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Abstract

Observational evidence suggests that the Star formation process in the universe peaked at 3.5 billion years
after the Big Bang and declined in the last 10 billion years. While this decline can be partially associated with
star formation itself, since stars consume gas and only return a small percentage of gas back to the galactic
reserve, cosmological simulations cannot reproduce today’s galactic mass distribution in the high-mass
branch. This hints at the existence of additional mechanisms negatively impacting star formation in high-mass
galaxies.

The presence of supermassive black holes and their impact on their galactic host environment have been
proposed as one of the main contributors to this negative feedback effect. As black holes grow in the
center of the galaxies, it emits energy from its accretion disk either in the form of radiation pressure or
as relativistic plasma jets. This energy can be coupled with the interstellar medium (ISM), affecting the
molecular gas essential for forming new stars. Simulating this contribution in cosmological simulations
succeeds in reproducing the expected mass distribution in the local universe.

Studies of hydrodynamic simulations of jets propagating through the ISM have shown that they can be a very
efficient mechanism for providing this ISM-AGN coupling. Shocks produced from this jet-ISM interaction
sweep large areas of a galaxy, heating and causing turbulence in the ISM as the jet percolates and breaks
freely into intergalactic space.

This thesis aims to further investigate the jets as feedback mechanisms. In the first part, we focus on
constructing and analyzing a radio-selected, multi-epoch, sample of galaxies observed in CO emission lines
in the millimeter part of the electromagnetic spectrum to understand their molecular gas content in low
and high redshift. This work utilizes a combination of ALMA observations, either as target observations
or byproducts of calibration, and measurements from the literature. We detected CO emission in 35% of
the sample radio galaxies, with molecular masses ranging from 107 < M, < 7 X 10! My, at low-z and
2 x 10" < Mo < 7 X 101! Mg at high-z. In the local universe, the number of sources with detectable
molecular gas was slightly lower compared to other types of active galaxies (AGN1and AGN2), but comparable
when adjustments were made for missing radio galaxies. This finding suggests that radio galaxies and
these other active galaxies might have similar gas contents in the local universe, aligning with simulation
expectations. Also, RGs with a high gas content (> 10'° M) were not significantly lower with star-forming
AGNSs, suggesting that they are not entirely "red and dead". At higher redshifts, the observed radio galaxies
had a significant amount of molecular gas, with about 1/4 of them having molecular gas amounts comparable
to what simulations suggest for typical galaxy halos of that epoch. For the brightest sources, there is a
consistency in molecular gas content across all epochs, suggesting that the interplay of inflows, star formation,
and radio-mode feedback maintains a certain level of molecular gas.

Another goal of this survey was to lead to the detection of molecular outflows. In the second part of this thesis,
we present a detailed kinematic analysis of one of the two sources with obvious kinematic deviations: the
early-type galaxy NGC6328, which hosts the closest known Gigahertz Peaked radio Source (GPS) PKS1718-649.
The data cubes for the re-calibrated CO(2-1) and CO(3-2) ALMA archival data revealed that the molecular
gas had a highly complicated geometry that could not be estimated with any tool available in the literature.
Thus, we created a novel accurate warped disk model that incorporates the evolution of the disk due to
gravitational potential torques together with the effect of viscous forces. The fitting of the data and the model
was done using a Bayesian framework on parameter and model estimation. This choice provided us the
opportunity to combine multiple datasets (HI velocities, photometry, dust obscuration patterns) into a single
probabilistic model, which resulted in a distribution of possible geometry and mass potential models. These
models jointly point out the scenario of a highly warped molecular disk emerging from a merger incident
estimated at 400 — 800 Myr ago. From the residuals of the fit, we detect two molecular outflows in the central
200 pc of the galaxy. The outflows, validated through gas excitation analysis and newly observed ionized
gas outflows, have a total mass outflow rate of 3Mg yr‘1 and a kinetic power of 2 — 7 X 10%0 erg s™1, which
suggests jet-driven outflows as the most plausible scenario for their acceleration. This adds NGC6328 to



the catalog of sources, along with NGC1377, 4C 31.04, ESO 420-G13 and HE 00401105, where jet-induced
outflows are detected but outside the current radio emission of the jet.

