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ABSTRACT19

In this work, we present spectra of 11 young stellar objects (YSOs) taken with the Mid-Infrared20

Instrument (MIRI) / Medium Resolution Spectroscopy (MRS) instrument onboard the James Webb21

Space Telescope (JWST). The YSOs are located in the N79 region of the Large Magellanic Cloud22

(LMC), an active star forming region with hundreds of Spitzer - and Herschel -identified YSOs and23

host to super star cluster (SSC) candidate H72.97-69.39. The three giant molecular clouds (GMCs) in24

N79 (East, West, and South) have varying star formation rates and stellar populations. MRS follow-up25

observations of four Spitzer -identified YSOs in N79 East, West, and South reveal that what seemed26

to be a single, massive YSO is actually a cluster of YSOs. We discuss the emission and absorption27

lines of six YSOs which have complete or almost-complete spectral coverage from 4.9 – 27.9 µm. YSO28

Y3, located in N79 East, is the youngest source in this study and likely to be less than 10,000 years29

old inferred from the prominent CH4, NH3, CH3OH, CH3OCHO, and CO2 ice absorption features.30

The most luminous source is the central ionizing YSO of SSC H72.97-69.39, Y4, which has dozens of31

fine-structure and H2 emission lines. Unlike the other YSOs in this work, Y4 has no polyaromatic32

hydrocarbon (PAH) emission lines due to the intense ionizing radiation destroying these large carbon-33

chain molecules. The mass accretion rate based on H I (7-6) line luminosity of YSOs Y1,34

Y2, Y4, and Y9 range between 1.22× 10−4 – 1.89× 10−2 M⊙ yr−1. For the first time in the35

mid-infrared, we are able to resolve individual high-mass protostars forming in small clusters in an36

extra-galactic environment like the LMC.37

1. INTRODUCTION38

The formation of massive stars plays a vital role in in-39

fluencing the chemistry and structure of the interstellar40

medium (ISM). Star formation takes place in clusters,41

with massive stars dominating the luminosity (Chen42
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et al. 2009). At early stages of their formation, the43

high-velocity winds from outflows and jets can heat and44

compress the surrounding gas (van Dishoeck & Blake45

1998; Bally 2016; Pabst et al. 2019, 2020). This can46

subsequently trigger or quench further star formation47

depending on the density distribution of the compressed48

gas (Walch et al. 2013). At later stages, ultraviolet (UV)49

radiation from these massive stars ionizes the surround-50

ing ISM, creating H II regions (Beuther et al. 2007;51

Lopez et al. 2014; Barnes et al. 2020).52
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53

The proximity (50 kpc; Feast 1999) and face-on orien-54

tation of the Large Magellanic Cloud (LMC) make55

it an ideal laboratory to study sites of massive star for-56

mation (Meixner et al. 2006). Ochsendorf et al. (2017)57

surveyed young stellar objects (YSOs) in the LMC58

using Spitzer and Herschel photometry and found two59

main regions of star formation: One is 30 Doradus,60

host to super star cluster (SSC) R136, and the other is61

N79, host to SSC candidate H72.97-69.39. 30 Doradus62

has gone through four star formation episodes in the63

last 25 million years (Hunter et al. 1995; Grebel & Chu64

2000; De Marchi et al. 2011; Sabbi et al. 2013), whereas65

N79 is ramping up its star formation activity and may66

one day rival the star formation rate (SFR) and high67

luminosity of 30 Doradus (Ochsendorf et al. 2017).68

69

In this work we use James Webb Space Telescope70

(JWST) Medium Resolution Spectroscopy (MRS) ob-71

servations of star clusters and isolated YSOs in the72

N79 region of the LMC to better understand the effect73

of high-velocity stellar winds, low-velocity shocks from74

outflows, ultraviolet (UV) radiation, dust reprocessed75

radiation, and warm ionized gas pressure on the parental76

giant molecular cloud (GMC).77

78

Feedback from a single O star (i.e., outflows, UV radia-79

tion, stellar winds) can change the local thermodynamic80

state of the ISM (van Dishoeck & Blake 1998). ALMA81

observations of the South GMC which cover a region82

60′′ × 60′′ in size, reveal two parsec-long filaments83

colliding, with H72.97-69.39 located in the cen-84

ter of this collision (Nayak et al. 2019). [C II]85

observations made with Stratospheric Observatory for86

Infrared Astronomy (SOFIA) suggest the N79 South87

GMC is a photon-dominated region (PDR) with pos-88

sible shocks exciting the CO (16-15) and CO (11-10)89

emission lines (Nayak et al. 2021). In this work, we are90

able to resolve the cluster of five protostars in H72.97-91

69.39 with Mid-Infrared Instrument (MIRI) /92

Medium Resolution Spectroscopy (MRS) obser-93

vations. Additionally, we observe two other massive94

clusters, one in the South GMC and another in the95

East GMC. The source we observe in N79 West is a96

single protostar. Our observations reveal how multiple97

massive YSOs forming within a cluster affect local gas98

conditions.99

100

YSOs are enshrouded by dust and gas, which serves101

as a reservoir during the main initial accretion phase102

(McKee & Ostriker 2007). UV radiation from the cen-103

tral illuminating source is absorbed and then re-radiated104

at mid- and far-infrared (IR) wavelengths (Churchwell105

2002). The observed IR spectral emission and ab-106

sorption lines can reveal the age, mass, and accretion107

properties of the central protostar as well as the tem-108

perature and ionized conditions of the surrounding ISM109

(Boonman et al. 2003b; Oliveira et al. 2009; Seale et al.110

2009; Rigliaco et al. 2015). Our observations in this111

work reveal that objects identified as protostars with112

previous Spitzer Infrared sSpectrometer (IRS) are actu-113

ally small clusters which we can now resolve with MRS.114

115

We observe a variety of early- and late-stage YSOs116

in the South, East, and West GMCs. The spectral fea-117

tures of the six YSOs we discuss in detail include H2118

emission, polyaromatic hydrocarbon (PAH) emission,119

silicate absorption, and solid- and gas-phase ice absorp-120

tion. Additionally, we observe for the first time rest-121

frame mid-IR hydrogen recombination lines associated122

with extra-galactic star formation with high-resolution123

MRS spectra.124

125

The mid-IR H2 originates either from UV radia-126

tion from massive stars or collisional excitation127

from shocks heating the molecular gas (Tielens128

et al. 1993; Hollenbach 1997). The same UV129

photons collide with PAH molecules which in130

turn 1) leads to the excitation of various bend-131

ing and stretching modes, and 2) breaks down132

large-size PAH molecules into smaller ones (Tie-133

lens et al. 1993; Peeters et al. 2017). Electrons134

ejected from PAH molecules can further heat up135

the local gas, (i.e., via the photoelectric effect).136

Excess H2 emission relative to PAH emission137

lines has been observed in active galactic nuclei138

(Ogle et al. 2010) and ultraluminous galaxies139

Higdon et al. (2006), and thought to originate140

from shocks. Hydrogen recombination lines are141

commonly used as a proxy for accretion rates142

in YSOs because of the empirical relationship143

between H I luminosity and accretion luminosity144

across a variety of environments (Calvet et al.145

2004; Herczeg & Hillenbrand 2008). The pres-146

ence of silicate and ice absorption lines with147

little to no H2 and fine-structure emission lines148

is indicative of the very young protostars embed-149

ded within their natal gas cloud where the UV150

photons from the central star have yet to ionize151

the surrounding gas (Oliveira et al. 2013). The152

various emission and absorption lines identified153

in a spectrum indicate the age of the central154

protostar as well as PAH grain size distribution155

and ionization, plus the origin of shocks. In this156
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work, we further discuss and interpret the emis-157

sion and absorption lines seen in YSOs in N79.158

159

We refer to the four Spitzer -identified sources as W1,160

E1, S1, and S2 which is based on their location in the161

West, East, and South GMCs, respectively. We call the162

individual protostars resolved with MIRI within the163

Spitzer -identified clusters ‘YSOs’ with Y1 located in164

W1, Y2 and Y3 located in E1, Y4 - Y8 in S1, and Y9 -165

Y11 in S2. In this study, we present MRS observations166

of 11 YSOs in the N79 region of the LMC, six of which167

have full or nearly-full mid-IR spectral coverage from168

4.9 – 27.9 µm. The science goal of this program169

is to map out the excitation and physical con-170

ditions of the gas in order to better understand171

YSO formation at different evolutionary stages.172

In order to achieve our science goal, we extract173

the emission and absorption lines of the six YSOs with174

full or nearly-full mid-IR spectral coverage and infer the175

conditions of the accreting protostar and the surround-176

ing ISM. Follow-up papers will model the emission and177

absorption lines in greater detail.178

179

In §2 we describe the source selection strategy and180

the observation details. The data processing and re-181

sulting catalog of spectral features are discussed in §3.182

The Spitzer IRS spectra and photometry of the four183

MRS observations are discussed in §4, while §5 goes184

into the details of the YSOs resolved with the JWST185

MRS observations. We summarize our results in §6.186

2. OBSERVATION AND SOURCE SELECTION187

STRATEGY188

We present observations of the N79 region taken with189

the Mid-Infrared Instrument (MIRI; Rieke et al. 2015;190

Wright et al. 2023) onboard JWST as part of GTO191

program 1235 (PI: Meixner). The observations were192

taken using MRS, an integral field unit (IFU) equipped193

with four channels (1, 2, 3, and 4). The channels cover194

a wavelength range of 4.90 – 7.65 µm, 7.51 – 11.70 µm,195

11.55 – 17.98 µm, and 17.70 – 27.90 µm, respectively.196

Channels 1 and 2 have a higher spectral resolution (R197

= 2700 – 3700) in comparison to Channels 3 and 4 (R198

= 1600 – 2800). In contrast, Channels 1 and 2 have a199

smaller field of view (FOV, 10 – 20 square arcseconds)200

in comparison to Channels 3 and 4 (32 – 51 square201

arcseconds; Gardner et al. 2023). Each Channel is fur-202

ther subdivided into three sub-bands (i.e., A, B, and C)203

which consist of a ‘SHORT’, ‘MEDIUM’, and ‘LONG’204

portion of the wavelength range, respectively. As each205

MRS Channel possesses the same three sub-bands (i.e.,206

1A, 1B, 1C, 2A, 2B, 2C, etc.), a full spectrum can207

therefore be observed with three exposures, typically208

accomplished within a single observation setup.209

210

We use the MRS instrument to take observations of211

SSC candidate H72.97-69.39, which is a super-luminous212

source with L = 2.2× 106 L⊙, and three other Spitzer -213

identified massive YSO candidates in the N79 region214

(Ochsendorf et al. 2017). Based on their locations215

within the N79 South, East, and West GMCs, we label216

the Spitzer -identified YSO candidates as S1, S2, E1,217

and W1. W1 was observed on November 14, 2022, and218

E1 was observed on November 29, 2022. Observations219

of H72.97-69.39 (labeled S1) and S2 were taken on220

November 30, 2022. Figure 1 shows the Spitzer 8µm221

observations of the N79 region and the location of the222

four MRS observations.223

224

The SSC candidate H72.97-69.39 was observed with225

MRS using the FASTR1 readout mode for a standard226

4-point dither pattern, and an assumption that the227

source is extended. We use five groups/integration and228

five integrations/exposure with a total exposure time for229

the three sub-bands SHORT, MEDIUM, and LONG of230

321 seconds. The three other Spitzer -identified sources231

S2, E1, and W1 are observed with the same readout232

mode and dither pattern. These YSO candidates are233

less luminous than H72.97-69.39 and therefore we use 13234

groups/integration and two integrations/exposure for a235

total exposure time of 299 seconds per target.236

237

MRS observations of S1, S2, and E1 show that what was238

observed to be a single source with Spitzer is actually239

a cluster of two to five less massive YSOs. Source240

W1, however, is an isolated YSO. There are a total241

of 11 YSOs within the four MRS observations. We242

chose a variety of early- and late-stage YSO candidates243

based on their spectral features seen with Spitzer IRS244

observations.245

3. DATA PROCESSING246

3.1. MIRI MRS Pipeline Processing247

The JWST MRS observations were processed using248

pipeline version 1.11.0 with jwst 1094.pmap context249

(Bushouse et al. 2023). This pipeline version uses time-250

dependent photometric corrections, has the ability to251

set the outlier detection kernel size and threshold, and252

implements residual fringe correction during the spec-253

tral extraction process. We use the standard detector254

corrections calwebb detector1 and calwebb spec2255

during Stage 1 and Stage 2 of the data reduction pro-256

cess (Labiano et al. 2016), with the residual fringe257

step switched on. The residual fringe correction step258
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500 pc

