 8 −8 9 + 6 −6 
U2,3 3:27:28.09 −13:26:10.75 1 . 70376 + 0 . 00004 

−0 . 00003 30 . 6 + 44 . 6 
−23 . 1 19 + 7 −7 8 + 3 −3 

E2,1 3:27:28.02 −13:26:9.75 1 . 70334 + 0 . 00002 
−0 . 00002 18 . 0 + 22 . 5 

−15 . 1 37 + 11 
−10 9 + 3 −2 

E2,2 3:27:27.94 −13:26:8.95 1 . 70353 + 0 . 00003 
−0 . 00003 14 . 0 + 16 . 6 

−12 . 2 56 + 15 
−13 11 + 4 −3 

B2,1 3:27:27.84 −13:26:8.35 1 . 70296 + 0 . 00004 
−0 . 00003 12 . 4 + 14 . 4 

−11 . 0 24 + 6 −5 4 + 1 −1 
B2,2 3:27:27.76 −13:26:7.95 1 . 70312 + 0 . 00004 

−0 . 00003 11 . 7 + 13 . 3 
−10 . 4 29 + 7 −6 5 + 1 −1 

Image 3, 1 3:27:26.58 −13:26:14.35 1 . 70355 + 0 . 00005 
−0 . 00005 2 . 8 + 3 . 5 −2 . 4 282 + 85 

−69 14 + 5 −4 
Image 3, 2 3:27:26.62 −13:26:15.55 1 . 70371 + 0 . 00005 

−0 . 00004 2 . 6 + 4 . 2 −2 . 1 199 + 89 
−57 11 + 5 −3 

Image 3, 3 3:27:26.64 −13:26:16.75 1 . 70519 + 0 . 00012 
−0 . 00012 2 . 9 + 3 . 1 −2 . 8 61 + 14 

−11 3 + 1 −2 
Counter Arc 3:27:27.18 −13:26:54.35 1 . 70428 + 0 . 00006 

−0 . 00005 2 . 6 + 0 . 2 −0 . 1 381 + 86 
−71 6 + 1 −1 

We fit the doublet with a double Gaussian to the continuum 
normalized 1D spectra as shown below 
F OII ( λ) = 1 + [ G 1 ( λ, A, z, 'λ, λ1 ) + G 2 ( λ, z, A 2 , 'λ, λ2 )] , (1) 
where A is the flux amplitude of the first line, A 2 ( = c 2, 1 × A ) is the 
flux amplitude of the second line, c 2, 1 is the line ratio between the 
second and the first line, z is the systemic redshift, 'λ is the line 
width of each line, λ1 and λ2 are the rest-frame wavelengths of the 
two lines ( λ1 = 2470.97 Å, λ2 = 2471.09 Å). The line ratio c 2, 1 must 
be in the range of ≈ 1–2 according to their collision strength values 
at T ∼ 10 4 K (Tayal 2007 ; Kisielius et al. 2009 ). The free parameters 
of this model are A , c 2, 1 , 'λ, and z. This model is convolved with a 
Gaussian with a full width at half-maximum (FWHM) 'λ = 2.7 Å, 
corresponding to the spectral resolution of the instrument at this 
wavelength. 

We use the Affine Invariant Markov chain Monte Carlo (MCMC) 
Ensemble sampler EMCEE 3 python package (F oreman-Macke y et al. 
2013 ) to acquire the best constraints on the model parameters. EMCEE 
outputs the systemic redshift z for each 1D spectrum as a posterior 
distribution. We take the 50 th percentile of this distribution (the 
median) as the systemic redshift, the 16 th and 84 th percentiles as 
lower and upper bounds for the redshift uncertainty , respectively . The 
best fit redshifts and their uncertainties are summarized in Table 2 . 

To estimate SFR associated with each pseudo-slit, we use the H β
emission line from the HST narrowband imaging as a tracer of star 
formation. We calculate the zero point AB magnitude for the F132N 
to be 22.95 (Dressel 2019 ). We use this zero point for the rest of 
3 https:// github.com/ dfm/ emcee 

the work. We calculate the AB magnitude within each pseudo-slit 
by first summing the flux f within them and accounting for the filter 
profile (see further). Then, we convert the flux to AB magnitude. 

For each chosen pseudo-slit, we choose a background region in the 
image-plane north of the arc without any light source to calculate the 
uncertainty on the AB magnitudes. This is repeated for all pseudo- 
slits. Whitaker et al. ( 2014 ) showed that for this galaxy, RCS0327, 
there is no significant variation in the extinction across the different 
star-forming regions using the H γ /H β line ratio, and reported an 
av erage e xcess colour value to be E ( B − V ) = 0.4 ± 0.07. We use 
this value to obtain the extinction-corrected AB magnitude in this 
analysis. 

We transform the extinction-corrected AB magnitude to flux 
density f ν (units: erg s −1 cm −2 Hz −1 ). From the flux density and 
the frequency width of the filter, we obtain the flux in units of 
erg s −1 cm −2 . The previous calculation gives flux values higher than 
the actual values because we are assuming that the HST -WFC3 are 
perfect square filters. To account for that, we calculate the flux of a 
synthetic Gaussian, with a given FWHM comparable to the FWHM 
of the [O II ] as a representative of the H β emission line, using a 
square filter as done in the previous steps, and using the actual 
response throughput curve of the HST -WFC3 filter F132N from 
pysynphot 4 (Lim, Diaz & Laidler 2015 ). We calculate the ratio 
of the flux from the square filter and actual response curve to be 
2.15. Therefore, we divide the flux from the previous calculation 
by this ratio to obtain the actual flux values for each selected 
region. 
4 https:// pysynphot.readthedocs.io/ en/ latest/ 
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These measured flux values are the image-plane values. To obtain 
the source-plane flux, we must account for the lensing magnification 
by the foreground cluster. We use the best available lens model, 
which was originally developed by Sharon et al. ( 2012 ) and later 
impro v ed by Lopez et al. ( 2018 ). We refer the readers to these 
publications for a full description of the lens model. The lens model 
provides deflection and magnification maps, to relate the observed 
measurements to the unlensed intrinsic properties of the source. We 
demagnify the image-plane extinction-corrected flux by dividing it 
by the median magnification at each pseudo-slit in the magnification 
map of the best fit model from Sharon et al. ( 2012 ). We also 
include the limits on magnification in each region, summarized in 
Table 2 , to account for the magnification uncertainty in the flux 
measurement. We use the extinction-corrected flux F to calculate 
the H β luminosity of each region as follows: L ( H β ) = 4 πD 2 L F , 
where D L is the luminosity distance to the galaxy in the source-plane 
(Hogg 1999 ). To obtain the SFRs from the luminosity, we assume 
that L [ H α] = 2.86 L [ H β ] (Osterbrock & Ferland 2006 ). We use the 
SFR equation from Kennicutt ( 1998 ) for H α. This can be expressed 
as 
S F R(M $y r −1 ) = 7 . 9 × 10 −42 L [ H α] 

= 22 . 12 × 10 −42 L [ H β ] . (2) 
This gives the SFR for each selected region. To estimate the uncer- 
tainty on SFR, we propagate the uncertainties on AB magnitude, 
dust extinction, and magnification in all the steps described earlier. 
This provides us with the spatially resolved SFR measurements of 
the star-forming regions in RCS0327 (see Whitaker et al. 2014 for a 
similar analysis). The SFR values and the corresponding error bars 
are summarized in Table 2 . 

We divide the SFR in each pseudo-slit by its physical area in the 
source-plane to obtain the SFR surface density % SFR (SFR per unit 
area). 

To calculate the area of each pseudo-slit in the source-plane, we 
use the lens model for this system as described earlier and ray-trace 
(Bordoloi et al. 2022a ; Bordoloi et al. 2022b ) the boundaries of the 
pseudo-slits using the lens equation 
* β( * , ) = * , − * α( * , ) , (3) 
where * , is the location in the image-plane, * β is the corresponding 
location in the source-plane, and * α is the deflection for our source 
redshift in right ascension and declination derived from the best 
fit lens model. For each location in the image-plane * , , there is 
a corresponding value for the deflection * α( * , ). We use the lens 
equation to produce Fig. 3 . From the boundaries of each pseudo-slit in 
the source-plane, we can calculate the angular size co v ered by it. We 
then calculate the angular diameter distance d A to the source-plane. 
The angular size and the angular diameter distance are combined to 
estimate the physical area associated with each pseudo-slit in kpc 2 . 

The lens model has uncertainty on the deflection values * α( * , ). 
In order to propagate this deflection uncertainty to uncertainty on 
% SFR , we use 100 realizations of the lens model, including the best 
fit model, and calculate the area for each realization. This gives us 
a distribution of values for the area. We take the 16th and 84th of 
that distribution as lower and upper bounds for the measured area in 
the source-plane. Then, it is straight forward to propagate the area 
uncertainty, and SFR uncertainty to the measured % SFR . We show 
% SFR and the corresponding uncertainty in Table 2 . 

