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ABSTRACT

Radiocontinuumemissionis a dust-unbiasetracerof boththermalandnon-thermaprocessef theinterstellarmedium.We
presennewmapsof thefree—freeandsynchrotroremissionn the MagellanicClouds(MCs) at0.166,1.4,and4.8 GHz with no
prior assumptiorabouttheradionon-thermakpectrumThe mapswereconstructedisingade-reddeneti mapasatemplate
for the thermalradio emission,which we subtractfrom mapsof the total radio continuumemission.To de-redderthe H
emission,it is importantto know the fraction of dustsurfacedensitythat attenuateshe H emissionalongthe line of sight,
fg. This fraction is obtainedby comparingthe dust opacity obtainedthroughthe infrared emissionspectrumand the Balmer
decrementmethod.In star-formingregions,the medianfy is about0.1, which is lower thanthatin diffuse regionsby a factor
of three.We obtaina globalthermalradiofraction, f, of 30percent(35percent)in the LMC (SMC) at 1.4GHz. Furthermore,
we presentmapsof the equipartitionmagneticeld strengthwith averagevaluesof  10.1uG intheLMC and 5.5uGin
the SMC. The magnetic eld is proportionalto the star-formatiorrateto the powerof 0.24and0.20for the LMC and SMC,
respectivelyThis studyshowsthatnon-thermaprocessesontroltheinterstellarmediumin the MCs.

Key words: radio continuum: galaxies-ISM: generalISM: magnetic elds —radiation mechanismsthermal-radiation
mechanismsnon-thermal- galaxiesirregular.

both the non-thermalemission(by > 30percent; Tabatabaeet al.

L INTRODUCTION 2007 and the magnetic eld strengthin massive star-forming

The radio continuum(RC) emissionobservedfrom astrophysical
sourcesis dominatedby non-thermal(synchrotron)and thermal
(free—freelemissioratfrequencies< 10GHz(Condon1992. The
thermalemissionoriginatesfrom thewarmionizednebularmedium
(e.g.Hn regions)with atypical electrontemperaturef T,  10°K
andoftenhasa at power-lawradio spectralenergydistributionS
= $01 (e g.Filipovic etal. 1998 Draine2011). The non-thermal
emissionis dueto cosmicray electrons(CREs)acceleratedby the
magneticeld in theinterstellarmedium(e.g.supernovaemnants)
andis describedby apower-lawspectrunwith avariablenon-thermal
spectraindex , (S = ). Interactionandenergylossof CREsin
differentenvironmentge.g. spiral armsof galaxiesor their nuclei)
changethe non-thermalspectralindex |, (Longair 2011). Hence,
assuminga constant , in resolvedstudiescan underestimater
overestimatethe synchrotronemissiondependingon the medium.
For instance,assuming , = S1 resultsin an underestimatiorof

E-mail: hamid@Ipm.ir hhassani@ualberta.ca
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Publishedby Oxford University Presson behalfof Royal AstronomicalSociety

regions. Avoiding such assumptionsseeral attemptshawe been
madeto map the pure synchrotronemissionin nearby galaxies,
including M33,M31, NGC6946,and NGC 1097 (Tabatabaeet al.
2013a b; 2018. Separatinghe thermaland non-thermalemission
is the rst steptowardsunderstandinghe origin of the well known
correlationbetweenthe RC andinfrared (IR) continuumemission
in galaxies(van derKruit 1971, de Jonget al. 1985 Helou, Soifer
& Rowan-Robinsorl985. It is alsovital in studyingthe energy
balanceand structureformationin the interstellarmedium (ISM)
of galaxies.

The MCs, our nearest-neighbougalaxies,provide ideal labo-
ratoriesfor detailedISM studiesin low-massand low-metallicity
systems.The Large Magellanic Cloud (LMC) is at a distanceof
49.9kpc (Pietrzynskiet al. 2019 with an almostface-onview that
hostsoneof thebrightesandmostcomplexextragalactid¢d 1l regions,
30 Doradus(hereafter30 Dor). Being locatedabout62.4kpc from
our Sun(Graczyket al. 2020, the Small MagellanicCloud (SMC)
is fartheraway and moreinclined (i = 64 ; seee.g. Subramanian
& Subramanian2015 thanthe LMC. Theseinclinationsmeanthat
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Table 1. Generaparameteradoptedor the MCs.

LMC

Centre(J2000) RA = 05'23"34° Dec.= $69 4522
Inclinationt 34.0

Distancé 49.9kpc (Larcsec= 0.24pc)
SMC
Centre(J2000) RA = 00'52M44° Dec.= $72 4942

Inclinatior? 64.4
Distancé 62.4kpc (1arcsec= 0.30pc)

Note.Referencestvander Marel & Kallivayalil (2014). 2Pietrzynskiet al.
(2019. 3Subramania& Subramanianf2015. “Graczyketal. (2020.

thedistanceseportedcanchangeup to 10percentfrom oneendto
the other of eachgalaxy. Somegeneralpropertiesof the MCs are
summarizedn Tablel.

They hawe beenextensively studiedin the RC in bothtotal power
(Loiseauet al. 1987 Klein et al. 1989 Hayneset al. 1991 For
etal. 2018 Joseptetal. 2019 Pennocletal. 2021) andpolarization
(Klein et al. 1993 Gaensleret al. 2005 Mao et al. 2008 2012.
The HerschelSpaceObservatoryand the SpitzerSpaceTelescope
have mademajor breakthroughsn studiesof the dustand gasin
the MCs (Meixneretal. 2006 2013 Gordonetal. 2011 Lakicevic
et al. 2015. Moreover, nebularemissionline mapsfrom both the
LMC andthe SMC areavailablethroughoptical observationsuch
asthe MagellanicCloudsEmissionLine Surey (MCELS; Smith&
MCELS Team1999 Smithetal. 2005 Points,Smith& Chu2005
Pellegrinietal. 2012 Winkler etal. 2015.

Sewral attemptshawe been madeto study the RC emission
componentin theMCs, mostlyusinga xed , acrosghegalaxies
(hereaftecalledtheclassicakeparatiormethod) Klein etal. (1989
obtained ,,= $0.84andfoundathermalfractionof f, = 55percent
at 1.4GHz for the LMC. Hugheset al. (2006 studiedthe radio—IR
correlationseparatelyor thethermalandnon-thermaRC assuming

»= S0.7andfoundatight correlatiorin regionswith ahighthermal
fraction.

The structureand strengthof the magnetic elds in the MCs
have beenstudiedby severalauthors(Klein et al. 1993 Gaensler
et al. 2005 Mao et al. 2008 2019. In the LMC, an average
magnetic eld along the line of sightof  4.3uG was obtained
through Faradayrotation studies (Gaensleret al. 2005. Using
the classicalthermal/non-thermadeparatiortechnique Klein et al.
(1989 reportedanequipartitioneld strengthof 6 uG in thesame
galaxy.In the SMC, Mao et al. (2008 found a galactic-scalenean
eld strengthof  0.2pG along the line of sight and a random
eld strengthof 3uG in the sky plane.However, no full map
of the magneticeld strengthin the MCs is availablefor studying
its role in the ISM energybalanceand structureformation. The
orderedmagneticeld is shownto besmallerin dwarfgalaxieshan
in spiral galaxies(Chyzy et al. 2011), indicatingthat a large-scale
dynamoprocessmnay not maintainthe productionof the magnetic
eld in dwarf galaxies.As the small-scaledynamooriginatesfrom
theinjectionof turbulentenergyfrom superneaexplosionsmassie
starsmay play a primary role in dwarf galaxiessuchasthe MCs.
Sucha small-scaledynamocan be investigatecthroughits power-
law relationwith starformation(Schleicher& Beck2013. Chyzy
et al. (2011) nds suchcorrelationsfor dwarf galaxiesin global
studiesMappingthemagneticeld strengthis necessaryo address
theserelationsin the MCs, takingadvantag®f our closedistanceo
theMCsandhencanspectinghesejuestiongtaphysicalresolution
of lessthan80pc for the rst time.

MNRAS 510,11-31(2022)

The paperaimsto studythe thermaland non-thermalproperties
of the ISM, map the total magnetic eld strength,and investigate
its correlationwith the star-formatiorrate (SFR)in the MCs. Using
recentMurchisonWide eld Array (Lonsdaleet al. 2009 Bowman
etal. 2013 Tingayetal. 2013 low-frequencyobservationaswell as
archival ATCA andParkesdata(Haynesetal. 1986 Filipovic etal.
1995 1996 1997 Kim etal. 1998 2003, we presenfull mapsof the
thermalandnon-thermakmissiorfor boththe LMC andthe SMC.

Unlike the classicalseparatiormethod,we do notassumex xed

n to obtain the thermal and non-thermalRC maps.We use the
thermalradio template(TRT) techniquedevelopedfor NGC6946
(Tabatabaekt al. 20133. This methodusesa recombinationline
suchasH emissionto tracethe thermal free—freeemission.In
this work, to de-reddenthe H emission,no assumptionfor the
fraction of dustattenuatinghe emission(fy) is applied,unlike our
previousstudies.We determinefy for the MCs by comparingthe
dustmassobtainedusing the Balmer-line-decrememnatio method
(e.g. Cardelli, Clayton & Mathis 1989 Calzettiet al. 2000 with
thatextractedrom dust-emissiospectraknergydistribution(SED)
studies.Hence this paperpresentdistributionsof the thermaland
non-thermaRCemissioracrostheMCsmorepreciselythanbefore.

Thedataaredescribedn Section2. In Section3, we determinefy
for asampleof H 1l regionsaswell asfor morediffuse regionsand
presentgenerafy calibrationrelationusingits correlatiorwith neu-
tralgas.In Sectiord, wepresenthermalandnon-thermamapsatdif-
ferentfrequenciestanangularesolutionof 221arcsed 53pc)for
theLMC and235arcsed 71pc)fortheSMC.Non-thermakpectral
indexmapsarepresentedn Section5. After mappingthe magnetic
eld strengthweinvestigatats correlationwith the SFRatdifferent
spatialresolutionscomparghethermalandnon-thermaénergyden-
sitiesof thelSM, anddiscusghe propagatiorof CREsin Section6.

2 DATA

Thedatausedn thisstudyaresummarizedh Table2. TheMCswere
observedwith the Murchison Wide eld Array (MWA) telescope
(Lonsdaleet al. 2009 Tingay et al. 2013 as part of the Galactic
ExtragalacticAll-Sky MWA (GLEAM) survey in the frequency
rangeof 0.074-0.2315GHz (Wayth et al. 2015. The datareduction
is explainedin detail by Hurley-Walkeret al. (2016. Dueto slight

changesin ionosphericconditions,a point spreadfunction (PSF)
mapis createdfor eachmosaicwith a variation of 15-20percent
acrosseach eld. We usedthe radio continuumat 0.166GHz with

arobust0 weightingfrom For etal. (2018. Calibrationuncertainty
in the ux densityis 8.5percentfor theLMC and13percentfor the

SMC (Hurley-Walkeretal. 2016).