Motivated by this observation, we delved into various mechanisms and revisited the likelihood of a connection
between published molecular outflows and jets. In the third part of this thesis, we conducted a meta-analysis
encompassing a sample of 45 local galaxies with detected molecular outflows, augmented by the inclusion of
galaxies NGC6328, NGC1377, 4C 31.04, and ESO 420-G13. Our analysis revealed that, for at least half of this
extended sample, the jets align both energetically and geometrically with the observed outflows, positioning
them as a significant or even dominant mechanism in driving these outflows.



Extetopevn Ieptindn

‘Onwe anodewxvieton and napatnenolaxd dSedouéva o puIHOC TaEUYWYNE AOTERWY GTO MOUTOY UELVETOL XOTA
TN Budipxeta v teAeutalev 10 Sioexatoupupiny €10V, uia uelwon tou anodideton atny (Bia T dnplovpyia Twv
Ao TEPWY %Ol TOU Pxeol Toc0ocToL deplov Tou autd emoTpégouy Tlow oto yaralloxd anddeya. Ilpocoyor-
doelg eEEMENG YUAAELDY, YPNOWOTOLOVTAS TIC TORAUTNEHOES AUTES, ABUVATOUY VOl VITUEAEOUY T1 GNUEELVY
TOEUTNEOVUEVY XOUTOVOUT TwV Yohalaxwdy ooy xuplwg ot Teptoy) TV Yohalldv ueydhng walag ywelc
YEN\OM EMUTAEOV UNYOVICUDY apvNTXTE eTldpaong oto pulud dnutovpyiag aotépwy. O xbplol unyaviopol tou
éyouv mpotadel Bactlovian otny unapEn Yara€laxoy avéumy Tou Loptaxol agplou ol omofot eunodilouv tn Ba-
PUTLXY xUTdEEELVCT) TOU XEVOL HOopELIXOL aeplou xou dpa TN dnutovpyia aoTépny elte Aoyw Vépuavong Tou eite
Aoy NG extéZeuong Tou 6To dlayohalloxd Ywpeo. Ot Slapopés HETAZ) TV UNYOVIOUMY EYXELTAL OTN TINYT
TWV AVERWY aUTOV, 1) ool uropel va elvon évac auénuévog pududc exprilewy counepvofa N o anotélecua
NC BpAo TNELOTNTAS UTERUACIXGMY UERAVODY OTWV OTOL XEVTEX TWV YOUAUELWMY. LE QUTNY TNV EPYUCIo €0 TIHCUUE
oY BUVATOTNTA TOU EVERYOU VPNV TV EVERY®Y YOAAELWY 0TO Vo EVOTOVETOVY EVERYELX OTO HECOUC TELXO
TEPYBAAAOY X0 TILO CUYXEXPLUEVA TN ONUAVTIXOTHTA TWY OYETXOTWY Tddxwy. H anddoon tou unyaviouold
ool unocTNeileTon and UBEOBLVUULXES TROCOHOLOGELS Xal TATidog TupaTNEHoEWY 6TO XovTve Xiunay. Ia
N AN SlEpEbYNON TOU PavOUEVOL Y peloll OUOC TE TORUTNENOELS TTOU VoL XOAUTTOUY DLUPOPETIXES QPACELS TNG
o Toplag Tou LunavToc.

TN autd T0 AdYo yenowonoljoaue Tt cuctolyia padlotnieoxoniny ALMA xadog auth mpoo@épet mopa-
eNnoelg YeydAne evaodnaloc, peydhn dlanpttixny xavotnta xat ehebdepo apyelo TapATNEHoEWY TNYWV Tou
xenowwonoinxay coav atdyol 1 cav otéyol Baduovouncng pepovepévey napatnerioewy. Avalntioale e-
xteveg ot PuBhoypapio axpifelc paouatooxomxéc UETEHOES TNE EQUUPOUETATOTIONS PUBIOPWVIXWDY YWY
nou eyouv mapntnedel and v ALMA dote pall pe 1 mhnpogopia Tou goacyatixol nopadipou Twv ma-
PUTNEACEWY VoL UTOEOUUE VoL Vol NTHOOUUE TO (PUCUOTIXG TEPLEYOUEVO TOU UAC EVOLUPEREL VO UEAETHOOUUE
(voopuéc exnopnic). Méow tne napandve dadcasiog avalnthooue mnyéc ol onolec meptéyouy Tic 4 Ao-
UTEOTEPEC YROUES EXTOUTNG LOVOEELS{ou Tou dvipoxa, EVOC Loplou TTOU EXTIEUTEL GTO EVERYELUXO TOEdIUEO
TWYV WUXPOXVHIWY Xal o€ cLVITXES Tou elvor ELVOIXEC Yo TN dnlovpyia acTépwy (TuxV, Yuyped aEplo). LTic
TNyéc mou cUMEEaUE Tpoo TéUNXaY xou Tapatneoels arno T BIBAoYpaplag WOTE Vo UEYIOTOTOLCOUUE TO
delyuo pog.