3.3 Modelling outflows 
In this section, we describe the models used to characterize the 
Mg II and Fe II lines to obtain the properties of the outflows. We 
model the absorption lines using two components, the systemic 
component F sys and the outflowing component F out , respectively. The 
systemic component models the ISM contribution to the absorption 
features centred on the systemic zero velocity of the galaxy positions. 
The outflowing component models blueshifted outflowing gas with 
respect to the systemic zero velocity of the galaxy. We use a similar 
model as the one described in Rupke et al. ( 2005a ); Sato et al. ( 2009 ) 
and Rubin et al. ( 2014 ) for the systemic and outflowing components. 
For this model, we define the normalized flux as 
F ( λ) = 1 − C f ( λ) + C f ( λ) e −τ ( λ) , (4) 
where C f ( λ) is the gas co v ering fraction as a function of wavelength 
and τ ( λ) is the optical depth as a function of wavelength. We use a 
Gaussian to write the optical depth as 
τ ( λ) = τ0 e −( λ−λ0 ) 2 / ( λ0 b D /c) 2 , (5) 
where τ 0 and λ0 are the optical depth and rest-frame wavelength at 
the centre of the Gaussian, respectively. b D is the Doppler velocity 
width of the absorption line, and c is the speed of light in vacuum. 
For simplicity, we assume that C f ( λ) for the outflowing component 
is constant, and does not vary with the wavelength (or velocity) for 
each region because of the low resolution of MUSE, and the low SNR 
for the optically thin absorption lines that produce robust estimates 
for C f ( λ). For the systemic component, we assume that the absorbing 
gas fully co v ers the background starlight of our selected regions with 
C f , sys ( λ) = 1. We substitute τ 0 using the relation between the optical 
depth τ 0 and the column density N : 
N [ cm −2 ] = τ0 b D [ km s −1 ] 

1 . 497 × 10 −15 λrest [ Å] f 0 , (6) 
where λrest is the rest-frame wavelength, and f 0 is the oscillator 
strength of the absorption line (Draine 2011 ). We do this step to 
implement the column density N directly into our model to obtain a 
consistent value for the column density for all the absorption lines 
of the same species. Since the outflowing component is by definition 
blueshifted, we multiply the optical depth of the outflow component 
with the function . . We use this . to make the outflow component 
a v oid including the redshifted absorption. It is defined as follows: 
. ( λ, λrest ) = { 

1 ; λ < λrest ( blueshifted ) 
0 ; λ ≥ λrest ( redshifted ) (7) 

The free parameters for the outflow component are the central 
wavelength λ0 , the Doppler velocity width b D , the covering fraction 
C f , and the column density N , whereas for the systemic component 
λ0 and C f ( = 1) are kept fixed. 

Each emission line is modelled as a Gaussian as described below 
F ems ( λ) = 1 + G ( λ, A, v 0 , b D ) , (8) 
where v 0 is the velocity at the centre of each Gaussian, A is the 
normalized flux amplitude at the centre of each emission line, and 
b D is the Doppler velocity width of the emission component. The 
normalized flux amplitudes of the emission line of the same ionic 
species will be tied to the first line in wavelength order in the 
component through the line ratios ( c ij = A i 

A j , where i and j represent 
two emission lines of the same ionic species). The free parameters 
for the emission are the central velocity v 0 , Doppler velocity width 
b D , the flux amplitudes A , and the line ratios c ij . 
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Figure 5. Simultaneous fit of Fe II absorption and Fe II ∗ emission lines to the extracted spectrum of the counter arc. Best fits to the Fe II lines around the 
rest-frame wavelength λ ≈ 2250 Å (left panel), λ ∼ 2300–2400 Å (middle panel) and λ ≈ 2600 Å (right panel) are presented. The black and red solid lines 
represent the continuum-normalized flux and error, respectively. The orange line represents the final best fit model described in Section 3.3 . The grey thin 
lines show 300 random realizations of the EMCEE runs of the model parameters. The Fe II 2600 Å line’s blueshifted velocity wing is contaminated by the Mn II 
2594.499 Å line. Therefore, we do not use this Fe II line for the outflow velocity estimate in our analysis. 

Figure 6. Simultaneous fit of Mg II absorption and emission lines to the 
counter arc spectrum. The black and red lines represent the continuum- 
normalized flux and error spectrum, respectively. The orange line is the best 
fit model. The grey thin lines show 300 random realizations of the EMCEE 
runs.The thin green and purple lines are unconvolved ouflowing and systemic 
components, respecti vely. The oli ve and pink lines show the primary and 
secondary emission components, respectively. The Mg II 2803 Å absorption 
line in the counter arc has a high uncertainty on the flux. 

The full model that fits the spectrum in each region is the 
multiplication of all the three components, 
F ( λ) = (F out ( λ) × F sys ( λ) × F ems ( λ) ) ∗ G LSF ( λ) , (9) 
which is then convolved with a Gaussian G LSF ( λ) that has FWHM 
corresponding to the spectral resolution of MUSE. 

For Fe II lines in the observed frame λobs = 6220 − 6490 Å, the 
spectral resolution is 'λ ≈ 2.63 Å (or 'v ≈ 123 km s −1 ), and for the 
Fe II lines in the observed frame λ ∼ 7030 Å, the spectral resolution 
is 'λ ≈ 2.56 Å (or 'v ≈ 110 km s −1 ). For the Mg II lines in the 
observed frame λobs ≈ 7560 Å, the spectral resolution is 'λ ≈ 2.52 Å
(or 'v ≈ 100 km s −1 ). 

We constrain the best fit model parameters by sampling the 
posterior probability density function (PPDF) for each model using 
the EMCEE package. The number of w alk ers used is 50, and the total 
number of steps is 30 000 for Fe II modelling and 50 000 for Mg II . We 
discard about 10 % of the steps of each chain as a burn-in time. We 
apply uniform priors to allowed parameter intervals that are adjusted 
for each individual model. The best fit model for both Fe II and Mg II 
absorption and emission lines in the counter arc spectrum are shown 
in Figs 5 and 6 , respectively. 

We calculate the acceptance fraction as described in Foreman- 
Mackey et al. ( 2013 ) for each model to make sure that the MCMC 
chains are converging. All the measured acceptance fractions are 
within the recommended range of 0.2 and 0.5 (F oreman-Macke y 
et al. 2013 ). 

For each realization, we compute the rest-frame equi v alent width 
W r to quantify the line strength of the outflowing and emission 
components, given by 
W r = ∫ (1 − F ( λ)) dλ, (10) 
where F ( λ) is the normalized flux as a function of rest-frame 
wav elength. This giv es us a distribution in values of W r . We calculate 
the 50th percentile (the median) as the best fit equi v alent width for 
the line, and the 16th and 84th percentiles as the lower and the upper 
bounds of W r , respectively. 

Similarly, for each realization, we calculate the absorption 
weighted outflow velocity for each transition as 
V out = ∫ v(1 − F out ( v)) dv, (11) 
where F out ( v) is the normalized flux as a function of velocity for 
the outflowing component. We take the 50th percentile of the V out 
distribution as the mean absorption weighted outflow velocity for 
that transition. The 16th and 84th percentiles of the V out distribution 
are taken as the lower and upper bounds of V out , respectively. 

For the outflows traced by the Fe II , we use the transition Fe II 
2382 Å as the indicator of the outflow properties W r and V out as 
it has the highest oscillator strength f 0 . Therefore, this transition 
shows optically thin high-velocity absorption wings that can not 
be detected using weaker Fe II transitions. For the same reason, we 
use the λ = 2796.351 Å transition for outflow properties traced 
by Mg II absorption. As the high-velocity blue-shifted absorption of 
Mg II λ 2803.528 Å gets emission filled by the resonant Mg II 2796 Å
emission feature (Fig. 6 ), the λ = 2796.351 Å gives the cleanest 
measurement of outflowing gas traced by Mg II absorption. The Mg II 
emission shows a secondary peak at ∼ 385 + 46 

−36 km s −1 with respect 
to the systemic velocity in Fig. 6 with a broad Doppler parameter 
b D = 296 + 60 

−56 km s −1 . This secondary peak shows up clearly in 11 
spectra of the individual pseudo-slits of the main arc. The other 3 
spectra correspond to parts of regions E and B, probed by Image 1 
and Image 2 in the image-plane. 

Fig. 5 and Fig. 6 show the best fit model profiles of the Fe II and 
Mg II lines obtained by fitting the light weighted 1D spectrum of 
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Figure 7. Posterior probability distribution functions (PPDFs) showing the outflow properties for both Mg II ( Left ) and Fe II ( Right ) from the counter arc 
spectrum. PPDFs of outflow velocity (V out ), outflow column density ( log 10 (N out ) ) and outflow equivalent widths (W r, out ) are presented. These measurements 
represent the average global outflow properties in the galaxy. The outflow velocity measurement from Mg II and Fe II are consistent with each other within the 
error bars. The error-bars on log 10 (N out ) represent the uncertainty from model fitting. The Mg II column densities are poorly constrained due to saturation of the 
lines (see Fig. 6 ). 
the counter arc, respectively. The grey lines show the 300 random 
realizations of the model created by drawing from the PPDF. The Fe II 
absorption lines, show seven transitions Fe II 2249.877, 2260.781, 
2344.212, 2374.460, 2382.764, 2586.650, and 2600.173 Å, out of 
which two are optically thin (Fe II 2249, 2260 Å). Five fluorescent 
Fe II ∗ emission lines are also detected: Fe II ∗ 2365.552, 2396.355, 
2612.654, 2626.451, and 2632.108 Å (see T able 1 ). W e simultane- 
ously fit all these lines, and the presence of optically thin absorption 
lines allow robust estimates of Fe II outflow column densities. Fig. 7 
(right panel) shows the PPDF of the estimated Fe II outflow column 
density , outflow velocity , and outflow rest-frame equivalent width 
for the counter arc. We measure the median outflow velocity to 
be −254 ± 3 km s −1 , the outflow rest-frame equivalent width to 
be W r, out = 2 . 79 ± 0 . 04 Å, and the outflow column density to be 
log 10 (N[cm −2 ]) = 15 . 71 ± 0 . 02 . The co v ering fraction is one of the 
model parameters for the outflow component. The inferred C f , out for 
Fe II in the counter arc spectrum is 0.77 ± 0.01. 