N79W

N79E

N79S1

N79S2

Figure 1. Spitzer IRAC 8.0 µm image of the N79 region. We highlight the location of the MRS footprint with the four red
circles. The red circles have a diameter of 70′′, much larger than the MRS footprint. We selected these four sources because
previous Spitzer IRS spectral observations indicated these are indeed YSOs, as well as SED models indicating that these YSOs
are very massive (over 8 M⊙).
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applies additional fringe correction arising from the dif-259

ference between fringe pattern on the detector from an260

extended source and the standard pipeline fringe flat.261

Stage 3 of the pipeline (calwebb spec3 ) includes the262

outlier detection and spectrum level residual fringe263

correction (ifu rfcorr) routines. The outlier detection264

step compares a median taken from stacked images to265

the original images to determine if there are bad pixels266

or cosmic rays. We set the size of the kernel used to267

normalize the pixel difference in the outlier detection268

step to be 11 pixels. Even after the fringe and residual269

fringe corrections applied with the standard pipeline270

steps, there can still be fringe residuals in extracted271

spectra, in particular the high-frequency fringing in272

channels 3 and 4 thought to arise from the dichroics are273

often present which are difficult to remove at the detec-274

tor level. We used the (ifu rfcorr) step on extracted275

spectra to reduce the contrast of the fringes that remain.276

277

The spectrum of each of the 11 YSOs detected in278

the four MRS pointings is extracted with an aperture279

defined as 1.22λ/D, where λ is the wavelength of the280

IFU cube and D is the beam size. The background is281

similarly calculated by extracting a spectrum within the282

spectral cube, but away from the bright point sources.283

After background subtraction, the 12 spectral cube284

segments are scaled in a consecutive manner using a285

median flux value between two consecutive sub-bands286

such that channel 1B is scaled to 1A, and then channel287

1C is scaled to 1B, and so forth. The resulting spectral288

segments are stitched together using the combine 1d289

step of the JWST pipeline. Figure 2 shows the MRS290

spectra of the 11 sources in this work as well as Spitzer291

IRS spectra of S1, S2, E1, and W1.292

293

We fit a continuum to the spectra extracted294

in each sub-band using the spline function in295

the astropy package. After subtracting the con-296

tinuum, the emission and absorption lines are297

detected with find lines threshold function from298

specutils. The lines are fit with a Gaussian pro-299

file and their parameters (measured wavelength,300

uncertainty in wavelength, FWHM, flux, and301

uncertainty in flux) are listed in Tables 1 – 6.302

Table 7 summarizes the emission and absorp-303

tion lines seen in the spectra of Y1, Y2, Y3,304

Y4, Y6, and Y9. Taking into account the ra-305

dial velocity of N79 (235 km s−1; Nayak et al.306

2019), the narrow emission and absorption fea-307

tures are matched to the closest known H2, HI,308

fine structure, or ice lines within 0.01 µm. If309

there are multiple matches, then the closest310

laboratory emission or absorption line is se-311

lected to be the observed line. The broad PAH312

emission line and ice absorption lines are de-313

termined by matching the observed features to314

the known laboratory lines with the require-315

ment that λobserved − λlaboratory < 0.05. We list316

the emission and absorption lines we are unable317

to identify in Appendix Table A1, which are318

due to warm pixels, fringe flat correction issues,319

undersampling, and stitching effects in overlap320

channels.321

3.2. Catalog of Spectral Features322

Figures 3 – 6 show cube slices at 5.51, 6.20, 11.20, 12.81,323

17.04, and 18.71 µm which trace H2 5.51 µm, PAH fea-324

tures, [Ne II], H2 17.04 µm, and [S III] emission lines,325

respectively. The YSOs in each region are labeled Y1326

through Y11. The spectra for YSOs Y1 located in the327

N79 West GMC, Y2 in the East GMC, and Y4 in the328

South GMC observation cover the full MRS wavelength329

range from 4.9 – 27.9 µm. Y3 located in N79 East is330

very faint in Channel 1. The extracted spectrum for this331

source is noisy with little to no signal in wavelengths332

shorter than 7.5 µm. Sources Y6 in S1 and Y9 in S2 are333

noisy in Channel 1A and therefore the spectra shown334

for these two sources in Figure 2 are for 1B and longer335

wavelengths. YSOs Y5, Y7, and Y8 are on the edge of336

the MRS FOV in Channels 1 and 2 (Figure 5), therefore337

they do not have the full spectral coverage. Addition-338

ally, the emission lines seen in YSOs Y5, Y7, and Y8339

are the same as the emission lines seen in Y6 which340

can be seen in Figure 2. The similarity in emission line341

species and line strength between the three YSOs in342

region S1 to Y6 implies the three protostars are not the343

dominating source in the MRS FOV. Y10 and Y11 are344

also on the edge of Channel 1 which is shown in Figure 6345

and therefore do not have the full spectral coverage of346

MRS.347

348

In this work we discuss sources Y1, Y2, Y3, Y4, Y6, and349

Y9 in further detail. Sources Y5, Y7, Y8, Y10, and Y11350

are missing Channels 1 and 2 and the spectra of these351

sources are dominated by different nearby sources.352

4. DESCRIPTION OF YSO CANDIDATES353

Massive YSO candidates in the LMC have previously354

been identified by the Spitzer Surveying the Agents355

of Galaxy Evolution (SAGE; Meixner et al. 2006) and356

Herschel Inventory of the Agents of Galaxy Evolu-357

tion (HERITAGE; Meixner et al. 2013) surveys. The358

Spitzer Infrared Array Camera (IRAC) and Multiband359

Imaging Photometer (MIPS) instruments cover a wave-360

length range of 3.6 – 160 µm. Galaxy-wide searches361
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0 5 10 15 20 25 30
Wavelength [microns]

Spitzer IRS W1

JWST N79W Y1

Spitzer IRS E1
JWST N79E Y2

JWST N79E Y3

Spitzer IRS S1

JWST N79S1 Y4

JWST N79S1 Y5

JWST N79S1 Y6

JWST N79S1 Y7

JWST N79S1 Y8

Spitzer IRS S2

JWST N79S2 Y9

JWST N79S2 Y10

JWST N79S2 Y11

Figure 2. The Spitzer IRS spectra of YSOs and young massive clusters in regions W1, E1, S1, and S2. Spectra of MIRI/MRS
sources ‘Y1’ through ‘Y11’ are also shown. The spectra are offset in an arbitrary amount such that they do not overlap with
each other. Each of the Spitzer IRS spectrum of W1, E1, S1, and S2 lies below the corresponding MRS spectra.
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for YSO candidates, using Spitzer photometry imple-362

mented color-color and color-magnitude cuts, have led363

to the identification of approximately 1800 YSO can-364

didates with masses greater than 8 M⊙ in the LMC365

(Whitney et al. 2008; Gruendl & Chu 2009). At the366

earliest stages of formation, YSOs are enshrouded by367

dust and gas. Their radiation is absorbed by the dust368

and gas, and subsequently reprocessed to output emis-369

sion at far-IR wavelengths. Herschel Photoconductor370

Array Camera and Spectrometer (PACS) and Spectral371

and Photometric Imaging Receiver (SPIRE) data cover372

the far-IR wavelength range of 70 – 500 µm, allowing for373

the identification of the youngest and most-embedded374

YSO candidates. Seale et al. (2014) found 2,493 YSO375

candidates using Spitzer and Herschel photometry, 73%376

of which were not identified with previous studies which377

only used Spitzer.378

379

The angular resolution of Spitzer and Herschel ranges380

from 1.7′′ in the IRAC 3.6 µm band to 40.5′′ in the381

SPIRE 500 µm band. Channel 1 MIRI/MRS obser-382

vations have a FOV that is 3.2′′ × 3.7′′. Our MRS383

observations reveal that what appeared to be a single384

YSO in Spitzer and Herschel observations is actually a385

small cluster of YSOs in S1, S2, and E1. MRS observa-386

tions of W1 reveal a single YSO.387

388

We use the Spitzer and Herschel photometry from389

Gruendl & Chu (2009) and Seale et al. (2014) to fit390

spectral energy distribution (SED) models to get esti-391

mates of the total mass and luminosity of the clusters392

in E1, S1, and S2, and of the isolated YSO in W1.393

The ‘spbhmi’ Robitaille (2017) SED model grid394

used in this work includes 10,000 model YSOs395

with a wide range of parameters: stellar ra-396

dius (0.1 − 100 R⊙), stellar temperature (2000397

– 30000 K), disk mask (10−8 − 10−1 M⊙), outer398

disk radius (50 – 5000 AU), envelope density399

(10−24 − 10−16 g cm−3), envelope power-law (-2400

to -1), cavity density(10−23 − 10−20 g cm−3), and401

cavity opening angle (0◦ − 60◦). Figure 7 shows the402

Robitaille (2017) best-fit SED models fit to the observed403

mid-IR and far-IR data. The Spitzer IRAC obser-404

vations are in black circles, the Spitzer MIPS405

and Herschel observations are in black triangles406

fitted as upper limits. The beam size of Spitzer407

MIPS, Herschel PACS, and Herschel SPIRE408

observations range from 6′′ – 35′′ (Meixner et al.409

2006, 2013). Mid- and far-IR emission from the410

central protostar and the surrounding dust will411

be unresolved by the MIPS, PACS, and SPIRE412

due to the beam size being much larger than the413

1′′ – 2′′ beam size of IRAC (Meixner et al. 2006).414

Therefore, the mid- and far-IR photometry is fit415

as upper limits when we use the SED models.416

The best-fit models for sources E1, S1, and S2 show a417

rise in flux toward mid-IR wavelengths, which is typical418

for YSOs. The best-fit model for source W1 is a419

more-evolved YSO as inferred from the SED: There is420

some IR emission seen with the bump around 100 µm,421

however the optical light from the star is also seen in422

the SED with the bump around 10 µm.423

424

The mass of the clusters E1, S1, S2, and the iso-425

lated YSO Y1 in W1 determined by fitting the426

SEDs with Robitaille (2017) models are 18.3 ±427

2.7, 25.4 ± 3.2, 15.7 ± 4.5, and 13.6 ± 1.6 M⊙, re-428

spectively. The luminosity of E1, S1, S2, and W1429

are 4.1± 1.9× 104, 1.2± 0.5× 105, 3.1± 1.2× 104,430

and 1.3± 0.6× 104 L⊙, respectively. The effective431

temperatures are 17000 ± 6100, 19000 ± 5900,432

17000 ± 7000, and 11000 ± 5500 K, respectively.433

S1 is the most massive cluster, with a luminosity one434

to two orders of magnitude higher than any of the other435

sources E1, S2, and W1. Within a cluster, a sin-436

gle massive YSO typically dominates the overall437

luminosity (Looney et al. 2006). Therefore, we438

assume Y2 dominates in E1, Y4 dominates in S1,439

and Y9 dominates in S2. Y1 is an isolated YSO440

in W1. With the addition of MRS observations, we are441

able to analyze each individual YSO in the Spitzer - and442

Herschel -identified clusters.443

5. PRELIMINARY RESULTS OF SPECTRA444

With the IRS onboard Spitzer, Seale et al. (2009) ob-445

served H72.97-69.39 (S1) and three other YSO candi-446

dates S2, E1, and W1. S1 and S2 have silicate absorp-447

tion features and fine-structure emission lines, E1 has448

broad PAH emission and silicate absorption features,449

and W1 has PAH features but not silicate absorption.450

Silicate absorption features seen at 10 and 18 µm, as451

well as other ice absorption features which will be de-452

scribed in §5.5, are indicative of a young protostar453

embedded within its parental clump. As a YSO evolves,454

the UV photons from the central ionizing source lead455

to PAH and fine structure emission lines observed in456

its spectrum. The CC and CH stretching and bending457

modes of PAHs trace properties of the photoelectric458

effect and the heating/cooling of the ISM (Draine et al.459

2007; Tielens 2008). The fine structure line emission is460

related to the hardness of the UV radiation and can be461

used to determine conditions of the shock-heated gas462

(Hollenbach et al. 1989). Spitzer IRS observations of463

S2 show silicate absorption features and no PAH or fine464
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Figure 3. Slices of the IFU cube in N79W: The H2 0-0 S7 emission at 5.51 µm (top left), PAH emission at 6.2 µm (top center),
PAH emission at 11.2 µm (top right), [Ne II] emission at 12.81 µm (bottom left), H2 0-0 S1 emission at 17.04 µm (bottom
center), and [S III] emission at 18.71 µm (bottom right). We label this single YSO as ‘Y1’ in the bottom right panel. The
contour levels for H2 emission at 5.51 µm, PAH emission at 6.2 µm, PAH emission at 11.2 µm, and [Ne II] emission at 12.81 µm
are 500, 2500, and 4500 MJy sr−1. The contour levels for H2 emission at 17.04 µm and [S III] emission at 18.71 µm are 2500,
5000, and 10000 MJy sr−1.
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structure emission, making this the youngest source in465