At higherfrequenciesthe LMC andthe SMC havebeenobserved
with theAustraliaTelescope&CompactArray (ATCA) andthe Parkes
telescopeat 1.4GHz and4.8GHz by severalauthors(Dickel et al.
2005 201Q Hugheset al. 2007 Crawfordetal. 2011 Wonget al.
20113. For the LMC, we usedthe mergedATCA+ Parkesdataat
1.4GHzand4.8GHzaspresentethy Hughestal. (2007) andDickel
et al. (2009, respectivelyWe assumea calibrationuncertaintyof
6.5percentat1.4GHzand8.5percentat4.8GHzfor theLMC data.
Forthe SMC, we usedtheseobservation®nly at 1.4GHz assuming
a5percentcalibrationuncertainty(Wongetal. 20113. The quality
and signal-to-noiseatio of the availableRC datafor the SMC are
muchpoorerat 4.8GHz (Dickel et al. 201Q Crawfordetal. 2011
thanat1.4GHz.Thermsnoisevalueof theRCmapis about2.6times
higherat 4.8GHz thanat 1.4GHz. We note that, in the SMC, the
signal-to-noiseatiois lower thatthatin the LMC by afactorof two
at4.8GHz. Thesedataarealsoseverelyaffectedby artefactsaround
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Table 2. Imagesof the MagellanicCloudsusedin this study.

Processei theMagellanicClouds 13

Frequency Angularresolution rms Ref. Telescope
(arcsec)
LMC .
0.166GHz 221x 221 0.02(Jybeant?) Foretal. (2018 MWA
1.4GHz 40% 40 0.30(mJybean??) Hughesetal. (2007 ATCA+ Parkes
4.8GHz 33x 33 0.30(mJybeant?) Dickel etal. (2005 ATCA+ Parkes
6563A (H ) 4.6% 4.6 0.12(10°%ergs>tcn?)  Smith& MCELS Team(1999 UM/CTIO
70um 18x 18 0.41(MJysr~f'1) Meixneretal. (2006 SpitzefMIPS
CO(1-0) 45x 45 0.40(K kms®°1) Wongetal. (2011h 2017 Mopra
Hi—-21cm 60x 60 15 (mJybeant?l) Kim etal. (2003 ATCA+ Parkes
4800-930Q (IFU) 0.4x 0.4 - Baconetal. (2010 MUSE/VLT
SMC
0.166GHz 235x 235 0.02(beean$}) Foretal. (2018 MWA
1.4GHz 98x 98 1.50(mJybeant?) Wongetal. (20113 ATCA+ Parkes
6563A (H ) 46x% 4.6 0.01(10°*ergs>tcn?)  Smith& MCELS Team(1999 UM/CTIO
70um 18x 18 0.47(MJysrel) Gordonetal. (2011 SpitzefMIPS
4800-9304 (IFU) 0.4x 0.4 - Baconetal. (2010 MUSE/VLT

bright sources.Thesepreventthe study of low-surface-brightness
regionsof the SMC, whichis the mainareaof interestin this study.
Hence we optnotto usethesedataat 4.8GHz for the SMC.

TheH mapof the MCs wastakenthroughthe MCELS suney
(Smith & MCELS Team 1999 Winkler et al. 2015. This suney
coversthecentral8 x 8 of theLMC and4.5x 3.5 of theSMC. It
useda CurtisSchmidttelescopavith apixel sizeof 2.3arcsedSmith
& MCELSTeam1999. TheH mapswerecontinuunsubtractedor
theentiremosaicratherthan eld-by- eld usingtwo continuunmband
Iters asdetailedin Parede®tal. (2015. We maskedseverabright
backgroungointsourcesvith H  ux about100timeshigherthan
in H 1l regionsastheyseento sufferfrom saturatiorin thereduction
processWe usea calibrationuncertaintyof 10percentfor the H
mapsprovidedby the MCELS Team(privatecommunication).

Absolutephotometryof H andH for 74 (27) Hn regionsin
theLMC (SMC) hasbeenreportedby Caplan& Deharveng1985
andCaplanet al. (1996 (hereafterCaplancatalogue). Photometry
measurementw/ere takenin circular aperturesof 4.89, 2.00, and
1.06arcmin diameters Theseaperturesizesare adoptedto ensure
integration over the full H i regionsand for comparisonwith the
Parkesadiocontinuundataat4.8GHz. TheLMCH /H ux ratio
andits emissionlines suffer from 4 percentuncertaintyin random
errors, imprecise atmosphericattenuation,and other systematic
errors.However,theuncertaintyintheH /H ux ratioisestimated
tobeabout7 percentin theSMC (Caplan& Deharvend 985 Caplan
etal. 1996.

The MCs were observedwith Herscheland Spitzerin different
bandsfrom 3.6-50Qum by the HERITAGE and SAGE projects
(Meixner et al. 2006 201Q 2013 2015 Gordon et al. 2011).
Chasteneet al. (2019 modelledthe FIR dustemissionusing the
Draine& Li (2007 dustmodel.We usetheirtotaldust-massurface-
densitymapswith anangularresolutionof 36arcsec.

The2lcmH line emissionwasobservedvith ATCA andParkes
(Kim et al. 2003 and the CO(1-0) line emissionis provided by
the MagellanicMopra AssessmenfMAGMA) suney (Wong et al.
2011k 2017 for theLMC.

We useopticallFU MUSE/VLT obsenationstowardseveral elds
in the MCs (see Fig. 1), including Hil regions and supernova
remnants(SNRs) to investigatethe extinction propertiesof the
diffuse gasin SNRsversusstar-formingregions.Thesedatawere
takenin wide- eld mode(WFM) with a eld of view of larcmin
and aresummarizedn Table 3. The two H 1l regionsof the LMC

are reducedand mosaickedby McLeod et al. (2018. Our sample
of MUSE SNR elds was takenfrom the Phase3 ESO Science
Archive andreducedusing ESO’s automaticpipeline (Weilbacher,
Streicher& Palsa2016. We notethatthis automaticpipeline may
oversubtractemissionlines and producearti cial absorptionlines
in the spectrum.Comparingthe MUSE SNR H  ux with the
MCELS suney datain a 1arcminrectangularapertureshowsan
agreementvithin < 18percent of the total ux. We take an extra
20percentuncertaintyin ux of the emissionline ratio (Fy /Fy )
for the sky oversubtractiorffectin theLMC SNRs.We did not nd
anynoticeableabsorptiorinesin theintegratedspectraor eachpixel
of the SNR1E0105 7219.

All mapswereconvolvedto thelowestcommonresolutionof our
datasets221x 221arcsedor theLMC and235x 235arcsedor the
SMC, usingGaussiarkernels Thesmoothednapswerethenregrid-
dedto a commonastrometriogrid. We consideredhot only therms
noise( ms) Of theobservednapsbutalsothecalibrationuncertainty
( ca) Of theinstrumentdo estimateuncertaintiesn uxes (following

= 2.+ 2). Theseerrors were then propagatedo obtain
uncertaintiesn otherparameterseportedthroughouthe paper.

3 EXTINCTION
CLOUDS

IN THE MAGELLANIC

TheHerschelandSpitzerspacdelescopebavemadea majorbreak-
throughin mappingthe dustcontentof galaxies Theseobservations
canbeusedo mapextinctionandde-reddertheopticalH emission
providedthat the relative distribution of emitting sourcesand dust
particlesis knownalongtheline of sight(Tabatabaettal. 20133. A
uniformmix of dustandionizedgasemittingH requireshalf of the
total dustmass(or optical depth)to be consideredn de-reddening.
A smallerfraction mustbe usedin the more realistic caseof non-
uniformity, suchasa smallerz-distributionof dustthanionizedgas
(Dickinson,Davies& Davis 2003 or dueto clumpinessAs follows,
thetotaldustopacityis rst obtainedn theMCs. Thenwe derivethe
fractionof it thatis linked to reddeningof theH emission(fy) by
comparingthetotal dustoptical depthwith true extinctionobtained
usingthe H -to-H ratio method.This is donefor H1l regions
anda few MUSE elds including more diffuse ISM. Moreover, a
calibrationrelationfor f4 is obtainedby investigatingits correlation
with neutralgassurfacedensityacrosshe LMC.

MNRAS 510,11-31(2022)
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Figure 1. Three-coloucompositémagesof the LargeMagellanicCloud (left) andthe SmallMagellanicCloud (right) showingthe radio continuumemission
at 0.166GHz from the GLEAM surwy on alog scale(red),theH emissionfrom the MCELS surwey on a linear scale(green),andthe dust-massurface
densityfrom Chasteneetal. (2019 on alog scale(blue).Black squareshowthe MUSE/VLT observedelds.

Table3. MUSE/VLT observedelds in theMCs.

Name RA Dec. Area ProgramméD Ref.
(J2000) (J2000)

LMC/N44 80.534 $67.936  8x 8arcmin 096.C-0137(A) McLeodetal. (2018

LMC/N49 81.505 $66.083 60x 60arcsec  0100.D-0037(A) J.T. VanLoont

LMC/SNR 05405 69.3 85.046 $69.332 60x 60arcsec  0102.D-0769(A) J.Lymant

LMC/N180 87.206 §70.055 8x 8arcmin 096.C-0137(A) McLeodetal. (2018

SMC/1E01057219 16.012 §72.031 60x 60arcsec  297.D-5058(A) Vogtetal. (2017

Note 'Dataretrieved from the ESOPhase3 Archive.

3.1 Dust opacity

UsingtheHerschelandSpitzerdata,Chastenegétal. (2019 mapped
different dust propertiesincluding dust-masssurface density in
the MCs basedon the DLO7 model (Draine & Li 2007). A
composition of carbonaceousand amorphoussilicates was as-
sumedfor dust grains, which are heatedby a variable radiation
eld U with a delta-functiondistribution. Taking a xed Umax
= 10°U , the minimum interstellarradiation- eld intensity spans
a range of 0.1U Unmin < 50U . Consideringthe Galactic
Ry = 3.1 (Cardelli et al. 1989, dust SEDs were tted based
on this model from 3.65500um. This resultsin 36arcsecres-
olution mapsof dust-masssurfacedensity 4 with a pixel size
of l4arcsecfor the MCs. This leads to a dust optical depth
following qust = 4, Where is the dustopacity. At the H
wavelength, = 1.4701x 10*cn?g>! for the LMC and =
1.2026x 10*cm? gS? for the SMC (Weingartner& Draine 2001;
Gordoretal. 2003 takinginto accounbothabsorptiorandscattering
by dustgrains.

Examining the 4, map obtained reveals a mean gyt =
1.08 = 0.04 within a 5 radius centredon (5'23", $69 45) 1,000
for theLMC. ltis gust= 0.48% 0.02within a3 radiuscentredon
(0"52™, S72 49)15000in the SMC. In otherwords,the SMC’s ISM
is moretransparento theH emissiorthanthe LMC, sinceit hasa
relatively lower dust-massurfacedensity 4 < 0.1andmetallicity
(seeJamesoretal. 2016andreferencesherein).

MNRAS 510,11-31(2022)

3.2 Effective extinction

The dustoptical depthobtainedin Section3.1 canbe usedto de-
reddenthe observedH emissionif the emitting sources(here
ionized gas) are all behinda slab of dustwith that optical depth
(' qus)- However,in reality,ionizedgasanddustaremixedandhence
only a fractionof 4,5 mustbe consideredThis fraction depends
ontherelativedistributionsof ionizedgasanddustalongtheline of
sight, which are often unknavn. Following Dickinsonet al. (2003
andTabatabaegtal. (20133 wede ne aneffectivedustopticaldepth
thatshouldbe consideredo obtainthetrueextinction.It is givenby
themultiplicationof st by the factorfy thatis the fraction of dust
attenuatingheH emissionalongtheline of sight:

eff fd X dust (1)

with ¢ as the effective dust optical depth obtainedat the H
wavelengthWe notethat ¢ in termsof visual extinction, Ay, is
givenby:
Av H
= — 2

"~ 1.086Ry @
with atotal to selectiveratio Ry, = 3.41for the LMC and2.74for
the SMC (Gordonet al. 2003. Dickinsonet al. (2003 found that
fqg = 0.33 can bestreproducethe Galactic plane’s observeddata,
interpretingit asdemonstratinghat only a third of the dustalong
theline of sightis responsibldor reddening As the distribution of
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thelSM in dwarf systemsanbe differentfrom normal-masspiral
galaxieswe expectthatfy alsodiffers. Hence we try to estimatefy
usingobservation®f the Balmerdecrements.