The strong Mg II absorption lines are saturated as measured by 
the rest-frame equi v alent width ratios. Both absorption lines show 
similar equi v alent widths W r , 2796 = 4.03 ± 0.08 Å and W r , 2803 = 
3.05 ± 0.07 Å corresponding to line ratio of 1.32 ± 0.02 for 
the counter arc spectrum. This combined with the emission filling 
arising from strong resonant Mg II emission in Fig. 6 results in more 
uncertain estimates of gas column densities in the Mg II transitions. 
The left panel of Fig. 7 shows the PPDF of the estimated Mg II outflow 
column density , outflow velocity , and outflo w equi v alent width. The 
median outflow velocity is −257 + 5 

−6 km s −1 , the rest-frame equivalent 
width is W r, out = 4 . 03 ± 0 . 08 Å, and the outflow column density 
is log 10 (N out [cm 2 ]) = 14 . 87 + 0 . 05 

−0 . 04 . The error bars on log 10 (N out ) for 
Mg II here represent the uncertainty from the model-fitting process 
and not the actual uncertainty due to saturation of the absorption 

lines, which is expected to be larger than the model fit uncertainty. It 
is worth noting that the median outflow measurements from both Fe II 
and Mg II absorption lines in the counter arc spectrum are consistent 
with each other within error bars. The inferred co v ering fraction 
for the outflow component C f , out for Mg II is 0.88 ± 0.02. The full 
measurements of outflow properties around individual regions of 
RCS0327 are presented in Appendix Table A2 . 
4  RESULTS  
In this section, we describe the variation of outflow kinematics and 
strengths traced by both emission and absorption lines across the arc 
RCS0327. We ray-trace the location of each spaxel of the pseudo-slits 
from the image-plane to the source-plane as described in Section 3.2 
and measure the physical separation between them. Throughout the 
rest of the paper, we al w ays discuss the variation of outflow properties 
in the source-plane of the galaxy. 
4.1 Outflo w absor ption strength and kinematics 
We first present the spatial variation of outflow kinematics and 
absorption strengths across different parts of the galaxy RCS0327. 
Fig. 8 shows the variation of mean outflow velocities V out (left 
columns) and rest-frame equi v alent widths W r (right columns) of Fe II 
and Mg II absorption, in the source-plane of RCS0327. The circles 
show their location in the source-plane of the galaxy (relative to the 
galaxy centre) and are colour-coded to show V out (left panels) and W r 
(right panels), respectively. The open circle show the measurement 
for the ‘global’ outflow properties obtained from the light-weighted 
spectrum of the counter arc. The right (west) side of the galaxy 
is probed at different physical scales by the pseudo-slits multiple 
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Figure 8. Outflow properties and the locations of individual regions in the source-plane. The x- and y-axes represent the physical distance in the source-plane 
for all panels. Top row: Outflows properties traced by Fe II 2382. Bottom row: Outflows properties traced by Mg II 2796. Left: The median outflow velocity. 
Right: Rest-frame equi v alent width for the outflow component. The sizes of the data points represent the areas of each selected region in the source-plane. The 
data point with a black open circle around it in each subplot represents the global value from the spectrum of the counter arc. 
times, which enables us to ‘zoom-in’ at the same physical region of 
the galaxy and study the local variation of outflowing gas at different 
spatial location of the galaxy (see Fig. 3 ). 

Across the arc, the Fe II outflow velocities vary from −120 km s −1 
to more than −242 km s −1 , and the Mg II outflo w velocities v ary 
from −110 km s −1 to −287 km s −1 , which is a f actor of tw o change 
across ∼15 kpc of the galaxy. The mean outflow velocity of all the 
individual pseudo-slits across the main arc is −185 km s −1 and the 
standard deviation is 35 km s −1 for the Fe II . For the Mg II , the mean 
outflow velocity across the main arc is −212 km s −1 , with a standard 
deviation of 42 km s −1 . 

The integrated outflow velocity towards the counter arc (see Fig. 
1 ) is −254 km s −1 for Fe II , and −257 km s −1 for Mg II , respectively. 
These values are 70 km s −1 larger than the measured mean outflow 
velocity of all the individual regions of the main arc. This counter 
arc measurement is akin to a typical ‘do wn-the-barrel’ outflo w 
experiment (e.g. Chisholm et al. 2016 ; Xu et al. 2022 ), where one 
obtains the 1D spectrum of a galaxy by integrating all the light 
coming from the galaxy in the slit. It is worth noting that, for this 
individual galaxy, depending on where one is measuring the outflow 
v elocity, the inferred v elocity might vary by a f actor of tw o. Without 
gravitational lensing (aided by highly efficient IFUs), performing 
spatially resolved long-slit measurements on different parts of faint 
high- z galaxies become prohibitively expensive. 

Fig. 8 (right column) shows the variation of Fe II 2382 (top row) 
and Mg II 2796 (bottom row) outflow absorption strengths across 
RCS0327. Both the Fe II and Mg II absorption strengths (rest-frame 
equi v alent width W r ) vary by a factor of ≈2 across 15 kpc of 
the galaxy. Fe II outflow absorption strengths are 1.4 Å < W r < 
2.9 Å, and for Mg II outflow absorption strengths are 1.8 Å < W r < 

3.8 Å, respectively. The measured outflow absorption strengths and 
velocities are summarized in Appendix Table A2 . 

The median outflow velocities of Fe II and Mg II that trace the 
bulk of the outflowing gas (Fig. 8 ) are below the escape velocity 
( V esc = 418 + 112 

−89 km s −1 ; Klypin, Trujillo-Gomez & Primack 2011 ; 
Bordoloi et al. 2016 ; see Appendix A1 ) at 5 kpc. This 5 kpc distance 
is comparable to the measured scale distances from Paper I (see 
Table A1 in Appendix A2 ). This suggests that if the bulk of the cool 
outflowing gas is within 5 kpc, it will be retained by the gravitational 
potential well of the galaxy. 

Ho we v er, the e xtreme blueshifted wings of the absorption lines of 
the outflowing gas might have different behaviour. To quantify that, 
we calculate the 90th, and 95th percentile outflows velocities and 
check if at these extreme velocities some part of the outflowing gas 
is escaping the galaxy’s gravitational potential. We measure these 
velocities from the cumulative distribution functions (CDFs) of the 
best fit outflow models. These values are summarized in Table A2 in 
Appendix A2 . Fig. 9 sho ws these velocities for Fe II in the top ro w, 
and for the Mg II in the bottom row. 

For the Fe II transition, the 90th percentile velocities between 
individual pseudo-slits ranges from −212 km s −1 to −453 km s −1 
with an average value of −327 km s −1 , and standard deviation of 
67 km s −1 , respectively. The global value (from the counter arc) for 
the 90th percentile outflow velocity for Fe II is −390 km s −1 . This 
is higher than the average of the individual pseudo-slits probing 
different regions of the galaxy . Similarly , the 95th percentile outflow 
velocities from the individual pseudo-slits ranges from −236 km s −1 
to −501 km s −1 with an average value of −362 km s −1 , and standard 
deviation of 76 km s −1 , respectively. The global value for the 95th 
percentile outflow velocity is −434 km s −1 , which is again higher 
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Figure 9. Extreme outflow velocities in the source-plane. The x- and y-axes represent the physical distance in the source-plane for all panels. Top row: The 90 th 
( Left ), and the 95 th ( Right ) percentile velocities for the Fe II outflow component. Bottom row: The 90 th ( Left ), and the 95 th ( Right ) percentile velocities for the 
Mg II outflow component. The colours of the data points represent the value of the velocity (see colour bar above plots). The sizes of the data points represent 
the areas of the selected regions in the source-plane. The data points with black open circles around them represent the global values from the spectrum of the 
counter arc. The black vertical band in each colour-bar represents the value for the escape velocity ( V esc = −418 km s −1 ) at 5 kpc. 
than the average of the individual pseudo-slits and also higher than 
the escape velocity ( > 418 km s −1 ) at 5 kpc. 

For the Mg II transition, the 90th percentile outflow velocity in 
different pseudo-slits of the main arc ranges from −208 km s −1 to 
−531 km s −1 with an average value of −386 km s −1 and standard 
deviation of 82 km s −1 , respectively. The measured global 90th per- 
centile outflow velocity from the counter arc is −496 km s −1 , which 
is again higher than the average of the individual measurements. 
Unlike the Fe II 90th percentile outflow velocity from the counter 
arc, the 90th percentile velocities traced by Mg II are higher than the 
escape v elocity ev en at 5 kpc. F or the more e xtreme 95th percentile 
velocity, the scatter from the individual pseudo-slits from the main 
arc ranges from −231 km s −1 to −608 km s −1 with an average of 
−431 km s −1 and standard deviation of 96 km s −1 . The global value 
for the 95th outflow velocity as measured from the counter arc is 
−563 km s −1 , which is ≈ 130 km s −1 faster than the average of 
individual regions of the main arc. 

These findings suggest that the high-velocity outflow components 
(traced by 90th or 95th percentile outflow velocities) are consistent 
with escaping the gravitational potential well of RCS0327. It should 
be stressed that these absorption components represent only a small 
fraction of the total outflowing absorption, and the bulk of the 
outflowing gas is consistent with being bound to the dark matter 
halo of the host galaxy. Furthermore, these findings highlight that 
there exists significant variability between the outflow velocity from 
location to location. 

From Fig. 9 , we notice that many of the selected regions’ 90th 
and 95th percentile velocities are large enough to exceed the escape 
velocity at 5 kpc. This small portion of the cool outflow will escape 
the galaxy potential well and will end up at much larger radii in the 

CGM, or may end up enriching the intergalactic medium (IGM) with 
metals. 

