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Abstract

SPT0311-58 is the mosinassive infrared luminous system discovered so far during the Epoch of Reionization
(EoR). In this paper, we present a detailed analysis of the molecular interstellar medium at z = 6.9, through high
resolution observations othe CO(6-5),CO(7-6), CO(10-9),[C 1](2-1), and p-H,0(2 1—2 ) lines and dust
continuum emissions with the Atacama Large Millimeter/submillimeter Arrdfe system consists of a pair of
intensely star-forming, gravitationally lensed galaxies (labeled West and East). The intrinsic far-infrared luminosity
is (16 £ 4) x 10 2L, in West and (27 + 4 10 'L, in East. We model the dust, CO, and[@sing non-local
thermodynamic equilibrium radiative transfenodels and estimate the intrinsic gas mass to be (5.4 + 3.4

10""M, in West and (3.1 £ 2.7% 10 "M, in East. We find that the CO spectral line energy distribution in West
and East are typical of high-redshift submillimeter galaxies (SMG#g CO-to-H conversion factor (go) and

the gas depletion timescales estimated from the model are consistent with the high-redshift SMGs in the literature
within the uncertainties. We find no evidence of evolution of depletion time with redshift in SMGs at z > 3. This is
the most detailed study of molecular gas content of a galaxy in the EoR to date, with the most distant detection of
H50 in a galaxy without any evidence for active galactic nuclei in the literature.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Starburst galaxies (1570); Ultraluminous
infrared galaxies (1735)

1. Introduction ellipticals (e.g.Simpson efal. 2014).However the theoretical
understanding of the DSFG population has been challenging (e.g.,

Dusty star-forming galaxie§DSFGs)are dust-enshrouded, X >
. ) . . . Narayanan et al. 2015; Hayward et al. 2021), especially during the
intensely star-forming galaxies with tens to thousandsstdrs Epoch of Reionization (EoRpetween z ~ 15-6 (Madau e.

forming per year (e.g., Casey et al. 2014). These starburst gal ‘?ﬁ)

are brightat submillimeter wavelengths as the uItravic(l#V) To understand star formation in DSFGs, it is important to study
photons from the young stars are absorbed and reradiated by gy tmolecular gas content of the interstellar medium (ISM) (e.g.,

into the far-infrared (FIR) wavelengths, giving rise to total infrargd ;i & Walter 2013). However. cold molecular hvdr H
luminosities(Lir) greaterthan 10'L,. Observations othese which?; tr?e emosot :tzunc?anetrnilézzlgan% ?ﬁg ?uelySorogs??r(
galaxies have the advantage of the negative-K correction (Blaifsdmation, is difficult to observe directly because itlacks a

Longair 1993) at long wavelengths, enabling galaxy selection “b%‘i’manent dipole moment. The most commonly used trager of H
is independent of redshiflSFGs contribute significantly to the s carbon monoxidé3C %0, hereafter CO), which is the second
cosmic star formation history at high redshift (Casey et al. 2014)0st abundantnolecule in the universe and also an important

and are thoughtto be the progenitors ofpresent-day massive  coolant.The observations ofmultiple CO rotationatransitions

from local galaxies (e.g., Greve et al. 2014; Rosenberg et al. 2015;
21 NHFP Hubble Fellow. Lu et al. 2017), high-redshift ultraluminous infrared galaxies ((U)
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Table 1
ALMA observations
Tuning Time on source Veentral Line rine, FWHMcont Ocont SNRine
LSB, USB

(minutes) (GHz) (GHz) @) (WJy beam™) W, E

1 47 95,107 p-H0(21,1= 20,2 752.03 0.31x0.22 16.19 4,L
2 43 88,90 CO(6-5) 691.50 0.47 x 0.36 8.83 10,4
100,102 CO(7-6) 806.65 8,2

[C11(2-1) 809.34 5L

3 46 134,146 CO(10-9) 1151.98 0.27 x 0.20 8.27 6, 2

p-H20(31,2_ 22’1) 1153.13 L

Note. veentraiCorresponds to the central frequency in the lowerside band (LSB) and the upperside band (USB) of the obsed@ﬁc’mﬂne rest frequency of the
lines. FWHM,,tis the resolution of the continuum imagegis the rms noise in the continuum image by combining LSB and USB.;SN&the signal-to-noise
ratio of the lines in W and E, which is calculated by using the maximum flux density of the sch]espg€trum and the standard deviation of the flux density in the
line-free channels (Section 3.13NR;,c < 2 are not shown.

LIRGs) and quasars (e.g., Weil} et al. 2007; Yang et al. 2017), and

simulations(Kamenetzky etal. 2018) have shown that the CO(6-5)
CO spectral line energy distribution (SLED)can probe the CO(10-9)
physical conditions of the galaxies, such as density and 58°23'32" P-H20(21,1-20,2)

temperatureThe low-J CO transitions emitted from the low
density op, 0 10° cn 3) diffuse the ISM (e.g., Harris et al.
2010; Ivison et al. 2011). The mid-J CO transitionssuch as
CO(6-5) and CO(7-6), are excited in denser regions of the galagy 33 &
(ny, ~ 10* cn 3) where star formation mainly occurs (Lu et al. 5
2015, 2017). The high-J CO transitions (J > 10) originate in the =
compact high-density regions and may be further enhanced in the
presence of active galactic nuclei (AGNs) (e.g., Weil et al. 2007 34" East
Bradford etal. 2009; Lu et al. 2017). Moleculargas mass is p~13
traditionally calculated from the CO luminosity by using the
CO-to-H gas conversion factaxco (e.g.,Bolatto et al.2013). West
However, there is a large uncertainty in the estimation of gas mass 35" u~22
because of factors such as the dependence of carbon abundance /‘) ”
on optical depth, metallicity, and the destruction of CO due to UV Q 1.0
radiation (e.g.,Narayanan etal. 2011; Bolatto et al. 2013). 3"11M33.5° 33.4°  33.3° 33.2° 331° 33.0°
Observations have shown thatiJ3-0) can be an independent RA (ICRS)
tracer of molecular gas (e.g., Papadopoulos et al. 2004; Weil} e{g@le 1. sPT0311-58 Westnd East.The background gray-scale image is
2005a; Walter et al. 2011; Bothwell et al. 2017), given its simplatMA 423 GHz Band 8 continuum with magnification of ~1.3 in East and
excitation level structure. ~2.2 in West (Marrone et al. 2018). The moment 0 contours of CO(6-5) (red),

Another abundant molecule in the universe aftendHCO is ~ CO(10-9) (magenta)p-H,0(21.1 = 20,2 (green), and [C1](2-1) (cyan) from

. this analysis are overlaid on the continuum image. The CO contours are at [3,

water, HO (Neufeld et al. 1995). The comple_x I_evel_populayo.ns“’ 5.7.and 9] x o and [C 1] and H,O contours aff2, 3, and 4] x 0. The
of H20 are tlghtly COUpled to the infrared radiation field. This is synthesized beams are shown in the bottom left and the 1”.0 scaleatdch
due to infrared pumping, where the molecular transition®in H corresponds to ~5.4 kpc at z= 6.9, is at the bottom right.
are mainly excited by the FIR photons. The different transitions of
H,O have been observed to be correlated with.lhence star galaxies separated by a projected distance of kp8 (~1".5),
formation over more than three orders of magnitude, both in théikely in a state of merging. In this paper, we combine the previous
local- and high-redshift (U)LIRGs (e.g., Omont et al. 2013; Yangbservationsvith high-resolution moleculdine imaging with
et al. 2013, 2016; Liu 2017; Jarugula etal. 2019). H,O is ALMA, including the high-J CO transition, CO(10-9) and
observed to be more tightly correlated tgsLthan CO(6-5) or p-H0(2 1— 20 ). We use realistic non-LocalThermodynamic
[C 1] (Jarugula et al. 2019). Equilibrium (non-LTE) models and estimate the physical properties

SPTO0311-58 consists of a pair of gravitationally lensed galaxééshe ISM in both the galaxies.
discovered in the South Pole Telescope (SPT) Survey (Vieira et dlhroughoutthe paperwe refer to SPT0311-58 Wesis W
2013; Everett et al. 2020). The spatially unresolved observatiormdfSPT0311-58 Eastas E. In Section 2, we present the
low- and mid-J CO transitions from the Atacama Large Millimetebservations used in this analysis and the data reductioim.
submillimeteArray (ALMA), the Australia Telescope Compact Section 3, we detail the data analysis procedure to estimate the
Array (ATCA),and the Atacama Pathfinder Experirf@REX) continuum and line luminosities. The lens modeling is also
are presented in Strandet et al. (2017). These observations coulisnussed in this section. The results are presented in Section 4.
the redshift of the source aE#.9. High-resolution dust, [, In the first half of Section 4, we present the results from
and [OIlll] ALMA observations of SPT0311-58 are discussed in observations and in the second halfye discuss the radiative
Marrone et al. (2018), and a detailed lens modeling shows a pdiao&fer models and results. In Section 5, we continue to
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Figure 2. Top: the continuum is shown as the background in square root scale with minimum pixel valyg,ast8e g, is the rms of the continuum map. The
moment O contours of the lines are overlaid at 3,7, and 9] x g in W and at [3 and 4] x g in E, where g is the rms noise in the moment 0 maRed and blue
contours correspond to CO(6-5), CO(7-6), and CO(10-9) in the W and E sources, respectively.ITBe f§Gntour (in the W source of second panel) is shown in

white and the p-bD(24,1 — 2¢,2) 30 contour (in the W source of last panel) is shown in magenta. The synthesized beam of the continuum image is shown in the lowe

left and the 1/0 scale bar is at the lower rightBottom: the spectrum of each line is shown in W (blue) and E (greeshjfted down for clarity. The scaled [Ql]
spectrum is shown in red for CO and p4@(2; 1 — 20 2) lines and in black for [CI] and p-HO(3; 2 - 25 4). The scaling procedure is described in Section 3.1.

discussthe results, and in Section 6, we conclude with a
summary.We use flatACDM cosmology where h = 0.677,
Qn =0.307, and Q, =0.693 (Planck Collaboration et al.
2016). We estimate thgd.as flux integrated from 8-1000 pm
and total FIR luminosity ) from 42.5-122.5 ym in the rest
frame (Helou et al.1985).

2. Observations
We obtained observations of the differentission lines and

To generate the velocity-integrated intensity maps (i.e.,
moment 0), we produce single-channel cubes with a width of
1000 km s™" in W and 500 km s in E, which is ~2 x full
width at half maximum (FWHM) of the lines.We consider a
velocity separation of ~750 km §' between W and E based
on the high-resolution [C 1] observations(Marrone et al.
2018). The synthesized beam of the moment 0 maps for
p-H0(2; 1— 2 5) is ~0".3, CO(6-5) and CO(7-6) is ~0".5,
and CO(10-9) is ~0".2.

The signal-to-noise ratio of the lines and the flux densities of

the continuum using the ALMA Bands 3 and 4 over three tuningde continuum are given in Tables 1 and 2Zgspectively.The

(ProjectlD: 2017.1.01168.FI: Vieira). Table 1 presents the
details ofthe observationd/Ve detectCO(6-5),CO(7-6),and
CO(10-9) in both of the components, and detedt(#>1) and

p-HO(2 1— 209 in W. In Figure 1, we show the high-resolution
ALMA Band 8 continuum image from Marrone et al. (2018) and

CO(6-5),CO(10-9)][C1](1-0),and p-BO(2 1— 2 5 observa-
tions from this analysis (see also Figure 2).

2.1. Data Reduction and Imaging

continuum images with moment 0 contours overlaid on top are
shown in Figure 2.