our MRS observations. The other three sources in this466

work have a combination of silicate absorption, PAH467

emission, and fine structure line emission.468

469

The MRS spectra of Y1, Y2, Y3, Y4, Y6, and Y9470

all show increasing flux towards mid-IR wavelengths, a471

characteristic typical of YSOs (Figure 2). Addition-472

ally, we see broad absorption lines, broad PAH emission473

lines, and narrow emission lines. The long-wavelength474

MRS sub-band 4C has a lower signal-to-noise (S/N) ra-475

tio, making line fitting from wavelengths 24.4 to 28.6 µm476

less reliable. Even in sub-bands 1A through 4B, the477

fluxes extracted from Gaussian fitting are dependent478

upon determining emission- and absorption-free ranges479

for continuum fitting and subtraction. Modeling the480

emission lines with CLOUDY and PAHFIT will be done in481

a later paper. In this work, we discuss the details of482

the various emission and absorption lines of six out of483

the 11 total YSOs from the N79 region of the LMC484

shown in Figures 8 – 13 and reported in Tables 1 – 6.485

The five other YSOs in this sample have par-486

tial spectra. Additionally, the few emission lines487

they have are similar to one of the YSOs with a488

full MRS spectrum, implying these are not the489

dominating source within the cluster.490

491492

5.1. PAH Emission493

PAHs are essential to the balance between photoioniza-494

tion and recombination rates. Mid-IR observations of495

dusty sources (e.g., YSOs, H II regions, planetary neb-496

ulae, reflection nebulae, and asymptotic giant branch497

stars) often show PAH emission at 6.2, 7.7, 8.6, 11.2,498

12.7, and 16.4 µm (Hony et al. 2001; Peeters et al.499

2002; Shannon et al. 2016). The PAH features in500

the 5 – 10 µm region originate from the pure CC501

stretching mode as well as the CH in-plane bending502

mode (Joblin et al. 1996; Hony et al. 2001). The 10503

– 15 µm PAH features are due to the out-of-plane504

bending vibrations of aromatic H atoms (Hony et al.505

2001). The 7.7 µm emission feature originates506

from positively-charged grains, whereas the 11.2507

µm emission is from neutral grains (Hony et al.508

2001). The PAH11.2/PAH7.7 ratio is sensitive to509

the fraction of ionized to neutral PAHs (Draine510

& Li 2001). The 15 – 20 µm region is because of the511

CCC modes of PAHs (Smith et al. 2007). In addition to512

the above six PAH emission lines, we also observe the513

faint and positively-charged 11 µm feature for three514

YSOs in N79.515

516

The 6.2 µm PAH feature is seen in the spectra of Y1517

located in W1, Y2 located in E1, Y6 located in SSC518

region S1, and Y9 located in S2. The 6.2 µm emission519

for sources Y6 and Y9 have a red tail which can be520

seen in Figures 12 and 13. The peak position of the521

6.2 µm PAH feature for Y6 is 6.239 µm whereas for the522

other three sources the peak position ranges from 6.225523

- 6.227 µm, slightly shorter in wavelength. Additionally,524

source Y6 has a full width half maximum (FWHM) of525

0.123 µm, larger than the FWHM of the 6.2 µm for Y1,526

Y2, and Y9 by 20%. Peeters et al. (2002) observe a527

similar asymmetric red tail and larger FWHM for the528

PAH emission whose peak positions are greater than529

6.23 µm for 57 different dusty sources, including YSOs,530

planetary nebulae, and other galaxies. They attribute531

the observed asymmetry in the 6.2 µm emission line to532

a combination of PAH stretching and bending modes,533

one with emission at 6.2 µm and another with emission534

at 6.3 µm.535

536

The 7.7 µm PAH feature is seen as a double emis-537

sion line for sources Y1 and Y2, where there is a peak538

around 7.6 µm, arising from small grains, and another539

peak around 7.8 µm, arising from large grains. The540

7.6 µm feature is the dominant emission with a flux541

10% greater than the 7.8 µm feature in Y1, and 40%542

greater than the 7.8 µm feature in Y2. Sources Y6 and543

Y9 also emit the 7.7 µm PAH feature, however there is544

no secondary emission around 7.8 µm.545

546

The 8.6 µm and much weaker 11.0 µm PAH emission547

lines are present in Y1, Y2, and Y9. The 8.6 µm line548

is 63, 13, and 15 times stronger than the 11.0 µm line549

for sources Y1, Y2, and Y9, respectively. The charged550

state of the ionized PAHs which emit in the 5 – 10 µm551

region also lead to the 11.0 µm emission (Hudgins et al.552

2004). Peeters et al. (2017) find a correlation between553

the 8.6 µm and 11.0 µm emission. Their observations554

show that the 8.6 µm emission from the CH in-plane555

bending mode and the 11.0 µm emission from the out-556

of-plane bending mode of the H atom are closer to the557

central illuminating source NGC 2023. There also is a558

close correlation between the 7.6 µm and 11.0 µm PAHs559

(Peeters et al. 2017). We find that YSOs with both the560

8.6 µm and 11.0 µm emission lines also have 7.7 µm561

emission, indicating a correlation of similar origin for562

the three different PAH emission lines.563

564

Every YSO, except for Y4 located in the central ioniz-565

ing source in H72.97-69.39, exhibits the 11.2 µm PAH566

emission line. Y1, Y2, and Y9 have the 12.7 µm and567

16.4 µm PAH features. Further away from the central568
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Figure 4. Slices of the IFU cube in N79E: The H2 0-0 S7 emission at 5.51 µm (top left), PAH emission at 6.2 µm (top center),
PAH emission at 11.2 µm (top right), [Ne II] emission at 12.81 µm (bottom left), H2 0-0 S1 emission at 17.04 µm (bottom
center), and [S III] emission at 18.71 µm (bottom right). We label the two sources within the MRS FOV as ‘Y2’ and ‘Y3’ in
the bottom right panel. The contour levels for H2 emission at 5.51 µm, PAH emission at 6.2 µm, PAH emission at 11.2 µm,
and [Ne II] emission at 12.81 µm are 600, 2000, and 4500 MJy sr−1. The contour levels for H2 emission at 17.04 µm and [S III]
emission at 18.71 µm are 3000, 6000, and 12000 MJy sr−1.
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ionizing source are the PAHs which give rise to the569