The co v ering fraction C f , out of the outflowing component also 
sho ws v ariation across the main arc. The Fe II lines have more robust 
estimates of C f , out due to the detection of the optically thin lines. For 
the individual pseudo-slits with area less than 12 kpc in images 1 and 
2, C f , out has a range of 0.63–0.95, a mean value of 0.74, and standard 
deviation of 0.1 as measured from Fe II lines. The corresponding 
pseudo-slit that o v erlaps with all of them and with an area of ≈
25 kpc has C f , out of 0.67 from Fe II lines. We notice that the mean 
C f , out of the individual small regions is comparable to the counter arc 
value of 0.77 ± 0.01. Similarly, for the Mg II lines in the individual 
pseudo-slits in images 1 and 2, C f , out is in the range of 0.77–0.96. The 
mean C f , out for these individual pseudo-slits is 0.88, and the standard 
deviation is 0.6 for Mg II . The larger pseudo-slit from Image 3 with an 
area 25 kpc that and o v erlaps with these pseudo-slits has a C f , out value 
of 0.53, which is 0.33 offset from the mean value of the individual 
pseudo-slits. The mean C f , out of the individual is almost identical to 
C f , out from the counter arc, with a value of 0.88 ± 0.02. The values 
for the co v ering fraction C f , out for Fe II and Mg II are available in 
Table A2 in Appendix A2 . This shows that the outflows co v ering the 
SF regions in the galaxy have different sizes and covering fractions 
of the slits, depending on the area and the region probed in the 
galaxy. This will have further impact on the measured properties of 
the outflow, like the mass outflow rate Ṁ out . 
4.2 Mg II and Fe II emission line properties 
In each individual 1D spectrum of RCS0327, five fluorescent Fe II ∗
emission lines, and two resonant Mg II emission lines are detected as 
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Figure 10. The emission velocities in the source-plane. Left: Emission velocity as traced by Fe II ∗ emission line 2626 Å. Middle: Velocity of the first emission 
component of Mg II back-scattered emission. Right: Velocity of the second emission component of Mg II back-scattered emission. The data points with black 
open circles around them represent the global values from the spectrum of the counter arc. The sizes of the data points are proportional to their areas in the 
source-plane. The colour-bars scales in the 3 panels are different to show the variation in each one. 
summarized in Table 1 . These emission lines are spatially extended 
and in particular, diffuse Mg II emission is detected out to 30 kpc 
of RCS0327. We refer the reader to Paper I , where the detailed 
properties of this spatially extended emission are described. 

The Fe II ∗ lines originate owing to the de-excitation of the Fe II 
atoms, where the electron mo v es from the excited level to one of the 
levels resulting from the fine-structure splitting of the ground state. 
These fine-structure levels have slightly higher energy compared to 
the original ground state level (Prochaska, Kasen & Rubin 2011 ). 
This makes the Fe II ∗ fluorescent emission lines appear in the 
spectrum at redder rest-frame wavelengths, compared to the Fe II 
resonance absorption lines. We enforce the emission velocity of all 
the Fe II ∗ emission lines to be the same when performing the model 
fits. The Fe II ∗ measurements summarizing emission velocity V ems , 
Doppler parameter b D , and the rest-frame equi v alent width W r (of 
Fe II ∗ 2626) are presented in Appendix Table A4 . 

Fig. 10 , left panel, shows the measured velocities of the emission 
lines at the locations of the pseudo-slits in the source-plane, similar 
to Fig. 8 . The emission velocity measurements for Fe II ∗ are scattered 
around the zero velocity of the galaxy. The Fe II ∗’s V ems takes values 
from −73 km s −1 to 25 km s −1 for the main arc pseudo-slits, and 
takes a value of −59 + 3 

−3 km s −1 for the counter arc. The redshifted 
(positive) V ems are from 3 pseudo-slits representing parts of regions 
E, U, and B in Images 1 and 2, which are star-forming local regions 
in the galaxy. Ho we ver, V ems for Image 3 and the counter arc are 
blueshifted. Even within the same galaxy, the Fe II ∗ emission line 
kinematics can differ by ≈ 100 km s −1 . 

For the Mg II resonant emission, two distinct redshifted emission 
components are seen in the Mg II 2803 transition. We model them 
using two emission components that are interpreted as scattered 
emission from the back side of the outflowing gas. This emission 
traces the densest regions of the outflows. We interpret these emission 
components as two distinct redshifted shells of outflows. These 
distinct shells of outflowing gas may have originated from two 
distinct episodes of star -b urst that took place in the past. The 
middle and right panels of Fig. 10 show the emission velocities 
for the Mg II primary component and the secondary component, 
respectively. 

The velocity of the first Mg II emission component is redshifted and 
varies from 15 km s −1 in Image 3 to 165 km s −1 in region B of Image 
2. The global value for velocity for the primary emission component 
in the counter arc is 87 km s −1 . For the secondary Mg II emission 
component, the velocities have much higher redshifted velocity 
values compared to the primary component, ranging from 372 km s −1 

for region B in Image 2 to 679 km s −1 for region E in Image 2. The 
global value for the velocity of this component is 385 km s −1 as 
measured from the counter arc. All these measurements show that 
there is an av erage v elocity difference between the two components 
≈400 km s −1 . This is consistent with the detection of these two 
components in the surface brightness emission maps in Paper I . 
4.3 Mass outflow rates 
For outflowing gas with total hydrogen volume density n ( R ), mean 
molecular weight µm p , outflow velocity v( R ), and spatial extent R , 
the mass outflow rate is 
Ṁ out = ∫ 

A µm p n ( R ) v ( R ) dA 
= ∫ 

A µm p n ( R ) v ( R ) R 2 d#, (12) 
where # is the solid angle co v ered by the outflow. Assuming a thin 
shell geometry, n and v are constant within each shell at that distance. 
Then the expression reduces to 
Ṁ out = #w µm p n R 2 v = #w µm p N H R v, (13) 
where N H is the total column density along the line of the sight. 

The mass outflow rates are highly uncertain and depend on 
accurate measurement of spatial extent R , and N H . As discussed in 
Section 3.3 , we measure outflow column densities of Mg II and Fe II 
transitions, respecti vely. As our observ ations co v er man y optically 
thin transitions of Fe II (see Table 1 ), the Fe II column densities are 
robust. Whereas all Mg II transitions are optically thick, and their 
column densities are formally lower limits. 

Using these measurements, we estimate a conserv ati ve lo wer limit 
on the total hydrogen column density of the outflowing gas by 
assuming no ionization correction ( N Mg II = N Mg , and N Fe II = N Fe ). 
We assume that the cool outflowing gas metallicity to be the ISM 
metallicity (Wuyts et al. 2014 ), as the cool gas is most likely ejected 
with material from the ISM in the star-forming regions. It could 
also be mixed with metal-enriched gas from SNe (as suggested in 
Chisholm et al. 2018b ). For dust depletion, a depletion factor of 
-1.3 dex for Mg and a factor of –1.0 dex for Fe is adopted from 
Jenkins ( 2009 ). The solar abundances values for Mg II and Fe II are 
adopted from Lodders ( 2003 ) and Asplund et al. ( 2009 ). Using these 
considerations, we compute a lower limit of N H for each pseudo-slit. 

The last uncertainty in estimating mass outflow rate comes from 
the uncertainty in knowing the spatial extent of the outflow ( R ). In 
Paper I , we show that the Mg II emission profile around RCS0327 
is spatially extended, and report a radial surface brightness profile. 
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Figure 11. Left : Mass outflow rate Ṁ out versus the SFR for Mg II (blue circles), and Fe II (cyan circles) for RCS0327 in log scale. The blue and cyan squares in 
both panels represent the measurements for the counter arc for Mg II and Fe II , respectively. The magenta diamonds and grey squares are from Xu et al. ( 2022 ) 
and Chisholm et al. ( 2017 ), respectively. The green diamonds are lower limits for Ṁ out from Bordoloi et al. ( 2014b ). The black diagonal lines in the panel 
represent the mass loading factor values ( / = Ṁ out /SF R = 0.1, 1, 10). Right : Mass outflow rates versus SFR per unit area % SFR , in log scale. The colours of 
the data points are the same as the left panel. In both panels, we see the consistency with respect to the trends of the data reported in Xu et al. ( 2022 ). Since 
the Ṁ out measurements from RCS0327 are lower limits, this implies that RCS0327 is likely located along the mass loading factor of / ∼ 10 as seen from the 
individual regions. 
Since, this Mg II emission originates in the back scattered light of 
the galactic wind, it represents the spatial extent of the outflow (of at 
least the densest part of the outflowing gas). The mean light weighted 
spatial extent of the outflowing gas ( + R 〉 ) is estimated as 
+ R〉 = ∫ R f 

R 0 R P ( R) dR, (14) 
where R 0 is assumed to be the radius of the star-forming regions 
( ≈100 pc), and R f is the radius that marks the end of the measured 
surface brightness radial profile, and P ( R ) is the normalized Fe II ∗
or Mg II surface brightness profile adopted from Paper I . The 
typical values for + R 〉 for Fe II ∗ and Mg II are ≥4.7 kpc. These 
values summarized in Table A1 in Appendix A2 . This changes the 
expression for minimum mass outflow rates to 
Ṁ out ! 22M $ yr −1 #w 

4 π v 
300 km s −1 N H 

10 20 cm −2 + R〉 
5 kpc . (15) 

Fig. 11 , left panel, sho ws the measured mass outflo w rates traced 
by Mg II (blue circles) and Fe II (cyan circles) transitions versus SFR 
for individual pseudo-slits. The three diagonal black lines in the left 
panel correspond to the mass loading factor ( / = Ṁ out /SF R) with 
values of 0.1, 1, and 10, respectively. We see a scatter in the mass 
outflow rates, with the highest Ṁ out of more than 527 + 48 

−47 M $ yr −1 and 
the lowest Ṁ out of 37 + 15 

−11 M $ yr −1 in the Fe II transition. The global 
value for Ṁ out is ≈ 169 + 20 

−17 M $ yr −1 for Mg II (blue square), and 
527 + 30 

−29 M $ yr −1 for Fe II (cyan square) as measured from the counter 
arc spectrum. We compare these measurements with a sample of 
star-forming galaxies in the local universe from Xu et al. ( 2022 ) 
(magenta diamonds; z < 0.2), Chisholm et al. ( 2017 ) (grey squares; 
z < 0.2), and at higher redshift from Bordoloi et al. ( 2014b ) (green 
diamonds; 1 ≤ z ≤ 1.5). It is clear that the Ṁ out measured in individual 
local regions of RCS0327, are significantly higher than that of the 
previous studies’ data points. The scatter in Ṁ out measured in one 
galaxy RCS0327 is similar to what is observed for the full sample of 
local star -b urst g alaxies and stacks of g alaxies at 1 ≤ z ≤ 1.5. From 
the diagonal dashed lines in the left panel in Fig. 11 , we also note that 
the majority of the sightlines towards RCS0327 have mass loading 
factors between ∼ 1–10. By contrast, the mass loading factor for the 

counter arc is ≈1. This shows that measurement of Ṁ out by taking 
integrated flux of the whole galaxy might underestimate the true Ṁ out 
around individual regions of a galaxy, which might be an order of 
magnitude higher. All the outflow rates values are summarized in 
Table A3 in Appendix A2 . 