2.2. Ancillary Data

In addition to the molecular line observationsand the
continuum flux density at95 GHz (B3) and 140 GHz (B4),
we include ancillary data on SPT0311-58 from the literature
in this analysis (Strandetet al. 2016, 2017; Marrone et al.
2018). The source has been observed in previous ALMA

The data reduction and the imaging were performed using theycles (ProjectiD: 2015.1.00504.SPI: Strandetand Project

Common Astronomy SoftwareApplication (CASA) package

ID: 2016.1.01293.SPIl: Marrone) in B3, B6, B7, and B8

(McMullin et al. 2007). We use the calibrated data products fromorresponding to 95,240, 340, and 420 GHz, respectively.

the ALMA data reduction pipeline (CASA version 5.1.Mhe

For the continuum flux density in B3, we use current

continuum images are produced by combining the LSB and theobservations that are at a higher resolution of ~0".5 compared
USB, excluding the channels containing the line emission. Briggs previous observations at ~3".5. We also include Herschel/
weighting and a robust parameter of 0.5 are used, which provid®BIRE photometry at 250, 350, and 500 um (Project ID:

a good compromise between resolution and ndikés gives a

DDT_mstrande_1; Strandet et al. 2016). The intrinsic

synthesized beam of ~0".5 at 95 GHz and ~0".3 at 140 GHz. Toontinuum flux densities (corrected for magnification) in W
generate the spectral cubes, we use the same weighting as withrithéc are obtained by performing the lens modeling described

continuum maps and a velocity averaging of 100 Krh, safter

in detail in Marrone et al. (2018).

subtracting the continuum using the CASA task uvcontsub with  We include CO(3-2) data observed with the ATCA to

a polynomial fit of order 1.

constrain the CO SLED. The data reduction and the line
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Table 2
ALMA Band 3 and Band 4 Continuum Properties

Tuning Source Vobs Sovs M St LFiR int Lir int

(GHz) (mJy) (mJy) (10" L) (10" L)
1and 2 w 95 1.26 + 0.04 2.09 £ 0.06 0.60 + 0.09 16+ 4 26+ 12
3 W 140 4.12+£0.01 2.09+0.10 1.97 £ 0.31
1and 2 E 95 0.04 £ 0.02 1.3 0.03 +0.02 3.0+£04 35+07
3 E 140 0.24 +0.01 1.32+£0.06 0.18 £ 0.03

Note. vops COrresponds to the observed frequency of the continugsgisShe observed flux density from the continuum image. p is the flux weighted magnification
of the continuum obtained from lens modeling. Note that, due to low signal-to-noise ratio at 95 GHz in E, we take magnification from Marrone et al;{2818). S
intrinsic flux density (SpdH) with 15% additional uncertainty to account for uncertainties in the absolute flux calibration and lens modeléfugd in quadrature.
Ler int is the intrinsic kg calculated from the spectral energy distribution (SED) for each source (flux integrated from 42.5-122.5 pm in the reskfransehd
intrinsic Lir (flux integrated from 8-1000 pm in the rest frame).

properties are present in Strandet et al. (2017). Since CO(3-2) Table 3
is spatially unresolved (~5"-6") into W and E,we distribute Line Properties
the flgx density of CO(3-2) by scaling to CO(6-5) inthe two ;¢ Source oo Lope I
galaxies. (Jykms')  (x108Le)
CO(6-5) w 233+0.09 10.22+0.39 2.080.21
, E 0.18+£0.03 0.79+0.13 1.3
3. Data Analysis CO(7-6) W 215+£0.12 1100061 2.13+0.14
; " E 0.17 £0.04 0.87 £0.20 1.3
3.1. Spectral Line Decomposition CO(10-9) w 141+0.10 10.30£0.73 2.16£0.11
The spectra in W and E are extracted from the 100 kil s E 0.14+0.04 1.02+0.29 1.3
spectralcubes using apertures of 2”.5 and 1”.Zgspectively. [C1](2-1) w 1.42+£012 7.28+061 213+0.14
The continuum subtracted spectrum is shown in Figure 2. Since E 0042004 0211021 1.3
the spectral lines are non-Gaussian and blended in the case ofP 10127 22.) w 022£010  1.63+0.74 22
CO(7-6) and [C 1](2-1) and in the case of CO(10-9) and E 003:003 023+0.26 13
p-H0(21.1- 20.9) w 0.97 £0.09 4.63+0.43 22
p-HO(3 2— 25 4), we use [ClI] from the ALMA 240 GHz E 001+0.04 005019 13

observations (Marrone et &2018) as a template to derive the
spectralproperties.[C1I] is observed ata high spatial and Note. bysis the observed (not corrected for magnification) integrated flux density
spectral resolution with a signal-to-noise ratio of ~56 in W and in Jy km s™ (Section 3.1). Lysis the observed line luminosity in,Ly is the
~23inE. We reimagedthe [CIl] data using the same magnification of the linesin W, the CO magnification is obtained from lens
weighting and velocity averaging as described in Section 2.1. modeling using velocity-integrated measurement sets (Section 3.2). F@ the H
The [CII] spectrum obtained has a FWHM of 779 + 25 k_r?'l s lines, we adoptpy=2.2inW. For aII. the lines in E, yve adoptp =1.3
inW and 371 £ 12 km §' in E. This [CIl] spectrum is scaled  (nérone »/al 2216 pha” 228 rot coreciod A and & W2~

. . .. and p- - are not detected in E.The integrated flux densities in
to the observed spectrum (?f t.he lines using a 'e?sft squa_res fit thesg lines ;}19 ob?éined through the template fittinggprocedure described in
We adoptthe standard deviation of the flux densities in line-  goqiion 3.1,
free channels as the error in each velocity biflhe velocity-
integrated observed line fluxgps (Jy km s™'), is obtained by ]
adding the flux density under the scaled [[§ spectrum from 3.2.Lens Modeling

line center -30, to line center +30, km 3__1 where g, is SPT0311-58 is a gravitationally lensed systdro.infer the
FWHM/2.35. We estimate the line properties by repeating the intrinsic properties of the source, a lensing reconstruction has to be
scaling 3000 times with random Gaussian noise added to the performed. Lens modeling using a pixellated lensing reconstruction

flux density and taking the median value of allthe fits. The technique (Hezaveh atl. 2016) on high-resolution (0”.3)est
uncertainty of the values is taken as the standard deviation of frame of 160, 110, and 90 pm continuum and [GI] givesa

all the fits. In the case of blended lines,we shift the [C 1] magnification ofgi= 1.3, pw = 2.2, and ot = 2.0 (Marrone
spectrum to the centers of the two lines and perform a joint fit. et al. 2018). In this analysis, we perform the lens modeling on the
Using the velocity-integrated line flux densities, we calculate 140 and 101 GHz (~272 and 375 pym restame respectively)

the line luminosities using the equation from Solomon edl. continuum and the CO(6-80(7-6),and CO(10-9) molecular
(1997) as given below: line transitionsin W. Since the signal-to-noiseatio is not
sufficiently high for pixellated modeling, we use a parametric lens
Line =(1.04" 10 3) lops Mest D7 (1 + 2y * modeling code, visilens (Spilker et al. 2016). In this code, the
L, =325 10) lops D? (1 + 2y 3 n;)gs ) background sourcés parameterized by oneor more Sérsic

(Sersic 1968)profiles with seven free parametershe source

. . o . position relative to the lenss(¥s), the flux density (Sthe half

where Ly is the total observed line IUT'”OSEV inunits oL |ight radius major axis @, the Sérsic index @), the axis ratio

L e is the luminosity in units of Kkm §' pc™, Viestand ops (bdag), and the position angle . The source profile can be

are the rest and observed frequencies of the line in GHz and Qonstrained to be circular witk 0.5 (i.e., Gaussian profile).The

is the luminosity distance to the source at a redshift z, in Mpc. lensing source is represented by one or more Singular Isothermal
The line properties are given in Table 3. Ellipsoids (SIEs), and it has five free parameters: the center of the
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lens relative to phase center,(¥), the lens mass (M which and the dust temperature by giving an upper limit on the

determines the strength of lensing, the ellipticity of the s (e effective radius as 5000 pc in W and 1300 pc in E.

the position angle of the major axis df the lens in degrees east From the SED modeling in SPT0311-58 we get Tyust =

of north. This model uses a Markov Chain Monte Carlo (MCM@9 + 20 Kin W and 49 + 9 K in E, and an intrinsic My,st =

algorithm (emcee packageForeman-Mackey el. 2013) to (1.3+0.5) x 10 °M, in W and (1.8 + 0.6) x 10 M., in E.

sample the parametespace.The analysisis performed in the We estimate intrinsic/k = (26 + 12) x 10 2L, and LF1,R =

visibility plane instead ofthe image plane to accounfor the (16 £4) x 10 2L, inW, andLg =(35+7) x10 '"L,

correlated noise in the interferometric images. and lgr = (27 £4) x 10 "L, in E. These values agree with
For lens modeling in this analysiswe average the datato  the luminosities inferred from CIGALE SED fits from Marrone

decrease the number of visibiliti€se performance of different et al. (2018) within the uncertainties.

modelsis measured by Deviance Information Criterion (DIC; For comparison with SPT0311-58wxe have also fitted the

Spiegelhalter ell. 2002) to determine the number of sources to SEDs to the SPT-SMG sample and the other literature sources

include in the model. As the best-fit parameters, we take the matliaw and high redshift. In the case of the literature sources, we

value of the 1000 MCMC chains with 10 uncertainty. For all thedo not constrain the radius in the SED fit. Instead, we adopt the

lensing reconstruction in this papee, vary the lens parameters Ag— T4yt relationship from Spilker etal. (2016),where Ay is

only within the best-fivalues obtained from the high resolution the wavelength atwhich the optical depth is unity. We then

140 GHz measurement set using a single lens. The lens paranmeaitnsate the radius usin&(no)Mdust, where K(y) is the dust

obtained from the 140 GHz data agree with Marrone et al. (201&)sorption coefficient atyv=c/A o. The MCMC sampling of

model. For the lines, we fit single-channel models with the widtthefdustmass and dustemperature is the same as those that

1000 km§', which is equivalent to the ~2 x FWHM to estimate followed for SPT0311-58.

the overallmagnificationThe best-fifparameters fatontinuum

and lines in W are given in the Appendix (TablesA82.2,and

A.2.3).Since we do nohave a good signal-to-noise for lensing 4. Results

reconstruction in Bye adopta magnification of 1.3 for althe

L - L i
moleculardines. For the same reasonye adopt p = 2.2 from 4.1.Lno - Lrr Correlation

Marrone et al. (2018) in p8(2 1— 20 9 in W. The magnifica- Water is the third mostabundantmolecule in the universe
tion values used in this analysis for continuum and molecular ligNsufeld et al.1995), and its line intensity can be as bright as
are given in Tables 2 and 3, respectively. mid-J CO ftransitions in high-redshiffU)LIRGs (e.g.,Omont
etal. 2013; Yang etal. 2013). Multiple H,O transitions from
3.3. SED Fitting and Dust Mass low-redshift galaxies are detected by Herschel Space Observa-

tory while ground-based facilitiessuch as Caltech Submilli-
meter Observatory (CSO), Northern Extended Millimeter
Array (NOEMA), and the ALMA have detected redshifted
H,0 transitions from high-redshift galaxies. From these
observationsit has been shown thaH,0 traces Lg, both in
8%-redshift galaxies and high-redshift (U)LIRGs (Omont et al.

To estimate |k and lgr in the two sources, we fit a dust SED
to the magnification corrected photometry given in theé\.1
(Table A.1.1). A 15% absolute calibration erroris added in
quadrature to the statisticatrorto accountfor the uncertainty
from the absolute flux calibration and the lens modeling. Here,

fit a simplistic SED modeto the dust,and in Section 4.4 we .
A ’ L 2013; Yang et al. 2013, 2016; Jarugula et al. 2019). This can be
perform a joint fit of dust, CO, and [CI], based on radiative lained by the excitation mechanism of H,O molecules

transfer modeling (see Figures 6 and 7). In this section, we aSS\(/?"v)f(ﬁeere infrared pumping plays a majorrole (e.g., Gonzalez-
a uniform dust temperaturgdTin each source and fit a modified i . I
blackbody function to the photometry greatian 50 pm rest Alfonso et al. 2010, 2012): the higher transitions,such as

. . -HO(21 1= 20.9), p-HoO(2 0— 141.1), and p-H,O(2 - 2
frame, and the equations are adopted from WeiR et al. (2007): grezpu(m1b1ed bgl’zt)hcf1021 ;Snzf?:IR ::J';?otons Frol—r% tr(1e2'8ase1;11)1

S _ pr2 1 level. These lines are mainly found in the warnsfar-forming
n— D_ﬁ m regions of galaxies.
. B B ot We detect p-bD(2 1— 2 ) in W with a signal-to-noise ratio
(Bl aust) = Bnl cme)] (1 - ") @ ~4 above the continuum. In the literature, this is the most distant

where B(Tqus) is the Planck function at dust temperatuggisD detection of HO in a galaxy withoutan AGN. H,O has been

: ; ; ; : tected in the hosgjalaxy of a quasar candidate etdshift7
the angular diameter distance, and r is the effective radius of t . ;
sourcegThe optical depth 7 is given by (Koptelova & Hwang 2019). Since the p&{2, 1— 2 2) is not
' significantly detected in E, we give a flux density based on the

to= k() Maust 3) template fit (see Section 3.1 for the template fitting procedure).
n pr? We compare the kO luminosity € ,0) in the two galaxies of

. SPT0311-58 with the local-redshifigalaxiesand other high-
Where M’“S‘ IS thg ,dUSt, mass.The frequengy dependerdust redshift galaxies as shown in Figure 3. For all the galaxies in the
absorption coefficient is adopted from Draine (2003):

plot, we derive kg by fitting a modified blackbody function to
k, = 0.038n/ 372.7GH2°% [m?kg~ 1. 4 the photometry. In the case of the local galaxies, the continuum
_ _ . flux density values are from Sanders et(@003),andL o is
Here, br, is the spectral index that determines the slope of the from Yang et al. (2013). The photometry and the magnification
Rayleigh—Jeans tail of the blackbody. We fix, to 2.0 (Greve  in the high-redshiftgalaxiesare from Weilk et al. (2007),
et al 2012). Riechers etal. (2009),Riechers etl. (2013),Bussmann eal.
In the case of SPT0311-58,we have an estimate of the (2013), and Cooray et al. (2014), dngy is from Omont et al.
effective radius of the sources from the 95 and 140 GHz lens (2013) and Yang et al. (2016). We additionally include another
models. We use an MCMC algorithm to sample the dust mass SPT source, SPT0346-52 from Apostolovski et al. (2019), in the

5
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estimate the SFR from p0(2, 1— 2 2):

SFR[Mp/yr] =2.07" 10 5Lyo[L]. (7
We estimate an intrinsic SFR of (4356 + 2143) Myr in W
and a 10 upper limit of 385 M/yr in E.