7.7 µm emission line, more specifically the large grains570

which emit at 7.8 µm (Bauschlicher et al. 2008). With571

increasing proximity to the central ionizing source, these572

PAHs which emit at 7.8 µm break down into smaller573

grains which leads to the 11.2 µm emission. These PAHs574

are further broken down closer to the central ionizing575

source and emit at 12.7 µm and 16.4 µm. The 6.2, small576

grain 7.7, 8.6, and 11 µm PAH emission features occur577

closest to the central YSO.578

579

Both shocks and UV radiation can enhance certain580

PAH emission lines by dissociating large grains, but581

they can also destroy the PAH molecules (Hony et al.582

2001; O’Halloran et al. 2006). The mass of the clus-583

ter S1 (including source Y4) is 25.4 M⊙, and the584

luminosity is 1.2× 105 L⊙. This cluster is an order of585

magnitude more luminous than the other clusters in this586

work, with Y4 most likely dominating the SED. Y4 has587

no PAH emission lines because of the intense ionizing588

radiation of this YSO destroying PAH molecules.589

5.2. Molecular Hydrogen Lines590

H2 emission can be the result of shock heating of the591

molecular gas by outflows from the central protostar,592

or UV heating of nearby gas to a few hundred degrees593

Kelvin by the massive star. We find several H2 rota-594

tional lines in Y1, Y2, Y3, Y4, Y6, and Y9. The three H2595

emission lines common to all six YSOs in this work are596

the H2 0-0 S4 line at 8.03 µm, H2 0-0 S3 line at 9.67 µm,597

and H2 0-0 S1 line at 17.03 µm. We show the IFU slices598

at 5.51 µm (H2 0-0 S7) and 17.03 µm in Figures 3 – 6.599

The 17.03 µm emission is stronger than that at 5.51 µm600

indicating that these are young and deeply-embedded601

YSOs with a steep rise in their SED toward mid-IR and602

far-IR wavelengths. Furthermore, the longer wavelength603

slices reveal additional embedded YSOs. This is espe-604

cially noticeable for region S1 shown in Figure 5 where605

the 5.51 µm slice has two YSOs, whereas there are five606

YSOs in the 17.03 µm slice. Previous observations of re-607

flection nebula NGC 2023 and the Orion Bar show the608

H2 emission to trace PDR fronts (Peeters et al. 2017;609

Knight et al. 2021). Future analysis will use PAHFIT610

and CLOUDY modeling to derive gas properties based on611

the PAH emission lines and narrow fine structure emis-612

sion lines. Properties such as extinction, shock exci-613

tation, temperature, density, and wind velocity will be614

calculated using line ratios (Morisset et al. 2002, 2004;615

Simpson et al. 2012; Stock et al. 2013; Lambert-Huyghe616

et al. 2022).617

5.3. Fine Structure Emission618

Fine structure emission is often seen in YSOs which619

also exhibit PAH emission, indicating that the central620

illuminating source is emitting UV radiation. Neon,621

sulfur, and argon lines have previously been observed in622

W1, E1, S1, and S2 with Spitzer IRS (Seale et al. 2009).623

In PDRs, the UV photons from the central star are ion-624

izing atomic species with ionization potential 13.6 eV625

and below, (i.e., [Fe I], [Fe II], [Si I]). Shocks from winds626

and jets can heat up the gas to 105 K (Draine & Mc-627

Kee 1993; Hollenbach 1997). These strong shocks with628

velocities greater than 70 km s−1 result in [Ni II] 6.6,629

[Ar II] 6.9, [Ne II] 12.8, [Ar III] 8.9 and 21.8, and [Fe II]630

26 µm emission lines which need high ionization en-631

ergy (> 21 eV).632

633

634

5.3.1. Neon Fine Structure Line Emission635

The presence of [Ne II] and [Ne III], which requires ion-636

ization energy > 41 eV, means there are high-energy637

UV photons either from the central star or high-velocity638

shocks. YSOs Y1, Y2, Y3, Y4, and Y6 have both639

the [Ne II] 12.8 µm and [Ne III] 15.5 µm lines. YSO640

Y9 only has the [Ne II] 12.8 µm line. The [Ne II] /641

H2 S(1) ratio (often used to infer shock velocity) for642

sources Y1, Y2, Y3, Y4, Y6, and Y9 are 15.4, 38.9, 0.5,643

97.4, 38.8, and 5.1, respectively. We use the Hollen-644

bach et al. (1989) shock models of high-velocity645

(v = 40 − 150 km s−1) jump shocks where gas646

is heated to temperatures as high as 105 K in a647

timescale shorter than the characteristic cooling648

time. At low densities (n = 103 − 105 cm−3), hy-649

drogen recombination lines, [Fe II] 5.3 µm, [Ne II]650

12.8 µm, [Fe II] 26.3 µm are predicted from the651

models. When densities are n = 105 − 107 cm−3,652

there is an increase in [Cl I] 11.3 µm, and [Fe I]653

24 µm. Assuming a molecular gas density of n = 104654

– 105 cm−3 and using the Hollenbach et al. (1989) shock655

models, the shock velocities associated with the [Ne II]656

emission are 140, 120, 50, 100, 120, and 90 km s−1 for657

Y1, Y2, Y3, Y4, Y6, and Y9, respectively. A more de-658

tailed constraint using multiple fine structure line ratios659

will be presented in a later paper.660

661

For shock velocities 30 – 40 km s−1, Hollenbach et al.662

(1989) predict H2 S(1), H2 S(2), H2 S(3), as well as the663

[Fe II] 26 µm to be stronger than the [Ne II] line by one664

to three orders of magnitude. However, we observe the665

[Ne II] line to be stronger in every source except for Y3,666

implying shock velocities >70 km s−1 (Hollenbach et al.667

1989). Y3 is the youngest protostar in this study, with668

deep absorption lines implying this source is younger669
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Figure 5. Slices of the IFU cube in N79S1: The H2 emission at 5.51 0-0 S7 µm (top left), PAH emission at 6.2 µm (top center),
PAH emission at 11.2 µm (top right), [Ne II] emission at 12.81 µm (bottom left), H2 0-0 S1 emission at 17.04 µm (bottom
center), and [S III] emission at 18.71 µm (bottom right). We label the five sources within the MRS FOV as ‘Y4’, ‘Y5’, ‘Y6’,
‘Y7’, and ‘Y8’ in the bottom right panel. The contour levels for H2 emission at 5.51 µm are 2000, 10000, and 35000 MJy sr−1.
The contour levels for PAH emission at 6.2 µm are 4000, 10000, 35000 MJy sr−1. The contour levels for PAH emission at 11.2
µm and [Ne II] emission at 12.81 µm are 5000, 15000, and 45000 MJy sr−1. The contour levels for H2 emission at 17.04 µm are
9000, 20000, and 55000 MJy sr−1. The contour levels for [S III] emission at 18.71 µm are 35000, 80000, and 230000 MJy sr−1.



JWST/MRS Resolving Extra-Galactic YSOs 13

than 10,000 years old. The lack of multiple different670

ionization lines and the low shock velocity inferred from671

the Hollenbach et al. (1989) models suggests that Y3 is672

still very embedded: The UV radiation from the central673

star has not yet begun to ionize the surrounding gas and674

the accretion rate is lower in comparison to the other675

five YSOs in this work. Hollenbach & Gorti (2009) find676

shocks from protostellar winds can explain the observed677

[Ne II] emission, especially when the mass accretion rate678

(which is proportional to the protostellar wind mass loss679

rate) is higher than 10−8 M⊙ yr−1. However, they also680

find that low-mass protostars with low accretion rates681

are associated with [Ne II] due to UV and X-ray radia-682

tion from nearby high-mass stars photoexciting the gas683

(Hollenbach & Gorti 2009).684

5.3.2. Sulfur and Iron Lines in Spectra of Protostars685

If high shock velocities are the origin of the observed686

line emission, the [Fe I] line at 24 µm and [S I] line at687

25.3 µm should be detected, with the [S I] line being688

the stronger of the two (Hollenbach et al. 1989). With689

low-velocity shocks, H2 emission is particularly strong690

and atomic lines are expected to be weak (Kaufman &691

Neufeld 1996). The YSOs in this work likely have a mix692

of high- and low-velocity shocks since we observe strong693

fine structure atomic lines as well as multiple H2 lines.694

[S I], [Fe I], and [Fe II] lines can be used to determine if695

slow- or fast-velocity shocks are dominating the region696

(Hollenbach et al. 1989).697

5.3.3. Detection of [Cl II]698

The [Cl II] fine structure emission line at 14.37 µm is699

observed for sources Y1, Y2, Y4, Y6, and Y9. The off-700

set velocity of the [Cl II] line is 7.9, 4.5, 13.4, 26.4, and701

10.9 km s−1 for sources Y1, Y2, Y4, Y6, and Y9, re-702

spectively. The [Cl II] line has an ionized potential of703

13 eV and could originate from shocks where the ion-704

ized gas is heated up to 105 K (Hollenbach et al. 1989).705

Collimated jets associated with Herbig-Haro (HH) ob-706

jects HH529 and HH204 have been observed in the Orion707

Nebula (Méndez-Delgado et al. 2021b,a). Line emission708

from [Cl II], [Cl III], and [Cl IV] has been observed with709

both HH sources with velocity offsets ranging from 11710

km s−1 to 36 km s−1 (Méndez-Delgado et al. 2021b,a),711

similar to the velocity offset we observe with the [Cl II]712

emission line associated with YSOs in N79. Low-velocity713

jets and bow shocks <30 km s−1 could be one possible714

origin for the observed [Cl II] in N79 YSOs.715

5.4. H I Emission Line716

MRS observations reveal, for the first time, several717

mid-IR hydrogen recombination lines in the spectra of718

extra-galactic YSOs in N79. Hydrogen recombination719

lines can be used to estimate the accretion rate. Alcalá720

et al. (2014) use Very Large Telescope (VLT) X-shooter721

to observe the Brackett, Balmer, and Paschen hydro-722

gen recombination lines to derive accretion rates of723

2× 10−12 – 2× 10−8 M⊙ yr−1 for low-mass YSOs in724

the mass range 0.3 – 1.2 M⊙. Deeply-embedded sources725

like the YSOs in this work require detection of mid-IR726

hydrogen recombination lines. We find Y1, Y2, Y4, and727

Y6 to have both the H I (9-7) emission at 11.31 µm and728

the Humphreys α H I (7-6) emission at 12.37 µm. Y9729

has only the H I (7-6) emission.730

731

Rigliaco et al. (2015) used Spitzer IRS observations732

of 114 T-tauri stars with disks to find a correlation733

between the H I (7-6) emission and the accretion lumi-734

nosity:735

736

737

log
LHI(7−6)

L⊙
= (0.48±0.09)× log

Lacc

L⊙
−(4.68±0.10).

(1)

The factor of 0.48 from Rigliaco et al. (2015)738

sets a nearly quadratic dependence between739

the line and accretion luminosity. This strong740

dependence is at odds with the nearly linear741

relation commonly reported by other studies742

for different lines (see e.g. Table 4 of Alcalá743

et al. 2014) and could be driven by a few scat-744

tered points. We present our calculations both745

with this factor and setting it to 1.0. The746

H I (7-6) line luminosity of Y1, Y2, Y4, Y6,747

and Y9 are 0.10± 0.03, 0.52± 0.05, 5.59± 0.45,748

0.79± 0.45, and 0.07± 0.01 L⊙, respectively. In749

turn, the accretion luminosity calculated us-750

ing the above equation for each source has a751

range between 1.02× 106 – 9.93× 109, 2.68× 107752

–4.56× 1011, 1.92× 109 – 1.82× 1014, 8.85× 106 –753

3.84× 1012, and 6.83× 105 L⊙ – 2.55× 109, respec-754

tively when using the 0.48 factor. Without the755

0.48 factor, the accretion luminosity is 2.65× 103756

– 7.92× 103, 1.71× 104 –3.52× 104, 1.95× 105 –757

3.64× 105, 9.11× 103 – 8.09× 104, and 2.12× 103 L⊙758

– 4.66× 103, respectively. The range calculated759

takes into account the error in the fits from Rigli-760

aco et al. (2015) as well as the error in measured761

flux.762

763

Following Gullbring et al. (1998) we estimate764

the mass accretion Ṁacc balancing the gravita-765

tional energy lost by the material falling from766

the inner disk magnetospheric radius Rm to stel-767

lar radius Rstar with the accretion luminosity768
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Figure 6. Slices of the IFU cube in N79S2: The H2 0-0 S7 emission at 5.51 µm (top left), PAH emission at 6.2 µm (top center),
PAH emission at 11.2 µm (top right), [Ne II] emission at 12.81 µm (bottom left), H2 0-0 S1 emission at 17.04 µm (bottom
center), and [S III] emission at 18.71 µm (bottom right). We label the three sources within the MRS FOV as ‘Y9’, ‘Y10’, and
‘Y11’ in the bottom right panel. The contour levels for H2 emission at 5.51 µm are 500, 1000, and 8000 MJy sr−1. The contour
levels for the PAH emission at 6.2 µm are 500, 1000, and 4000 MJy sr−1. The contour levels for the PAH emission at 11.2 µm
are 700, 1000, and 3000 MJy sr−1. The contour levels for the [Ne II] emission at 12.81 µm are 600, 1000, and 4000 MJy sr−1.
The contour levels for H2 emission at 17.04 µm are 1500, 4000, and 15000 MJy sr−1. The contour levels for the [S III] emission
at 18.71 µm are 1000, 4000, and 15000 MJy sr−1.
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Lacc emitted by the shock at the stellar surface:769

770

771

Ṁacc ≃
LaccRstar

GMstar

(
1− R∗

Rm

)
. (2)