Fig. 11 , right panel, presents the mass outflow rates ( Ṁ out ) versus 
star formation rate per unit area ( % SFR ). We also see a scatter in the 
relation between Ṁ out and % SFR similar to what is seen from samples 
of star-forming galaxies from Xu et al. 2022 ( z ≤ 0.2). The dynamic 
range of % SFR probed for RCS0327 is not large enough to see any 
definite trend of Ṁ out and % SFR for our measurements. These large 
differences in Ṁ out measurements within a single galaxy highlight 
the importance of understanding the small-scale local properties of 
the galaxies, which drive these galactic outflows. 
5  DI SCUSSI ON  
5.1 Top-down look 
An advantage of studying a gravitationally lensed galaxy is that 
different parts of the same galaxy are multiply imaged at different 
magnifications. Depending on their location relative to the caustic, 
some images capture the whole scale of the galaxy (e.g. Image 3 and 
the counter arc image in Fig. 2 ). Other images probe smaller regions 
of the galaxy at very high magnification (e.g. Images 1 and 2, Fig. 2 ). 
By studying the outflow properties in these different regions, one can 
‘zoom’ into the same region of the galaxy at high spatial fidelity and 
quantify the variation of galactic outflow properties coming from the 
same region of the galaxy. 

Fig. 2 , bottom ro w, sho ws the pseudo-slits reconstructed in the 
source-plane. The far right square in the reconstructed source map 
of Image 3 is probed twice in Images 1 and 2 with different 
magnifications. This square contains regions U, E, and region B. 
For this square, we construct four pseudo-slits in Image 1, and seven 
pseudo-slits in Image 2. 

This effect is better visualized in Fig. 3 , where the x-y plane 
represents the physical distance in the source-plane of the galaxy. 
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Figure 12. Outflow properties as a function of area of pseudo-slits used to measure them. Left panel: Outflow velocities as a function of area of pseudo-slits 
traced by the Fe II transitions. Symbols of similar shape and colour represent the same physical region, that is probed multiple times at different spatial scales in 
the source-plane. The colours of individual symbols are the same as Fig. 3 . There is a variation in the outflow properties depending on the size of the area that 
we probe. The red square represents the values from the counter arc spectrum, with an area of 60.5 kpc 2 , presenting a global measurement for the whole galaxy. 
Right panel: Same as left panel, but now for mass outflow rates derived from Fe II transitions. 
The source-plane reconstructed image of the counter arc is shown 
for reference. The cyan horizontal planes represent the location of 
the three images of the galaxy: Image 2 in the top plane, Image 
1 in the mid-plane, and Image 3 in the bottom plane. The cyan 
colour intensity of the planes of the 3 images in Fig. 3 increases 
with increasing magnification of each image. The polygons show 
the location of each pseudo-slit in each image. Pseudo-slits with the 
same colours signify that the same physical region of the galaxy is 
being probed multiple times at different spatial sampling. 

Fig. 3 represents the top-down approach of this work, where we 
measure the average outflow property of this galaxy (from the counter 
arc, area ≈ 60 . 5 kpc 2 as measured from the star-forming region in 
the HST image), and zoom-in to measure the local outflow properties 
at ∼ 20–25 kpc 2 (Image 3) and ∼ 0.5–11 kpc 2 (Images 1 and 2) 
scales, respectively. We use the counter arc image as an indicator 
of the global values of the outflows of the galaxy. We use Image 3 
to give us the outflow properties at 3 distinct regions in the galaxy. 
Images 1 and 2 provide a detailed description of the local properties 
of the galaxy and the outflow. 

Fig. 12 shows the effect of probing different areas in the source- 
plane on the measured outflow velocity (left panel) and mass outflow 
rates (right panel), respectively. We only show the measurements 
from the Fe II transitions, as they are the most robust. The colours 
of different symbols correspond to the pseudo-slits of the same 
colours presented in Fig. 3 . The symbols of different colours 
correspond to different physical regions of the galaxy, and the 
counter arc measurements are represented by red squares for the 
mean outflow velocity and mass outflow rates of the whole galaxy in 
Fig. 12 . 

The blue diamonds in Fig. 12 correspond to the same physical 
region of that galaxy that are being studied at different spatial 
resolutions (from 25 to 0.5 kpc 2 scales). This is similar to applying an 
adaptive mesh refinement in galaxy simulations, where one can zoom 
into the same part of the galaxy at higher spatial resolutions. The blue 
diamonds show a large spread in outflow velocities from −120 to 
−242 km s −1 , respectively. This spread becomes more prominent as 
we probe regions < 6 kpc 2 in area. The mean outflow velocity for 
this whole region from these measurements is −179 km s −1 , which 

is slightly higher than the outflow velocity near the highest area 
probed at 25 kpc 2 ( −161 km s −1 ). A similar spread is seen in the 
right panel for the mass outflow rates. The blue diamonds with area 
< 12 kpc 2 ranges from 37 to 254 M $ yr −1 with an average mass 
outflow rate ≈ 118 M $ yr −1 and standard deviation ≈ 54 M $ yr −1 . 
This mean value of the scatter is lower than the mass outflow rate of 
the blue diamond at 25 kpc 2 (183 M $ yr −1 ). This shows the impact of 
the size and the local properties of the probed region on the outflow 
properties. Further, the traditional down-the-barrel approach of using 
integrated galaxy light to measure mass outflow rate may underesti- 
mate the local regions with extremely high-mass outflow rates in a 
galaxy. 

Furthermore, we calculate the mass outflow rates of the escaping 
outflowing gas, defined as the parts of the absorption lines where 
the velocity is greater than V esc . We use the apparent optical depth 
method (AOD; Savage & Sembach 1991 ) to obtain the column 
density of the escaping fraction of the outflow gas. From this, we 
estimate the escaping mass outflow rate Ṁ esc traced by Mg II 2796 
and Fe II 2382 for the different pseudos-slits. For the counter arc, 
we estimate Ṁ esc to be ≈ 38 + 18 

−19 M $ yr −1 for Mg II 2796, which is 
22 + 11 

−11 % of the total measured mass outflow rate. Fe II 2382 gives an 
estimate of ≈ 17 + 26 

−9 M $ yr −1 for Ṁ esc in the counter arc, which is 
3 + 5 

−2 % of the total Ṁ out traced by Fe II . This difference is due to the 
fact that Mg II 2796 has a higher oscillator strength ( f 0 = 0.6155) 
compared to that of the Fe II 2382 ( f 0 = 0.32). The error bars are 
lower and upper limits on Ṁ esc . These limits are high due to the 
high error bars on the escape velocity ( V esc ≈ 418 + 112 

−89 km s −1 ) (See 
Appendix Table A1 ). In addition, Region B almost does not show 
any escaping mass outflow rate. Typically, the outflowing gas that 
will escape the gravitational potential of this halo corresponds to 
∼ 1–10 % of the total mass outflow rates observed for the other 
pseudo-slits. We present all measurements of Ṁ esc in Appendix 
Table A3 . 

For the three independent regions with pseudo-slit areas of 20–
25 kpc 2 (Fig. 12 , blue, magenta, and black points), the outflow 
velocities also vary between −161 and −240 km s −1 , respectively. 
These regions also show a variation in mass outflow rates of 183–
527 M $ yr −1 . This shows large variations within the galaxy even 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

/5
2
6
/4

/6
2
9
7
/7

2
9
1
9
4
7
 b

y
 g

u
e
s
t o

n
 0

1
 O

c
to

b
e
r 2

0
2
4



Dissecting a galactic outflow at z ∼ 1.7 6311 

MNRAS 526, 6297–6320 (2023) 

(a) (c)

(b) (d)

Figure 13. Panel (a): Variation of the 50th percentile outflow velocity with SFR. The blue and cyan circles represent the outflow velocities traced by the Mg II 
and Fe II for RCS0327, respectively. The cyan and blue square points are for the measurements of the counter arc for Fe II and Mg II , respectively. We compare 
this work with the literature measurements from Bordoloi et al. ( 2014b ) (green diamonds), Heckman et al. ( 2015 ) (brown diamonds), Chisholm et al. ( 2016 ) 
(grey circles), and Xu et al. ( 2022 ) (magenta circles). The black-dashed line represents the best fit line for the literature measurements. Panel (b): KDE for 
the residual outflow velocities ( ' log 10 ( | V out | ) = log 10 ( | V 50 | ) − log 10 ( | V 50 , literature , fit | ) ) for the Mg II (blue curve), Fe II (cyan curve) from RCS0327, and the 
literature (black curve) measurements. Panel (c): Maximum outflow velocity dependence on SFR. The blue and cyan points represent the 95th percentile outflow 
velocities traced by the Mg II and Fe II for RCS0327, respectively. The square points are for the measurements of the counter arc. We compare these measurements 
with the literature measurements from Heckman & Borthakur ( 2016 ) (brown diamonds; bluest part of the absorption tail velocity), Chisholm et al. ( 2016 ) (grey 
circles; 90th percentile Si II velocity), and Perrotta et al. ( 2021 ) (green hexagons; 98th percentile Mg II velocity). The dashed straight black line is the best fit 
line for the literature data points. Panel (d): KDE for the residual maximum outflow velocity ( ' log 10 ( | V max | ) = log 10 ( | V max | ) − log 10 ( | V max , literature , fit ) | ) with 
the same colour scheme as panel (b). 
at similar spatial resolution, suggesting that the outflow properties 
depend on the properties of the SF regions driving them. 