4.2. Gas Mass from [(]

The molecular gas massis traditionally estimated from
CO(1-0) emission line luminosity by assuming a CO-to-H
conversion factor(aco. €.9., Bolatto et al. 2013). However,
Oco can vary significantly depending on the physical
environmentsof the galaxies, such as the gas density, the
temperatureand the starbursphase driven by mergers (e.g.,
Maloney & Black 1988; Narayanan 2011; Bolatto et al. 2013).
Moreover,it is challenging to observe CO(1-0)from high-

Figure 3. SPT0311-58 W is shown in red, and a 1a upper limit in E is shown inredshiftgalaxies where the CMB temperature is high and can

blue. The HO observations in local (U)LIRGs are from Yang et al. (2013), and
the high-redshift ULIRGs are from Omont et al. (2013) and Yang et al. (2016).
We also include SPT0346-52 observations from Apostolovski al. (2019)
shown in magenta. The dashed black line shows the slightly super-linear
correlation.The fit by fixing the slope to 0.0 is shown as the thick black line,
and the error is the gray shaded region.

plot. The p-HO(2 1— 2¢ 2) luminosity in SPT0311-58 W and E
is consistentwithin the scatter of the other high-redshift
ULIRGs.

To get the correlation betweeh o and Lgir, we perform
two MCMC linear regressions to allthe sources in log-log
space asshown in Figure 3. We assume that there is no
differential magnification between HO and the continuum

dominate the CO signal. The dependence of the CO brightness
temperatureon the CMB temperature is discussed in the
literature (e.g., da Cunha et al. 2013; Tunnard & Greve 2016).
An alternative molecular gas tracer is [[C1-0) (492 GHz),
whose luminosity is observed to be linearly correlated with
CO(1-0) luminosity across a wide range of environments both
in local- and high-redshiftgalaxies (e.g.Papadopoulos eél.
2004; Alaghband-Zadeh et al. 2013; Jiao et al. 2017; Valentino
et al. 2020).In our currentanalysis,we have observations of
[C1](2-1) (809 GHz), which is brighter than [C1](1-0) and
comes for free with CO(7-6)We estimate the gas mass from
[C1](2-1) using the equation from WeiR etal. (2003)?? To
considerthe effect of the background CMB temperature at

emission in the gravitationally lensed sources. In Figure 3, oneredshift 6.9, which is ~21.5 K, we include a factor

of the fits fixes the slope of lpgl ho/L Fir) versus log(Lrir)

Bu(Tex)/(B(Tey) — B (Tcme)) to the equation.

to zero (thick black line), and the other allows the slope to vary

(dashed line). From the second fit, we see that the relationship

is slightly super-linear, which is discussed in the literature (e.g

the increase in the opticaldepth at 100 ym with increasing
Leir, Which further enhances the pJ®(2; - 24 ) emission.
A similar super-linear correlation is observed in another®l
transition, p-HO(2, o— 14,4), which is also excited by 100 pm
photons (e.g..Yang etal. 2016; Jarugula efal. 2019). The fit
with the slope fixed to zero gives:

L HO

10 ° (5)

T =(1.100 04~
FIR

The star formation rate (SFR) is traditionally calculated from

Lrir, Which is a good tracer of the starformation underthe

]

Omont et al. 2013; Yang et al. 2016). One explanation could be

Mo, = 456" 10+ Q(T,y 1e29"
Bpl e

Lg @[ My (®
Bl 0 - Bl cwe) .
Here,Q(T,,) is the partition function,which is given by:
QT =1+ 36 W 4 5 2/ Tex 9

where T =23.6 Kand T, = 62.5 K are the excitation energy
transitions of the two transitions of [C1]. The excitation
temperatureT, can be estimated from the [Q] line ratios
(Stutzki et al. 1997). However, since we only have observations

assumption that young stars are dust obscured. This assumpti®h[C 11(2-1), we adopt a typical value ofef = 30 K (Walter

holds true in the (U)LIRGs. However,to estimate Lg g, the
peak of the SED at A,cs= 100 pm has to be well-sampled,
which is observationally expensive. The long-wavelength
spectral lines, such as,8, which is bright and well-correlated

etal.2011).

The gas mass from [@Q(2-1) is converted into the total bl
gas mass by assuming [@/[H 5] abundance of (8.4 + 3.5) x
107° (Walter et al. 2011). To include the contribution from

with Lgir, can be used as an alternative tracer of star formationHelium, we multiply the H gas mass by 1.36. We estimate an

We use thel 140 - Lgr correlation to estimate the SFR in W
and E. The SFR scaling relation from L |z is taken from
Kennicutt & Evans (2012):

SFRMp/yrl = 147" 10 OLg[L). (6)

We calibrate this SFR withL H,0 Using Lir/L g values from

intrinsic gas mass of (24.9 £ 10.7) x 10 ' M, in W and
(11.4+11.4) x10 ® M, in E. Note that [C1](2-1) is not
detected in E,and we presenthe gas mass derived from the
flux density obtained by the template fitting (see Section 3.1 for
the template fitting procedure).

22 Note thatthe coefficientin Wei et al. (2003) should be 4.556 x 1074,

the SED fit and Equation (5). We use the following equation to This correction is mentioned in the footnote in WeiR et &2005a).

6
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Figure 4. The CO SLED normalized by CO(6-5). In the left panel, we compare the two galaxies, W (red) and E (blue), with star-forming galaxies. The local galaxie:
shown in gray are from Rosenberg et al. (2015). The high-redshift SMGs are from Spilker et al. (2014), including (z = 2-5.7), and Bothwell et al. (2013) is shown a:s
(z =1.2-4.1). In the right panel, we compare W and E with the representative local- and high-redshift AGNs. Mrk 231 observations are from van der Werf et al.
(2010). The high-redshift quasars are Cloverleaf (Bradford et al. 2009; Uzgil et al. 2016) and J2310+1855 (Li et al. 2020). We observe that the SED in W and E pe:
at transitions similar to high-redshift star-forming galaxies.

4.3.CO SLED and AGN Fraction quasarsCloverleafat z = 2.56 (Bradford et al. 2009) and
J2310+1855 at z= 6.0 (Li et al. 2020),peak at J,~ 9, and

CO emission lines have traditionally been used as tracers Ofthe CO emission is luminous even after J,, 11 10.Both the

molecular gas in the locadnd high-redshifgalaxies CO(1-0) o L .
” . ~ =3 galaxies in SPT0311-58 peak af,d- 6, similar to other high-
has a criticaldensity of ~10° cm 2 and traces the bulk of the redshift starburst galaxies.

molecular gas in the ISM. However, star formation occurs in the™, " < the ratio of high-J CO to mid-J CO transitions (CO

dense molecular cloudand this warmdense molecular gas is 10-9)/CO(6-5)) to ex :
. ) — — plore the presence of heating mechan-
better traced by mid-J CO lines, such as CO(6-5) and CO(7_6fsms in addition to the photoelectric heating in SPT0311-58.

with a critical density of ~1Q4 cm ~. A I|_near_ correlation has 1,5 ratig of high-J to mid-J CO has been used in literature to
begn observed bgtween m|.d-J CO luminosity (4,J118) and characterize the starburgind AGN activity (e.g., Rosenberg
Lirin local- and high-redshift (J)LIRGs (e.g.,, Greve et al. 2014g¢ 5 2015; Mashian etal. 2015), which defines the drop-off
Rosenberg eél. 2015;Lu et al. 2017;Yang etal. 2017).The slope of the CO SLED. In Figure 5, we explore the correlation
high-J CQstranS|t|qns (JupJ 9) require high gas densme_s_ between ke /L Fir, Leo(ro-9iL cos—s) and the presence of an
(18 cm®) and high temperatures. Such favorable conditionsagN. We compare the two galaxies of SPT0311-58 with low-
for high-J CO excitations can arise in the presence of an AGN (g 4shift starburst AGN, and composite galaxies compared to
(van der Werf et al. 2010), warm photodissociation regions high-redshift SMGs and quasars. The low-redshiff] E2mple

(PDRs), or shocks (Mashian et al. 2015). is from Diaz-Santos et al. (2014), and the CO observations are
The CO SLED shape provides information about the  fom Rosenberg et al. (2015), Mashian et al. (2015). The AGN
physical conditions of the molecular gas. In Figure 4, we fraction in the local sample is detailed in Rosenberg etal.

compare the SLED shape of the two galaxies of SPT0311-58 (2015). The CO and [C II] observations in the high-redshift
with the local- and high-redlshiftsta_rburstgalaxies in the left galaxies are from Danielson et al. (2011), Frayer et al. (2011),
panel and the known AGN in the right - panel. Al the flux Yang et al. (2017), Andreani et al. (2018), Zhang et al. (2018),
densities are normalized to CO(6-5)which is detected ata Li et al. (2019),Shao et al.(2019),Yang et al.(2019), Wang
high signal-to-noise ratio in SPT0311-58 W and Hhe local et al. (2019),and Rybak et al(2020).

(U)LIRGs sample includes 29 galaxies taken from Rosenberg  [C 1] is a dominant cooling line in the ISM and has been

et al. (2015), excluding NGC 6240 thatis an outlier due to widely studied. It has been observed thas ly/L rir decreases
galaxy-wide shocks (Meijerink et a013).We also compare  with increasing kg (€.g.,Malhotra et al.2001; Brauher et al.
SPT0311-58 with the average of 22 SPT-SMGs from z =2 - 2008; Diaz-Santos et al. 2013; Gullberg et al. 2015; Litke et al.
5.7 (Spilker et al. 2014) and 32 SMGs from z = 1.2 - 4.1 2019). Several mechanisms have been proposed to explain this
(Bothwell et al. 2013). The local starburstgalaxies peak at [C ] deficit such as positively charged dust grains in the

Jup~ 4 while the high-redshift sample peaks at mid-J CQ{J  presence ofionizing UV photons, which reduce the photo-

~6) transitions. In both the local- and high-redshiftgalaxies, electric heating (i.e., UV heating) efficiency, saturation o] [C
there is a drastic decrease in the high-J CO emissiqpat 8. emission in the PDR regions, and self absorption (e.g.,

In the right panel of Figure 4, we see that Mrk231 peakgat J Narayanan & Krumholz 2014; Mufioz & Oh 2016; Narayanan
~5 (Weilk et al. 2005a),higher than local starburstgalaxies, & Krumholz 2017). If the [C 11] deficit is due to the reduced
and the CO emission can be explained by an XDR model photoelectric heatingthis effect will also result in reduced
detailed in van der Werf et al. (2010). The high-redshift Lco(to-9iL coe-5) since the main collision partner, H,, is



The Astrophysical Journal, 921:97 (26pp)2021 November 1

™ T T —
£
X
®
i g =
t 4 —4—
3 t +
x 107> _
[ r @ ]
k &= -
= r ]
i} @
— ®
# SPT0311-58 W <4
[ @ SPT0311-58E ®
% low-z starburst @ 4+—
[ & low-z AGN Y
@ low-z composite
@ high-z ULIRGs
10—4 L < high-z quasar -
[ O AGNfrac>0.3 © ]
r (O Class lI/lll (Rosenberg+15)
Bl L i L PR SRR |
107! 10°

Lco(10 - 9y/Lcogs - 5)

Figure 5. The bottom right corner of the plot with enhanced higher-J CO
emission and lower [GI] emission,might correspond to heating from X-rays
and/or mechanical heating from processes such as AGN activity, stellar winds
or supernovaeWe compare the two galaxies,W (red) and E (blue), with
starburstcompositeand AGN at local and high redshift.ocal galaxies with

an AGN fraction >0.3 are indicated by red circles and other Class Il or Class
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(Marrone et al. 2018). We conclude that there is a possibility of
other heating mechanisms in addition to photoelectric heating
in SPT0311-58put we cannot infer the presence of an AGN.
We further discuss mechanical heating from shocks and stellar
feedback in detail in Section 5.4.