T vor umopéooupe vor ByEAOUUE CUUTEPAOUATO Yiol TIC OLOTNTES TWV EVERYWV YAAAELDY ava ETOYY, YPELd-
CopaoTe éva oTatio Tnd Belyua To omolo Vo elvol avTITPOCKTEVTIXG TOU 0UPAVOD GTO PABLOPKWVIXS EDPOC TOU
pdopatoc, omol €YOLUE LoYLEY EXTOUTY TwV Yohalldv autdv. 't autd 10 oxond cuyxplvaue T por| oxti-
VOBOAMAC TWVY TYWOV YOG OE CUYXEXPWEVES UTAVTES TOU PABLOPOVIXOU QACUATOS YId TIC OTOIEC €YOUUE OTN
Oudrdeon pac cUVOTTIXES ot TAAENG XATAAGYOUS GAOU TOU 0UPAVOU. LUYXEXOWEVA ETAEEOUE T1 CUVOTTIXY
enoxomnon tou poadlo-oupavod NRAO/VLA Sky Survey (NVSS) ota 1.4 GHz tnv onolo xan cuyxplvopue
HE TN avTioTolyn PaBLOQWVIXY EXTOUTY TV ETAEYUEVKDY TNYov. H emhoyr Tou tou tehixol delyuotog €yive
péow ploc dlabixdotag 1 omola cLYXEIVEL TN XATAVOUN TWY POWY EVOE UTO-GUVOAOL TOU BElYUOTOS oG UE TOV
xatdhoyo NVSS, yetpdvtag tng UEYIoTn anéotaon HETHED TwV adpoloTIXWY CUVIPTACEWY TWV XATOUVOUMY
(D-statistic). Kadcdg pewdvouue to mAfdog Tou unocuvolou, eTAEYOUPE TO BEATIOTO UTO-Oetyud OToU 1) o-
néaTooT elvan M ehdytotn. Xuveyiloupe vo pewddvouue to tAdog, péypeic 6tou 1 BélTioTn auth andoTaoy
yivel uixpodtepn and yia xplown . H xplown autd tiun, e€optdton and to mhfdog tou uno-delyuatog xodoe
10 yéyedog tou xatohdyou mopopével otoepd. T v extiunon e, yenowonojoaue v (Blor Stadixacia
ocuyxplvovtoc avtl yia To delypa pog, evo untocivohlo Tou NVSS 1.4 6mou ot yetprioeic €youv emey Vel Tuyola
EVIOC TV 3 TNG TUTXNG ANOXAONG TWY CQIALATWY TWV UETPHOEDY TOU XATUAGYOU.

Koartanh€aue €tol ot éva tehixd delypa 120 yoha&udv. T tic 66 mnyéc and tov xatdhoyo CO-ARC, exte-
Moaye Eavd Tic dladuxaoiec Paduovounone, ovvieong xon QIATRURICUATOS TV TEMXOY OATOTEAECUATWY and
o tpwTapyd dedopéva. Autd ftay ovoryxolo yiaTl axdpa Xl oV xdmolot and toug yoholies elyav mopotn-
enUel xou ooy 0TdYOL PE ETUOTNUOVIXS TEPIEYOUEVO, OL TOESUETEOL Yiol TN UVUEST] TWV TEAXWY PETENOEWY
Tou yenotoroidnxay anéd tov mpwtapyd tapatnent] (PI), dev elvou ol PélTioTol Yoo To oxond pog. Xe



dVo amo Tic Tnyec evionioTnxay véol poplaxol dvepol. Buvolxd evtorniotnxe poplaxd deplo oto 35% Twv
mywv andé 1o CO-ARC. I'ia to cuvoluxd delyo ol tnyéc ywelotnxay avdhoya to redshift dSnuoveydvtog 3
BLopopeTIXEC LoOYPOVES EMOYEC GTNY Xoouxt totopla (60 mnyéc oto 0.005<2<0.3, 23 mnyéc oto 0.3<z<1 xou
37 nnyéc oto 1<z<2.5).