These observations highlight the importance of understanding 
local properties of galaxies in driving galactic outflows. The average 
outflo w properties, deri ved from the counter arc, fails to capture the 
factor of 2 variation in outflow velocities or the factor of 7 variation 
in mass outflow rates, in different regions of the same galaxy. When 
typical down-the-barrel experiments are conducted, where a single 
slit is placed in the brightest part of a galaxy, such observations might 
dramatically underestimate the local variations in the same galaxy. 

Given a robust lens model, this method can be employed for 
other gravitationally strong lensed galaxies at different redshifts. 
This will enable us in future to create a statistically large sample 
of spatially resolved measurements of galactic outflows and connect 
them directly back to their local driving sources. 
5.2 Comparison with previous work 
We compare the measured outflow velocities of RCS0327 to the 
follo wing outflo w velocity measurements from the literature. The 
observations from RCS0327 are multisightlines of one individual 
galaxy, while most of the literature is based on samples of different 
individual galaxies, and each galaxy has one integrated spectrum. We 
expect that the physics of the outflows in the early and late universe to 
be similar. The following studies co v er a redshift range z ∼ 0.01–1.5, 
which is below the redshift of RCS0327, from 

(i) Bordoloi et al. ( 2014b ), where V out is the mean velocity of the 
total Mg II absorption lines tracing the outflows in the stacked spectra 
of 486 star-forming galaxies in the redshift range 1 ≤ z ≤ 1.5. 

(ii) Heckman et al. ( 2015 ), where V out is the un-weighted mean 
velocity of the two UV absorption lines Si III 1206 Å, N II 1084 Å
in a sample of local star -b urst galaxies at z < 0.23. 

(iii) Chisholm et al. ( 2016 ), where V out is the equi v alent width 
weighted velocity from Si II 1260 Å in a sample of 37 star-forming 
and starburst galaxies at z < 0.26. 

(iv) Xu et al. ( 2022 ), where V out is the central velocity of the 
ouflowing Gaussian component from Si II and Si IV in a sample of 
local star -b urst galaxies at z < 0.18. 

Fig. 13 , panel (a) shows the Fe II (cyan) and Mg II (blue) outflow 
velocity measurement from RCS0327, and the measurements from 
the literature as a function of SFR. The SFR measurements in 
RCS0327 are also spatially resolved, as mentioned in Section 3.2 . 
The outflow velocities measured in individual regions of RCS0327 
follow the broad trend of increasing outflow velocity with increasing 
SFR. Ho we ver, a large scatter is seen in outflo w velocities of 
RCS0327 which is comparable to that seen in local star -b urst 
galaxies. To quantify this scatter, we fit a straight line to all the 
literature measurements (dashed black line). The integrated outflow 
velocity value from the counter arc is offset from the best fit line 
from the literature points by ≈ –0.25 dex for both Fe II and Mg II 
measurements. We subtract this mean profile from each individual 
measurement and compute the residual velocity differences, which 
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(a)

(b)

(c)

(d)

Figure 14. Panel (a): 50th percentile outflow velocity versus SFR per unit area ( % SFR ). The blue and cyan circles represent the outflow velocity for Mg II and Fe II 
in RCS0327, respectively. The cyan and blue squares are the average measurements of the counter arc for Fe II and Mg II , respectively. The literature data points 
in this panel are from Heckman et al. ( 2015 ) (brown diamonds), and Xu et al. ( 2022 ) (magenta circles). The black-dashed line is the best fit line for the literature 
data points. Panel (b): KDE of the residual outflow velocity with respect to the literature best fit line ( ' log 10 ( | V 50 | ) = log 10 ( | V 50 | ) − log 10 ( | V 50 , best−fit | ) ) 
for Mg II (blue curve), Fe II (c yan curv e) from RCS0327, and the literature measurements (black curv e). P anel (c): Maximum outflow v elocity v ersus % SFR . 
The blue and cyan circles are for the Mg II and Fe II for RCS0327, respectively. The literature measurements are from Heckman & Borthakur ( 2016 ) (brown 
diamonds), and Perrotta et al. ( 2021 ) (green hexagons). The maximum velocities here have the same definition as in Fig. 13 . Panel (d): KDE of the residual 
maximum outflow velocity with respect to the literature best fit line ( ' log 10 ( | V max | ) = log 10 ( | V max | ) − log 10 ( | V max , best−fit ) | ) with the same colour scheme 
panel (b). 
takes out any trend of outflow velocities with SFRs. Fig. 13 , panel (b) 
shows the the kernel density estimate (KDE) of these residual outflow 
velocity distributions for the literature data (black curve), Fe II 
measurements for this work (cyan curve), and Mg II measurements 
for this work (blue curv e), respectiv ely. F or RCS0327, the Fe II and 
Mg II measurements are below the best fit line from the literature 
measurements, and medians of their residual distributions are offset 
from the literature values by –0.1 dex and –0.2 dex for Mg II and Fe II , 
respectively. From RCS0327, the scatter has a width of ≈ 0.9 dex, 
which is slightly smaller than the width of the scatter of the literature 
data points that has a width of ≈1.5 dex. 

We perform the same analysis for the maximum outflow velocity 
V max . For RCS0327, this corresponds to the 95th percentile velocity 
( V 95 ) of the outflow component of Fe II and Mg II absorption lines. 
We compare these measurements with that from 

(i) Heckman & Borthakur ( 2016 ), where V max is the velocity of 
the bluest part of the absorption lines Si II 1260 Å, C II 1334 Å, and C 
II 1036 Å before it reaches the continuum from a sample of extreme 
star -b urst galaxies at 0.4 ≤ z ≤ 0.7. 

(ii) Chisholm et al. ( 2016 ), where V max is the outflow velocity of 
the Si II 1260 Å line at the 90 % of the continuum of the same sample 
of galaxies in the previous paragraph. 

(iii) Perrotta et al. ( 2021 ), where V max is the 98 th percentile 
velocity for Mg II in a sample of massive compact starburst galaxies 
at z ∼ 0.4 − 0.7. 

We caution the reader that different literature measurements use 
different definition of V max , as described abo v e. To simplify compar- 

ing these new observations with literature measurements,we adopt 
V 95 as the maximum outflow velocity. We plot V max as a function of 
SFR in Fig. 13 , panel (c). The straight-dashed line is the best fit line 
of the literature measurements. The majority of the measurements 
for the Fe II and Mg II from RCS0327 are similar to the scatter from 
the literature sample. Ho we ver, the RCS0327 points are below the 
best fit line. The Fe II and Mg II maximum outflow velocities from the 
counter arc are offset from the best fit line of the literature data points 
by ≈ –0.46 and –0.41 de x, respectiv ely. We subtract the straight line 
from all the measurements to obtain the residual maximum outflow 
velocities. Fig. 13 , panel (d), sho ws the KDEs for the residual outflo w 
velocities of the literature measurements (black curve), Fe II (cyan 
curve), and Mg II (blue curve), respectively. These distributions show 
a similar trend to what is observed for the median outflow velocity. 
The Fe II and Mg II KDEs medians are skewed to the ne gativ e side 
of the peak of the literature distribution by –0.3 and –0.2 dex for 
Fe II and Mg II , respectively. In one galaxy, the width of the scatter 
or total scatter is ≈ 0.9 dex, which is similar to the total scatter of the 
literature data points from many galaxies at the lower redshifts that 
is ≈1.05 dex. 

From Fig. 13 , it is clear that in RCS0327, the regions with highest 
SFRs exhibit slower outflow velocities, compared to the local sample 
of star -b urst galaxies. This might be owing to the fact that higher 
SFR is observed in pseudo-slits with larger areas. We correct for 
this effect by performing the comparison of outflow velocity with 
star formation rate surface density ( % SFR ) of individual pseudo-slits. 
Panel (a) of Fig. 14 shows how the median outflow velocity depend on 
% SFR . The Mg II (blue circles) and Fe II (cyan circles) measurements 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

/5
2
6
/4

/6
2
9
7
/7

2
9
1
9
4
7
 b

y
 g

u
e
s
t o

n
 0

1
 O

c
to

b
e
r 2

0
2
4



Dissecting a galactic outflow at z ∼ 1.7 6313 

MNRAS 526, 6297–6320 (2023) 

and the literature measurements from Heckman et al. ( 2015 ) (brown 
diamonds), and Xu et al. ( 2022 ) (magenta circles) are shown in this 
panel. The dashed black line represents the best fit line between 
log ( | V out | ) and log ( % SFR ) for the literature data points. The offset of 
the integrated median outflow velocity from the counter arc is offset 
from the best fit line of the literature data points by ≈ 0.25 dex for 
both Fe II and Mg II . In order to quantify the scatter, we subtract our 
measurements and the literature measurements from the best fit line 
and produce KDEs from the residual outflow velocities in panel (b) 
for Fe II (c yan curv e), and Mg II (blue curve), and literature (black 
curve). The scatter in the literature points covers ≈ 1.5 dex. While 
both the scatters in Fe II and Mg II have range ≈ 0.6 dex, which is 
less than half the scatter of the literature. The median values of the 
residual velocity distributions are almost identical within 0.05 dex. 
This shows that in the % SFR space, the outflow velocities of RCS0327 
are similar to what is seen for the local population of star -b urst 
galaxies. Panel (c) of Fig. 14 shows the relation between V max and 
% SFR , the cyan and blue represent the Fe II and Mg II measurements 
for RCS0327, respectively. The brown diamonds and green hexagons 
are from Heckman & Borthakur ( 2016 ) and Perrotta et al. ( 2021 ), 
respectively. The dashed black line is the best fit line for the literature 
data points. The integrated maximum outflow velocity for both Fe II 
and Mg II from the counter arc are offset from the best fit line of 
the literature by 0.05 and 0.1 de x, respectiv ely. Similar to the left 
column of the Figure, we produce the KDEs of residual velocity 
distributions of RCS0327 and the literature measurements in panel 
(d) of Fig. 14 . The ranges of the scatter for Fe II and Mg II are ∼ 0.55 
and 0.45 de x, respectiv ely, which are almost less than half the scatter 
of the literature ( ∼1 dex). The medians of the three distributions 
are ∼0. This shows that there is no apparent trend for RCS0327 
velocity measurements with % SFR for either the individual star- 
forming regions at different physical areas or the total integrated 
measurements from the counter arc. 