4.4. Radiative Transfer Modeling

To model the dust emission,observed CO,and [C1] flux
densitiesin SPT0311-58 W and E, we use two non-local
thermodynamic equilibrium (non-LTE) LVG radiative transfer
modeling methods:N-componentand Turbulence.The first
model is described in detail in Weill et al. (2007), and an
updated version is in Strandet et al. (2017). The second
modeling method,based on the equations from Weil} etal.
(2007),is summarized in Harrington et a{2021).

In the radiative transfer models,we model the excitation
of the dust continuum, CO, and [CI] flux densities
simultaneously.

We model the dust continuum using the modified blackbody
function shown in Equation (2). The dust optical depth
(Equation (3)) dependson the dust mass and the dust
absorption coefficient.In the radiative transfer models, we
adoptk,/m%g ' = 0.04" (n/250 GH2%%. The dust mass is
'obtained from the gas mass by using the gas-to-dust mass ratio
that is a free parameter in the models.

For the CO and [CI] line emission modeling,the infrared

Il objects (i.e., a high ratio of high-J CO to mid-J CO emission) are shown by radiation is considered as background radiation in addition to

gray circles (Rosenberg et al. 2015). The local galaxy observations are detaile

in Diaz-Santos et al. (2014), Mashian et al. (2015), and Rosenberg et al. (201
while the high-redshiftsample is from Danielson etl. (2011), Frayer etal.
(2011), Yang et al. (2017), Andreani et al. (2018), Zhang et al. (2018), Li et al.
(2019), Shao et al. (2019), Yang et al. (2019), Wang et al. (2019), and Rybak
et al. (2020).The position of SPT0311-58 E and W on the plot indicates that
there might be additional heating mechanisms beyond photoelectric heating.

he CMB radiation at z = 6.9. The line flux density is modeled
y the following:
Scoic = To 2K My W € (1 + 2)] (10)

where c is the speed of lightgysis the observed frequency of
the CO or [C1] lines, and Q is the source solid angle given by

heated by electrons deep within the molecular clouds in a purepfz/DE. The brightness temperatureof the line, T, is

PDR context. However, in Figure 5, we observe that
Lco(o-9iL coe-s) is increasing with decreasing ke /L rir.

calculated using the excitation temperature of the linback-
ground temperaturedust temperatureand the dust opacity.

processes)n addition to the photoelectric effectesult in the
observed trend or that the [@] deficit is probably notdue to
the effect of reduced photoelectricheating efficiency. The
presence of an AGN can also decreasel[Cemission due to
possible destruction of duggrains (Smith etal. 2017). There
could also be an apparentdeficit in [CII]/FIR due to
contribution to the total infrared emission from the AGN.

However, it has been observed that this effect is not significant

(Diaz-Santos efal. 2013). As discussed in Rosenberg etl.
(2015), heating mechanismsin addition to photoelectric
heating are required to explain the high ratio of high-J to
mid-J CO emission.

In Figure 5, reduced [C] emission and increased CO(10-9)
might indicate X-ray heating from the AGN and/or mechanical
heating from the AGN or other sourcesich as stellar winds,
mergerspr supernovae explosions in addition to photoelectric
heating.We observe that,in Figure 5, the known AGN and

kinetic temperaturethe gas phaseabundanceper velocity
gradient,and the gas-to-dusinass ratio.All these parameters
are discussed in detail in this section.

In this section, we also highlight the differences between the
two models and presentthe best-fit and derived parameters
obtained from the radiative transfer modeling.

4.4.1.N-component and Turbulence Models

Both the N-component and Turbulence codesmodel the
dust, CO, and [C1] flux densities simultaneously. The
N-componentmodel is the more basic of these two codes
and can describe the ISM using N components. However, due
to the increased degeneracies with increased numlzérfree
parameterswe use two components in this analysis.These
models will henceforth be referred to as 1-componentand
2-component, which have 10 and 20 input parameters,

other Class Il or lll composite galaxies (galaxies with a high or respectively (see Table A.3.1 in the Appendix)The Turbu-

low AGN fraction and a high ratio of high-J CO to mid-J CO

lence model realistically models the ISM with 12 input

emission; Rosenberg et al. 2015) are mostly separated from thparameters (see Table 4).

starburstgalaxies.Both the galaxies of SPT0311-58 have a
higher Leo(10-9iL coe-s)comparable to the AGN of Class Il or
Il galaxies. W has a lowerk ,j/L fir ratio possibly due to an
increased star formation density or a higher metallicity than E

8

One of the main differencesbetween the Turbulence and
N-component models is that, in the Turbulence code, the ISM is
modeled with the dependence of the source solid angle (Q) on
the gas volume density (), normalized to the mean density).
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Table 4
Turbulence Model Parameters
Parameter Unit Range West West East East
(Ze) (Ze)
Model input
log(ni,) cm 3 1-7 53+13 51+0.9 47424 44422
Tk K 21-600 116 + 42 90 + 24 166 + 65 136 + 57
Ti/T qust L 0.5-6.0 20+0.9 1.6+0.4 34+13 27+11
bk L -0.5--0.05 -0.1£0.0 -0.1£0.0 -0.1+0.0 -0.1+0.0
BTy L 15-2.0 1.8+0.1 1.940.1 2.0+0.0 20+0.0
Reft pc 0.1-5000 3450 + 750 3342 + 628 2548 + 954 2055 + 870
Kuir kms' pc! om®? 1-3 14+04 13+04 17+06 15+06
dViurp kms' 5-200 134 + 46 127 £43 55+ 61 71 % 61
GDMR L 90-1100 124 + 62 L 138 + 95 L
GDMR(Z,) 120-150 L 1299 L 130 + 10
[COM 3] L 1.0x107-2.0x 107* (7+5)x107° L (7+5)x107° L
[COM 3] (Ze) 1.0x104-2.0x10* L (14£3)x107° L (14+3)x107°
[CIH ] L 1.0x107-1.0x 107* (3+2)x107° (5+2)x107° (3+2)x107° (4+2)x107°
Bic L -5-0 -0.8+1.1 -0.7+0.9 -25+15 -23+16
Estimated
within the model
Taust K 52+5 55+ 5 48 £ 4 51+4
Mgas Me (5.4+34)x10"  (45+18)x10'"" (3.1£27)x10"° (2.6+0.7) x 10'°
Maust Me (4.33.5) x 10° (3.5 1.4) x 10° (22+25)x10° (2.0£0.5) x 10°
Derived
from the model
Lg, Kkms “'pc (8+1) x10 " (9+1) x10 ™ (9+2) x10° (11+2) x10°
dco Me/Kkms ~"pd 71£53 53+27 39+44 25+08
Lrr Le (19+1) x10 "2 (19+1) x10 2 (31+1) x10 ™ (31+£2) x10 "
SFR Me yr 5046 + 944 5043 + 949 701 £ 151 708 % 151
taep Myr 107 + 70 90 + 40 44 + 40 36 + 12

Note. The input and derived parameters of the Turbulence model with units and the explored range. The model outputs are the intrinsic source properties as we us
magnification-corrected photometry and line flux densities for modelirigere are 12 input parameters in the model that are explored within the given raflige.
presenttwo Turbulence modelsthe first one is modeled by assuming less than solanetallicity and varying the gas-to-dusinass ratio (GDMR)and the CO
abundance; in the second modéd, get better constrains on the parametessg assume solar metallicity in the galaxies (B and fix GDMR and CO abundance
accordingly.The best-fit parameters from the Turbulence model in SPT0311-58 West and East are shown with and without assuming solar metallicity.
This is given by the following: In the Turbulence model, the kinetic temperafuiseddupled
to the moleculamgas density as { y (nHZ)bTK wherebr, is a
negative power-law indexChemicalmodeling and simulations
have shown thatat gas densities [(130cmi 3, the temperature
) oidl STSSIE : slightly decreases with increasing densiti€his correlation is
dp(ng, ) is the log-normal probability distribution function  pecause the photoelectric and cosmic ray heating has a linear
(PDF) in supersonically isothermalurbulentgas as given in density dependence, but cooling due to CO afichi3 a super
Krumholz & McKee (2005), which depends on the normalized linearrelationship (Larson 20054eijerink et al. 2007; Krum-
gas density (n¢) and the turbulence line width (dvy,). The holz 2014), which leads to an overall cooling per unit of mass in
normalized gas density is given byn¢ = ny,/< ny,> where this regime. In addition tg, The [Q] abundance relative tgibl
<nu,> is the mean gasdensity. The PDF is given by the also coupled to the gas density as a power law with a negative
following: index, (i ;- At gas densities >4@nmi3, the [C] line ratio, [Q]
(2-1)/[C1](1-0),is shown to increase in the PDR models (e.g.,
Meijerink etal. 2007).However o reproduce the subthermally
excited [Cl] gas,i.e., lower [C1](2-1)/[CI](1-0), as typically
observed, it is therefore required to reduce thaljGndance in
the dense gas. Since, we do not have observations of bdith the [C
lines, this is of no importancein the currentanalysis.The
N-component code, on the other hand, considersr),dnde
independengnd there is no explicit dependencepfaind [Cl]
abundance on the gas density.

To constrain the 2-componemhodel, which has more free
parameters than the 1-componertd Turbulence modelsye

W = W ° dp(ng dVy,) &0

where Qg is the solid angle of the total emission region.

1 X le[- log(ng /252 (12)

J@ps? Ne

where, the spread of the PDF is sigma, defined as
s = fog(1 + SMact?) ]” and Mach = dv,, /[ /K T) /2 ],
where my is proton mass,and Tk is the kinetic temperature.
For each value ok ny,>, we sample 50 gas densities within

10 - 10" cm™. The final dust and gas SED, which
describes the observationss the sum of all 50 SEDs.

dp (g, dvturb) =
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considerthe maximum value of CO(13-12)from Rosenberg
et al. (2015) scaled to CO(10-9) in W and E as upper limits.
We also include these upperimits in the 1-component and
Turbulence models, although the results do not change
significantly when the limits are not included.

Jarugula et al.

in the Turbulence model. In W and E, we give an upper limit of
5 kpc. This is larger than the size we obtain from the lens
modeling because low-J CO is more diffuse than mid-and
high-J CO, giving rise to a large radius. CO gas sizes are also
found to be larger than the infrared emission (e.g., Spilker et al.

The models are optimized to fit the observed flux densities 02015; Dong et al.2019; Apostolovski et al2019).

dust and gas using the Monte Carlo Bees Algorithm (Pham &

Virial parameter (kyi): The velocity gradient, which

Castellani 2009). To briefly summarize, the algorithm explores determines the escape velocity of the gaspupled to the gas

the parameter space within the given ranges by estimatifg x
for a few different models referred to as bee&xtra bees are
assigned to regionsof best x? while the rest of the space

continues to be explored by the other bees. We run the code 30

times to avoid artificially narrow PDFs for the solutions and

volume density through the virial parameter (Goldsmith 2001) as

dvy dr = 3.1 ky; /%.

(13

hence have 30 final solutions. The best solution is the one withwWe explore a range of virial parameters from 1-3 wherel k

the best X2 We evaluate~10” models, and the best-fit
Turbulence model parametervalues shown in Table 4 are
obtained by taking the mean and standard deviations from all
the model runs. The best-fit 1-componentand 2-component
model parameters are shown in Table A.3.1 in the Appendix.

4.4.2.Model Parameters

The free parameters and the corresponding ranges given as

inputs in the Turbulence model are shown in Table 4. We use
the same ranges forall the parameters in the N-component
model, excepbr, and fc ; since there is no coupling between
Tk and [CI] abundance with the gas density in this modéh

this analysiswe run two models.The first one is exploring a
range of gas-to-dust mass ratio (GDMR) and CO abundance i
SPT0311-58 W and E corresponding to metallicity less than
solar metallicity. The second modelis by assuming solar
metallicity and constraining the GDMR and CO abundance

corresponds to virialized gas and >1 corresponds to unbound
motions (Greve et al. 2009).