Juvorntixd to anoteAéopota TN HEAETNGS Tou Belyuatog, dnuootebinxay arno tnv Audibert et al. 2022, ety vouv
6TL 670 ToTUXd LUUTaY, 0 dpldUdC TWV PABLO-TNYWY OTIOU EVIOTICUUE LOPLIXd 0EPLo NTAY EAXPEMS ALY OTEROS
oo TOUG OVTIOTOLY0US ahhou TOTOU evepyoUs Yoho&leg, XaTl TOU GUUPOVEL UE TIC XOOWXES TEOCOUOUGELS.
e peyohltepec epulpoUeTATONIOELS EVTOTUOTNXOY CNUAVTIXA HEYHAUTEPES TOCOTNTES HopLoaxol aeplou. 2Tic
PUBLOPWVIXA LOYVEOTERES TNYECS 1) TOCOTNTA TOL deRioL fTay TopoUoLa avedapTTLS TNE ENoYNC, X4ATL To onolo
mdavotata delyvel 6Tl 0 puIUOC oL TO Aéplo XUTAVURGVETOL 0TY dnlovpyio aotépwy ot o pudude Tou To
aéplo elopéel oo yahoia elvon mapduolog, Yéow e avtlotdduione mou Tpoxalel o miduxos.

e wo amd Tic Tnyée tou CO-ARC xator T Tpwiur avdAUGoT), EVTIOTICOHE EVTIOVES XIVIUATIXES SLOXUUAVOELS
un ovuPotéc pe TNV xwvnuatixy utoypay evog dloxou. H padlo - mny? autr, ue to 6vopa PKS 1718-649
Beloxetar oto xévtpo Tou elheintixol yoha&io NGC6328, xou €xel nopatnendel amo v ALMA ot nept-
otpo@ Yeopur extounhic J=2-1 tou povoéeidiou tou dvipoxa xat evtde evde napadlpou yia TNy avticTolym
yooupn J=3-2. H padio exnouny| oto yoholla mpoépyeton amd yio lixer| TEQLoyY| UE TN Hop@r d0o cuumay®y
padlo-hoBwv oe andoTaoT Yepiny parsec and 1o x€vipo. To pabloguvixd @doua Tng TNyYHe axoroudel pla
Tumx) xopunVAn evog Gigahertz Peaked Radio Source (GPS) pe péyloto ota 3.2 GHz to onolo cuygwvel o
oAU xahd Bodud pe to free-free absorption model (FFA). To yovtého auto, 6nwg xon avtioToleC Tpoco-
HOLOOELS, BElVOUVY OTL [Lol TETOLA PUOUOTIXNY UTOY oY Tapatneelton ot veapolc nidaxeg xodoe npoorotolv
vo Slaoyioouv v muxv yoha&laxr OAn. H odAnAen{Spoaor tou midaxa pe tnv OAn Snuioveyel xpouoTixd
xOuorta o omofor Ty woviouv. H woviouévn OAn ye ) oelpd Tne anoppo®d To YoUNAO-EVERYELIXS PUEPOUC TNS
axtvofohiog synchrotron tou nidoxa pe anotéheoya va oynuatiletar to yéyioTo.

O yara€ioc NGC6328 Beioxeton oe yio oyetind Wxpy andotao, ota 62 Mpc (z=0.014313), xdvovtac tn Tnyn
PKS 1718-649 tn xovtwvotepn PS mnyr mou €youpe ovaxohber xou apa TOAD ooyt 6T Teoonddeio uag
VoL XATAVORGOUUE TO pORO TV TddxwY 611 Yoho&iomc e€éMEne. H exmouni oto ontind gdopa tou yaraio
xupLopyeltar and plo edhetntiny aotewy| diw (bulge) ye npogik to onolo cuupwvel ue ToOhd xokn Tpocéyyiom
pe N xotovopr) udlag Hernquist. Adyw tou ehhewpoeidols oy UAToC LOVTIENOTOOUUE [ldl TPOTOTOUEYY)
HOPYTH TNS TMapamdvey Xatavouhic 6mou ol loobeic tng muxvottog oynuotiCouy eva ehherpoeideq.