We usetheH andH emissiondatato measurehe extinction
usingthefollowing relations(e.g.Cardellietal. 1989 Calzettietal.
2000:

25 o F I -
H)S H) %0 286

Ay = RyE(B S V)Baimer 4)

with E(B S V) thereddeningandFy , Fy  theintrinsicH andH
uxes. We adoptedthe theoreticalFy /Fy = 2.86 (Brocklehurst
1971, Osterbrockl989.

Usingthe Calzettietal. (2000 attenuatioriaw, we obtain (H )
and (H )as2.72and4.40for theLMC and2.19and3.76for the
SMC. Consideringthat Ay from equation(2) mustbe equalto that
given by equation(4), f4 is obtainedseparatelyfor the H 11 regions
anddiffuseISM asfollows.

E(B S V)Balmer =

3.2.1 Calibratingfy in Hu regions

TheFy andFy uxes wereextractedromtheCaplarcatalogudor
asampleof 74H 11 regionsn theLMC and25H 11 regionan theSMC.
We rst derivetheirvisualextinctionAy usingequationg3) and(4).
Extracting qust for the aperturesn the Caplancataloguewe then
calibrateandobtainfyq usingequation(2). The Ay change$etween
0.09and1.03for theLMC with amedianvalueof Ay = 0.35,which
islargerby 34 percentthanin theSMC.Uncertaintiesn theobserved
uxes affectAy by lessthan0.09magin the LMC and0.14magin
theSMC.Thedust lling factorfy obtainedusingequation(2) varies
betweer0.02and0.46for the LMC andbetweer0.01and0.72for
the SMC with a medianvalueof f; 0.1 in both the LMC and
the SMC H 11 regions(greenbarsin Fig. 2). Tables4 and5 list the
resultingvisualextinctionAy, dust-massurfacedensity 4, andfj.

UsingtheCaplancataloguave canonly deriveanaveragdq in H i1
regions buttakingadvantagef theMUSE observationsve canmap
fqinthetwoH 11 regionadN44andN180(McLeodetal.2018. Wetake
a32Awide (H + Nu)line basecbn MUSE observationgovering
an8x 8arcminareacentredat(5'48"49%46,S 70 03 19.53)55000and
(5"22m0813,567 56 08.26);2000 for N180 and N44, respectively.
Detailsof the spectralextractionarefoundin McLeodetal. (2018.
We performedaperturephotometryon theH andH emission
lines in N44 and N180 for eachMUSE pixel resultingin a map
of fq (Fig. 3), indicating a good agreementwith our integrated
measuremenwithin a 4.89arcmindiametercircular apertureof the
Caplancataloguefq = 0.06andfy = 0.11in N44BCandN180AB.
We notethattheintegratedH ux increasedy about20percent
adoptingthe(H + N11) bandwidthin comparisorwith the slabof
thenarrow6A H line. Inspectingthe fy maps,it is inferredthat
clumpsof dustcorrespondingo denseegionsof moleculargashave
lower fy thanmorediffuseregions(Fig. 4, top left).

3.2.2 Calibrating fq in thediffuselSM

Determiningfy and ¢ shouldnot belimited to only denseionized
gasin the Hil regionsbecausehereis a considerableamountof
H emissionfrom lower-densityregionsin theMCs. In this section,
we usethe MUSE observation®f afew SNRs(seeTable3) asthey
represenmorediffuseregionghantheH 1l regionsUsingaGaussian
t, we rst derivethe centreof eachspeci c emissionline (listedin
Table 6), andthenwe obtainzeromomentsof theH line with a
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Figure 2. A histogramof fg in Hil regions(green)and diffuse regions
(purple)for theLMC (top) andthe SMC (bottom).

32A width andtheH line usinga 6 A width slabon eachcentral
line. Theresultingfy is higherin the SNRsby afactorof aroundthree
comparedo theH Il regionsjndicatingthatdustis bettermixedwith
theionizedgasin the SNRsthanin the H 1l regions(purplebarsin
Fig. 2). In otherwords,asdustis clumpierin theH i1 regionsthanin
theSNRsthedust lling factoris smallerin theH 1l regions.Table6
showsthe resultingvisual extinction Ay, dust-massurfacedensity

4, andfy for the MUSE/VLT elds.

Maps of fy could only be derivedfor a few Hi regionsand
SNRs using MUSE observationsTo map the variation of fy for
the entire galaxy, its correlationwith the total neutralgasis rst
investigatedor the given elds andsourceqFig. 4, top left). Then
a calibrationrelationis built to mapfy over the entire galaxy. We
measuredhetotal gassurfacedensityas gas= wi+ H,o Where

Hmo = 2N (H2) = 2Xco % lco andadoptinga conversionfactor
Xco = 2 x 10%%°cm? (K kms>1)St (Strong & Mattox 1996. A
similar conversatiorfactor Xco ~ 2.76 x 10?°cmS? (K kmsS1)S1
was reportedfor the LMC (Leroy et al. 2011). Excluding pixels
weakerthen3 rms( = 3.3x 10 HcmP?) in total gassurface
density,we foundarelationbetweerfy and  gasin theLMC:

Logf g4 (LMC) = (S0.62+ 0.04)Log 4asS (0.67% 0.03).  (5)

We thenconstructa synthesizednapfor fq usingequation(5) in the
LMC (Fig. 4, topright). In the H 1 regions,the medianvalue of fq
is about0.1, which agreeswith the more direct estimateoutlined
in Section3.2.1with amean gas= 3x 10°* Hcm®2. This factor
is higherin regionsof lower-densitygas( gas< 8 x 10P°HcmP?)
asexpectedWe found a meanvaluefy = 0.29+ 0.04in the LMC
within 5 of the centralpoint (5"23™34°%, S69 4522 )3500 Whichis
in goodagreementvith the Galacticvalue (Dickinsonet al. 2003.
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Table 4. Dust surfacedensity( ¢), visual extinction (Ay), the fraction of dustattenuatingd emission(fgq), and thermalfractionsat 0.166GHz
(f D166CH2) and1.4GHz (f ;4?) obtainedfor H 11 regionsin theLMC. The Balmer-line-decremenatio (Fy /Fy ) andthesizesof the sourcesare
takenfrom Caplan& Deharvend1985.

Source R.A (J2000) Dec.(J2000) Radius Fy IFy d Ay fy f O-166GHz f Lachz
(deg) (deg) (arcmin) (1055 gcm®?) (%) (%)

N77E 72.444 §69.199 4.89 3.52 16.73+ 0.69 0.46 0.14+ 0.03 204+ 35 80.2+ 10.1
N4AB 72.977 $66.907 4.89 3.24 19.62+ 0.61 0.28 0.07+ 0.02 46.1+ 8.7 69.6+ 9

N79AB 72.931 $69.398 4.89 3.78 17.63+ 0.52 0.61 0.17+ 0.03 282+ 4.2 643+ 8.1
N79DE 73.061 §69.345 4.89 3.50 22.91+ 0.49 0.45 0.10+ 0.02 36.3+ 5.5 94.8+ 12.1
N81 73.195 §69.224 4.89 3.65 14.72+ 0.66 0.54 0.18+ 0.03 - 127.7+ 16.8
N83A 73.494 §69.200 4.89 3.77 24.77+ 0.79 0.61 0.12+ 0.02 55.8+ 8.4 79.3+ 10.2
N83north 73.596 $69.154 2.00 3.68 19.24+ 0.55 0.56 0.14+ 0.02 98.2+ 16 83.8+ 10.6
N11F 74.164 §66.522 4.89 3.17 18.99+ 0.53 0.23 0.06+ 0.02 126.9+ 20.4  117.1% 15

N11B 74.201 $66.404 4.89 3.36 30.22+ 0.89 0.35 0.06+ 0.01 137.2+ 20.3 101+ 13.2
N91 74.291 $68.415 4.89 3.42 14.70+ 0.53 0.39 0.13+ 0.03 17.1+ 2.7 111.1+ 14.1
N11CD 74.428 $66.461 4.89 3.21 28.33+ 0.77 0.25 0.04+ 0.02 130.5+ 19.3  103.8+ 13.4
N11E 74.535 $66.362 4.89 3.36 22.68+ 0.55 0.35 0.08+ 0.02 87.4+ 14.9 82.8+ 10.5
N23A 76.222 $68.056 4.89 3.28 8.56+ 0.42 0.30 0.18+ 0.05 - 89.6+ 11.1
N103B 77.178 $68.764 4.89 3.24 9.92+ 0.49 0.28 0.14+ 0.04 11.4+ 1.6 445+ 55
N103A 77.344 $68.768 2.00 3.17 11.06+ 0.68 0.23 0.10+ 0.04 - 484+ 6.1
N105A 77.477 $68.891 4.89 3.28 28.19+ 0.78 0.30 0.05+ 0.02 776+ 11.2 749+ 9.6
N113south 78.340 $69.365 4.89 3.16 24.44+ 0.58 0.22 0.04+ 0.02 56.8+ 8.2 90.4+ 11.3
N113north 78.397 §69.301 4.89 3.27 10.89+ 0.50 0.29 0.14+ 0.04 652+ 9.5 922+ 11.4
N119 79.663 $69.236 4.89 3.04 13.93+ 0.34 0.13 0.05+ 0.03 100.5+ 145 1189z 15