Turbulence line width (dvyp): The turbulence line width
along the line of sight, in addition to the other free parameters,
determinesthe gas mass including the contribution from
Helium (Weil} et al.2007),which is given by:

n

Mgas = 1.36 W——2_

Ha _ dy,
dV/ df turb-

(14

dviud/(dv/dr) is the equivalentpath-length ofthe molecules.
The velocity profile of CO (from the lens modeling in this
analysis)and [C 1I] (Marrone et al. 2018) show a velocity

rgradientacross SPT0311-58 Wwhich could indicate either

rotation of the galaxy or a complicated mergerpattern.The
observed line width (~1000 km s in all the CO and H,O
lines in W) is a combination of both galaxy rotation and

accordingly. In starburst galaxies at high redshift, it is possible random motions due to turbulence. In this analysis, we explore

for the ISM to be enriched to solar metallicity (Novak etal.

a range from 5-200 km s~ for the turbulence velocity line

2019; De Breuck et al. 2019). The parameters which are givenwidth.

as inputs to the models are discussed below:

Gas volume densit}oggnH2 )): We consider a wide range of
gas densities, from 1610'° cm ™2 in the Turbulence model to
sample the density PDF. The mean density of the PDF is
sampled from 18-10" cm ™3, and we use the same range in the
N-component model.

Gas kinetic temperature (J) and Dusttemperature (§us):
The gas kinetic temperature is coupled to the gas volume

Gas-to-dusimass ratio (GDMR):This parameter is used to
calculate the dust mass fromthe gas mass given in
Equation (14).Observations and models suggdastt GDMR
has a dependenceon metallicity where it increaseswith
decreasing metallicity (e.g., Sandstrom et al. 2013; Leroy et al.
2011; Li et al. 2019). We run two models: the first one assumes
metallicity less than or similar to solar metallicity and explores
the GDMR in the range of 90-1100; in the second modek

density in the Turbulence model as mentioned in Section 4.4.1use a GDMR in the range of 120-150 assuming the galaxies

We explore k with the CMB temperature at redshift 6.9 (~21
K) as the lower limit. The dust temperature is weakly coupled
to the kinetic temperature through a free paramet&g/T .
which allows for additional heating mechanisms. We limit this
parameter to 0.5-6 in the models.

Kinetic temperature power-law indef1( ): As discussed in
Section 4.4.1 the kinetic temperature is expected to decrease
with an increase in density below a certain threshold value.
From theory and observations ofnearby low mass and low
density galaxiesl.arson (2005) gives the equation of state for
this relationship wheréb7, = - 0.27. In this analysis of high-
redshift galaxies, we explore a wide range between -0.5
and -0.05.

Dust emissivitylr,): We explore the dust spectral emissivity
index within a range of 1.5-2.0,which is consistentwith the
observations from the high-redshift DSFGs (e.g., Conley et al.
2011; Casey et al2014).

Effective radius (Rg): This radius defines the source solid

have enriched Milky Way metallicity (e.g., Draine & Li 2007;
Elia et al. 2017). In starburst systems, dense regions can build
up metals relatively early and approach solar metallicity (Cen
& Ostriker 1999; Novak etal. 2019; De Breuck etal. 2019).
We fix the GDMR assuming solar metallicity to better
constrain the models. To estimatethe dust massin the
LVG models fromthe gas mass and the GDMR, we
adoptk,/mPkg - ' = 0.04" (n/250 GH2"%.

CO abundance ([CO/H]): We explore a range of 1.0 x
1077-2.0 x 10 ~* for the CO abundance assuming metallicity
less than or similar to solar metallicitydnder the assumption
of solar metallicity conditions,we use the abundance in the
Milky Way and the nearby giant molecularclouds (GMCs)
which is in the range of 1.0 x 10%-2.0 x 10 ~* (e.g., Blake
et al. 1987; Kulesa 2002).

[C1] abundance ([C I/H)]): [C 1] abundance is explored in
the range of 1.0-10 - 1.0 x 10 ~*. This range includes the
[C1] abundance values from the GMCs (e.g.Glover et al.

angle of the emitting region, which normalizes the density PDF2015; Fuente et al2019).
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Figure 6. Top: dust continuum, CO, and [CSED in W from the 1-component model. The observed data is shown as black points with error bars. The best-fit SED
obtained from the model is shown as the thick black line and the 30 other good models in gray. The best-fit mbéeshoj@ as a black circle. Middle: the SED

from the 2-component model in W. The contribution from component 1 is shown in blue, and component 2 is in red. Bottom: the SED from the Turbulence model.
present the contribution to the final SED from the ISM at five different gas number densities shown in colored dashediegsmaining densities (from the 50

samples) are shown as dashed gray SEDs.

[C 1] abundance power-law index (@ ;): As mentioned in for each parameter is taken as the mean of outputs from all the
Section 4.4.1,the [C ] abundance decreases with increasing 10" models weighted by % and the error on the parameters is
gas density.This is modeled as a powerlaw where B¢ ; is the X° weighted standard deviation. In the Appendix, we show
explored in a wide range of -5 to 0. the x 2 weighted parametewalues from all the Turbulence

Throughout the paper, we refer to the Turbulence, models assuming less than solar metallicity conditions
2-componentand 1-componeninodels as the models run by  (Figures 16 and 17). The SEDs estimated using the best-fit
assuming that SPT0311-58 has a metallicity that is less than thearameters are shown in Figures 6 and 7 where the top panel
solar metallicity. In the case of models run with an enriched soleorresponds to the dust, CO, andiJGEDs obtained from the

metallicity assumption, we specify the assumption explicitly.  1-component model, the middle panel is from the 2-component
model, and the bottom panel is from the Turbulence model. In

all the models, we show the best-fit SED as the thick black line

4.4.3.Model Outputs and the 30 other good %models in grayIn the 2-component
The best-fit parametersfrom the Turbulence model in model, we show the relative contribution of component in
SPT0311-58 W and E assuming lessthan solar metallicity blue and component 2 in red. As mentioned in Section 4.4.1, in

and solar metallicity are shown in Table 4The best-fitvalue the Turbulencemodel, the density PDF is sampled at 50
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Figure 7. Top: dust continuumCO, and [CI] SED in E from the 1-component model. Middle: the SED from the 2-component model. Bottom: the SED from the
Turbulence model.

densities,which correspond to a source solid angleand the high-J CO is excited. The mean of the gas density from the
final SED is the sum of the SEDs obtained aach of the 50 two components isIog(nHZ/cm'3) =(4.7+1.2) inWand
models.In the Turbulence modepanel,we show the relative (4.6 £ 1.3) in E. These values are consistent with the Turbulence
contribution of five densities to the final SED as different model within the uncertaintylhe kinetic temperature from the
dashed colored lines and other densities as dashed gray lines. Tarbulence model is (116 £ 42) Kin W and (166 + 65) K in E.
this analysis, we focus our discussion on the Turbulence modeThis is larger than the dust temperaturg® + 5) K in W and

The best-fitmean gas densities are log{fcm S)y=(53% (48 £ 4) Kin E, since the ratio of k/T 4.t from the modelis
1.3) in W and (4.7 + 2.4) in E from the Turbulence model. In thgreater than 1.0. This could imply that, in addition to
Turbulence modepanels of Figures 6 and 7we see thatthe photoelectric heatindghere are other heating mechanisms such
larger gas densities (log{h> 5) emitted from smaller regions  as X-rays, cosmic rays, and mechanicalenergy input from
of the galaxy do not contribute significantly to the overall dust processes such as AGN outflowsergerspr stellar feedback.
and CO emissionln the 2-componenfit, component! has a However, it has to be noted that, whilgTy,stis a function of
lower gas density and is emitted from a larger area than visual extinction (Tielens & Hollenbach 1985We consider a
component2 in both W and E (see Table A.3.1in the constant value at all extinctions.
Appendix). This indicates thatcomponent!, associated with The best-fit GDMR from the Turbulence model is (124 + 62) in
low-J CO excitations, is primarily tracing diffuse regions of the W and (138 £ 95) in E, which is similar to the enriched Milky Way
ISM, while componen® traces dense and compagds where value. The best-fit CO abundance is (7>¢%) ~ in W and E,
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) . . o " Figure 9. Lic j1-0y/L cow@-3) representing totagas to dense gas ratio against
Figure 8. Brightness temperature ratio @ach CO excitation transitionThe  Licho) /Lpr- The values obtained from the Turbulence model in SPT0311-58
Turbulence model SPT0311-58 values are the mean of the 30 SEDs shown in gre compared to the observations in local- and high-redshift galaxies. The SPT-

Figure 6 and Figure 7.The gravitationally lensed SPT-SMG sample is from  SMG data is from Bothwell et al. (2017) and the other lensed SMGs are from

Spilker et al. (2014), and the unlensed SMGs from z = 1.2-4.1 are from Alaghband-Zadeh et al. (2013). Local galaxies from Herschel/SPIRE are from
Bothwell et al. (2013). A combined sample of starburst galaxies and AGN fromKamenetzky et al. (2016). CO(4-3) and [C 1](1-0) line luminosities in

z =1-7 is taken from Harrington et al. (2021) and Kirkpatrick et al. (2019).  SPT0311-58 W and E are obtained from the Turbulence modelyhere we

The average Turbulence model output from the 24 Planck sources (Harringtonmodel the observed dust, CO, and][2-1) transitions. In SPT0311-58 W and

etal. 2021) are also shown. E, we show the mean line luminosities and the uncertainty obtained from
running the Turbulence moded0 times.The direction of increase in the UV

; ; ; 5 ; field strength and the density are shown at the top right corner of the plot. The
fl’?en?llt?atrear:lilwrgr(wlzt:]e?‘klflzn:tnall?a|¥8|8uZe) c')lfhéeg ;;S(t{fit [agﬁﬂtzd i|: model values in W and E agree with the observations in the SPT-SMG sample.
(3.4 £1.8) x 10 in W and (3.4 + 2.3) x 10in E. These values h . v 1. In Fi 8 and Table 5 how th
are consistentith the carbon abundance in dense star-forming Where J is usually 1. In Figure 8 and Table 5 we show the
environments where a value of ~5 ¥4 reported in the center Prightness temperature ratios in the two SPT0311-58 galaxies
of the localstarbursgalaxy M82 (White etal. 1994).In high- by normalizing to J =3, which is the lowestobserved CO
redshift (z > 2) samples of submillimeter and quasar host galaxigg)sition. We compare the observed and model CO excitations
Walter etal. (2011) derive a carbon abundance of (8.4 + 3.5) x in the two galaxies with the stackeq from 22 gravitationally

10°°. Such high values are possiblehagh redshifwvhere CO lensed SPT-SMGsfrom Spilker et al. (2014) and with the
moleculesare dissociated dueto cosmic rays or interstellar  median values obtained from 32 SMGs from z 1.2 — 4.1

radiationjncreasing the [ abundance (Bisbas et 2015).In (Bothwell et al. 2013). We also include a heterogeneous sample
addition to cosmic raysther factors are also found to affect the ¢ star-forming galaxiesand AGN from Kirkpatrick et al.

[C1] abundance such as the gas derthiéytemperaturend the (2019) combined with 24 lensed Planck selected sources from

metallicityIn hydrodynamical simulatiotise carbon abundance ; : . .
is observed to decrease with an increasing metallicity (Glover é—|arrlngton et al. (2021), which gives a range of galaxies from

Clark 2016). In the Turbulencemodel, the [CI] abundance 2 = 1=7- Theaverage Turbulence modebutput of the 24
decreases with increasipgusing the negative power-law index Planck sources from Harrington eal. (2021) is also shown.