These results show that the outflow kinematics from one single 
lensed galaxy are comparable to the outflow kinematics of a large 
sample of star -b urst galaxies within the redshift range 0 ≤ z ≤ 1.5. 
This highlights the large variations in outflow kinematics observed 
within a single galaxy. 
5.3 Outflow momentum flux and energy flux 
From the mass outflow rates and the outflow velocity, we can 
calculate the momentum flux ( ̇p out ) and energy flux ( ̇E out ) carried by 
the outflows. We will use the median outflow velocity ( V out ), where 
most of the absorption is located along the line of sight. This can be 
calculated using the following equations: 
ṗ out = Ṁ out V out , (16) 
Ė out = 1 

2 Ṁ out V 2 out . (17) 
These measurements are summarized in Table A3 in Appendix A2 . 

We compare them with the momentum and energy fluxes supplied 
by the starburst and assess whether the outflows are energy-driven 
or momentum-driven across the different sizes of the regions that we 
probe in the different images. 

From Starburst99 models (Leitherer et al. 1999 ) associ- 
ated with Supernovae, we can calculate the stellar momentum 
flux ( ̇p ! [ dy nes ] = 4 . 6 × 10 33 SFR [M $ yr −1 ] ) and energy flux 
( ̇E ! [ erg s −1 ] = 4 . 3 × 10 41 SFR [M $ yr −1 ] ) provided to the outflows 
from the star formation activities in our selected regions (Xu et al. 
2022 ). Fig. 15 , top left panel, shows the ṗ out from the measured 

outflow component of the absorption lines versus the stellar momen- 
tum flux. The three diagonal solid lines in the panel represent the 
ratio of ṗ out / ̇p ! with values 0.1, 1, and 10. We see that the outflow 
momentum flux is at least 10 % of the stellar momentum flux for all 
measurements in RCS0327. Furthermore, the majority of the data 
points are around 100 % of ṗ ! , with some of the data points abo v e 
100 % ṗ ! . For the outflow observed in this galaxy to be momentum 
driven, the transfer of momentum from star formation to driving 
outflow must be 100 % efficient. It is also possible that the current 
models are not adequately reflecting the momentum injected by the 
stellar populations. 

The top right panel of Fig. 15 shows the Ė out traced by Fe II 
and Mg II versus the energy flux Ė ! provided by the star for- 
mation activities in the galaxy. The three diagonal lines in this 
panel represent the ratio of Ė out / ̇E ! with values 0.01, 0.1, and 1, 
respectively. Most of the measurements in RCS0327 from Mg II and 
about half of the measurements from Fe II are below 0.1. These 
estimates suggest that most of the outflowing gas in RCS0327 can 
be driven by ∼ 10 % of the energy generated in star formation. 
Comparing the two scenarios of momentum and energy flux estimates 
suggest that energetically, it is more feasible to transfer 10 % of 
the energy flux into driving a galactic outflow than transferring 
100 % of the momentum flux. This consideration leads us to suggest 
that the cool outflow observed in RCS0327 is an energy-driven 
outflow. 

In addition, the scatter in both panels in momentum and energy 
fluxes values that are measured from one star-forming galaxy 
RCS0327 at z ≈ 1.7 is similar to the scatter from a large sample 
of star-forming galaxies in the local universe z < 0.2 from Xu et al. 
( 2022 ) shown as magenta diamonds in both of the top panels in 
Fig. 15 , and is also similar to the scatter of the measurements from 
Chisholm et al. ( 2017 ), shown as grey squares in Fig. 15 . This further 
highlights that in a single galaxy (RCS0327), the variation in energy 
and momentum fluxes are as diverse as observed in a population of 
local star -b urst galaxies. 
5.4 Comparison of obser v ations and theory 
Heckman et al. ( 2015 ) introduced a model for outflowing clouds 
under the effect of the inward force of gravity, and an outward force 
due to the momentum flux supplied to the outflow by the starburst. 
The inward force due to gravity on a cloud located at radius r from 
the star-forming region can be expressed as 
F in = M c v 2 cir 

r , (18) 
where M c is the mass of the cloud and v cir is the circular velocity 
( v cir = √ 

G M ( <r ) 
r , M ( < r ) is the mass of the galaxy enclosed within 

radius r ). The mass of the cloud can be written as: M c = A c N c µ m p , 
where A c is the cross-sectional area of the cloud, N c is the hydrogen 
column density of the cloud, and µ m p is the mean mass of neutral 
hydrogen. The outward force acting on the cloud can be written as 
F out = A c 

4 πr 2 ṗ ! , (19) 
where ṗ ! is the momentum flux provided to the cloud by the star 
formation activities. At equilibrium, we can calculate the critical 
momentum flux at which a cloud at the boundary of the star-forming 
region ( r = r ! ) will exactly balance gravity. This critical momentum 
flux is 
ṗ crit = 4 π r ! N c µ m p v 2 cir (20) 
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Figure 15. Top left: Outflow momentum flux versus momentum flux from the star formation activities. Top right: Outflow energy flux versus the stellar energy 
flux. The cyan and blue circles represent the measurements of the individual regions of the main arc from Fe II and Mg II , respectiv ely. The c yan square and 
blue diamond represent the Fe II and Mg II measurements from the counter arc, respectively. The magenta diamonds and grey squares are the measurements 
from Xu et al. ( 2022 ) and Chisholm et al. ( 2017 ), respectively. The three diagonal solid grey lines represent the ratio of Ė out / ̇E ! with values 0.01, 0.1, and 1. 
The majority of the data points are below 0 . 1 × Ė ! . Our data points for energy and momentum flux are consistent with measurements from Xu et al. ( 2022 ) 
and Chisholm et al. ( 2017 ). Bottom: Normalized outflow velocity (v out /v cir ) versus the ratio of the stellar momentum flux to the critical momentum flux value 
( ̇p ! / ̇p crit,c ) from Heckman et al. ( 2015 ). We also plot the three outflow regimes (No outflow, Weak outflow, and Strong outflow). Most of the Fe II data points 
are within the weak outflow regimes. While the Mg II data points are divided between these two regimes. The dotted, solid , and dashed curved lines represent 
the predicted outflow velocity as a fraction of the V max , V out = 100 % , 50 % , and 20 % × V max , respectively. 

Fig. 15 , bottom panel, shows the normalized outflow velocity 
( v out / v cir ) versus the ratio of the stellar momentum flux and the 
critical momentum flux ( R crit = ṗ ! / ̇p crit ) as three black lines 
from this model, where the predicted outflow velocity ( V out, model ) 
is 20 % , 50%, and 100 % of the maximum velocity of the 
model ( V max, model ). The blue and cyan points are Mg II and 
Fe II traced outflow measurements in RCS0327, and the magenta 
diamonds are measurements of local star -b urst galaxies from Xu 
et al. ( 2022 ), respectively. Most of the measurements for RCS0327 
are between 20 % and 100 % of the maximum velocity of the 
model. 

We also show three regimes for R crit : (1) R crit < 1 (the stellar 
momentum flux provided to the outflow is less than the critical 
momentum flux; this leads to no outflow), (2) 1 < R crit < 10 (where 
the stellar momentum flux is at least equal to the critical momentum 
or up to 10 times greater. This is the weak outflow regime), and 
(3) R crit > 10 (where the stellar momentum flux is at least 10 times 
larger than the critical momentum flux. This is the strong outflow 
regime). Fig. 15 , bottom panel, shows that all our selected regions 
(blue and cyan points) in RCS0327 are hosting outflows. Most of 
the Fe II data points are within the weak outflows re gimes, e xcept 
one data point in the strong outflow re gime. Howev er, the majority 
of Mg II measurements are in the strong outflow regime. Note that 
Mg II absorption is saturated in this work, and hence the inferred total 
hydrogen column densities are highly uncertain and underestimated. 

We present the Mg II R crit values for completeness but focus on the 
inferred R crit from the Fe II transition for interpretation. 

The differences between measurements of individual regions and 
the global values from the counter arc highlight the importance of the 
stellar properties of the local star-forming individual regions, which 
drive these outflows. 
6  SUMMARY  A N D  C O N C L U S I O N  
In this work, we study the cool outflows in the gravitationally 
lensed galaxy RCS0327 at z = 1.70347 with the VLT/MUSE IFU 
observations using multiple pseudo-slits in the image-plane in 4 
multiple images due to lensing. These 15 pseudo-slits correspond 
to 15 distinct spatial locations on the sky, each probing different 
magnifications (2–100) and physical areas (0.5 – 25 kpc 2 ) of the 
same galaxy. This produces the outflow properties o v er different 
spatial resolutions, and we study how they are related to the star- 
forming regions that may be driving them. These measurements 
will be helpful for numerical simulations that consider the effect of 
mesh refinement on the implementation of outflows as a feedback 
mechanism. We summarize as follows: 

(i) RCS0327 exhibits average outflow velocities of ≈−254 to 
−257 km s −1 traced by both the Fe II and Mg II absorption lines, 
respectively. These measurements are from the blueshifted ab- 
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sorption lines seen in the counter arc spectrum, which represents 
the average outflow velocity for the whole galaxy (Figs 5 , 6 , 
and 7 ). 