N120(SNR) 79.643 $69.648 2.00 2.98 11.68+ 0.37 0.09 0.04+ 0.04 - 542+ 6.7
N120AB 79.751 $69.637 2.00 3.06 26.49+ 0.31 0.15 0.03+ 0.02 - 713+ 838
N120ABC 79.817 $69.653 4.89 3.14 17.48+ 0.48 0.21 0.06+ 0.03 406+ 5.7 75.6+ 9.3
N44BC 80.503 §67.970 4.89 3.33 33.73+ 0.73 0.34 0.05+ 0.01 62.6+ 8.9 70.5+ 8.9
N44l 80.609 $67.896 4.89 3.14 2140+ 0.56 0.21 0.05+ 0.02 429+ 6.1 59+ 7.5
N44D 80.686 $68.076 4.89 344 3221+ 0.79 0.41 0.06+ 0.01 - 659+ 8.3
N138A 81.238 $68.480 4.89 3.44 19.78+ 0.60 0.41 0.10+ 0.02 - 69.7+ 8.8
N48B 81.396 $66.304 4.89 3.64 16.24+ 0.67 0.53 0.16+ 0.03 85+ 1.2 20.3% 2.5
N51D 81.508 §67.499 4.89 2.99 5.22+ 0.39 0.10 0.09+ 0.09 933+ 13.8  104.8+ 12.8
N51E 81.600 §67.622 4.89 3.31 6.65+ 0.50 0.32 0.24+ 0.07 265+ 4.2 88.8+ 10.9
N143 81.598 §69.315 4.89 3.14 486+ 0.35 0.21 0.21+ 0.09 136+ 2.1 83.8+ 10.5
N144AB 81.637 $68.825 4.89 3.47 17.67+ 0.56 0.43 0.12+ 0.03 114+ 169 128.3% 16.6
N144 81.635 $68.863 4.89 3.46 9.43+ 0.50 0.42 0.22+ 0.05 942+ 14.1 123+ 15.6
N144 81.745 $68.825 4.89 3.45 9.97+ 0.51 0.41 0.21+ 0.05 102.9+ 153 130+ 16.6
N51C 81.901 §67.455 4.89 3.11 12.37+ 0.54 0.18 0.07+ 0.04 85.4+ 12.8  110.8+ 13.8
N51A 82.002 §67.424 4.89 3.21 16.21+ 0.52 0.25 0.08+ 0.03 497+ 7.4 104.6+ 13.2
N206 82.400 §71.001 4.89 3.51 5.10+ 0.30 0.45 0.44+ 0.09 - 87.9+ 10.9
N206 82.587 §71.101 4.89 3.46 17.00+ 0.60 0.42 0.12+ 0.03 68.9+ 10.3 81.7+ 10.3
N206A 82.805 §71.069 4.89 3.46 21.29+ 0.59 0.42 0.10% 0.02 815+ 11.7 835+ 10.5
N148 82.937 $68.532 4.89 334 2523+ 0.63 0.34 0.07+ 0.02 - 785+ 10.2
N55 north 83.024 §$66.411 4.89 3.23 16.02+ 0.53 0.27 0.08+ 0.03 119.4+ 227  128.4% 16.8
N55A 83.118 $66.467 4.89 3.21 1459+ 0.41 0.25 0.09+ 0.03 147.6+ 257 1335+ 17.3
N57A 83.099 $67.694 4.89 3.41 31.55+ 0.58 0.39 0.06+ 0.01 652+ 9.8 124.4+ 16.4
N57C 83.290 §67.713 4.89 3.42 18.64+ 0.48 0.39 0.11+ 0.02 - 88.6+ 11.4
Filaments 83.353 §67.453 4.89 3.00 11.08+ 0.49 0.10 0.05+ 0.04 37.4+ 5.6 69.7+ 8.7
N154south 83.725 $69.798 4.89 3.20 9.70+ 0.48 0.25 0.13+ 0.05 37+ 52 66.7+ 8.2
N63A 83.892 §66.031 4.89 3.19 8.61+ 0.44 0.24 0.14+ 0.05 - 185+ 2.3
N59A 83.840 §67.585 4.89 3.84  24.33% 0.50 0.65 0.13+ 0.02 97.9+ 142 755+ 9.7
N59B 83.986 $67.577 4.89 3.48 21.81+ 0.59 0.43 0.10+ 0.02 66.8+ 9.7 75.6+ 9.7
N157 83.952 $69.210 4.89 3.83 32.62+ 0.78 0.64 0.10+ 0.01 292+ 4.2 525+ 6.8
N157 84.086 §69.205 4.89 3.70 18.51+ 0.45 0.57 0.15+ 0.02 293+ 4.1 542+ 6.9
N154A 83.973 $69.646 4.89 3.35 2351+ 0.68 0.35 0.07+ 0.02 62.6+ 8.9 86.6+ 11

N157 84.177 $69.216 4.89 3.69 23.89+ 0.73 0.56 0.12+ 0.02 319+ 45 583+ 7.4
N64AB 84.274 $66.361 4.89 3.23 18.44+ 0.58 0.27 0.07+ 0.02 646+ 115 112.6+ 14.6
N157B 84.449 §$69.165 4.89 422  41.44% 0.72 0.86 0.10+ 0.01 431+ 6.8 476+ 6.6
N157A— 30Dor 84.660 $69.088 4.89 457 4422+ 3.32 1.03 0.12+ 0.01 1104+ 21.9 65.6+ 9.8
N158C 84.769 $69.506 4.89 3.62 35.33+ 0.39 0.52 0.07+ 0.01 732+ 10.7 87+ 11.4
N159A 84.908 §69.771 1.06 4.01 71.59+ 1.08 0.74 0.05+ 0.01 472+ 6.6 37.7+ 48
N160AD 84.926 $69.646 4.89 3.73 51.23+ 0.95 0.58 0.06+ 0.01 6.6+ 1 65.4+ 8.7
N158 84.955 §69.441 4.89 3.34 17.32+ 0.40 0.34 0.10+ 0.03 434+ 6.1 70.2+ 8.8
N159 84.988 §69.752 4.89 4.09 53.88+ 1.05 0.79 0.07+ 0.01 289+ 4.1 425+ 55
N159BD 84.989 $69.733 2.00 424  56.16% 1.25 0.87 0.08+ 0.01 - 465+ 6.1
N159C 85.025 $69.756 1.06 3.59 68.06+ 0.14 0.50 0.04+ 0.01 50.3% 7.2 414+ 54
N158A 85.040 $69.376 4.89 3.30 7.19+ 0.45 0.32 0.22+ 0.06 17.8+ 2.4 362+ 4.4
N160BCE 85.046 $69.667 4.89 3.47 33.74+ 0.54 0.43 0.06+ 0.01 - 89.7+ 11.7
N158 85.151 §69.412 4.89 3.25 7.68+ 0.41 0.28 0.18+ 0.06 213+ 2.9 416+ 5

N175 85.180 §70.041 4.89 3.52 11.55+ 0.45 0.46 0.20+ 0.04 124+ 1.8 28.8+ 3.6
Filaments 85.331 $69.084 4.89 3.37 10.20+ 0.57 0.36 0.18+ 0.04 205+ 2.8 488+ 6

N214C 85.410 §71.337 4.89 3.29 10.72+ 0.43 0.31 0.14+ 0.04 10.2+ 15 753+ 9.1
NGC 2100 85.526 §69.211 4.89 3.19 9.96+ 0.64 0.24 0.12+ 0.04 175+ 2.4 475+ 58
N164 85.648 $69.068 4.89 3.83 20.90+ 0.38 0.64 0.15+ 0.02 37.1+ 5.2 627+ 7.8
N165 85.723 §68.947 4.89 3.43 12.88+ 0.55 0.40 0.16+ 0.04 - 371+ 46
N163 85.770 §69.759 4.89 3.89 23.30+ 0.45 0.68 0.15% 0.02 102+ 1.4 49+ 6.1
N74A 86.427 §67.149 4.89 3.04 9.44+ 0.53 0.13 0.07+ 0.05 - 126.8+ 23

N180AB 87.215 §70.071 4.89 3.30 23.07+ 0.56 0.32 0.07+ 0.02 639+ 9.3 106.1+ 13.4
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Table 5. Dustsurfacedensity( g), visualextinction(Ay), thefractionof dustattenuatingd ~ emission(fq), andthermalfractionsat0.166GHz (f -1666H2)
and1.4GHz(ftﬁ4GHz) obtainedfor H Il regionsin the SMC. The Balmer-line-decrementtio (Fy /Fy ) andthesizesof the sourcesaretakenfrom Caplan

& Deharvend1985.

Dec.
Source RA (J2000)  (J2000)  Radius  Fy /Fy 4 Ay fy f 5-166GHz f LAGH
(deg) (deg) (arcmin) (10°°5gcme?) (%) (%)
N13AB 11.347 $73.380 4.89 3.51 15.60+ 0.30 0.39 0.15+ 0.05 275+ 5.8 59.3+ 6.3
N12Ba 11.387 $73.080 4.89 3.42 5.63+ 0.48 0.34 0.37+ 0.15 39.1+ 8.2 87.6x 10.1
N12Ab 11.629 §73.101 4.89 3.34 11.86+ 0.39 0.29 0.15+ 0.07 - 715+ 7.4
N19 11.932 $73.134 4.89 3.46 15.37+ 0.14 0.36 0.14+ 0.05 - 56.1+ 5.3
N22 12.004 §73.270 2.00 3.46 2431+ 0.17 0.36 0.09+ 0.03 53+ 9.6 754+ 7.1
N25-N26 12.029 §73.237 1.06 3.78 31.18+ 0.44 0.53 0.10+ 0.03 51.5+ 9.6 79.8+ 7.6
N24 12.040 §73.329 2.00 3.15 15,57+ 0.27 0.18 0.07+ 0.05 - 51+ 5.1
N27 12.088 $73.099 2.00 3.43 37.23+ 0.36 0.34 0.06+ 0.02 - 84.7+ 7.8
N28 12.148 §73.254 2.00 3.29 10.18+ 0.20 0.26 0.16+ 0.08 40.3+ 7.3 726+ 7.2
N30 12.240 §73.129 4.89 3.45 17.92+ 0.07 0.35 0.12+ 0.04 31.4+ 5.6 797+ 7.7
N36cg 12.616 §72.884 4.89 3.16 6.26+ 0.45 0.19 0.18+ 0.13 44,5+ 8.3 92.7+ 10
N37dg 12.687 §72.780 4.89 3.40 2.88+ 0.28 0.33 0.69+ 0.29 23.6+ 4.4 815+ 9.2
N66i 14.619 §72.195 4.89 3.08 9.97+ 0.22 0.14 0.09+ 0.08 - 91.6+ 9.5
N66ii 14.771 $72.178 4.89 3.08 11.84+ 0.28 0.14 0.07+ 0.07 20.5+ 3.5 782+ 8
N66iii 14.771 §72.178 1.06 2.93 19.13+ 0.07 0.05 0.01+ 0.04 - 76.6+ 7.7
N66iv 14.858 $72.165 4.89 3.13 8.09+ 0.30 0.17 0.13+ 0.10 32.7+ 5.6 68.2+ 7.1
N76 15.902 §72.057 4.89 3.04 12.01+ 0.27 0.12 0.06+ 0.07 29.5+ 5.2 65.3+ 6.6
N78ii 16.285 $71.993 4.89 3.35 6.10+ 0.47 0.30 0.30+ 0.13 - 66.1+ 7.2
N80 17.106 $71.999 4.89 2.96 3.42+ 0.45 0.07 0.12+ 0.24 30.3+ 7 79.8+ 9.7
N81 17.284 §$73.202 4.89 2.97 1.07+ 0.13 0.07 0.41+ 0.76 - 129.8+ 24.6
N83A 18.451 §73.301 2.00 3.04 13.29+ 0.26 0.12 0.05+ 0.06 - 1154+ 11.9
N83 18.456 $73.288 4.89 3.28 13.07+ 0.38 0.26 0.12+ 0.06 - 111.8+ 11.7
N84C 18.567 $73.266 1.06 3.91 20.59+ 0.43 0.59 0.18+ 0.04 - 105.4+ 10.4
N84AB 18.681 §73.322 4.89 3.19 11.26+ 0.36 0.21 0.11+ 0.07 - 117.7+ 12.8
N85fg 18.931 $73.334 4.89 3.17 1.65+ 0.30 0.25 0.72+ 0.51 - 84+ 11.2
-06 fa_ &
-70.00°
-67.89 _05 o5
- LemTTTTE \‘\
-67.92° 04 o0 /’ - \\ -0.4
S s % N
§ e TTTESS § / \\
2 - S -03 % II \ -0.3
Q e AN 8} 1 ‘\
O -67.94° e AN a : \
l,' N op TOOT ! | o2
\ \ I -
1 \ \ /
! 1 \ /
i i \ /
-67.97° 1 I \ J
\‘ II -01 . J -01
\ / -70.10° o _
\\\ //l Tt
5:22:40 27 13 00 21:47 s 00 5:49:20 07 48:53 40 27 -0.0
R.A (J2000) R.A (J2000)

Figure 3. Map of the fraction of dustattenuatingd  emissionfq in the H i regionsN44 (left) andN180 (right), overlaid with the H  emissioncontours
(white). Contourslevelsare1, 6, and8 x 10°®ergs®! cn? (left) and1, 3, and6 x 10>16ergs>1 cn? (right). Black dashectirclesarethe apertureseported

by Caplan& Deharvend1985.