B[C I} This relationship isalso manifested in the 2-component The Turbulence model reproducesthe observed valuesin
model where the [Cabundance is lower in the denser compone@PT0311-58 W and EBoth the SPT0311-58 galaxies have a

2 than the diffuse component 1 by a factor of [13. However, it taightness temperature profile similar to the high-redshift SMG
to be noted thatdue to the lack of [CI](1-0) observationsye samples, and a subset of sources from Harrington et al. (2021)
cannotreliably confirm the relationship between] fbundance  glso show similar excitations.

and gas densitylhe [CI] emission is mainly dominated by the  The non-LTE 2-component best-fit model outputs the
diffuse component as seen in the 2-component model (componggithtion temperature(Te,) of [C1] in component 1 and

shown in blue) in Figures 6 and 7. component2. We calculatethe total To, of [C1](1-0) by
. performing a flux density weighted sum af, Tn component 1
4.4.4.CO and [CI] Excitations and component 2. This gives,F30 K and 32 K in W and E,
From the radiative transfemodeling, we can estimate the respectively. These values are similar to the typigabfT30 K
intrinsic brightnesstemperature(T,) ratios for all the CO adopted in the literature (Walter et al. 2011). However, due to a
transitions from J = 1-15 in terms of the line luminosities as  lack of [C1](1-0) observationswe cannot get an accurate
following: estimate of the excitation temperatures from modeling alone.
_ 1 1 In Figure 9, we compare the Turbulence moddL 1](1-0)
l39; = t&ou-> 1)/ dod> 3 1 (19 and CO(4-3) in SPT0311-58 W and E to the sources from the
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Figure 10. Comparing the gas mass calculated from different methods in SPT0311-58 W and E. Data points from top to bottom: (1) The Turbulence model output f
Equation (14) notonstraining the GDMR and CO abundan@.The Turbulence modelutputby assuming solar metallicity {# and fixing the GDMR and CO

abundance. (3) Using the same equation in the 2-component model and adding the gas mass from component 1 and 2. (4) Gas mass from the 2-component mode
solar metallicity. (5) Gas mass from the 1-component model. (6) Gas mass from the 1-component model assuming solar metallicity. (7) Gas mals&fggr)n the observe
(Equation (8)), and assuming a typical excitation temperaturdjaatolfizlance. (8) Gas mass estimated from dust mass by assuming GDMR = 100. 9) Gas mass from

Marrone et al. (2018) where CO(1-0) is converted from CO(3-2), and assuming a conversiagsfaetbld /K km s p&.

literature. [G](1-0) is observed to be a good tracer of CO(1-0), massesreported in Marrone et al. (2018) where they are
and henceijt is a good tracer of the bulk of the H gas mass obtained by scaling CO(3-2) to CO(1-0) and converting to gas
(e.g.,Jiao et al. 2017,2019). CO(4-3) traces denseH, gas mass by assuming o = 1.0M o/Kkm's ~' pc® The total

participating in the star formation. Alaghband-Zadeh etal. gas mass from the 2-componemtodelis consistentwith the
(2013) observed that the ratig-ly1_ofL co(s-3ydecreases with  Turbulence modelswithin the uncertainties. The gas mass
increasing k. In Figure 9 we compare the ratio of IJCI-0)/ estimated from [G](2-1) agrees with the LVG models within

CO(4-3)in SPT0311-58 with the lensed SMGs (Alaghband- the uncertainties. The gas mass from [CI](2-1) in E is the
Zadeh etal. 2013; Bothwell et al. 2017) and the local star- upper limit due to non-detection of the line.SPT0311-58 W
forming galaxies from Kamenetzky et &016).The direction and E gas mass estimates reported in Marrone et al. (2018) and
in which the UV field strength and the density of the gas the estimates from dust mass include assumptions about the CO
increases is also shown in Figure 9 (eKpufman et al.1999; scaling, gas mass conversion factorand the GDMR which
Valentino et al. 2020). SPT0311-58 W and E have ratios similacould result in discrepancy with the LVG models.
to the ~40 lensed SPT-SMGs sample detailed in Bothwell et al. All the methods used to estimate the gas mass yield a canonical
(2017).W is similar to the mean value of SPT-SMGs while E  value of a CO-to-H conversion factomico> 0.8 Mo /K km
has a lower value, which might indicate that E has a higher UV s' pc®as discussed in Section 5.2. The intrinsic SFR from the
radiation and is a more compact starburst than W. Turbulence modeis calculated using Equation (6)giving an
SFR =5046 + 944 M, in Wand 701 £ 151 M in E.
4.4.5.Gas Mass and SFR 5. Discussion
Eq-[lr;(taio%a(shn)qalzsrso::w] tr:geTt\r/tilznocdeﬂWoésel e\ASutamg];ztteSAUS":]g In this se_ction we discuss_the differential_magnification
(5.4 + 3.4 x 1.01 M, in W and (3.1 + 2.7) " 160 M ignasiE across the different CQ transitions and dust in SPT0311-58. We
Uéiné tHe GDMR frgm the Turbulénz:e hodel we d‘;[[jyﬁl-\/l also compare the spatiagxtentof CO and dust. We further
. ' . estimate the CO-to-H conversion factorand gas depletion
(4.3+3.5)x 19 M, in W and (2.2 £ 2.5) x O M, in E. By i os in SPT0311.58 and th ith the oth
assumingsolar metallicity in SPT0311-58we get My,s= imesca’es n o1 -o¢ anc compare them wi S other
% 9 high-redshiftSMGs in the literature. Toward the end of this

(45+1.8)x 10" My inWand (2.6 £0.7) x 10° M, inE . ’ , . .
section,we briefly discuss some ofthe heating mechanisms
from the Turbulencemodel. Becausethe GDMR and CO contributing to the CO emission in SPT0311-58,

abundance is fixed fosolarmetallicity,the gas mass is better
constrained than in the case where we do notconstrain the
parameters.

We compare the gas mass calculated using different methods In Figure 11 we compare the magnification and intrinsic size
in Figure 10. We compare the gas mass from the LVG models of CO and the dust continuum regionsin SPT0311-58 W
with the calculations from [QJ(2-1), discussed in Section 4.2. obtained from the lens model§he magnification for the dust
We also calculate the gas mass from the dust mass (Section 3&@ntinuum and CO are given in Tables 2 and 3 respectively,
by assuming the GDMR = 100 (Sandstrom et al. 2013), which and the lens model parametersare given in Tables A.2.2
includes contribution from Helium. We also show the gas and A.2.3.

5.1. Magnification and Intrinsic Size
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2.5 | . . u u galaxy while the high-J CO is emitted from the compact
® co regions. We also observe thatthe CO emission regions are

2.4 -=== ALMA B4 (2 mm) | larger than the dustemission,although notsignificantly. Our

---- ALMA B3 (3 mm) resultis consistentwith the previous literature where CO is
observed to have a largerradial extent than the dust (e.g.,
Spilker et al. 2015; Apostolovski et al. 2019; Dong et al. 2019).
In Calistro Rivera et al. (2018) and Dong et al. (2019), the
authors discuss several possibilities for such a trend (for

+ example, a temperature gradient across the galaxy giving rise to

N
w
T

N
[N]
T
1

E a lower intensity of continuum emission in the outskirts or a

spatially varying gas-to-dustatio). The compactsize of the

dust continuum in comparison to the cold gas due to a
temperature gradienficrossthe galaxy is also discussed in
Cochrane etal. (2019). In SPT0346-52 (Apostolovskiet al.
2019), it is observed that the radial extent of the dust at 3 mm is
larger than the radial extent at 2 mm. In SPT0311-58, the size
of the emission region ofthe dustat 2 mm (ALMA B4) is

| . . | | slightly higher than the size at3 mm (ALMA B3), but this

' difference is not statistically significant (bottom panel in

¢ co - Figure 11).
---- ALMA B4 (2 mm)

---- ALMA B3 (3 mm)
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5.2. Gas Mass Conversion Factor

N
n
T

Traditionally, the gas massis estimated by assuming a
CO-to-H conversion factor (sp) where Mas= aco Léog- o) -
In the literature,aco =0.8 M o/Kkms ' pc is typically
adopted for (U)LIRGs (e.g., Downes & Solomon 1998; Carilli &
Walter 2013). We hereby mentioggvalues without units for
convenience. There is a large uncertaintydg walues ranging
® from 0.4-6 (e.g.)vison et al.2011;Papadopoulos et a2012;
Carilli & Walter 2013; Mashian etal. 2013).In SPT0311-58,
we calculate o using three differentestimates ofgas mass

N
o
T
I

rcularized Radius [kpc]
tr
T

IS R A S RE— as shown in Figure 12. The CO(1-0) luminosity is obtained

from the Turbulence model where Lg;m_ o =830 1.3
10°Kkms "pc2inWand (8.8 +2.6x 10° Kkms ™' pc
in E. In the first method, we derive the conversion factor based
5 6 7 8 9 10 11 on the intrinsic gas mass (Equation (14)) from the Turbulence
Jup model. Assuming less than solar metallicity in SPT0311-58, we
Figure 11. Top: the magnification of CO and the dust emission in SPT0311-58 obtain o - ?'1 $53inWand3.9+44inE. Assumlng the
W. There is no significant differential magnification between the different O Solar metallicity GDMR and CO abundance, we obtaig o
transitionsand the dust. Bottom: CO and the dust emission region sizes 53x2.7inWand 2.5 % 0.8 in E. Since we fix two parameters
(circularized radius) in SPT0311-58 W. The higher-J CO emission arises from under solar metallicity assumptionthe aco values are better
more compact regions of the galaxy than the lower-J CO transitid®€ has constrainedThis is similar to a co = 4.8 + 2.9 reported in
been observed to have a marginally larger size than the dust. Strandett al. (2017) derived from unresolved observations of
SPT0311-58 using the 2-componentmodel, assuming solar

The circularized intrinsic radius is calculated from the metallicity, and fixing the CO abundance. In the second method,
semimajoraxis (a;) and the semiminoraxis (bg) as /(asky). we estimate the intrinsic gas mass from the dust mass

Differential magnification can occur depending on the position (Section 3.3) by assuming the GDMR = 100. We obtain
of the source relative to the lensing caustic and the size of the aco =1.6 £ 0.7 in W and 2.1 £ 0.9 in E. In the third method,
emission region (Hezaveh etal. 2012; Spilker et al. 2015). we use gas mass from [Q](2-1) as detailed in Section 4.2,
Significant differential magnification between the CO lines, obtaining &o = 3.0 £ 1.4 in W and an upper limit of 2.8 in E.
particularly between those tracing different physical conditions In Figure 12, we compare-gin SPT0311-58 W and E with
of the galaxy, can affectthe physicalproperties derived from  the literature sampleln all the literature sourcesye estimate
the CO SLED (Dong et al. 2019). From the top panel in the conversion factor using the second method, where we
Figure 11, we see that the magnification is consistent between calculate the dust mass following the method detailed in
the CO transitions and the dustcontinuum (i.e., we do not Section 3.3. This is done to be consistentand to reduce
observe differentialmagnification between these components uncertaintiesfrom different assumptionsin the dust mass
in SPT0311-58 W).From the bottom panebf the figure, we calculations the GDMR values,and the gas mass calculated
see that the CO emission area is marginally decreasing with arfrom dynamical mass estimatds. the left and right panels of
increasing excitation level.This trend has been observed in Figure 12, we plot aco as a function of Lgr and the dust
sources such as M82 (Weil} etal. 2005b) and SPT0346-52  temperature (J.s), respectivelyln the literature sampleboth
(Apostolovski et al. 2019) where low-J CO transitions, such as the Lggr and Ty,stare obtained from the SED fitting procedure
CO(1-0) and CO(2-1) are tracing the diffuse regions of the  as detailed in 3.3.The main sequence (MS) galaxy sample is
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Figure 12. Left: the main sequence (MS) galaxies are taken from Magnelli et al. (2012). The high-redshift SMGs are from Carilli et al. (2010), Fu et al. (2012), Walte
et al. (2012), Fu et al. (2013), Ivison et al. (2013), and Alaghband-Zadeh et al. (2013). The SPT-SMGs are from Aravena et al. (2016) and Reuter et al. (2020). The
Acoin the literature sample is estimated usingMom My,siassuming a gas-to-dust mass ratio of 100. Hhevalues in SPT0311-58 W and E obtained usigg;M

from the Turbulence model assuming less than solar metallicity are shown as solid red and blue data points. The Turbulegiseahmdelinder solar metallicity
assumption are shown as open red and blue data pointsgd hsing Masfrom My,siare shown as solid magenta and cyan data points in W and E, respectively. The
aco using Myssfrom [C 1](2-1) are shown as open magenta and cyan data points. Right: the correlation betweendiTyus;is statistically significant in the MS

galaxies and in the SPT-SMGs.