772

773

The term in parenthesis is of the order unity774

and for simplicity we set it equal to 1. We then775

use the stellar radius and stellar mass derived by fit-776

ting Robitaille (2017) SED models to calculate the777

mass accretion of Y1, Y2, Y4, and Y9. In using778

the parameters output from the SED model-779

ing, we are assuming that a single YSO in E1,780

S1, and S2 is dominating the SED. Including781

the 0.48 factor from Rigliaco et al. (2015), the782

mass accretion rate of Y1, Y2, Y4, and Y9783

range between 1.18× 10−1 – 1.16× 103, 1.23× 100784

– 2.09× 104, 9.94× 101 – 9.44× 106, 3.93× 10−2 –785

1.46× 102 M⊙ yr−1. These values are very high786

and imply that the star formation process is787

occurring on extremely short timescales, a few788

years or a few hundred years. Instead, ignor-789

ing the 0.48 factor in Equation 1, the mass790

accretion rate of Y1, Y2, Y4, and Y9 range791

between 3.09× 10−4 – 9.23× 10−4, 7.83× 10−4 –792

1.61× 10−3, 1.01× 10−2 – 1.89× 10−2, 1.22× 10−4
793

– 2.69× 10−4 M⊙ yr−1. These values are similar794

to the upper-limit of typical rates which have795

been measured for YSOs in the Milky Way,796

10−4 M⊙ yr−1 (Rigliaco et al. 2015). On the other797

hand, the mass accretion rate of Y1, about 0.01798

– 0.02 M⊙ yr−1, is two orders of magnitude higher799

than low-mass YSOs in the Milky Way, and al-800

ludes to the extreme nature of this particular801

YSO at the center of SSC candidate H72.97-802

69.39.803

804

Examining the disk mass parameter output from805

the Robitaille (2017) SED models and assuming a806

typical formation timescale of 105 yr−1, the mass807

accretion rate (disk mass divided by the formation808

timescale) is 1.83± 0.34× 10−7, 7.91± 0.19× 10−8,809

9.32± 3.46× 10−8, and 7.06± 0.18× 10−8 for Y1, Y2,810

Y4, and Y9, respectively. Alternatively, Nayak et al.811

(2019) study the 13CO molecular gas outflows from Y4812

in H72.97-69.39 and calculate the accretion rate based813

on the size of the red- and blue-shifted accretion lobes814

to be 8× 10−4 M⊙ yr−1. Two caveats to note are that815

1) high-mass YSOs in the low-metallicity environment816

of the LMC likely have a different relation between the817

H I (7-6) line luminosity and the accretion luminos-818

ity, which was based on Hα observations of low-mass819

T-Tauri stars in the Milky Way (Rigliaco et al. 2015),820

and 2) the excess mass accretion rate we measure in821

the spectra of Y4 could be from strong winds or UV822

radiation also ionizing H I (7-6).823

824

Hydrogen recombination line ratios can be used to825

determine conditions of the gas such as temperature826

and density. In this work, the H I (9-7) / H I (7-6)827

line ratios are 0.242, 0.164, 0.123, and 0.192 for Y1,828

Y2, Y4, and Y6, respectively. Kwan & Fischer (2011)829

created a model grid of expected hydrogen recombi-830

nation line ratios for low-mass YSOs based on input831

temperature (5000 – 20000 K), hydrogen density (108832

– 1012.4 cm−3), ionization rate, and velocity gradient833

transverse to the radial direction (the ratio of the tur-834

bulent/thermal linewidth). Their predicted H I (9-7)835

/ H I (7-6) line ratios ranged from 0.3 – 2.1, higher836

than the observed line ratios in this work which range837

from 0.12 – 0.24. An increase in dl/dv, the ratio838

of the turbulent/thermal linewidth, leads to an839

increase in the line optical depth, τ (equation 1840

in Kwan & Fischer 2011), which is one of the841

parameters in their modelings. Kwan & Fischer842

(2011) assume the velocity gradient dl/dv is not843

large and the model results do not vary much844

on the gradient. Massive stars whose turbulent845

velocity from winds and radiation is larger than846

that of low-mass stars would have very different847

dl/dv than what was modeled, and therefore848

could be the reason we find the H I (9-7) / H I849

(7-6) line ratios to be smaller than the predicted850

ratios from Kwan & Fischer (2011).851

852

Hollenbach & Gorti (2009) find the ratio of H I (7-853

6) to the [Ne II] fine structure line to theoretically be854

0.008 due to extreme UV- and X-ray-illuminated shocks.855

The observed ratios in this work range from 0.11 for Y4856

to 0.04 for Y1, Y2, Y5, and Y6. The observed ratios857

are higher than the theoretical ratios which means the858

origin of the hydrogen recombination line must be from859

regions where the density is higher than the critical860

density of [Ne II]. Hollenbach & Gorti (2009) suggest861

an alternate scenario where the observed H I lines in862

high-mass protostars in N79 could arise from shocks863

due to high-velocity winds. Hollenbach & Gorti (2009)864

find winds with velocities > 100 km s−1 that occur close865

to the origin of the central source (< 1 AU) leading to866

densities where H I (7-6) emission is enhanced, but the867

[Ne II] emission is suppressed. This excess H I (7-6)868

emission would also explain the high mass accre-869

tion rates calculated, since the measured emis-870

sion would be from shocks and winds in addition871
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Figure 7. Robitaille (2017) SED models fit to the Spitzer and Herschel photometry for W1, E1, S1, and S2. The black circles
are the Spitzer IRAC photometry, the black triangles are the Spitzer MIPS, Herschel PACS, and Herschel SPIRE photometry
fitted as upper limits. The black dots are the fitted data points, the black triangles are upper limits, the black
line is the best-fit model, and the gray lines are are models which have χ2<3 relative to the best-fit model.
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to accretion. Massive YSOs have previously been872

observed to have high-velocity winds: S106-IR has an873

ionized wind with a velocity of 340 km s−1 (Drew et al.874

1993), and W51 IRS2 is a 60 M⊙ O star with a 200 M⊙875

molecular outflow and wind velocities of 100 km s−1
876

inferred from the [Ne II] emission line (Lacy et al. 2007;877

Zapata et al. 2009). Given that these YSOs in N79878

are very massive (11 – 25 M⊙) and extremely lumi-879

nous (6.8× 103 – 1.3× 105 L⊙), outflows with velocities880

> 100 km s−1 are a likely scenario. Such conditions881

in N79 would explain why the observed H I (7-6)882

to [Ne II] ratio is higher than theoretical models.883

5.4.1. The Central Illuminating Source Y4 in H72.97-69.39884

MRS observations of H72.97-69.39 show five sources885

within the FOV (Figure 5). Figure 2 shows the spectra886

of Y5, Y7, and Y8 which are not complete, but still887

show similar emission line features to Y4 and Y6 in888

channels 3 and 4. The Spitzer IRS spectrum of S1,889

shown in red in Figure 2, resembles the MRS spectrum890

of Y4. This is the more-luminous source and is likely891

dominating the SED of the small cluster, with Y6 as the892

second-most dominant source. ALMA observations of893

H72.97-69.39 reveal two filaments colliding, with Y4 lo-894

cated in the center (Nayak et al. 2019). Figure 14 shows895

the blue- and red-shifted outflows observed with 13CO896

on the MRS channel 3 slice of H72.97-69.39. Nayak897

et al. (2019) find an outflow rate of 0.008 M⊙ yr−1 as-898

sociated with the central protostar inferred from the899

red-shifted outflow lobe, four times higher than outflow900

rates of massive YSOs in the Milky Way (Beltrán et al.901

2011). Commonly found to trace hot molecular cores902

and the cavity of outflowing jets, SO is a useful diag-903

nostic of shocked gas (Esplugues et al. 2013; Codella904

et al. 2014). ALMA SO observations trace gas densities905

of 106 cm−3 which are offset from the outflow axis by906

90◦. Further ALMA observations with spectral reso-907

lution higher than that used by Nayak et al. (2019) is908

necessary to determine the kinematic structure of SO.909

It is possible the high-velocity winds > 100 km s−1 that910

cause the hydrogen recombination line H I (7-6) emis-911

sion also lead to the observed SO emission. The wind912

could be compressing the gas to 106 cm−3 in the imme-913

diate vicinity of Y4, leading to a lower [Ne II] emission,914

higher H I (7-6) emission, and the observed SO emission915

(Hollenbach & Gorti 2009; Nayak et al. 2019).916

917

Reiter et al. (2019) use the Folded-Port Infrared Echel-918

lette (FIRE; Simcoe et al. 2013) on the 6.5 m Magel-919

lan/Baade telescope to observe the near-IR spectrum920

of H72.97-69.39 (with Y4 likely being the dominating921

YSO). They find the H2/Brγ ratio (i.e., the ratio of922

collisionally excited to photoexcited gas) is 0.01. Ad-923

ditionally, Reiter et al. (2019) find the region around924

H72.97-69.39 is likely not shock-excited based on the925

low [Fe II] 1.64 µm/Paβ and [Fe II] 1.64 µm/Brγ926

ratios of 0.02 and 0.11, respectively. Both Brγ927

and Paβ are likely photoexicted by the far-UV radia-928

tion within H II regions (Mouri et al. 2000). The region929

around Y4 and Y6 is possibly PDR dominated with still930

some effects from shocks originating in protostellar jets,931

outflows, and accretion.932

5.5. Absorption Features in MRS Spectra933

We detect a mixture of solid- and gas-phase absorp-934

tion features in the MRS spectra of massive YSOs in935

N79. The solid-phase ice absorption feature of CO2 is936

indicative that the protostar is very young and deeply-937

embedded within its parental GMC. Gas-phase absorp-938

tion features of HCN and CO2 trace warm and dense939

gas (Boonman et al. 2003a,b). Boonman et al. (2003b)940

observe the compact IR source Orion-IRc2 and find941

HCN to be radiatively excited, while CO2 originates in942

the 150 – 200 K warm component of the shocked gas.943

We qualitatively discuss here the absorption features944

seen in the spectra of Y1, Y3, Y4, Y6, and Y9 (YSO945

Y2 has no absorption features).946

947

NH3: There is a narrow absorption line detected near948

6.12 µm in the spectra of Y1 and Y4 which we tenta-949

tively assign to NH3. This feature is typically observed950

as a broad absorption feature around 6 µm, along with951

the broad absorption feature due to the H2O bending952

mode in the same wavelength range. Due to this pe-953

culiarity, this narrow absorption line at 6.12 µm954

could potentially be an unidentified line species.955

956

C2H5OH: We have labeled the 7.23 µm absorption957

feature observed in Y1 as absorption from C2H5OH,958

which could be mixed with HCOOH. The CH/OH de-959

formation mode of HCOOH and the CH3 symmetric960

deformation mode of C2H5OH could both be contribut-961

ing to this feature (Schutte et al. 1999; Öberg et al.962

2007). The C2H5OH and HCOOH feature has previ-963

ously been observed with Spitzer IRS as well as Infrared964

Space Observatory (ISO) for YSOs in the Perseus, Tau-965

rus, Serpens, and Corona Australis molecular cloud966

complexes (Boogert et al. 2008). Yang et al. (2022) also967

see this absorption feature in the MRS spectra of IRAS968

15398-3359, a young protostar with shell-like outflows.969

970

HCN and CO2 gas-phase absorption: The HCN971

gas-phase absorption line at 14.05 µm is detected in Y6,972

while the CO2 gas-phase absorption line at 14.97 µm973
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Figure 8. Spectra taken in channels 1-4 of Source Y1 in N79 West. Full line list is given in Table 1.
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is detected in Y9. HCN and CO2 gas-phase absorption974