However, we should note that we found a variation of 0.2—0.3in

differentISM gasregimes.

We notethatno correlationis found betweerfy andneutralgasin
theSMC, andhenceno calibrationrelationcanbeextractedperhaps
dueto thelack of a deepandfull-coverageCO map.Thus,we take

the medianvalueof fy = 0.1to mapthe extinctionin the SMC. In

diffuseregionswhereit is expectedo havedeviationdrom fg = 0.1,

changingdfyq from 0.1to 0.3 affects(increasesjheintrinsicH and

hencehethermalfractionby lessthan22percentasin theseregions
off < 1.
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Figure 4. Top: thefraction of dustattenuatingd  emissionfy versusthetotal gasdensity a5 (left) in separateelds andthe mapof fq (right) in the LMC.
Solid line showsthe ordinaryleast-squarefOLS) bisector t in log—log spaceusedasanindependentalibrationof fy. Bottom: effective dustoptical depth
( eff) attheH wavelengttfor theLMC (left) andthe SMC (right) shownon alog scale Greencirclesindicatethe positionof H 11 regionsinsidethe MCs. The
beamsizesof 221arcsedfor the LMC) and235arcseqfor the SMC) areshownin thelower left-handcornersof the maps.

3.2.3 Extinctionmapsandde-reddeningheH emission

Fig. 4 (bottomrow) showsthe nal mapsof the effectiveextinction

eff- In the LMC, we nd onaverage ¢ = 0.08+ 0.01compared
to ¢ = 0.05+ 0.02in the SMC. Maximum extinctionoccursin
thecentreof 30 Dor with ¢ = 0.75+ 0.11.We usethe extinction
mapto de-reddertheH mapandobtaintheintrinsicH intensity
lo usingl = 1g €5 e,

Adopting the extinction map i to de-reddenH vyields
20percentobscuratiorfor the LMC. Thisis higherthanthatin the
SMC( 4percent)andsimilar to the correctionfactor for the dust
obscuratiomeportedor M33 ( 13percent;Tabatabaegtal. 2007).
Integrationof thedust-correcteti mapoutto aradiusof 5 yields
anintrinsicH luminosityLy = (3.67+ 0.47)x 10®ergs>! for
the LMC. The SMC hasa luminosity of Ly = (6.87% 1.06)x
10*°ergs>! outto aradiusof 3.5 .

4 SEPARATION OF THERMAL AND
NON-THERMAL RADIO EMISSION

Separatinghe thermaland non-thermalradio emissionis critical
to studycosmicray energy-lossnechanismsndthetotal magnetic

MNRAS 510,11-31(2022)

elds. A pure non-thermalsynchrotronspectralindex map can be

obtainedusing the TRT method,in which the thermal (free—free)
emissionis obtainedusing the de-reddenedH emissionas its
template(Tabatabaegtal. 20133.

4.1 From H emissionto radio free—freeemission

TheH intensityis relatedto theemissiormeasuréEM) depending
onthetransparencgf thelSM to Lymancontinuumphotonsin case
of the ( 1) condition! which is usually denotedas CaseB

recombination(Osterbrockl989), Iy in ergcmP?s°1s°t is given
by (Valls-Gabaudl998:

So.

ly = 941 x 10%8 751017 10°%%) EMm

©)

whereT, is the electrontemperaturén units of 10K, andEM is
in cm>® pc. Equation(6) is morethan1 percentprecisefor electron
temperaturesf 5000—-2M00K. Oster(1961) present@anexpression
of thefree—freecontinuumopticalthicknesgadiatedrom anionized

1Theoptically thin conditionis discussedn Section6.5.
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Table 6. Measureduxes Fy andFy of theMUSE SNR elds andtheir correspondingentralwavelength§CW). Also shownaredustsurfacedensity( g),

visualextinction(Ay), andfractionof dustattenuatingd  emission(fg).

Field CWy CWy 5 Fy B B 5 Fu 5 B B d Ay fd

A) A (10°2ergs®lcm®?)  (10°12ergslcemP?) (10°°geme?)
LMC/N49 6567.48 4864.98 509+ 25 119+ 0.6 16.6+ 1.2 0.9+ 0.5 0.3+ 0.1
LMC/SNR 0540-69.3 6568.74 4866.24 4.4+ 0.2 09+ 0.1 16.8+ 0.1 1.2+ 05 0.3+ 0.1
SMC/1E0102-7219 6566.07 4863.57 33+ 0.1 1.1+ 0.1 6.0+ 0.5 0.2+ 0.1 0.2+ 0.1

gas:

¢= 008235 x aTS'% $21(1+ 0.08)EM (7)

wherea 1 andthe continuumopticaldepthis correctedor singly
ionizedHe atomsby thefactor (1+ 0.08).
Thebrightnesgemperaturdy, of the radio continuum(free—free)
emissionin kelvinsis givenby:
To= Te(1S €©). (8)

The brightnesstemperatures convertedto the radio ux density
(Jybeant?!) using factors of 1.0, 78.2, and 919.3 for the LMC

MNRAS 510,11-31(2022)

at 0.166, 1.4, and 4.8GHz respectively. These factors are 1.2
and 88.4 for the SMC at 0.166 and 1.4GHz respectively.The

electrontemperaturés the only free parameteiin this conversion.

Different methodsof electrontemperaturedetermination(Dufour
1975 Dufour & Harlow 1977 Pecketal. 1997 Vermeij& vander
Hulst2002 indicatethat8000< Te < 12000K in theMCs.However,
we adoptT, = 10*K asthis variationwould not changethe thermal
emissionby morethan20percent.
Thefree—freemapsarepresentedh Figs5 and6 (left-handpanels)
at frequenciesof 0.166, 1.4, and 4.8GHz. The strongestthermal
emissionis visible in the MCs’ H 1l regions;in particular,the LMC
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Table 7. Theeffectof backgroundsourcesubtractioron theintegratedux
densitiesof the observedRC (S) andthe non-thermalS,;) emissionfor the
LMC (R 5 )andtheSMC(R 3).

S St
(GH2) () ()
LMC
0.166 1353+ 138 1179+ 130
0.166 641+ 70 467 + 51
1.4 449+ 30 304+ 22
1.4 385+ 26 240+ 18
1.4 242+ 16 97+ 7
4.8 361+ 31 232+ 21
4.8 347+ 29 218+ 22
4.8 231+ 20 102+ 9
SMC
0.166 260+ 35 238+ 33
0.168 126+ 17 104+ 14
1.4 49.7+ 6.3 32+ 4
1.4 30.2+ 3.9 125+ 1.7
1.4 189+ 25 1.2+ 0.2

Note.a S Backgroundsourcesnot subtractedb S Backgroundsources
subtractedat native resolutions(see Table 2). ¢ S Backgroundsources
subtractedfter convolutionto the GLEAM resolutions.

H 1l region 30 Dor hasa signi cant amountof free—freeemission
reachings Jybean? at0.166GHz. TheotherLMC H i regionslike
N11andN44 reach0.5Jybean?! aswell asN66in the SMC.

4.2 Mapping synchrotron emission

Thesynchrotroremissiormapsareobtainedatfrequencie®f 0.166,
1.4,and4.8GHz by subtractinghe thermalmapfrom the observed
RC map (Figs 5 and 6). Strong synchrotronemissionemerges
from the brightestH 11 complexof the LMC, 30 Dor, possiblydue
to a strongmagnetic eld and/orenergeticCREsin this massive
star-formingregion. This sourceis the most prominentfeatureof
the synchrotronemissionfrom 0.166—4.85Hz. Extendeddiffuse
synchrotronemissionis also clearly visible around 30 Dor. At
1.4GHz, this regionis affectedby observationahrtefacts(Hughes
et al. 2007) reducingthe sensitivity to detectthe diffuse emission
at distancesabout0.6kpc from the centreof 30 Dor in the north.
In the SMC, extendedsynchrotronemissionis found alongits bar.
The synchrotronemissionis also strongin otherH 11 regionsthat
areclassicallyconsideredasthermalsourcessuchasH 11 N44 and
N11 of the LMC and N66 and N19 in the SMC, asindicatedby
contourf thethermalemissioroverlaidonthenon-thermamapsn
Figs5 and6. Thisnon-thermalntensityis probablydueto SNRsand
strongnon-thermakhocksin theseyoungmassivestarclustersand
associationsSimilar non-thermakemissiorwaspreviously shovn to
existin theH 11 regionsof M33 (Tabatabaegtal. 2007). The SNRs
asanintensesourceof energeticCREsshowa strongmagneticeld
as previouslyindicatedby Klein et al. (1989. The known SNRs
(Bozzettoetal. 2017 Maggietal. 2019 arewell matchedwith the
brightestsourceof our non-thermamaps.

Table 7 showsthe integrated ux densitiesof the synchrotron
and observedRC emission.Integrationswere performedfrom the
LMC centre (5'23"34%, $69 4522 ) ;2000 OUt t0 a radiusof R =
5 and from the SMC centre (0"52M44%, S$72 4942 )35000 OUL tO
R = 3. We note that negative map pixels are neglectedin these
calculations. Otherwise, these pixels reduce the integrated ux
densityof the observedradio continuumemissionby at most 30—
35percent at 0.166GHz in both the LMC and the SMC and at
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1.4GHzin the SMC, resultingin anarti cial increasen thethermal
fractionby about15percent(seeSection4.3). For comparisonthe
integrated ux densitiesare reportedbefore and after subtracting
the backgroundradio sourcespresenteddy Filipovic et al. (2021)
and Payneet al. (2004. Thesesourcesaccountfor 53percent,
14percent, and 4 percent of the total RC ux at 0.166,1.4, and
4.8GHz, respectivelyjn the LMC, indicatingthat they are mostly
steepradiosourceq < S1.1). However, we notethat as mostof
thesesourcesare behindthe face of the LMC, and hencemixed
with the galaxies’extendedemission,the resolutionat which this
subtractions performedbecomesmportant.

Table 7 shows that the source subtractionfrom the 1.4 and
4.8GHz mapsresultsin lower galaxy integrated ux es (or higher
uxes of backgroundsourcesat this frequencyleadingto their
atter spectra)at the GLEAM resolutions(221 and 235arcsec)
than at their own native resolutions( 40arcsecfor the LMC and
98arcsedor the SMC; seeTable2). This indicatesthatsubtracting
the sourcesfrom the GLEAM mapsat 0.166GHz alsoremoves a
portion of the extendedemissionof the galaxies.Hence,studies
of the spectralindex at which the source-subtracteshaps/ uxesat
differentfrequenciesare usedis actually sensitiveto the resolution
atwhich the subtractioris performed(seeSection5).

4.3 Thermal fraction

The thermalfaction fy, mapsare obtainedby dividing the thermal
emission by the observedRC at each frequency (Fig. 7). The
prominentregionsemittingstrongfree—freeemissiorareH 1l regions
with a median thermal fraction of f 21666Hz = (49+ 9) for the
LMC andf 21666Hz = (32+ 5)percentfor the SMC at 0.166GHz.
The Hu regionshave a higher thermal fraction at 1.4GHz with
a medianf }4C"2 = (75+ 9)percentfor the LMC andf ;4¢Hz =

(79+ 10)percentfor the SMC. Tables4 and 5 list f 2-156¢Hz and
f £4CH2 for theindividual H il regions.