Table 5
Brightness Temperature Ratios from the Turbulence Model
Source M3 23 43 53 6,3 73 g3 fo3 M10,3
W 1.04 £0.13 1.09 £ 0.08 0.87 £ 0.05 0.73+.0.04 0.59 + 0.03 0.45 +0.02 0.33 £ 0.02 0.22 +0.01 0.13 £ 0.01
E 0.88 £0.16 1.05 + 0.09 0.89 +0.06 0.76 £ 0.05 0.63 £ 0.04 0.50 £ 0.03 0.37 £0.03 0.26 £ 0.02 0.17 £ 0.01

Note. The brightness temperature ratios are obtained from Equation (15) using the mean of the 30 best SEDs from the Turbulence large velocity gradient (LVG)
modeling.

taken from Magnelli et al. (2012). The high-redshift SMGs are Scoville et al. 2012). From our Turbulence model, we find that
from Carilli et al. (2010), Fu et al. (2012), Walter et al. (2012), the dense gas in both E and Wig¢g("y,/cm %) = 4-5) has a
Fu et al. (2013), Ivison et al. (2013), and Alaghband-Zadeh  significant contribution to the overall gas emission, which might
et al. (2013). The SPT-SMG sample is from Aravena etal. give galactic values of go in SPT0311-58.
(2016) and Reuteret al. (2020). In Alaghband-Zadeh etal. In the right panel of Figure 12, we explore the correlation of
(2013),CO(1-0) is not observed directly and is derived from  aco and Tyust We fit a linear function to the MS galaxies and
CO(4-3) using a conversion from Bothwellet al. (2013).1n the SPT-SMGsusing an MCMC and find a statistically
the SPT sources where CO(1-0) is not observed, it is derived significant correlation between-g and Ty,s; We use an F-test
from CO(2-1) by assuming a line brightness ratio of 0.9 to determine that the model with a negative slope is statistically
(Aravena etal. 2016). The errors are large in sources which  betterthan the modelwith no slope or zero correlation.We
have photometry data available at three or fewer wavelengths. obtain a p-value of <0.05, and we rejectthe null hypothesis
In the figure, we also show the conversion factors typically  that the complex model (i.ethe fit with negative slope) does
adopted in the literature to be 4.6 for the Milky Way and 0.8 fornot provide more information than the fiith slope fixed to
high-redshift (U)LIRGs (Downes & Solomon 1998). zero. However, we observe no significantcorrelation if we

In SPT0311-58 the values from the Turbulence modeire include all the SMGs in the model. The strong correlation
closer to the Milky Way value. The conversion factor estimatedbetween @ and Ty,stin the MS galaxies has been discussed
from the dustmass in the SPT sample is larger than the (U) in Magnelli et al. (2012).We find a similar correlation in the
LIRGs value of 0.8. This discrepancy in go is discussed in SPT-SMG sample where SPT0311-58 W and E (from the dust
Ivison et al. (2011) where they find that a range gfa 5-10 mass method) follow a similar trend as the other SPT-SMGs. It
and 0.4-1 can both explain the gas excitations in the SMGs. has to be noted that, whilg,f;and the dust mass are estimated
Constraining @o in the (U)LIRGs based solely on low-J CO, from the same photometrythe correlation between Mt and
which traces an extended low density and a warm diffuse gas, Tqyust iS Nnot as steep as the oco and Tyt correlation. This
results in a lowergh as it does not account for all the gas mass.empirical relation betweengp and Ty,stcan be used to select
A higher density and a loweg;Jturbulent gas in the (U)LIRGs the appropriate aco value for the gas masscalculationsin
can dominate mosbf the gas mass and can increase-g to normal and starburst galaxies. One caveat is that the dust SED
galactic values (lvison efl. 2011; Papadopoulos etl. 2012; fitting, the dustmass calculationand the gas mass from the
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100F | ' " W SPT031158 W-Turbulence model | Table 6
[ @ SPT0311-58 E - Turbulence model ] Intrinsic Cooling Power and Percent of the Total Cooling Fraction
1 SPT0311-58 W - Turbulence model [Z5] 4
> SPT0311-58 E - Turbul del [Zo] 7 .
Ma,-no M SPTO311-58 W- :ZOUair;c[ec:]“(Z —el) 1 Cooling Fraction rela-
Seq, SPT0311-58 E - H,0 and [CI}(2 - 1) h | Power tive to [C 1] Total cooling %
A Ce gs ¢ SPT-SMGs ] channe
axje, ¢ high-z SMGs (ergs™)
w E w E W E

e ° ! CO ~1x ~2x 036 0.12 ~10%.7 ~3%.7

> 107 ? N . 10 10*
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.9, 1t i q ] [C1] ~2x ~8x 0.04 0.004 ~1%.2 ~0%.1
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Note. The intrinsic cooling power of CO is the sund ﬂstC@, and [Cl]is
a ﬁf Lic1y from the Turbulence model. The [ intrinsic power is obtained
1072 p from Marrone etal. (2018). The percentooling fraction for CO and [CI] is
[ ] obtained by considering the fraction of the cooling channel luminosity relative
1 to the [C 1I] luminosity and assuming thafC I1] contributes to ~30% of the
! L L L | ! total cooling (Rosenberg et a2015).

1 2 3 4 5 6 7
Z
Figure 13. Depletion time as a function of the redshift. The values in SPT0311-mass in the literature sources is calculated from the CO(1-0)
58 are estimated using the two methods outlined in Section 5.3. The depletion Iuminosity by assuming the meangy =3.2+2.7 from the
time from the Turbulence model, assuming less than solar metallicity, is Showrhigh-l‘edshif’[ SMG sample and the SPT-SMG sample

as solid red and blue data points in W and E,respectively Assuming solar - . . .
metallicity (Z ), the depletion time is better constrained and shown as open red(FIgure 12)‘ The SFRis calculated using Equatlon (6) where the

and blue data. The depletion time estimated using the SFR from p-H ,0 _LIR is O_btained from the mOdi'ﬁed b|aCkb0qy SED fit Qescribed
(211 - 20,2 and the gas mass from [{2-1) are shown as magenta and cyan in Section 3.3. The MS galaxies are described in Saintonge et al.
in Wand E. The high-redshiftgravitationally lensed SPT-SMGs are from (2013) as l‘dep:

Aravena etal. (2016) and Reuteret al. (2020), and the other high-redshift a ; - 5 -
SMGs are taken from Carilli et al. (2010), Fu et al. (2012), Walter et al. (2012) 1.5(1 + 27 where a is from 1.5 (Dave et a|'2012) to-1.0

Fu et al. (2013), Ivison et al. (2013), and Alaghband-Zadeh et al. (2013). The (Magnelli et al. 2013), which is shown as the gray shaded region.
MS galaxies are described in Saintonge edl. (2013) as tgep = 1.5(1+ 2)3 From Figure 13,we observe thathe depletion time in the

where a is from —1.5 (Davé et al. 2012) to —1.0 (Magnelli et al. 2013), which SMGs between z= 2-3 follows a trend similar to the MS

is shown as the gray shaded region. There is no clear evidence of an evolutiongglaxies where t.. decreases with an increasing redshift (e.q.

of the depletion time with the redshift in the SMG sample above z > 3. rgaintonge etal dtezpo»] 3: Tacconi et al. 201 3) Hc?wever thi(S 9
evolution does not seem to exist in the SMG sample at z > 3.

. , . .In SPT0311-58 W and E, the depletion times obtained from
dust mass have to be estimated using the same assumptions iR oih the methods are within the typical range for high-
all the sources to understand this correlation. redshift SMGs.

From the high-redshift SMG sample together with the SPT-

SMGs,we estimate a meangp = 3.2+ 2.7.
5.4. Energy Budget

In this section, we discuss the heating and cooling budget of
the neutral gas in SPT0311-58 with a focus on the dense

The gas depletion timescalgdtis defined as MJ{SFR. We moleculargas traced by CO.Some of the importantcooling
calculate and compare the depletion timescales in SPT0311-58ines in the neutralgas regions include [@] (158 pm), [C 1]
W and E with the literature sources in Figure 18/e estimate (369,609 pm), [O 1] (63 pm), [Sill] (35 pm), and CO.The

5.3. Depletion Time

tyep in SPT0311-58 using two methodsin the first method, total neutralgas cooling budgets the sum of luminosities of
the gas mass and SFR are fromthe Turbulence model the lines. We combine the observations ofil[Grom Marrone
(Section 4.4.5)We estimate o, = 107 £ 70 Myr and 44 + et al. (2018) and the totalCO and [CI] luminosities from the
40 Myr in W and E, respectivelyassuming lessthan solar LVG modeling to estimate the cooling power. However, since
metallicity. Under the assumptionof solar metallicity in we do not have observations of the two important coolanis [O

SPT0311-58 we estimatetye, =90 +40 Myr and 36 + and [Sill], which are found to contribute to more than 50% of
12 Myr in W and E, respectively. The second method is using the total cooling budget(Rosenberg etal. 2015), we cannot

the observed lineswhere gas massis calculated from the provide ti}e complete picture of the neutgal gas. The total power
observed [@](2-1) (see Section 4.2), and the SFR is calculatedof CO (& 3=1°Lcq) and neutral carbong(3=4 L (c 1,) from the
from p-HyO(2, 41— 2p5) (see Section 4.1)We obtain tye, = Turbulence modeland [C11] from Marrone et al. (2018) are

(57 £37) Myr in W and (143 + 570) Myr in E. The non- given in Table 6. We also show the contribution of CO and
detection of [C](2-1) and p-HO(2, 1— 2p ) in E gives alarge  [C 1] to the total cooling by assuming that [C] contributes to
uncertainty on the depletion time estimalée literature high- ~30% of the total cooling Rosenberg etal. (2015). In the
redshift SMGs are taken from Carilliet al. (2010),Fu et al. dense molecular gas regions (i.e., high visual extinction),
(2012), Walter et al. (2012), Fu et al. (2013), Ivison et al. (2013FO transitions are the dominant cooling lines (Tielens &

and Alaghband-Zadeh el. (2013).The SPT-SMGs are taken  Hollenbach 1985), where molecular collisions play an
from Aravena etal. (2016) and Reuter etl. (2020). The gas important role over photoelectric heating. From the Turbulence
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model, we derive a gas density >10 cm™ and a gas kinetic explosions)some of which is converted into turbulent energy
temperature ~ 100-170 K in SPT0311-58, which is the dense through a turbulent energy cascadefrom galaxy scales to
molecular gas regime. Over the depletion time of the molecularsmaller physical scales, may contribute significantly to the CO
gas,i.e.,~100 and 40 Myr in W and E, we estimate the total  cooling budget over the molecular gas depletion timescale.
energy outputfrom CO emission to be ~5 x 10 %8 erg and
~3x 10 °7 erg, respectively.

The Turbulence LVG model has a free parameig¥fThus) 6. Summary and Conclusion
to account for heating from sources such as X-rays, cosmic-rays
and mechanical heatingp addition to photoelectric heating by
modeling T, and Tyustsimultaneously.  J/ T qust = 2.0 £ 0.9
and 3.4 + 1.3 in SPT0311-58 W and E, respectivelywhich
suggests that there are other heating mechanisms in addition t
photoelectric heating (traced hyJ. A high value of J/T gust
could also occur in the photodissociatiorregions at low
extinctionsor a low density (Tielens & Hollenbach 1985).
However,since both galaxies have a high gas density where
high-J CO is excited, we can considerheating from other

processes. One caveat is that we do not consider the change i
_ . o . : models.In the 1-componerdnd 2-componemhodels the ISM
Twin/ T qustwith density in the LVG model. Following Harrington is modeled by one and two gas densities respectivelyThe

etal. (2021),we calculate the contribution of turbulekinetic Turbulence model is more sophisticated because the gas density is
energy to the CO line emission in the dense molecular gas. The P 9 YIS

turbulent energy can be calculated from the turbulence line Widgr?]rc?Efr?crg;rigr?al?g-nisrenr:ableﬁgvi in turbulent gas. The main results
and the gas mass (Table 4fFag, = 0.5 M, dV2,. We get 9 '