(ii) We detect Mg II resonant and Fe II ∗ fine-structure emission 
lines in all individual local regions of RCS0327. We do not detect 
any Fe II resonant emission lines. The Mg II resonant emission 
lines are redshifted ( V ems ≈ 15–165 km s −1 ), consistent with the 
interpretation that this emission is arising via scattering of outflowing 
Mg II photons from the back-side of the outflowing gas. The Fe II ∗
emission lines are consistent with being around the systemic redshift 
of the galaxy in the velocity range ∼−73 – 25 km s −1 (Figs 5 , 6 , and 
10 ). 

(iii) We detect a secondary Mg II resonant emission lines in 12 
out of the 15 individual spectra of RCS0327, with V ems ≈ 372–
679 km s −1 . This line is kinematically offset from the primary Mg II 
emission lines by ' V ems ≈ 400 km s −1 . We interpret the presence 
of this second line as probing a secondary outflowing shell of gas, 
perhaps tracing an earlier episode of star -b urst in RCS0327 (Figs 6 
and 10 ). 

(iv) We measure the mass loading factor ( / = Ṁ out /SF R) at 
individual local regions of RCS0327. Within the same galaxy, /
varies by an order of magnitude ( / ∼ 1–10). The counter arc, 
which represents the average light from the entire galaxy has / ≈
1, significantly less than that measured in the majority of individual 
local regions of RCS0327. This suggests that the global measurement 
from the counter arc smears the measurements from local star- 
forming regions (Fig. 11 ). 

(v) We investigate the small scale variation of outflow velocities 
and mass outflow rates of the same region of RCS0327 galaxy, 
probed at different spatial scales. This is possible, as RCS0327 
is multiply imaged by gravitational lensing, and different images 
have different magnifications. We probe the same region (Image 
3.1, See Appendix A2 ) of the galaxy with the pseudo-slit sizes of 
0.5 – 25 kpc 2 , where outflow velocities vary between ( −120 and 
−242 km s −1 ). The average outflow velocity of the region (probed 
by the largest pseudo-slit of area 25 kpc 2 ) is −161 km s −1 . This 
shows that small scale variation in outflow kinematics is smeared out 
in any average down-the-barrel observations (Figs 8 and 12 ). 

(vi) For the same regions, mass outflow rates vary between 37 
and 254 M $ yr −1 . The largest pseudo-slit shows a mass outflow rate 
of 183 M $ yr −1 . These measurements highlight the importance of 
spatially resolved observations in interpreting the galactic outflow 
properties from down-the-barrel observations (Fig. 12 ). 

(vii) For three physically independent regions that are probed with 
pseudo-slits of comparable size (20–25 kpc 2 ), outflow velocities vary 
between −161 and −240 km s −1 (Fig. 12 ). 

(viii) These re gions e xhibit a v ariation in mass outflo w rates 
between 183 + 29 

−28 and 527 + 48 
−47 M $ yr −1 . The global mass outflow rate 

from the counter arc is 527 + 30 
−29 M $ yr −1 (Fig. 12 ). 

(ix) The scatter in the outflow velocity measurements from one 
lensed galaxy at z ∼ 1.7 ( V out ∼ −120 to − 255 km s −1 ) is compa- 
rable to large samples of galaxies at lower redshifts (Figs 13 and 
14 ). 

(x) We compare the momentum and energy fluxes associated with 
the outflowing gas from RCS0327 to the momentum and energy 
flux es pro vided by the star formation activity in this galaxy. The 
outflow momentum flux in this galaxy is ! 100 % of the momentum 
flux provided by star formation. Whereas, the outflow energy flux is 
≈ 10 % of the total energy flux provided by star formation. These 
estimates suggest that the outflow in RCS0327 is energy-driven or 
that the stellar models significantly underestimate the momentum 
flux provided by stellar populations (Fig. 15 ). 

(xi) The outflow measurements from this galaxy are consistent 
with the analytical model of outflow cloud under the effect of the 
star formation activity and gravity from Heckman et al. ( 2015 ) (Fig. 
15 ). 

The method that we use in this paper for studying the outflows 
can be applied to more gravitationally lensed galaxies with multiple 
images in the image-plane. This will provide a large sample of 
spatially resolved outflows measurements to guide and constraint 
current theoretical models and numerical simulations of galaxy 
evolution. Other ground-based IFUs like the Keck Cosmic Web 
Imager (KCWI) at the Keck telescopes (Morrissey et al. 2018 ) 
or space-based IFUs like Near-Infrared Spectrograph (NIRSpec) 
(Jak obsen et al. 2022 ; B ̈ok er et al. 2023 ) on JWST will provide 
us with observations of such galaxies. 
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Table A1. The mean radii + R 〉 of the outflow in the different regions (column 
1) of the galaxy based on the surface brightness radial profiles for Fe II ∗
(column 2) and Mg II (column 3) emission from Paper I . Columns (4) and 
(5) are the measured escape velocity at the radii from columns (2) and (3), 
respectively. 
Region + R〉 Fe II + R〉 Mg II V esc , Fe II V esc , Mg II 
Name [kpc] [kpc] km s −1 km s −1 
(1) (2) (3) (4) (5) 
knot E 4.7 6.05 419 + 112 

−89 414 + 112 
−89 

knot U 4.76 5.29 419 + 112 
−89 417 + 112 

−89 
knot B 5.66 6.7 416 + 112 

−89 412 + 112 
−89 

Image 3 9.66 10.64 403 + 112 
−89 400 + 112 

−89 
Counter Arc 8.77 12.06 406 + 112 

−89 396 + 112 
−88 

Zabl J. et al., 2021, MNRAS 
Zhang D. , 2018, Galaxies , 6, 114 
Zhu G. B. et al., 2015, ApJ , 815, L48 
APPEN D IX  A :  
A1 Escape velocity 
We compute the escape velocities V esc of the galaxy at different R 
by assuming that the density of the dark matter halo of the galaxy 
follows an NFW profile (Navarro, Frenk & White 1996 ). We define 
the escape velocity at radius R as V esc ( V esc ( R) = √ 

2 | φ( R) | ), where 
φ( R ) the gravitational potential well of the dark matter halo of this 
galaxy (Bryan & Norman 1998 ; Klypin, Zhao & Somerville 2002 ; 
Dutton & Macci ̀o 2014 ). 

In more detail, the NFW potential φ( R ) can be written as 
φ( R) = GM vir 

f ( c vir ) l n 
(

1 + R 
κ

)
1 
R , (A1) 

where M vir is the virial mass, c vir is the concentration parameter that 
is the ratio between the virial radius R vir and the scale radius of the 
NFW profile, and κ is the ratio between the virial radius R vir and the 
concentration parameter c vir . The function f ( c vir ) is 
f ( c vir ) = ln (1 + c vir ) − c vir 

1 + c vir (A2) 
The concentration parameter can be calculated using the redshift of 
the galaxy and the virial mass of the halo as described in Dutton & 

Macci ̀o ( 2014 ): 
log ( c vir ) = a + b log ( M vir 

10 12 M $
)

, (A3) 
where the parameters a and b are defined as 
a = −0 . 097 + 0 . 024 z (A4) 
b = 0 . 537 + (1 . 025 − 0 . 537) exp( −0 . 718 z 1 . 08 ) (A5) 

The virial radius R vir can be expressed in terms of M vir using the 
relation of the mean halo mass density: 
+ ρhalo 〉 = 3 M vir 

4 πR 3 vir = ' c ( z ) #m ( z ) 3 H 2 ( z ) 
8 πG , (A6) 

where #m ( z) is the matter density in the universe as a function of z, 
and the parameter ' c ( z) is function of #m ( z). From Bryan & Norman 
( 1998 ), the parameter ' c ( z) can be expressed as 
' c ( z) = 18 π2 + 82 x − 39 x 2 , (A7) 
where x = #m ( z) − 1. The calculated values for V esc at different R s 
are summarized in Table A1 . 
A2 Reported outflow measurements 
In this appendix, we summarize the measured and calculated outflow 
properties for both the absorption lines and emission lines for the 
selected pseudo-slits. Table A1 represents the measured weighted 
outflow radii + R 〉 from the Fe II and Mg II surface brightness radial 
profiles from Paper I . 

Table A2 shows the rest-frame equivalent width W r , outflow 
v elocity V out , co v ering fraction C f , column densities N, the 90 th 
percentile outflow velocity V 90 , and 95 th percentile outflow velocity 
V 95 for the outflow component for the Fe II and Mg II absorption lines. 

Table A3 represents the measured mass outflow rates Ṁ out , outflow 
momentum flux ṗ out , and outflow energy flux Ė out for the Mg II and 
Fe II absorption lines. 

Table A4 represents the emission lines’ best fit model pa- 
rameters and measured properties: rest-frame equi v alent width 
W r , emission velocity V ems , and Doppler parameter b D for the 
Mg II primary and secondary emission components, and the Fe II ∗
emission. 
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Table A3. Measured mass outflow rates Ṁ out , momentum outflow flux ṗ out , and energy outflow flux Ė out for RCS0327. Column (1) is the name of the 
pseudo-slits and their corresponding image (region + image). Columns (2) and (3) represent the measured mass outflow rates from Mg II and Fe II , respectively. 
Columns (4) and (5) are the outflow momentum flux for Mg II and Fe II , respectively. Columns (6) and (7) are the outflow energy flux for Mg II and Fe II , 
respectively. Columns (8) and (9) represent the escaping mass outflow rate for Mg II and Fe II , respectively. The horizontal lines in the Table represent the 
transitions from one image to another in the image-plane. 
Region Ṁ out Ṁ out Log 10 ( ̇p out ) Log 10 ( ̇p out ) Log 10 ( ̇E out ) Log 10 ( ̇E out ) Ṁ esc Ṁ esc 
Name Mg II Fe II Mg II Fe II Mg II Fe II Mg II Fe II 

[M $yr −1 ] [M $yr −1 ] [dynes] [dynes] [erg s −1 ] [erg s −1 ] [M $yr −1 ] [M $yr −1 ] 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
B1 72 + 50 

−23 101 + 29 
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