The global thermalfraction obtainedabove the 5 rms level of
thethermalemissionis f }4¢H2 = (30+ 4)percentin theLMC and
slightly higher (35 + 7)percentin the SMC at 1.4GHz. In both
galaxiesthe thermalfraction at 0.166GHz is lessthan15percent.
Thelowerthermalfractionat lower frequenciess expectediueto a
fasterincreas®f thesynchrotroremissiorthanthethermalemission.
The MCs’ globalthermalfractionsare highercomparedvith those
of spiralgalaxiessuchasM33 (fy, 18percent)andNGC6946(f,

7percent)at 1.4GHz (Tabatabaeét al. 2008 20133. However,
they are lower than thoseestimatedusing the classicalseparation
method,i.e. usinga xed spectralindex,in the samegalaxies(e.qg.
f #4CH2  B5percentin theLMC assuming , = $0.84 Klein etal.
1989. Thisassumptioiin particuladeadso excesshermalemission
in Hi regions.Previously,Klein et al. (1989 indicatedthat the
30Dor complexis mostlythermal(atleastat1.4GHz); however,we

nd strongnon-thermakmissionaswell.

5 NON-THERMAL SPECTRAL INDEX

TheTRT separatiotechniquaiseds independentf thesynchrotron
spectrunandfreefrom anyrelatedassumptionits productsatseveral
frequenciecanbe usedto investigatevariationsin the non-thermal
radio spectralindex. The synchrotronemissionis characterizedy
a power-lawspectrumwith anindex 5, n. We map , of
the MCs between0.166 and 1.4GHz using the non-thermalmaps
at the correspondindrequenciesThesemaps,aswell asthoseof
the observedspectralindex , S , arederivedonly for pixels
with intensitieshigherthan5 rmsnoisein theMCs.BoththeLMC

MNRAS 510,11-31(2022)
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Figure 7. Mapsof thethermalfractionfor theLMC (top) andthe SMC (bottom)at0.166(left) and1.4GHz (right). Colourbarsshowthefractionsin percentage.
Thebeamsizesof 221arcsedfor the LMC) and235arcsedfor the SMC) areshownin thelower left-handcornersof the maps.

andthe SMC showregionsof steepspectrum( < $0.8,dark-blue
regionsin Figs 8 and 9), which mostly belongto diffuse parts of
thelSM. In massivestar-formingregions the spectrumeventhatof
pure synchrotronemission,is relatively at (50.7 n S0.4),
indicatingthe presencef high-energyCREsin theseregions.The
attest spectrumis found in the giantH 11 complex30 Dor in the
LMC.

To obtainanaveragevalueof thespectraindex, it is essentialrst
to subtractthe backgroundradio sourcesat different frequencies.
As discussedn Section4.2,the nal resultcanchangedepending
on the resolutionat which that subtractionis performed.Hence,
to keepthe residualstructuresconsistentat different frequencies,
we have to subtractthe sourcesat the sameresolution as the
GLEAM dataat 0.166GHz. In otherwords, at 1.4GHz, the maps
are rst convolvedto the GLEAM resolutionthen subtractedfor
the sourcesWe notethatthis way, the spectralindex measurement
is accurateput the ISM regionswith a backgroundsourcebehind
are excluded,which is unavoidabledue to the large beamof the
GLEAM data.

Fig. 10 shows a histogramof and , obtainedusing the
backgroundradio source-subtractethtensity mapsat 0.166 and
1.4GHz. We found that both and , are atter in the LMC
( =S058+ 0.10 and ,= S0.67 + 0.12) than in the SMC
( =80.78+ 0.12and ,= $0.89 + 0.17); this is mainly due
tothepresencef 30 Dor andthefactthattheLMC hostsmoregiant
H 11 regionswith at spectrahanthe SMC.

MNRAS 510,11-31(2022)

Using all multifrequencyRC mapsand archval dataavailable,
we further obtain , globally over a wider range of frequencies
by modelling the integratedRC spectrumfrom 0.02—8.5GHz in
the LMC and 0.08-8.5GHz in the SMC. All mapsare integrated
outto aradiusof 5 for the LMC and3 for the SMC from their
centregseeTablel). Tables8 and9 summarizeour integrated ux
measurementaswell asmeasurementsom theliterature.

Assumingthat the thermal emissionis optically thin, the RC
spectruncanbeexpresse@s:

S = S[h+ Snl: Al gO.l+ A2 n (9)

whereA; andA; areconstanscalingfactors.To avoid dependences
ontheunitsof thefrequencyspacethis equationcanbe written as:
So0.1 n

"’AZ()n - )
0 0

S = A (20)
with A, = 5%'A; and , a referencefrequeng. Following
Tabatabaekt al. (2017, we t this model to the observeddata
usingthe Markov chainMonte Carlo(MCMC) Bayesianmethodas
it providesrobuststatisticalconstraintonthe tting parameters y,
A, andA,. Thepriorsandrelatedmodellibrary aresetby generating
randomcombinationof the parametersampleduniformly in wide

2|n Tables8 and9, theintegrationsreferto the> 3 level of the RC maps,
leadingto slightly lower valuesthanthoselistedin Table7.
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Figure 8. Mapsof the spectralindex (left) andits uncertainty(right) of the observedRC ( , top) andsynchrotroremission( ,, bottom)measuredetween
0.166and1.4GHzfor theLMC. Thebeamsizeof 221arcseds shownin thelower left-handcorners.

rangesof parametespace(S1< A, A, < 2000for the LMC and
S1< A;, Az < 400for the SMC2 and0 < | < 2.2; Tabatabaei
etal. 2017). The parameters\; andA; aresetto t theintegrated
ux densitiesn unitsof Jy.

Figsllandl2showtheresultingt totheintegratedux densities
and the posterior probability distribution function (PDF) of the
parametersespectively.

We obtainaglobalnon-thermabpectraindex ,= S0.65+ 0.04
intheLMC andS 0.74+ 0.04in theSMCusingareferencdrequency
of o = 0.166GHz. Theseresultsagreewith the medianof the

n distribution in the maps presentedabove. Moreover, we nd
a good match with the resultsof For et al. (2018 studying the
integratedRC SEDs.Our tting processsuggests curvedline for
the LMC, which agreeswith the best- tting model suggestedy
For et al. (2018. The curvatureshowsthat both the thermaland
non-thermalcomponentsare indeednecessaryto explain the RC
spectrumn theLMC. Thenon-thermaémissioris dominaniatlower
frequenciesthethermalemissiorathigherfrequenciesln theSMC,
however, the non-thermalemissiondominateshe RC spectrumat
the selectedfrequencyrange,which also agreeswith For et al.
(2018.

3We notethatnegative valuesof ux densityarenotphysicallymotivatedbut
areincludedto assessherobustnessf the nal results.

6 DISCUSSION

After mappingthe extinction and de-reddeninghe H emission,
we have presentedhe distribution of the thermaland non-thermal
component®f theradiocontinuumemissioracrosgheMCs. In this
section,we rst derive total magnetic eld strength,comparethe
thermaland magneticenergydensities,and investigatea possible
correlation betweenmagnetic eld and massive star formation.
Moreover, we comparedifferent CRE cooling mechanismsn the
MCs.

6.1 Magnetic eld strength

Assumingequipartitiorbetweertheenergydensitief themagnetic
eld andcosmicrays(CRs)andusingsynchrotrorintensity(l,), the
total magnetic eld strengthcan be derived (e.g. Beck & Krause
2005 Tabatabaeétal. 2009:

1
Biot= C( n, K, L) Ih"® (11)

whereC is thefunctionof thenon-thermakpectraindex,K theratio
betweenthe numberdensitiesof cosmicray protonsandelectrons,
andL is thesynchrotroremittingmedium’spath-lengthMapsof the
total magneticeld strengthareshownin Fig. 13 assuminga xed
K = 100(Beck& Krause2009.

MNRAS 510,11-31(2022)
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Figure 9. Mapsof the spectralindex (left) andits uncertainty(right) of the observedRC ( , top) andsynchrotroremission( p,, bottom)measuredetween
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Figure 10. Histogramsof the spectraindexof the observedrC emission
(green)andits synchrotrorcomponent p (purple)measuredetweer0.166
and1.4GHzin theLMC (top) andthe SMC (bottom).Vertical axesshowthe
numberof pixelsin the spectralindex mapscorrespondingo bins of equal
widthof or ,values.Theintensitymapsweresubtractedor background
radiosourcedeforederivingthe and ,, maps.
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Usingournon-thermamapsthemeamon-thermakpectraindex
» = $0.67,andasynchrotrorpath-lengttof L = 530pc (Gaensler

etal. 2005 in the LMC, we derivea meantotal magnetic eld Bt
= 10.1+ 1.7uG with the errorsbeingthe uncertaintiepropagated
in thenon-thermalntensityand ,. Thisis higherthanthe previous
equipartitionestimategiven by Klein et al. (1989. The magnetic
eld is maximumin 30 Dor, Bt = 45+ 7uG, but few otherH 1
regionssuchasN48B and N63A alsoshowthe presencef strong
magneticelds. We notethatthe synchrotrorintensitymeasureshe
totalmagneticeld perpendiculato theline of sight. The magnetic
eld alongtheline of sightis about4.3uG asestimatedy Gaensler
etal. (2005 usingthe FaradayrotationmeasuresOur equipartition
assumptionagreeswith Mao et al. (2012 who showedthat this
conditionholdsin the LMC usingthe energydensityof the cosmic
ray with an ordinary cosmicray proton-to-electromatio K = 100
andanupperlimit of By, = 7uG.

Forthe SMC, largeuncertaintiearefoundwith measurementsf
L in theliterature.Assuminga 1 kpc thick discfor this galaxy,L =
1kpcx cos(iP! = 2kpc, we obtainthetotalmagneticeld strength
Bt = 5.5+ 1.3uGusing , = $0.89,which agreeswith Loiseau
etal. (1987. However, adoptionof alowerinclinationi = 40 from
Stanimirwic, Staweley-Smith& Joneg2004) decreasethemagnetic
eld strengthby 10percentin the SMC. The total magnetic eld
strengthis higherthanthat presentedy Mao et al. (2008. It also
appearshatthemagneticeld of the SMCis muchmoredominated
by diffusesynchrotroremissiorthantheLMC. Previousstudiesalso
showthat (total) magnetic eld strengthin dwarf galaxiesis about
threetimesweakerthanin spiralgalaxiegChyzy etal. 2011).
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Table 8. Integratedux density(S ) anduncertaintyin ux density( ) of
theLMC.
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Table 9. Integratedux density(S ) anduncertaintyin ux density( ) of
theSMC.