lines have previously been found to originate either in975

disks around protostars or from winds emanating from976

disks (Lahuis et al. 2006). The HCN absorption in Y6 is977

blue-shifted. This deviation from Keplerian rotation in978

the plane of the disk could imply the presence of stellar979

winds or a binary system. Rodgers & Charnley (2003)980

model early-stage protostars to find that HCN and CO2981

gas-phase absorption features cannot be explained by982

evaporation of ices alone, but rather additional high-983

temperature gas in the inner envelope region around a984

YSO is necessary. While evidence for a disk around985

an O-star remains elusive, the gas surrounding proto-986

stars Y6 and Y9 could be heated to high temperatures987

(>100 K) from winds, shocks, and radiation from the988

star, increasing the abundance of HCN and CO2.989

990

CO2 doublet: Sources Y3 and Y9 show the broad991

CO2 absorption feature around 15.2 µm, which is from992

the bending mode of CO2. The CO2 doublet feature993

with one peak at 15.1 µm and another peak at 15.25 µm994

can be seen in the spectra in Figures 10 and 13. The995

CO2 absorption feature in Y3 is much deeper than in996

Y9. The CO2 is likely formed in a H2O-rich environ-997

ment where the star heats up the CO, CO2, and H2O998

molecules to also form CH3OH, which can be seen with999

the broad shoulder towards 15.4 µm in the spectra of Y31000

(Gerakines et al. 1999). A three-Gaussian fit allows1001

us to discern the CO2 + CO absorption at 15.1 µm,1002

the CO2 + H2O at 15.25 µm, and the CH3OH broad1003

emission feature at 15.4 µm for Y3 (shown in figure1004

18). There are two reasons the CO2 ice-absorption1005

feature in Y9 is not as strong as the one seen in Y31006

and the broad CH3OH emission is not seen in Y9: Ei-1007

ther Y9 is a more evolved protostar and therefore the1008

ice-absorption features are not as predominant in the1009

spectrum, and/or Y9 is a lower-mass protostar than Y31010

since lower-mass YSOs are observed to show a weaker1011

15.4 µm broad shoulder (Pontoppidan et al. 2008).1012

5.5.1. The Young and Deeply-Embedded YSO Candidate in1013

N79 East1014

In addition to the broad CO2 doublet absorption fea-1015

ture, the spectrum of Y3 also shows CH4, NH3, CH3OH,1016

and CH3OCHO absorption features at 7.7, 8.9, 9.7, and1017

13.02 µm, respectively. We show some of these ab-1018

sorption features in Figures 15 - 18. Modeling CH41019

has shown that these molecules rapidly form on cool1020

grains through successive hydrogenation of atomic car-1021

bon (Tielens & Hagen 1982). CH4 abundances have1022

been observed to be constant in a variety of low- and1023

high-mass YSOs, whereas CH3OH abundances vary by1024

up to a factor of 10 depending on the UV radiation from1025

the central illuminating source (Öberg et al. 2008). The1026

CH3OH absorption feature is shown in Figure 17.1027

There could be possible contribution from C2H5OH to1028

the CH3OH absorption (Boogert et al. 2008). In Fig-1029

ure 10 we see a narrow absorption line at 13.04 µm1030

which we label as CH3OCHO. The CH3OCHO ab-1031

sorption is from the OCO deformation mode, which is1032

the weakest transition of CH3OCHO (Terwisscha van1033

Scheltinga et al. 2021). It also is possible this narrow1034

absorption line at 13.04 µm is an unidentified line.1035

1036

YSO Y3 also has prominent CH4, NH3, CH3OH,1037

CH3OCHO, and CO2 ice absorption features. To-1038

gether with weak PAH emission at 11.2 µm and the1039

least number of narrow emission lines in comparison to1040

Y1, Y2, Y4, Y6, and Y9, this makes Y3 the youngest1041

protostar in this study. PAH emission as well as fine1042

structure line emission (such as neon and sulfur which is1043

observed in Y3) can be due to the central ionizing source1044

or, alternatively, can also be excited due to neighboring1045

massive stars. Y9 is slightly older than Y3 with a weak1046

CO2 doublet feature. YSOs Y1, Y2, and Y4 have broad1047

silicate absorption features at 9.5 µm. It is difficult to1048

disentangle the silicate absorption from the PAH emis-1049

sion at 8.5 µm and 11 µm without modeling, which will1050

be done in a later paper. The silicate absorption along1051

with several H2 and fine structure line emission, but lack1052

of any other broad ice absorption in these three YSOs1053

suggests these are more evolved YSOs with UV radiation1054

from the central star affecting their parental molecular1055

gas. Y6 is the oldest YSO in this work because this1056

source has no silicate or ice absorption features.1057

6. SUMMARY1058

We present MIRI MRS observations of 11 YSOs in1059

the N79 region of the LMC, six of which have a full or1060

almost-full wavelength coverage from 4.9 µm to 27.9 µm.1061

The blended Spitzer -identified YSOs are resolved into1062

multiple protostars in the MRS IFU observations in1063

N79 East and South. The Spitzer -identified YSO in1064

N79 West is a single massive source. We identify the1065

mid-IR emission and absorption lines for the six YSOs1066

in Tables 1 - 6 and summarize our findings:1067

1068

1. The mass inferred by fitting SED models to1069

the Spitzer and Herschel photometry for clus-1070

ters E1, S1, and S2 is 18.3 ± 2.7, 25.4 ± 3.2,1071

and 15.7 ± 4.5 M⊙. Y2 is likely the dominating1072

source in E1, Y4 is the dominating source in1073

S1, and Y9 is the dominating source in S2. The1074

isolated massive protostar Y1 in W1 has a mass1075

of 13.6 ± 1.6 M⊙.1076
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Figure 9. Spectra taken in channels 1-4 of Source Y2 in N79 East. Full line list is given in Table 2.
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1077

2. The YSOs have a variety of PAH emission lines1078

at 6.2, 7.7, 8.6, 11.0, 11.2, 12.7, and 16.4 µm. YSOs1079

Y1, Y2, and Y9 have all seven PAH emission features1080

in their spectra. Y6 has the 6.2, 7.7, and 11.2 µm PAH1081

emission feature, and Y3 only has the 11.2 µm emission.1082

YSO Y4, the central ionizing source of SSC candidate1083

H72.97-69.39, has no PAH features likely due to the1084

intense radiation and strong stellar winds destroying1085

the surrounding PAHs.1086

1087

3. All six YSOs have several molecular hydrogen emis-1088

sion lines. Y2 located in the East GMC has 16 H2 lines,1089

the most number of emisison lines out of all the sources1090

in this work. Y3, the youngest source, has five H2 lines.1091

The prominent absorption lines seen in the spectrum of1092

Y3 indicate that this protostar is enshrouded by dust1093

and the central protostar has not started ionizing the1094

surrounding gas. The H2 lines seen in the spectra of Y31095

could be due to the dominant source, Y2, exciting the1096

H2.1097

1098

4. [Ne II] 12.8 µm, [Ne III] 15.5 µm, [Ar II] 6.9 µm,1099

[Ar III] 8.9 and 21.8 µm, and [Fe II] 25.9 µm emis-1100

sion lines indicate the presence of high-velocity shocks1101

(>70 km s−1) in Y1, Y2, Y4, Y6, and Y9. Low-velocity1102

shocks are also present in these YSOs since we iden-1103

tify strong H2 and [Cl II] emission lines. Alternatively,1104

[Ne II] and [Ne III] emission lines can arise from nearby1105

high-mass YSOs photo-exciting the gas with extreme1106

UV and X-ray photons.1107

1108

5. H I emission lines are often found to trace pro-1109

tostellar accretion and are usually abundant in H II1110

regions. The mass accretion rate of Y1, Y2, Y4,1111

and Y9 range between 3.09× 10−4 – 9.23× 10−4,1112

7.83× 10−4 – 1.61× 10−3, 1.01× 10−2 – 1.89× 10−2,1113

1.22× 10−4 – 2.69× 10−4 M⊙ yr−1. Accretion rates1114

as high as 10−4 M⊙ yr−1 have been measured for1115

low-mass stars in the Milky Way. The reason for1116

high accretion rates inferred from H I (7-6) for1117

YSOs in N79 could be because 1) gravitational1118

force dominates in high-mass YSOs leading to1119

a higher rate, and 2) shocks and winds can also1120

contribute to the measured H I (7-6) flux leading1121

to our calculations of the mass accretion rates to1122

be upper-limits.1123

1124

6. ALMA observations of SO is offset by 90◦ from1125

the 13CO molecular gas outflows at the location of Y4.1126

High-velocity winds > 100 km s−1 compressing the gas1127

in the immediate vicinity of Y4 can explain the excess1128

H I (7-6) and SO emission, and the low abundance of1129

[Ne II] emission.1130

1131

7. We detect solid- and gas-phase absorption features1132

in the spectra of Y1, Y3, Y4, Y6, and Y9. YSO Y2 has1133

no absorption features. One possible explanation for1134

the HCN and CO2 gas-phase absorption features in Y61135

and Y9 is that high-velocity winds are heating the sur-1136

rounding gas to 100 K or higher, leading to an increase1137

in their abundances. Y3 and Y9 also have the CO21138

doublet feature, with Y3 having the most prominent1139

absorption lines. YSO Y3 has five prominent absorp-1140

tion lines, likely because this source is less than 10,0001141

yrs old.1142
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Table 1. Source Y1 Emission and Absorption Lines

Name Absorption or Lab Wave Meas Wave Meas Wave Err FWHM Flux Flux Err

Emission [µm] [µm] [µm] [µm] [erg s−1 cm−2] [erg s−1 cm−2]

H2 10-9 Q(2) E 4.987 4.99115 0.00125 0.00093 8.815E-17 1.122E-16

H I (10-6) E 5.129 5.13902 0.00138 0.00138 5.369E-17 1.070E-16

H2 5-5 S(13) E 5.291 5.29989 0.00109 0.00129 1.005E-16 1.079E-16

[Fe II] a4F9/2-a6D9/2 E 5.340 5.34462 0.00013 0.00136 3.631E-16 1.145E-16

H2 7-6 O(6) E 5.415 5.42082 0.00012 0.00657 3.573E-16 1.121E-16

H2 0-0 S(7) E 5.511 5.51660 0.00100 0.00176 2.348E-16 1.030E-16

H2 9-8 Q(13) E 5.909 5.91066 0.00174 0.00167 1.135E-16 1.231E-16

NH3 A 6.150 6.12035 0.00033 0.00437 4.060E-16 1.043E-16

PAH E 6.200 6.22776 0.00077 0.10208 2.972E-14 7.087E-16

[Ni II] 2D3/2-2D5/2 E 6.636 6.64202 0.00122 0.00232 1.319E-16 1.029E-16

H2 0-0 S(5) E 6.910 6.91495 0.00025 0.00208 7.061E-16 1.035E-16

[Ar II] 2P1/2-2P3/2 E 6.985 6.99076 0.00044 0.00199 3.713E-15 1.367E-16

C2H5OH A 7.240 7.22451 0.00035 0.00661 4.094E-16 8.805E-17

H2 8-8 S(12) E 7.323 7.33174 0.00346 0.00124 9.381E-17 9.875E-17

H2 10-9 Q(13) E 7.452 7.46514 0.00046 0.00230 7.573E-16 1.078E-16

H2 11-9 O(14) E 7.507 7.50931 0.00131 0.00197 1.026E-16 1.039E-16

PAH E 7.700 7.64696 0.00649 0.12591 5.838E-14 9.781E-16

PAH E 7.700 7.84175 0.00857 0.11913 5.252E-14 8.866E-16

H2 0-0 S(4) E 8.025 8.03197 0.00002 0.00208 4.252E-16 2.013E-16

PAH E 8.600 8.64508 0.00313 0.60429 1.569E-13 2.585E-15

[Ar III] 3P1-3P2 E 8.991 8.99895 0.00070 0.00294 4.512E-16 1.470E-16

H2 3-3 S(4) E 9.431 9.43722 0.00087 0.00161 7.016E-17 1.111E-16

H2 0-0 S(3) E 9.665 9.67298 0.00003 0.00257 9.457E-16 1.093E-16

[S IV] 2P3/2-2P1/2 E 10.511 10.51908 0.00013 0.00331 3.934E-16 1.959E-16

PAH E 11.000 11.00937 0.01351 0.04045 2.485E-15 2.633E-15

PAH E 11.200 11.25099 0.00086 0.12722 5.593E-14 1.194E-15

(9-7) E 11.310 11.31906 0.00191 0.00306 3.124E-16 8.245E-17

H2 0-0 S(2) E 12.279 12.28917 0.00042 0.00358 6.591E-16 2.709E-16

H I (7-6) E 12.370 12.38198 0.00073 0.00458 1.289E-15 3.953E-16

PAH E 12.700 12.759794 0.00363 0.24805 3.061E-14 1.423E-15

[Ne II] 2P1/2-2P3/2 E 12.814 12.82427 0.00052 0.00430 3.216E-14 6.875E-16

H2 5-4 O(15) E 13.828 13.84260 0.00115 0.00306 7.150E-17 2.483E-16

[Cl II] 3P1-3P2 E 14.368 14.37880 0.00005 0.00424 3.582E-16 2.608E-16

[Ne III] 3P1-3P2 E 15.555 15.56790 0.00085 0.00640 1.750E-15 2.698E-16

PAH E 16.400 16.43141 0.00355 0.08704 6.57E-15 8.51E-16

H2 0-0 S(1) E 17.035 17.04974 0.00099 0.00576 2.091E-15 3.982E-16

[P III] 2P3/2-2P1/2 E 17.885 17.89816 0.00058 0.00641 3.619E-16 4.472E-16

[Fe II] a4F7/2-a4F9/2 E 17.936 17.94813 0.00201 0.00667 6.665E-16 3.848E-16

[S III] 3P2-3P1 E 18.713 18.72723 0.00178 0.00938 3.702E-14 2.742E-15

[Fe III] 5D3-5D4 E 22.925 22.94277 0.00023 0.00936 2.592E-15 2.031E-15

[Fe II] a6D7/2-a6D9/2 E 25.998 26.01579 0.00101 0.01069 8.920E-15 2.534E-15

Note—Column 1: Name of line. Column 2: Emission or absorption line. ‘E’ stands for emission and ‘A’ stands for absorption.
Column 3: Laboratory wavelength. Column 4: Measured wavelength. Column 5: Error in measured wavelength. Column 6:
FWHM of line. Column 7: Measured flux. Column 8: Error in flux.
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Figure 10. Spectra taken in channels 2-4 of Source Y3 in N79 East. Full line list is given in Table 3.
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Table 2. Source Y2 Emission and Absorption Lines

Name Absorption or Lab Wave Meas Wave Meas Wave Err FWHM Flux Flux Err

Emission [µm] [µm] [µm] [µm] [erg s−1 cm−2] [erg s−1 cm−2]