H ovotoiyioc AAMA pmopel vo dnpovpyfioer mapatnerioeis e€atpetixd LPMAAC AVEAUONG YENOULOTOLOVTIS
™ eV TG padlocuuBoloueTelog, HETATEETOVTAS TIC UETEHOELS TOAAWY Xepaldv 6To eninedo tng I'ng oe
dedoyéva oo oLpdvVLo entinedo Yéow evocg petaoynuatiopol Fourier. Adyw tou yeydhou ypdvou mopoatienone
xou 6TIc 8V0 yeopués CO(2-1), CO(3-2) yenotporoidnxe xou 1 ey viny| tng Wio-Paduovéuncne (self calibration)
OTOU YENOLLOTIOLOUUE TNV LOYUEY| EXTIOUTY| ToU Yoha&lor yior var Blop¥dcoupE T1) Blapopd Qoo OVIUESH OTIG
xepoaleg xou Gpoa vor amoxtiocouye TN xodopdtepr duvaty| exdva. H cuvokixn udla tou poptaxol aeplou extiudte
otic 1.1 x 10° Mo nhoée pdlec avdhoyo YpnoYLoToLVTIS TO CUVTEAESTY HETATPOTS aco = 4.6 yia Puypd
%L TUXVO 0€pLo TopOUolo Pe autd tou Tohadio pog.

Méow tng yehétng e péong TayTNTIG TORUTNEOVUE OTL TO EPLO UTOXELTAL OE €Vl 1) TEPLOGOTEPOUC Bloxoug
e mohOmhoxT xvnuate). Evtoc wa axtivae 600 pe topatnpolye éva dioxo (pe péyloto dZova 72 wolpdv and
70 Boppd) mou ayyilel o péyiotn mpoPolueh oy tnTe Twv 300 km s, evd yapoctneileton xou and ueydhn
dloomopd, e TéEne 100kms™l. Yt cuvéyela 1 éon tne péylotne péone TadTnToc xveltor and tic 100
uéyel xou Tic 180 polpeg and to Boppd oe plo ambéotaon 3.5 kpe, eved Tautdypova o dioxog patvetar vo yiveton
6M0 o TO XGVETOC GE GYEDN PE T1 YPUUUT Topathenong. Auth 1 cuuneplpopd Qaveptvel Ot WGAAOY Eyouue
VoL xdvoupe Ye éva otpePlo dloxo, dnhadn éva dloxo mou ahhdlouV ToL YEWUETELXE TOU YOPUXTNELOTIXG UE
v andotoot and to xévipo. H cuunepipopd auty elvon eugavic xou oe axtiveg peyahbtepee twv 10kpe
HEAETAOVTAC TN XWNUATIXY) TOL 0UdETEPOL LBPOYOVoU. H oTpéfBiwon auth unopel va cuuPel xota T Sudpxeta
xaviBokiopol A elopofc OANe and yertovixd yoha&ia 6mou dnutoupyeltar évag dioxog TS Ywvia oe oyéon ue
Tov dgova cupuetpiog tTng xatavoung wdlog tou yoholla, 6tav auth dev etvon andiuta opoupxr. O dloxog
oe auth TN TeplnTwon petonintel ye pudud mou efapTdtar and TN Ywvio) TaOTNTA, TNV oEYLXn Ywvio o
™y eMewmtedmnta g xoravouis wélag tou yoha&io. Kadde dume 1 ywvion taydtnto twy EcWTEptXmy
oTREBwY Tou dloxou eivan ueyallTeEY TOTE AUTEC TTaPOUGLALOUY ot PEYUNDTERT) UETATTWOT).