S Reference S Reference
(MHz) GOy @) (MHz) () ()
20 5270 1054 Shain(1959* 76 356.2 96.2 Foretal. (2018!
45 2997 450 Alvarez,Aparici & May (1987) 84 272.5 73.6 Foretal. (20181
76 1857 315.7 Foretal. (2018 85.5 460 200 Mills (19592
84 17433  296.4 Foretal. (2018! 92 233 62.9 Foretal. (2018!
85 3689 400 Mills (19592 99 239.6 64.7 Foretal. (2018!
92 1619.7  275.3 Foretal. (20181 107 330.2 89.1 Foretal. (20181
97 2839 600 Mills (19592 115 246.5 66.5 Foretal. (2018?
99 1511.3  256.9 Foretal. (2018 123 240.4 64.9 Foretal. (2018
107 1853.7 315.1 Foretal. (20181 130 228.4 61.7 Foretal. (20181
115 1646.4  279.9 Foretal. (20181 143 304.7 82.3 Foretal. (20181
123 1614.1 2744 Foretal. (2018 150 250.3 67.6 Foretal. (2018
130 1580.3  268.6 Foretal. (20181 158 245 66.2 Foretal. (2018
143 1670.3 284 Foretal. (2018! 166 198.8 53.7 Foretal. (2018!
150 1406 239 Foretal. (20181 174 352.1 95.1 Foretal. (2018
158 1267 215.4 Foretal. (20181 181 275.8 74.5 Foretal. (20181
158 1736 490 Mills (19592 189 249.6 67.4 Foretal. (2018
166 1125.7 1914 Foretal. (2018 197 240 64.8 Foretal. (2018
174 13342  226.8 Foretal. (20181 204 283.6 76.6 Foretal. (2018
181 12354 210 Foretal. (20181 212 223.4 60.3 Foretal. (20181
189 12459  211.8 Foretal. (20181 219 216.7 58.5 Foretal. (2018
197 1070.2 181.9 Foretal. (20181 227 208.1 56.2 Foretal. (20181
204 1247.8 2121 Foretal. (20181 408 133 10 Loiseauetal. (1987
212 1086 184.6 Foretal. (2018 1400 35 6 Wongetal. (20113!
219 1033.6 1757 Foretal. (20181 1400 41.2 6 Haynesetal. (1999
227 997 169.5 Foretal. (20181 2450 25.6 7 Haynesetal. (1991)!
408 925 30 Klein etal. (1989 4750 18.1 5 Haynesetal. (1997)!
1400 478.9 30 Klein etal. (19891 8550 12.4 5 Haynesetal. (1991)!
1400 426.1 30 Hughesetal. (2007)* P
2400 331 50 Filipovic etal. (1996 Notes ‘Reintegratedor R 3 .
4750 3515 40 Haynesetal. (1991 Revisedby Loiseauetal. (1987).
4750 3435 40 Dickel etal. (20051
8550 268.3 40 Haynesetal. (199" A large variationin n, is obtainedin the LMC rangingfrom
8550 263 40 Dickel etal. (2009° 0.01cm®? in weak diffuse regionsto higherthan1cm®? in dense

Notes'Reintegratedor R 5 .
2Revisedby Klein etal. (1989.

We note that assuminga revisedminimum energyformula fol-
lowing Beck & Krause(2005 doesnot changethe total magnetic
eld strengthsigni cantly (lessthan5 percent).Thetotal magnetic
eld strengthobtainedfrom TRT’s non-thermalemissionis higher
thanusing‘classical’ non-thermamaps.Usinga xed radiospectral
index for separationn all regions(including H 1l regions)causes
lower non-thermakmissionandhenceunderestimatethe magnetic
eld strength.

6.2 Thermal versusmagneticenergydensity

ThecorrectedH emissionor the thermalfree—freeemissionis an
ideal tracerof the densityof thermalelectronsn, (Condon1992.
TheemissionmeasureEM, of thethermalemissionis relatedto ne
asEM = n2.dl = n2 L, with L the line-of-sightpath-lengthof
the ionizedmedium? The volume-areragedelectrondensityalong
theline of sightisgivenby n. = f nZ ,with fthevolume lling
factordescribingthe uctuationsin ne (f  5percentfollowing Ehle
& Beck1993 Gaensleetal. 2008.

4t is assumedto be the same as that of the magneto-ionicmedium
(Section6.1).

areasof 30 Dor with a meanof 0.045cm>® (median0.033cm®3).

Consideringonly 30 Dor, we obtain n, = 0.30+ 0.01onaverage.
AssumingL = 530pc, the meanvolume-aeragedelectrondensity
increase$n0.062cm™>3, whichagreesvith thedistributionmodelling
of Yao, Mancheste& Wang(2017). )

FortheSMC,weobtain n. = 0.020+ 0.019cm®3 with theerror
being the standarddeviation. This agreeswith Mao et al. (2009
deriving a meanelectrondensity of 0.039cm™® using the pulsar
dispersiormeasuraechnique.

To addresghe energybalancein the magneto-ionidSM of the
MCs, thethermalenergydensity(E = g ne kTe) iscomparedvith
the magneticenergydensity (Eg = B%/8 ) for the warm ionized
gasT. 10*K. Theenergydensityof thehotionizedgaswith T,
10° K andanelectrordensityof  0.01n, isaboutthesameorderof
magnitudeasthewarmionizedgasenergydensityassumingpressure
equilibriumbetweernthewarmandhotionizedgas(e.g.Ferraril999.
On averagetheresultingmagneticenergydensityis largerthanthe
thermalenergydensityby aboutoneorderof magnituden boththe
LMC andthe SMC. This meanghattheionizedISM is a low-beta
plasma( Ew/E g < 1) in thesegalaxies.In other words, the
ionized ISM is magneticallycon ned to electrondensitiesof ne
= 0.06+ 0.01in theLMC and ne = 0.020+ 0.019in the SMC.
Moreover, the total non-thermalpressurdansertedfrom both CREs
and magnetic elds (which is twice the magneticpressuren the
caseof equipartition)dominateghe thermalpressuren theionized
phaseof thelSM. We summarizéhemagneto-ioniglasmaphysical
propertiesof the MCsin Table10.

MNRAS 510,11-31(2022)
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Figure 11. Theradiocontinuumspectrunfrom about0.02—8.5GHz for the LMC (left) andthe SMC (right).

Figure 12. Bayesiancornerplotsfor the parameterg\, andA; in equation(10) showingthe posteriorPDFsandtheir 0.16,0.5, and0.86 percentilesfor the
LMC. Theuncertaintycontoursshowthatthe posteriorshavethe highestprobability of occurringwithin the con denceintervalsindicated.

6.3 Magnetic eld—star-formation rate correlation

Studiesshow that the magnetic eld scaleswith the recentSFR
globally in galaxiesfollowing a power-lav index of about = 0.3
(e.g.Chyzy etal. 2011, Heeseretal. 2014 Tabatabaegtal. 2017).
This is linked to the ampli cation of the magnetic eld in star-
forming regions(Gresselet al. 2008 Siejkowski, Soida& Chyzy
2018. However, deviations are found on local scales(e.g. Chyzy
2008 Tabatabaeéet al. 20133. It is henceimportantto dissectthe
role of thediffuselSM andspatialresolutionin thesestudiesThanks
to their proximity, the MCs are ideal for testingthis correlationat

MNRAS 510,11-31(2022)

different resolutionsdown to  50pc. It is shawvn that the 70um
infraredemissioncanwell tracethe recentstarformation (over the
last 100Myr) in the MCs via the following relation (Lawton et al.
2010, whichis calibratedfor the H Il regionsin the MC:

SFR?Oum

L
M yrSi =i (12)

=97 x 10°% —nm
* ergs°!

We investigatethe B-SFR correlationby separatinghe diffuse
ISM from star-formingregionsat different resolutionsUsing Umin
mapsfrom Chastenegtal. (2019, we considerstar-formingregions
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Figure 13. Totalmagneticeld strengthof the LMC (left) andthe SMC (right) derivedusingthe backgroundsource-subtractedgon-thermaintensitymapsat
4.8GHzin theLMC andat1.4GHzin the SMC. Colourbarsshowthe eld strengthin unitsof pG. Thebeamsizesof 221arcsedfor theLMC) and235arcsec
(for the SMC) areindicatedin thelower left-handcorners Black circlesshowthe positionof con rmed SNRsin the LMC andthe SMC (Bozzettoetal. 2017

Maggietal. 2019.

Table 10. Meanphysicalpropertieof themagneto-ioniplasman theMCs.

Object Bhot Ne

(HG) (cm=3)
LMC 101+ 1.7 0.06 + 0.01 0.06 + 0.01
SMC 55+ 13 0.020+ 0.019 0.06 + 0.06

in theLMC (Upin > 0.4)andthe SMC (Ui, > 0.5). Thecorrelation
betweemagneticeld strengttand70pum SFRis obtainedhrougha
beam-independespacingyieldingaPearsororrelationcoef cient
of r 0.6 in the LMC andthe SMC. B versusSFR can bestbe
explainedby a power-law relation with an index  tted using
the bisectorOLS (Isobeet al. 1990 regression(Table11). Fig. 14
presentshecorrelationof B with SFRataspatialresolutionof 53pc
for theLMC and71pcfor the SMC.

We nd thatB andSFRtracedby the 70pum arecorrelatedn the
SF regionsat all selectedresolutions.In the LMC, the power-law
exponentagreeswith the theoreticalturbulentampli cation value
(Schleiche& Beck2013. However,in the SMC, it is slightly lower
at the original resolution.As expectedno correlationholdsin the
diffuse ISM at the native resolution.However, it is interestingto
note that this correlationis increasedat lower resolutionsdue to
mixing with the SF regions.The obtainedexponentsof | yc =
0.24+ 0.0land gyc = 0.20+ 0.01arein excellentagreement
with global studiesof Magellanic-typegalaxieswith slope =
0.25 + 0.02 given by Jurusik et al. (2014. This experiment
showsthat, in local studies,the power-lav exponentcan become
atter thanthe theoreticalvalue becauseof contaminationby the
diffuse ISM.

6.4 Cooling of cosmicray electrons

The power-lawenergydistributionof CRE, dN/dE ES , where

is relatedto the observedspectraindexwith = S(2 S 1), could
changedue to various energy-lossmechanismsThe non-thermal
spectraindexbecomesteepedueto differentenergylosseof CRE
diffusionfrom primarysourcege.g.H il regions).In orderto clarify

the mosteffective energy-lossnechanisnof CREsin H i regions,
we studytwo well knownH 11 regionsin the MCs. We measuréghe
radial pro le of the averageobserved/non-thermaipectralindex
and thermal fraction centredon (5"38M425, $69 0603 ) ;2000 and
(0"59M05°, S72 1041 )j2000in the 30 Dor andN66 H I complexes
respectivelyusing beam-independentngs of 7.2arcminradiusin
30 Dor and3.91arcminin N66. Fig. 15 showsthe radial pro le of
the spectralindex and thermalfraction from the centreof 30 Dor
andN66. The spectralindex pro le of 30 Dor startswith very at
spectrum, 0, in the centrebut it dropsrapidly moving away
from the centre.At a distanceof R= 0.3kpc, , reachesa steep
value( S 0.85)andagain attens to abouttheaveragegalaxyvalue.
The attening of the synchrotronspectrumaroundR = 0.5kpc is
mostlikely dueto thering-like artefactin the observedRC mapat
1.4GHz (Hughes2011), which also leadsto an arti cially higher
thermalfraction.