H I (10-6) E 5.129 5.13263 0.00057 0.00182 4.748E-16 6.219E-17

[Fe II] a4F9/2-a6D9/2 E 5.340 5.34461 0.00006 0.00137 5.551E-16 8.300E-17

H2 9-8 Q(11) E 5.373 5.38499 0.00059 0.00167 9.680E-17 4.856E-17

H2 0-0 S(7) E 5.511 5.51671 0.00111 0.00173 2.866E-16 4.758E-17

H2 8-7 Q(15) E 5.540 5.53164 0.00244 0.00185 1.542E-16 4.724E-17

H I (15-7) E 5.711 5.71989 5.71989 0.00151 1.464E-16 4.922E-17

H2 9-8 Q(13) E 5.909 5.91320 0.00000 0.00210 8.560E-16 7.946E-17

H2 7-6 O(7) E 5.956 5.96141 0.00021 0.00198 1.063E-16 5.994E-17

H2 0-0 S(6) E 6.109 6.11391 0.00009 0.00205 2.376E-16 6.366E-17

PAH E 6.200 6.22780 0.00037 0.10271 8.871E-14 9.380E-16

H I (13-7) E 6.292 6.29757 0.00037 0.00175 2.356E-16 8.179E-17

[Ni II] 2D3/2-2D5/2 E 6.636 6.64164 0.00004 0.00214 2.863E-16 4.431E-17

H2 2-1 O(12) E 6.776 6.77758 0.00002 0.00200 3.273E-16 4.541E-17

H2 0-0 S(5) E 6.910 6.91527 0.00006 0.00218 1.281E-15 5.278E-17

[Ar II] 2P1/2-2P3/2 E 6.985 6.99117 0.00003 0.00200 4.019E-14 7.912E-16

H2 1-1 S(5) E 7.280 7.27795 0.00035 0.00191 1.116E-16 4.386E-17

[Ni III] 3F4-3F34 E 7.349 7.35930 0.00089 0.00209 3.675E-16 5.095E-17

H2 10-9 Q(13) E 7.452 7.46605 0.00035 0.00200 7.606E-15 1.727E-16

H2 11-9 O(14) E 7.507 7.50953 0.00073 0.00207 1.951E-15 8.293E-17

[Ni I] a3F3-a3F4 E 7.507 7.51097 0.00343 0.00108 5.058E-16 6.366E-17

PAH E 7.700 7.61215 0.01997 0.28076 3.900E-13 2.741E-15

PAH E 7.700 7.84645 0.01984 0.21193 2.769E-13 1.968E-15

H I (16-8) E 7.780 7.79157 0.00532 0.00269 6.172E-17 2.000E-16

H2 0-0 S(4) E 8.025 8.03199 0.00004 0.00215 8.687E-16 1.519E-16

H2 13-12 S(3) E 8.148 8.16010 0.00185 0.00313 1.188E-16 1.400E-16

PAH E 8.600 8.61029 0.00532 0.23580 5.719E-14 4.092E-15

H I (10-7) E 8.760 8.76749 0.00066 0.00326 4.637E-16 6.774E-17

[Ar III] 3P1-3P2 E 8.991 8.99889 0.00066 0.00295 3.377E-15 1.458E-16

H I (13-8) E 9.329 9.40022 0.00027 0.00230 7.797E-17 4.239E-17

H2 0-0 S(3) E 9.665 9.67309 0.00014 0.00239 1.748E-15 5.295E-17

[S IV] 2P3/2-2P1/2 E 10.511 10.51739 0.00286 0.00357 7.523E-17 7.825E-17

PAH E 11.000 11.01255 0.01518 0.04319 4.270E-15 4.765E-15

PAH E 11.200 11.25264 0.00088 0.13145 9.979E-14 2.124E-15

H I (9-7) E 11.310 11.31796 0.00049 0.00317 1.089E-15 8.138E-17

H2 0-0 S(2) E 12.279 12.28923 0.00048 0.00393 2.596E-15 3.061E-16

H I (7-6) E 12.370 12.38270 0.00105 0.00545 6.634E-15 8.583E-16

H I (11-8) E 12.387 12.39815 0.00060 0.00597 8.307E-16 2.907E-16

PAH E 12.700 12.75113 0.00605 0.24369 5.321E-14 4.201E-15

[Ne II] 2P1/2-2P3/2 E 12.814 12.82466 0.00091 0.00493 1.617E-13 3.307E-15

[Cl II] 3P1-3P2 E 14.368 14.37897 0.00022 0.00382 8.129E-16 4.088E-16

[Ne III] 3P1-3P2 E 15.555 15.56927 0.00052 0.00569 5.001E-16 6.220E-16

PAH E 16.400 16.44669 0.00285 0.08292 1.151E-14 1.258E-15

H2 0-0 S(1) E 17.035 17.05001 0.00124 0.00581 4.152E-15 8.730E-16

[S III] 3P2-3P1 E 18.713 18.72859 0.00041 0.00803 7.605E-14 5.615E-15

[Fe III] 5D3-5D4 E 22.925 22.94417 0.00117 0.00992 7.756E-15 6.346E-15

[Fe II] a6D7/2-a6D9/2 E 25.998 26.01564 0.00169 0.01007 1.659E-14 8.436E-15

Note—Column 1: Name of line. Column 2: Emission or absorption line. ‘E’ stands for emission and ‘A’ stands for absorption.
Column 3: Laboratory wavelength. Column 4: Measured wavelength. Column 5: Error in measured wavelength. Column 6:
FWHM of line. Column 7: Measured flux. Column 8: Error in flux.
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Figure 11. Spectra taken in channels 1-4 of Source Y4 in N79 South1. Full line list is given in Table 4.
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Table 3. Source Y3 Emission and Absorption Lines

Name Absorption or Lab Wave Meas Wave Meas Wave Err FWHM Flux Flux Err

Emission [µm] [µm] [µm] [µm] [erg s−1 cm−2] [erg s−1 cm−2]

CH4 A 7.700 7.68265 0.00209 0.05443 3.312E-15 4.038E-16

H2 0-0 S(4) E 8.025 8.03164 0.00031 0.00231 3.917E-16 1.183E-16

NH3 A 9.000 8.93675 0.00212 0.30607 3.524E-14 7.778E-16

H2 0-0 S(3) E 9.665 9.67342 0.00047 0.00291 7.907E-16 2.746E-17

CH3OH A 9.700 9.73806 0.00289 0.35165 5.140E-14 1.340E-15

H2 9-8 O(10) E 10.974 10.97567 0.00868 0.00113 4.793E-18 4.697E-17

PAH E 11.200 11.27072 0.00190 0.14982 1.038E-14 4.178E-16

H I (23-10) E 11.243 11.25589 0.00405 0.00139 3.282E-17 4.861E-17

H2 0-0 S(2) E 12.279 12.28930 0.00055 0.00425 1.393E-15 7.711E-17

[Ne II] 2P1/2-2P3/2 E 12.814 12.82459 0.00084 0.00506 1.254E-15 7.040E-17

CH3OCHO A 13.020 13.04829 0.00046 0.00311 8.629E-17 6.287E-17

CO2 A 15.200 15.19246 0.00152 0.46127 3.636E-13 3.096E-14

[Ne III] 3P1-3P2 E 15.555 15.56852 0.00023 0.00568 2.579E-16 7.367E-17

H2 0-0 S(1) E 17.035 17.04969 0.00094 0.00576 2.577E-15 9.930E-17

[S III] 3P2-3P1 E 18.713 18.72850 0.00056 0.00841 2.106E-15 3.365E-16

Note—Column 1: Name of line. Column 2: Emission or absorption line. ‘E’ stands for emission and ‘A’ stands for absorption.
Column 3: Laboratory wavelength. Column 4: Measured wavelength. Column 5: Error in measured wavelength. Column 6:
FWHM of line. Column 7: Measured flux. Column 8: Error in flux.
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Figure 12. Spectra taken in channels 1-4 of Source Y6 in N79 South1. Full line list is given in Table 5.
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Figure 13. Spectra taken in channels 1-4 of Source Y9 in N79 South2. Full line list is given in Table 6.
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Figure 14. Left: The [Ne II] line emission slice overlaid with the ALMA 13CO blue-shifted (cyan contour) and red-shifted
(red contour) outflows. The outflows were determined by Nayak et al. (2019) by integrating over the line wings of the 13CO
spectrum. Right: The ALMA SO observations (magenta contour) shown with the MRS [Ne II] line emission slice.
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Figure 15. Left: The 7.5 − 8.6 µm MRS spectrum of Y3 and the locally fitted continuum. Right: The continuum subtracted
spectrum of the CH4 absorption feature.
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Figure 16. Left: The 8.4 − 9.4 µm MRS spectrum of Y3 and the locally fitted continuum. Right: The continuum subtracted
spectrum of the NH3 absorption feature.
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Figure 17. Left: The 9.2 − 10.4 µm MRS spectrum of Y3 and the locally fitted continuum. Right: The continuum subtracted
spectrum of the CH3OH absorption feature.
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Figure 18. Top Left: The 13.8 − 16.2 µm MRS spectrum of Y3 and the locally fitted continuum. Top Right: The continuum
subtracted spectrum of the CO2 absorption feature. Bottom: We fit two and three gaussian distributions to the CO2 mixture
feature. The residual error when fitting three guassian distribution is 0.41 and the residual error when fitting two gaussian
distribution is 0.53, therefore the three gaussians give a better fit to the observed absorption line. The two peaks at 15.1 µm
and 15.3 µm represent a CO2-CO and a CO2-H2O mixture, respectively. The broad shoulder at longer wavelengths is due to a
mixture of CO2-CH3OH.
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Table 4. Source Y4 Emission and Absorption Lines

Name Absorption or Lab Wave Meas Wave Meas Wave Err FWHM Flux Flux Err

Emission [µm] [µm] [µm] [µm] [erg s−1 cm−2] [erg s−1 cm−2]