'SPT0311-58is comprisedof two intensly star-forming
galaxies,W and E, at a redshiftof 6.9, inthe EoR. We
characterize the physicaroperties ofthe galaxies using new
8bservations of£0O(6-5),CO(7-6),CO(10-9),[CI](2-1), and
p-HO(2 1— 2 9 transitions. We perform lensing reconstruction
by assuming a Sérsic source profile using visilens (Spilker

et al. 2016). We show that there is no significantdifferential
magnification between dusind CO. We run non-LTE LVG
radiative transfemodels,which considerdust, CO, and [C1]
f§imultaneously:1-component,2-component,and Turbulence

a turbulence energy of1 x 10°°ergin Wand ~ 1 x 16" erg 1. We detect p-bD(2; 1= 20 5) in SPT0311-58 W, which is
in E, similar to the total CO cooling energy.This shows that the mostdistantdetection of water in a galaxy without
turbulence energy issufficientto heat the moleculargas in any evidence of an AGN in the literature. Thazo/LHR
SPT0311-58There are severglossible sources of turbulence- ratio in SPT0311-58 is consistent with other high-redshift
driven mechanicalheating such as the presenceof AGN galaxies.From theLHzo-LHR correlation,we estimate a
outflows, stellar winds, or supernovae explosions. SFR of 4356 + 2143 M yr~' in W and an upper limit of
We also estimate heating from the staformation such as 385M, yr' inE. The SFR calculated from L g is
stellar feedback and supernovaeexplosions based on the 5046 + 944 M, yr 'inWand 701 £ 151 M yr " in E.
calculations from Harrington et al. (2021) and references Both the calculations give consistent values within errors
therein.The SPT sources have a negligible contribution from in W. These measurements ofHare broadly consistent
AGN to the total infrared luminosity even in the galaxy with with the possibility that the cascade transition from the
one of the highest star formation rate densities (Ma et al. 2016). FIR absorption pathways may trace the total FIR
Hence,the presence of an AGN is probably noé significant luminosity and thus star formation.
source of molecular gas heating in SPT0311-58.1t is also 2. The CO SLED and brightness temperatureratios in
argued in Harrington etal. (2021) that the X-ray luminosity SPT0311-58 W and E are consistent with the other high-
from non-AGN sources is noa major source of heatingWe redshift starburst galaxies. We explorg l4/L Fr versus
estimate heating from the stellar outflows and the supernovae. Lcoto-gil coe-5) @s an indicator of the presenceof
Stellar feedback in galaxies is primarily contributed by massive heating mechanisms in addition to photoelectric heating.
stars, such as an O-type, which evolve into core collapse We observe thatk /L rir decreases with an increasing
supernovaeneutron stars,or black holes. Using an O-type Lcocio-9fL coe-5y The ratio of Lcogo-efl coe-5) in
stellar wind luminosity of~ 1097 erg in a lifetime of 5 Myr SPT0311-58 is comparableto low-redshift AGN and
(Leitherer et al. 1999; Smith 2014; Ramachandran et al. 2019) Class Il and lll galaxies (Rosenberg ei. 2015), which
and assuming O-type stars comprise 0%.2 of the total number suggests thatthere are additionalheating mechanisms,
of stars formed (Kroupa initial mass function), we can calculate but we cannot confirm the presence of an AGN.
the total energy output over the depletion time of the galaxies. 3. By comparing the radial extent of dust and CO
We estimate a total stellar feedback energy-cf0°®%erg in transitions,we observe thatthe CO is emitted from a
W and ~ 7 x 10 %5%8erg in E. Stars with masses in the range larger area than the dust, although the result is not
of ~10-40 M, collapse as supernovae (Heget al. 2003), significant. We also observe that the CO emission region
which emit an energy of~ 10°" erg. Assuming the stars with is marginally decreasing with an increasing excitation
these stellar masses comprise ~7% of the total stellar mass, we level.
estimate a total energy output from supernovae explosions 4. The mean density derived from the Turbulence LVG
of ~3x10 %erginWand~2x 10 *®ergin E, over the model is log(Ny,/cm 3 = (5.30 1.3) in Wand
depletion timescaleThis is an upper limit as the energy input (4.7 £2.4) in E. The gas massfrom the Turbulence
from the supernovae explosions is nad continuous process. modelis 5.4 +3.4x10 "M, inWand 3.1+ 2.7 x
About 1% or less of the supernovae energy goes into turbulent 10'"°M, in E. From the predicted LVG model CO(1-0),
energy (e.g./ffrig & Hennebelle 2015; Martizzi et al. 2016), we estimate a gas conversion factes & 7.1 £ 5.3 and
which is consistent with the CO cooling energy. 3.9+4.4inWandE, respectively.This is consistent
The energy estimates show that the mechanical heating from with the aco inthe high-redshift SMGs within the
star formation (i.e., stellar outflows and supernovae uncertainties. From the high-redshift SMG sample
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togetherwith the SPT-SMGs, we estimate a mean of
Oco = 32+27.

5. From the Turbulence model, we estimate a depletion
timescale of 107 £ 70 Myr in W and 44 £+ 40 Myr in E.

Jarugula et al.

Simons Foundation. This paper makes use of the following ALMA

data: ADS/JAO.ALMA #2017.1.01168.S, ADS/JAO.ALMA
#2016.1.01293.S,and ADS/JAO.ALMA #2015.1.00504.S.
ALMA is a partnership of ESO (representing its member states),

We observe that there is no evidence for the evolution of NSF (USA), and NINS (Japan)togethemwith NRC (Canada),

depletion time with the redshift among the SMG sample

MOST and ASIAA (Taiwan), and KASI (Republic of Korea), in

at z > 3. The gas depletion time in SPT0311-58 W and E cooperatiorwith the Republicof Chile. The Joint ALMA

is within the range of the other high-redshiftstarburst
galaxies.

6. The ratio of Ty;/T gqust is >1 in both galaxies, which
indicatesthat there are additionalheating mechanisms
such as X-rays, stellar outflows, and supernovaein
addition to photoelectric heating in dense molecular gas.
The mechanical heating from stellar outflows and super-
novae explosions, some of which is convertedinto
turbulent energy, may contribute significantly to the total
CO cooling over the depletion timescale.

SPT0311-58 is one of the moswell-characterized galaxies in
the EoR. We observed the brightessource ata high spatial
resolution of ~2-3 kpc and could detecthe CO lines with a
peak signal-to-noiseratio greater than 4. These resolved
observationsat z ~ 7 highlight the power of the ALMA.
SPT0311-58 is the highestedshift source from the SPT-SZ
survey,and it is expected that more than 100 sources atz > 7
can be found in the SPT-3G survey (e.denson et al2014;
Guns et al.2021).
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Appendix

A.1. Far-Infrared Photometry

The intrinsic FIR photometry in SPT0311-58 W and E are
shown in Table A.1.1.

Table A.1.1
Intrinsic Far-Infrared Photometry
Wavelength East West
(um) (mdy) (mJy)
250 19+£0.6 127 +44
350 25+0.6 16.6 £3.3
500 35+07 22.7+4.8
710 31+04 19.9+20
869 2904 15.9+1.6
1.18 £0.03 9.8+1.0
2140 0.18 £ 0.03 2003
0.03 £ 0.02 0.6+0.1

@Pte. The continuum photometry given in the table is corrected for
magpnification. The photometry from 250 to 1260 pm are taken from Extended
Data Table 3 in Marrone et al. (2018). The continuum flux densities at
2140 pym and 3150 pm (140 GHz and 95 GHz, respectively) are given in
Table A.2.2.A 15% calibration error is added in quadrature to the statistical
error to account for the uncertainty from the absolute flux calibration and the
lens modeling.
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A.2.Lens Models from the lens modelith the lensing caustic showrhe final

We present the source plane reconstruction of the continuurP@ne! shows the source plane reconstructed imige best-fit
and spectral lines in W in Figures 14 and 15. The first two pand@!s parameters from the lens modeling are given in Table A.2.1.
show the observations and the beam-convolved image from thd he best-fitsource plane continuum and line parameters are
model, respectively. The third panel is the high-resolution imaggiven in Tables A.2.2 and A.2.3, respectively.
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Figure '1'4“.»Lens}’mod'eks in ciinﬁouurﬁ\éf% GHz (fop pakel) and14Q Q'Hz (bottom panel). The first panel is from the observations and the second panel is the high:
resolution model convolved with the telescope beam. The contours are at + [3, 5, 10, 20, 40, anddB@here o is the rms noise in the map. The residual (i.e.,
observed - model) contours are shown in blue at + [2, 3, 4, and&] The third panel is the high-resolution source plane obtained from the model with the lensing
caustic shown in blackThe last panel is the source plane reconstructibhe third and fourth panels are shown in logarithmic scale to emphasize the features.
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Figure 15. Lens models in the velocity-integrated single-channel CO(6-5) (t&6)(7-6) (middle),and CO(10-9) (bottom)The contours in the dirty images are
at+[3,5,7,9,and 11] x 0. The residual description is the same as Figure 14.

Table A.2.1
Lens parameters
X o CH My 6
() ) (10" M,) (degree)
-0.31 £0.02 -0.15 £ 0.01 0.68 £ 0.07 0.30 £ 0.02 56.09 + 3.99

Note. x and y is the position of the lens relative to the phase cenptisrttes ellipticity of the lens. Ms the mass of the lens. i8 the position angle of the major axis
counter-clockwise from EasThese parameters are consistent with the lens parameters from Marrong(20 48).
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Table A.2.2
Continuum Source parameters in W

Vobs Xs Ys Scont as Ns byas fs
(GHz) (") (") (mJy) " (degree)
95 0.24 £ 0.01 0.04 +0.01 0.60 + 0.02 0.33 £0.01 0.67 +0.17 0.15 £ 0.02 113 1
140 0.24 £ 0.01 0.11 £ 0.01 1.46 £ 0.06 0.29 +0.01 0.84 +0.09 0.32 £0.03 1112

0.34 £ 0.02 -0.24 £ 0.02 0.19 £ 0.07 0.08 +0.01 0.54 +0.17 0.58 + 0.09 -72+10

0.54 +0.04 -0.53 £ 0.04 0.06 + 0.02 0.08 £ 0.02

Note. The best model includes one source at 95 GHz and three sources at 14} @htzyis the position relative to the lengeRis the continuum flux density of
the source. gis the half light radius of the major axis of the Sérsic profile or radius of the GaugsdherSérsic index (fixed to 0.5 for a Gaussian sourge)sis
the axis ratio.f g is the position of the angle counter-clockwise from East.

Table A.2.3
Single-Channel CO Source Parameters in W
Line Xs Ys Sine as Ns byas fs
(") ") (mdy) ") (degree)
CO(6-5) 0.20 £ 0.02 0.08 £ 0.04 0.52 £ 0.05 0.48 £ 0.06 0.84 £ 0.47 0.22 +0.07 109+ 4
CO(7-6) 0.21 £0.02 0.06 £ 0.03 0.61 £ 0.06 0.38 £ 0.05 0.96 £ 0.53 0.21 £0.06 113+ 4
CO(10-9) 0.19 £ 0.01 0.10 £ 0.02 0.35+0.03 0.38+£0.03 0.32+0.23 0.18 £ 0.03 110+ 3

Note. x and yis the position relative to the leng,Sis the line flux density of the sourcesia the half light radius of the major axisis the Sérsic index.da sis
the axis ratio.f s is the position of the angle counter-clockwise from East.

A.3.LVG Models

The best-fit 1-componentand 2-componentmodel para-

meters are shown in Table A.3.1.

We also presentthe output parametersrom the ~107

Turbulence models in W and E in Figures 16 and 17, respectively.

The mean value is indicated in the parameter histograms.

Table A.3.1

1- and 2-component Model Parameters

1-component model

2-component model

Parameter
W E w E

component 1 component 2 component 1 component 2
Model input
log(ni,) 40+16 39+1.1 39+04 56+1.1 36+04 55+1.2
Tk 222479 225+ 94 88 + 65 168 + 93 100 + 80 142 + 76
Te/T qust 40£13 39+16 27+14 15+05 25+15 17408
by 1.820.1 1.9£0.1 1.9+0.1 1.9+0.1 2.0+0.1 20£0.1
Reft 1676 + 646 702 + 844 2458 + 920 651 + 380 1028 + 918 356 + 778
Kuir 14406 14405 19406 17404 20+0.6 1.8+0.4
dViurp 161 + 40 156 + 38 134 + 42 146 + 32 112 + 42 116 + 44
GDMR 110 + 56 149 + 131 155 + 97 155 + 97 245 + 148 245 + 148
[COM 3] (6+5)x107° (10£7)x107° (8+5)x107° (7+6)x107° (12 +5)x 1075 (7+6)x107°
[CI/H 5 (6£3)x107° (3+2)x107° (6+2)x107° (2+2)x107° (2+1)x107° (0.6 £0.6) x 107°
Estimated
within the model
Taust 54 + 4 58 + 4 31+9 106 + 37 38+ 16 80+ 16
Mgas (14£12)x10" (18225 x10"° (24+24)x10" (11+20)x10" (20£23)x10" (1.6+2.2) x10'°
Maust (12+13) x10° (1.2+20)x10% (15+18)x10° (0.7+13)x10° (0.8+1.0)x10% (0.7+1.0)x108
Derived
from the model
Lgo (6+3) x10 1 (9+4) x10° (5+1) x101° (1+0.6) x10 '° (2+1) x10° (8+3) x108
Lrr (19+2) x10 2 (31+2) x10 " (2+2) x10 " (16+2) x10 2 (6+6) x10 " (25+5) x 10 "

Note. The input and derived parameters of the 1-component and 2-component models assuming less than solar metallicity. The units and the explored range are s
as the Turbulence model given in Table 4. The model outputs are the intrinsic source properties as we use the magnification corrected photometry and the line flu
densities for modeling.
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Figure 16. Turbulence model output in W. The contours are at 1, 2, and 30 confidence levels. The mean value of each parameter is shown as a black vertical line ¢
the histogramNote that ¢ ) is not constrained because of a lack of observations of(G-0).
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