The spectralindex of 30 Dor startsto fall off afterR > 0.5kpc
dueto the diffusion of CREs,but it againhastwo slight attening
andhigherthermalfractionsaroundR 1and 1.4kpc.Thesecan
beinterpretedasreacceleratiomf CREsdueto feedbackandshock
wavesfrom thetwo nearbyH i1 regionsN144andN59. Overall,the
30 Dor radio spectralindex shoulddecreassslightly to the galaxy
averagevalue = S0.64atascaleof R 2kpc. BeyondR >
2kpc, the non-thermalspectralindex , S 0.85,neverattaining
the characteristiozaluesof CRE synchrotronlosses(i.e. , < 31,
Biermann& Strom1993. Similarto 30Dor, theN66H Il complexof
theSMCalsoshowsat valuesof = $0.1inthecore(R< 0.1kpc).
Thenon-thermabkpectraindex , decreaseto steepewvaluesof ,
< SiforR< 0.3kpcof N66.Suchasteep , couldbeinterpretechs
CRE energylossdueto the synchrotronossmechanismHowever,
the measuremensuffers from large uncertaintiesdue to the low
sensitivityof theradiocontinuumdataat1.4GHz. After R> 0.3kpc,
theobservedpectraindexincreaseso themearvalueof thegalaxy,
and , doesnot reachsteepervaluesthan < 31, indicating that
the synchrotronenergy-lossmechanismis not an ef cient cooling
mechanismin N66 either.In orderto assesslifferent CRE cooling
processem thecoresof theseH Il regions(R< 0.2kpc),weestimate
their cooling time-scalesusing the equationspresentedn Lacki,

MNRAS 510,11-31(2022)
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Table 11. Correlationbetweerthemagneticeld strengthandSFRin differentradiation- eld regimes(SF,ISRF)atdifferentlinearresolutions.

| | | S S S S S S
Y total rltama t(n)tota F rpF t(n) F ISRF r’I) RF t(n)l RF
LMC
B (53pc) 0.24+ 001  0.61+ 0.02 159.70(2166) 0.31+ 0.01  0.67+ 0.03  116.83(843) - 0.39+ 0.03 177.11(1281)
B (150pc) 0.28+ 0.01 057+ 0.04 51.95(355) 0.29+ 0.03 0.56+ 0.08  42.07(120) 0.30+ 0.02 0.49+ 0.06  60.16(235)
B (300pc) 0.31% 0.02  0.78+ 0.08  22.59(63)  0.31+ 0.04 0.70+ 0.15  23.28(26)  0.30+ 0.05 0.50% 0.15  25.36(37)
sSMC
B (71pc) 0.20+ 001  0.62+ 0.04  65.18(328) 0.40+ 0.04 0.64% 0.09  32.96(82) - 0.38+ 0.06  70.49(246)
B (150pc) 0.24+ 001 059+ 0.07  3853(156) 0.43+ 0.11 053+ 0.21  20.07(19)  0.28+ 0.03  0.51+ 0.08  41.46(132)

Note.Thelinear t obtainedon alogarithmicscale(Log Y =

Log X) usinga bisectorleast-squares.

Figure 14. Correlationbetweenthe total magnetic eld strengthB andthe 70um emissionasan SFRtracerfor the LMC (top) andthe SMC (bottom)in
star-formingregions(left) aswell asall regionsabovethe3 rmslevel (right). Thesolid line showsthebisectort andthebarsindicateUm;n in unitsof U .

Thompson& Quataer(2010:

S 4Bx 10 o  sue
yr : 10uG GHz
. B S1/2 n 31
ion 12 eff
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where the effective ISM numberdensity experiencedby CRs is

MNRAS 510,11-31(2022)

Net = fism < n > andthe meanISM numberdensity within the
CRE connementvolume < n > = 442h. We note that CRs
traversein high-densityclumpy ISM thatis con ned by magnetic
eld experiences higherfisy> 1 in comparisorwith a low-density
diffuse ISM. We assumédsyy = 1 for theMC.

However, taking higherfisyy > 1 for the compactH I regionsof
theMCsdecreasethecoolingtime-scaleof bremsstrahlungndion-
izationlossesmakingthemmoreeffective coolingmechanismsor
CR electronsandpositronshy propagatingawayfrom H il regions.
We assumea CR scaleheightof h = 1kpc. The radiationenergy
densityU,,q is obtainedfrom Draine& Li (2007 andcorrectedfor
contributionsof thecosmicmicrowavebackgroundCMB) radiation
energydensityUcys = 4.17 x 10°33ergem®?® and dust-emission
energydensityUrr = 5x 10> ergcm3 (Draine2011; Tabatabaei
etal. 20133. In orderto determinghediffusiontime-scalethemost

€20z I11dy 20 uo Jasn SUND AQ 6997919/TT/T/0TS/a0nIe/Selul/wWwod dno olwapese)/:sdny Wwoly papeojumoq



Processei theMagellanic Clouds 29

Figure 15. Radialpro les of thespectraindex(top) andthermalfraction (bottom)in 30 Dor (left) andN66 (right). Thedashechorizontallinesin the spectral
indexpro les indicatethe averagegalaxyvalues.The verticalgrey bandsshowthe positionof 30 Dor’s neighbouringH 1t regions,N144andN59.

energeticCR electronsemitata critical frequency . obtainedfrom
Murphy etal. (2012):

E . 12 B S12

—_ =188 — . 14
GeV GHz uG (14

Out to a radius of 200pc from 30 Dor’s central point, a total
magnetic eld strengthmap yields an averageB, = 26.43uG
and correspondingCR electronenergy 3.8GeV at 4.8GHz. We
found the averagenumberdensity of the ISM experiencedy the
CRsis ngt  0.94cm™® and the averagetotal radiation energy
density Uy, = 5.06U in 30 Dor. Theseestimatessuggestthat
synchrotronescapss the dominantcosmicray loss mechanismin
30 Dor’s core, syn  4.7Myr, andthereis a strong competition
betweertheinverseComptoncoolingtime-scale ¢ 26.3Myr and
diffuse cooling g  23.2Myr for CRs,while ionizationcooling
hasa smallercoolingeffecton CRswith a characteristi¢cime-scale

ion 300.8Myr.

Integrating out to a radius of 100pc from the SMC N66
complex, we found a meanBy,; = 8.50uG, CR electronenergy

3.5 GeV at 1.4GHz, andngz ~ 0.73cm™3. Diffuse cooling is
the most effective cooling mechanismwith i 23.8Myr for
CRs in this region. Furthermore,it showsa strong competition
betweersynchrotrorescape, syn  48.5Myr, andinverseCompton
cooling, gif 45.7Myr. Although ionization loss is the weak-
est cooling mechanismin N66, including the contribution of H,
in the total gas surface density will decreaseits cooling time-
scale.

6.5 Recombinationscenario

Determiningextinctionandfree—freeemissiordependentheoptical
depthof Lyman continuumphotonsandwhetherthe optically thick
condition known as CaseB recombinationor the optically thin
scenaricknown ascaseA recombinationis assumedAlthoughthe
theoreticalBalmer decrementratio jy /ju = 2.86is almostthe
samefor both scenariosunderthe assumptionof T, = 10000K
(Osterbrock1989, the variationof EM is signi cant dependingon
theelectrondensityaswell astheopticaldepthof Lymancontinuum
photong(Valls-Gabaudl998. Pellegrinietal. (2012 estimatedhat
the escapdtraction of Lyman continuumphotonsis at leastfes: =
0.42and0.40in theH 11 regionsof theLMC andSMC, respectively.
Similar resultswere obtainedby Kennicuttet al. (1999, i.e. fesc =
0.51,basedon diffuseto totalH emissionux for the LMC (Oey
& Kennicutt1997). Adopting caseA recombinationincreaseshe
thermalemissionux by about49-51percentfor boththeLMC and
the SMC at 0.166and 1.4GHz. Consequentlythe global magnetic
eld strengthdecreaseby aboutl6percent.

7 CONCLUSION

Using multifrequencyobservationsn the radio, FIR, and optical

domains,we have presentedhe most precisepicture of the dis-

tribution of the thermaland non-thermalRC emissionin the MCs

everwithout useof any assumptioraboutthe synchrotronspectral
index or extinction. The highly resohed and sensitive Spitzerand
Hersthelobservationbawe allowedmappingof dustmassn galaxies
in generalHowever, usingthesemapsto determineextinctionneeds
a priori assumptiongboutthe distribution of ionized gasand dust
along the line of sight. Combiningthe dust-massnapswith data
for the Balmer decrementswe have introduceda new method

MNRAS 510,11-31(2022)
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to determinethe true fraction of dustthat actually attenuatedd
emissioralongtheline of sight,fy. Thisfractionis determinedn the
MCsfor the rst timein bothH 11 regionsandmorediffuseregionsin
thelSM usingthe MUSE IFU observationsWe havealsopresented
a calibrationrelationto mapfy basedon its anticorrelationwith the
neutralgassurfacedensity.Usingthede-reddenet emissionwe
hawe derived the free—freeemissionat 0.166,1.4,and4.8GHz and
obtainedmapsof thenon-thermaemissiorandthepuresynchrotron
spectralindexin the MCs. The latter two mapsallowed us to map
the strengthof the total magnetic eld at a spatial resolution of

3.7arcminin the LMC and 3.9arcminin the SMC. Our results
aresummarizeasfollows.

(i) The dust optical depth 4, is optically thin ( gust < 1) to
theH photonsin the MCs’ diffuse ISM, whereasthe total dust-
masssurfacedensityindicatesthat 4, rangesfrom 2-5in theH i
regionsof the MCs. Only afractionof this dustmassplaysarolein
theattenuatiorof opticalwaves.

(i) fq is lower in densestar-formingregions( 0.1) thanin the
morediffuse ISM (> 0.2). Basedon the anticorrelationbetweenfy
andtotal gassurfacedensitywe nd thatthemeanfy overtheentire
LMC is about0.3,which agreeswith the Milky Way value.

(i) Thenon-thermalfractionis signi cant at 0.166GHz with an
averagevalueof 80—90percentin the diffuseISM of thesegalaxies
and in massive star-forming regions such as N157. Supernova
remnantgontributethemostto our0.166GHznon-thermaémission
mapwith anaveragevalueof thenon-thermafraction> 85percent.
Furthermorethethermalfractionat 1.4GHzis estimatedo befy, =
30percentin the LMC and35percentin the SMC.

(iv) The synchrotron spectrum steepensfrom massive star-
forming regions , > $0.4 to the diffuse ISM , < $0.7. This
indicatesenergylossandcooling of CREsasthey propagateaway
from their birthplacesn SFregions.After injection, CREscanalso
experienceeacceleratiom complexe®f SFregions, attening their
spectrumasobservedn 30 Dor. Comparingdifferentmechanisms,
we nd thatsynchrotrorenergylossdominatescooling of CREsin
30Dor’s core(R< 0.2kpc).Usingnon-thermamapsbetweerD.166
and1.4GHz, we foundthe mediansynchrotrorspectraindexto be

n=S50.67+ 0.12and ,= $0.89+ 0.17in theLMC andtheSMC
respectivelylJsingthis synchrotrorspectraindexandequipartition
assumptionwe foundanaverageaotalmagneticeld strengthB,t
10.1puGin theLMC and5.5uG in the SMC.

(v) This study showsthat the ISM is dominatedby a low-beta
plasma,given that the thermal energydensityis smallerthan the
non-thermalenergydensity (Eg+ Ecr) by more than one order of
magnitude.

It is worth mentioningthat the presentgenerationof interfero-
metric radio suneys of the MCs is limited to eitherlow sensitivity
causedy instrumentakrtefactgparticularlyat4.8and1.4GHz) or
low resolution(particularlyat0.2GHz). Thelimitationsin sensitivity
canpreventstudyof the physicsof the low-surface-brightnestSM
thatconstitutesa major partof low-massandirregulargalaxiessuch
as the MCs. Designingthe next generationof the RC sunweys, it
is importantto attain a much larger dynamic range. Technically,
limitationsin dynamicrangecanbecausedy instrumentahrtefacts
or incompletecalibrationof instrumentatesponséBraun2013. As
discussedn Sections4.2 and5, theresolutionat which background
radio sourcesare subtractedcan affect the integrated ux density
measurementas well as the spectralindex analysisin the MCs.
Hence,higher-resolutiorobservationsare required(particularly at
low frequencies}o disentanglehe ISM from the externalsources
moreaccuratelyTheupcomingsuneyswith theSKA-Low telescope

MNRAS 510,11-31(2022)

will ideally overcomethis issuein the MCs. Therefore,following

theseobservationalimitations, the main contributionof this paper
is in settinga methodologyfor the unbiasedseparatiorof thermal
versusnon-thermalemissionfor the upcomingsurveysof the MCs

andnearbygalaxieswith the SKA andits path nderssuchasASKAP

andMeerKAT.
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