[Fe II] a4F9/2-a6D9/2 E 5.340 5.34442 0.00010 0.00135 1.937E-15 3.752E-16

H2 9-8 Q(11) E 5.373 5.38409 0.00031 0.00184 8.636E-16 1.003E-15

H2 0-0 S(7) E 5.511 5.51550 0.00010 0.00118 1.086E-15 1.046E-15

H I (10-6) E 5.129 5.13282 0.00038 0.00185 4.521E-15 1.013E-15

H I (16-7) E 5.525 5.53040 0.00040 0.00180 1.226E-15 1.065E-15

H I (15-7) E 5.711 5.71673 0.00034 0.00223 1.523E-15 1.406E-15

H2 9-8 Q(13) E 5.909 5.91294 0.00026 0.00220 9.763E-15 1.486E-15

H2 7-6 O(7) E 5.956 5.96132 0.00068 0.00212 1.346E-15 1.372E-15

H2 0-0 S(6) E 6.109 6.11192 0.00128 0.00161 7.511E-16 1.345E-15

NH3 A 6.150 6.13673 0.00010 0.00328 2.133E-15 1.295E-15

H I (13-7) E 6.292 6.29676 0.00044 0.00191 2.348E-15 1.498E-15

[Ni II] 2D3/2-2D5/2 E 6.636 6.64181 0.00021 0.00218 1.981E-15 1.631E-15

H2 2-1 O(12) E 6.776 6.77762 0.00002 0.00263 4.722E-15 1.730E-15

H2 0-0 S(5) E 6.910 6.91518 0.00002 0.00159 4.481E-15 1.668E-15

[Ar II] 2P1/2-2P3/2 E 6.985 6.99120 0.00000 0.00201 3.873E-14 2.128E-15

[Na III] 2P1/2-2P3/2 E 7.318 7.32457 0.00057 0.00363 5.462E-15 2.121E-15

H2 10-9 Q(13) E 7.452 7.46609 0.00031 0.00216 1.026E-13 3.196E-15

H2 11-9 O(14) E 7.507 7.50919 0.00039 0.00240 3.419E-14 2.444E-15

H2 0-0 S(4) E 8.025 8.03148 0.00047 0.00264 2.865E-15 3.494E-15

H2 13-12 S(3) E 8.148 8.16118 0.00077 0.00260 1.334E-15 3.333E-15

H2 11-10 O(5) E 8.410 8.41706 0.00031 0.00282 1.340E-15 2.673E-15

H I (14-8) E 8.665 8.68037 0.00882 0.00327 5.226E-17 2.243E-15

H I (10-7) E 8.760 8.76765 0.00050 0.00333 4.061E-15 1.696E-15

[Ar III] 3P1-3P2 E 8.991 8.99884 0.00071 0.00335 9.191E-14 2.713E-15

H2 0-0 S(3) E 9.665 9.67205 0.00090 0.00305 3.947E-15 9.178E-16

[S IV] 2P3/2-2P1/2 E 10.511 10.51943 0.00048 0.00355 1.068E-13 3.065E-15

H I (9-7) E 11.310 11.31834 0.00011 0.00377 8.782E-15 2.487E-15

H I (7-6) E 12.370 12.38235 0.00140 0.00529 7.162E-14 5.798E-15

[Ne II] 2P1/2-2P3/2 E 12.814 12.82449 0.00074 0.00490 6.398E-13 1.812E-14

[Cl II] 3P1-3P2 E 14.368 14.37854 0.00021 0.00521 1.334E-14 1.131E-14

[Ne III] 3P1-3P2 E 15.555 15.57259 0.00116 0.00815 2.250E-13 9.701E-15

H2 0-0 S(1) E 17.035 17.04803 0.00072 0.00606 6.571E-15 8.205E-15

H2 1-1 S(1) E 17.933 17.94781 0.00156 0.00731 7.735E-15 8.479E-15

[S III] 3P2-3P1 E 18.713 18.72804 0.00096 0.00988 2.627E-13 4.292E-14

[Fe II] a6D7/2-a6D9/2 E 25.998 26.01279 0.00467 0.01892 1.012E-13 7.918E-14

Note—Column 1: Name of line. Column 2: Emission or absorption line. ‘E’ stands for emission and ‘A’ stands for absorption.
Column 3: Laboratory wavelength. Column 4: Measured wavelength. Column 5: Error in measured wavelength. Column 6:
FWHM of line. Column 7: Measured flux. Column 8: Error in flux.
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Table 5. Source Y6 Emission and Absorption Lines

Name Absorption or Lab Wave Meas Wave Meas Wave Err FWHM Flux Flux Err

Emission [µm] [µm] [µm] [µm] [erg s−1 cm−2] [erg s−1 cm−2]

H2 9-8 Q(13) E 5.909 5.91289 0.00031 0.00209 1.237E-15 5.581E-17

PAH E 6.200 6.23934 0.00168 0.12349 4.838E-14 2.093E-15

H2 2-1 O(12) E 6.776 6.77683 0.00077 0.00248 4.536E-16 3.956E-17

H2 0-0 S(5) E 6.910 6.91559 0.00039 0.00177 1.119E-15 4.166E-17

[Ar II] 2P1/2-2P3/2 E 6.985 6.99106 0.00014 0.00147 2.919E-14 6.152E-16

H2 11-9 O(14) E 7.506 7.50930 0.00050 0.00233 3.471E-15 1.009E-16

[Ni I] a3F3-a3F4 E 7.507 7.51107 0.00333 0.00104 1.122E-15 6.581E-17

PAH E 7.700 7.63727 0.03884 0.40222 1.327E-13 4.066E-14

H2 0-0 S(4) E 8.025 8.03162 0.00033 0.00271 8.518E-16 1.387E-16

H I (10-7) E 8.760 8.76730 0.00045 0.00278 7.269E-16 1.397E-16

[Ar III] 3P1-3P2 E 8.991 8.99845 0.00020 0.00314 2.073E-14 5.794E-16

H2 0-0 S(3) E 9.665 9.67272 0.00023 0.00250 1.877E-15 1.568E-16

[S IV] 2P3/2-2P1/2 E 10.511 10.51874 0.00021 0.00290 1.274E-14 3.472E-16

PAH E 11.200 11.26670 0.00103 0.16708 1.134E-13 2.218E-15

H I (9-7) E 11.310 11.31777 0.00062 0.00322 1.940E-15 1.868E-16

H2 0-0 S(2) E 12.279 12.28880 0.00005 0.00400 2.890E-15 4.229E-16

H I (7-6) E 12.370 12.38179 0.00054 0.00468 1.013E-14 7.068E-16

H I (11-8) E 12.387 12.39659 0.00034 0.00643 1.941E-15 4.093E-16

[Ne II] 2P1/2-2P3/2 E 12.814 12.82418 0.00043 0.00411 2.285E-13 4.481E-15

HCN A 14.050 13.97779 0.00044 0.00806 1.757E-15 3.056E-16

[Cl II] 3P1-3P2 E 14.368 14.37792 0.00083 0.00459 1.223E-15 4.779E-16

[Ne III] 3P1-3P2 E 15.555 15.56774 0.00101 0.00652 1.422E-13 1.609E-15

H I (10-8) E 16.209 16.22067 0.00058 0.00703 1.552E-15 6.704E-16

H2 0-0 S(1) E 17.035 17.04911 0.00036 0.00524 5.884E-15 7.255E-16

[P III] 2P3/2-2P1/2, E 17.885 17.89809 0.00066 0.00781 1.078E-15 7.461E-16

[Fe II] a4F7/2-a4F9/2 E 17.936 17.94888 0.00125 0.00725 2.028E-15 1.110E-15

[S III] 3P2-3P1 E 18.713 18.72739 0.00161 0.00939 2.311E-13 8.686E-15

H I (8-7) E 19.062 19.07710 0.00010 0.00786 3.549E-15 5.163E-15

[Ar III] 3P0-3P1 E 21.830 21.84428 0.00072 0.00761 7.731E-15 5.142E-15

[Fe III] 5D3-5D4 E 22.925 22.94357 0.00056 0.00943 5.923E-15 5.517E-15

[Fe II] a6D7/2-a6D9/2 E 25.998 26.01276 0.05576 0.02060 5.419E-14 4.615E-13

Note—Column 1: Name of line. Column 2: Emission or absorption line. ‘E’ stands for emission and ‘A’ stands for absorption.
Column 3: Laboratory wavelength. Column 4: Measured wavelength. Column 5: Error in measured wavelength. Column 6:
FWHM of line. Column 7: Measured flux. Column 8: Error in flux.
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Table 6. Source Y9 Emission and Absorption Lines

Name Absorption or Lab Wave Meas Wave Meas Wave Err FWHM Flux Flux Err

Emission [µm] [µm] [µm] [µm] [erg s−1 cm−2] [erg s−1 cm−2]

[Fe II] a4F9/2-a6D9/2 E 5.340 5.34445 0.00007 0.00163 4.549E-16 6.039E-17

H2 2-1 O(10) E 5.409 5.40474 0.00114 0.00094 8.026E-17 6.885E-18

H2 0-0 S(7) E 5.511 5.51611 0.00168 0.12349 4.838E-14 2.093E-15

H2 0-0 S(6) E 6.109 6.11485 0.00077 0.00248 4.536E-16 3.956E-17

PAH E 6.200 6.22564 0.00046 0.10209 3.688E-14 5.239E-16

H2 0-0 S(5) E 6.910 6.91506 0.00039 0.00177 1.119E-15 4.166E-17

[Ar II] 2P1/2-2P3/2 E 6.985 6.99097 0.00014 0.00147 2.919E-14 6.152E-16

H2 10-9 Q(13) E 7.452 7.46467 0.00173 0.00206 1.097E-16 2.175E-17

PAH E 7.700 7.71042 0.00167 0.42496 1.743E-13 2.186E-15

H2 0-0 S(4) E 8.025 8.03178 0.00050 0.00233 3.471E-15 1.009E-16

PAH E 8.600 8.60527 0.00469 0.25788 4.374E-14 2.523E-15

H2 0-0 S(3) E 9.665 9.67303 0.00333 0.00104 1.122E-15 6.581E-17

PAH E 11.000 11.01046 0.01876 0.05358 3.006E-15 3.343E-15

PAH E 11.200 11.25369 0.00079 0.13108 5.634E-14 1.079E-15

H2 0-0 S(2) E 12.279 12.28889 0.03883 0.40231 1.327E-13 4.065E-14

H I (7-6) E 12.370 12.38211 0.00033 0.00271 8.518E-16 1.387E-16

PAH E 12.700 12.76987 0.00636 0.22928 3.827E-14 3.371E-15

[Ne II] 2P1/2-2P3/2 E 12.814 12.82475 0.00020 0.00314 2.073E-14 5.794E-16

[Cl II] 3P1-3P2 E 14.368 14.37866 0.00023 0.00250 1.877E-15 1.568E-16

CO2 A 14.970 14.99625 0.00070 0.00829 2.811E-16 7.555E-17

CO2 A 15.200 15.26561 0.00195 0.03826 1.150E-15 1.866E-16

PAH E 16.400 16.44424 0.00113 0.14098 1.159E-14 2.950E-16

H2 0-0 S(1) E 17.035 17.04970 0.00095 0.00603 4.074E-15 1.134E-16

[Fe II] a4F7/2-a4F9/2 E 17.936 17.94714 0.00110 0.00915 6.789E-16 2.811E-16

[S III] 3P2-3P1 E 18.713 18.72798 0.00021 0.00290 1.274E-14 3.472E-16

[Fe II] a6D7/2-a6D9/2 E 25.998 26.01709 0.04723 0.00944 4.592E-15 5.425E-14

Note—Column 1: Name of line. Column 2: Emission or absorption line. ‘E’ stands for emission and ‘A’ stands for absorption.
Column 3: Laboratory wavelength. Column 4: Measured wavelength. Column 5: Error in measured wavelength. Column 6:
FWHM of line. Column 7: Measured flux. Column 8: Error in flux.

Table 7. Summary of Emission and Absorption Lines Observed in YSOs

Name 6.2 µm 7.7 µm 8.6 µm 11.0 µm 11.2 µm 12.7 µm 16.4 µm CO2 Absorp No. of Other No. of No. of No. of

PAH PAH PAH PAH PAH PAH PAH Line Absorp. Lines H I Lines Fine Sturcture Lines H2 Lines

Y1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 2 2 13 15

Y2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 0 9 13 16

Y3 ✓ ✓ 4 1 3 5

Y4 1 8 11 15

Y6 ✓ ✓ ✓ 1 6 13 8

Y9 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 1 1 7 9
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APPENDIX1175 We describe the emission and absorption lines that we1176

could not identify in more detail in Table A1.1177
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Table A1. Unknown Emission and Absorption Lines

Source E or A Meas Wave Line Origin

Y1 E 6.25882 combination of residual fringing, noise, and residual dark

Y1 E 6.25921 combination of residual fringing, noise, and residual dark

Y1 E 6.32363 does not look Nyquist sampled so likely due to a bad or warm pixel missed by outlier detection

Y1 A 16.18125 due to ‘gaps’ during the cube building process

Y2 E 23.65548 does not look Nyquist sampled so likely due to a bad or warm pixel missed by outlier detection

Y3 E 14.67484 does not look Nyquist sampled so likely due to a bad or warm pixel missed by outlier detection

Y3 E 23.36319 does not look Nyquist sampled so likely due to a bad or warm pixel missed by outlier detection

Y3 A 24.45185 residual fringe feature in overlapping region 4B/4C where the fringe flat is not great

Y4 A 11.65905 detector effect where this absorption is seen in channel 2C but not channel 3A

Y6 A 16.15000 similar to effect seen in Y1 where it is due to ‘gaps’ during the cube building process

Y9 A 14.53375 does not look Nyquist sampled so likely due to a bad or warm pixel missed by outlier detection

Note—Column 1: Name of YSO. Column 2: Emission or absorption line. ‘E’ stands for emission and ‘A’ stands for absorption.
Column 3: Measured Wavelength. Column 4: Origin of the line.
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