Meletdvtog avtioTolyo xaL T1 SLoTOPd TWV TAYUTHTOY TOPATNEOUHE TEPLoYES HE TOND LPMAY dlaomopd
(80kms™) 070 eowTepd XopPdTL ToU Bloxou (< 700 pc) ahhoL xoL TEPLOYES AVTIBLUUETELXS TOU XEVTPOU GE
amoctdoelg TNE TENE Tou 1kpe, cuyxpelTind YE TIC To AmopaXpUOUEVES TTERLOYES Tou Bioxou dmou 1) SlaoTopd
ebvon TN TéENe Twv 20—30 kms™!. Moviehonotfoaye 10 8loxo Tou Loploxol acpiou LVETHVTAC éva LovTého
AEXNPEVWY oy TUMBLOY To omolo propel vo tpoceyyioel Evay ouotoyevr) oAhd xou €vay oTpeBAd dioxou xdvo-
vTog TN mapadoy Y| 6T 6To yahagla xdde dory TUADL exTeAel xUxAixT TROYId Pe XxUXhixY ToyOTNTA ToL eEaETATAL
and v axtiva, oe éva eninedo to omolo unopel vo elvan SlopopeTind yio xdde axtiva. Ltnv axtiva topathen-
one 1 x&e tpoyLd petaoynuatileton oe pa EAAeWYn AoYw TpoBolndv pavouévey 1 omolo yopoxtnelletot
ané dVo mopapétpoug yia xode axtiva, TNV mapatneoluevy exxevipotnta (inclination) xat ) ywvia otnv
omnola Bploxeton o péylotog d€ovag oe oyéon ye to Boppd (position angle). I'vwpilovtag tig cuvaptnotlaxég
oyéoelg yia To inclination, to position angle xou ™0 xuxAx TaydTNTa O OYEOT UE TNV AxTiVAL UTOPOUUE Vol
XUTOUGHEVGCOUPE EVOL LOVTEAOD YIOL TNV TORUTNEOVHUEVY] XAUTO UAXOE TNG YROUUNAS Tapatenone taydTntag o
xdde onueio Tou ywpou. Buyxeouevn adTn 1 TUYOTNTU PE TIC TUPUTNEOVUEVES TWV AVTICTOLY WY VEQHY TOU
noptaxol agplou amd To BESOUEVO UTOPOVUE VoL EXTIUACOVUE TO XOADTERO BUVATO LOVTEND, ENALYLO TOTOLWVTOGC
N Y€om Blapopd TaryLTNTWY PETOEY LovTEAOL xal Tapatneoewy. Lo n Bedtiotonolnon tng Swdixdoio autng
OpY XA XUTAOHEVEGOUE EVaY aAYOptduo o omolo evtonilel, 0To TELOBLECTUTO YEO VECEWY Kol TAYUTNTWY, ToL
dtaxprtd végn mou anaptilouv tov yahaio.

I va urnogéoouye va yticoupe éva Hovtého mou elvor O PEUAOTIXG GAAdL XaL EUXOAOTEQRD EQUNVENGULO
emAeEOUE VO TIUPOUETPOTIOLHOOUPE Tat Doy TUALBLL Tou dloxou oo eminedo tou yoha&ia, Héow 800 Ywviwy
A(r) xou O(r) mou mepiypdpouy To povodiodo didvuoua xdde doytuildio. Egdoov éyoupe tic yoviee A(r)
xou O(r) umopolyue vo petogepdolye otic ouvAdels Ywviec otov oupavd U€ow evoe mivoxo GTEOYHS TOU
TOPUUETPOTIOLOVPE UEGH EVOS BLAVUOHATOS TO 0T0{0 xortadetxviEeL To xateuvan tou L aova oV yahadloaxwy
CUVTETAYUEVWY OTwC Sloxplvetan amd tn I'm. Etol, ewodyoue 800 oxdua mopogéTeous Tou xoAoOUAcTE Vol
EXTIWACOUUE, YIO TIC OTOIEC QWS EYOUUE WAL IXOVOTIONTIXY aeY x| EXTIUNOT and TIC ELXOVES TNG ACTEIXAC
xatovouric. T ™ Taybtnta Teplotpogng, yenotwomotooue to mpogih tou Hepvyuot, olugwve pe tny
oVEALGT TTIOL BWOoUUE TPONYOUMEVWS, Yiat TNV aoTteixh Alw, to mpoguh Navarro-Frenk-White (NFW) yia
N oxotev AAw xai evol XETAeplavd TEOGLA Yiol TN UeAavr onn oTo xévipo tou yoholion. Xtn cuvéyela
xenotonolioope 800 BlapopeTinéc TEooEYYIoES Yiot TI¢ cuvapTNotaxés ool Twv Yuviwy A(r) xa O(r).
3 neddTn npocéyylon Yewpolue TV V€om Twv Boy TUAMBLOY Gy €val GTLYULOTUTIO GTO YEOVO uia Slodixactog
xavifohiopol yeta€l yertovixwy yarofiwy. O Sloxog tou aegplov oe auth T neplntworn oy apyxd ud
yowvia oe oyéon e tov d€ova cuuueTplag Tou BapuTtixol BuvauLXoD amd TNV ooTEXT GAe UE OTOTEAEGUO TO
PUUVOUEVO TNG BLopopixic HETETTWONG. Anhadt To duvapixd AoYw un ogatpixic cuppetplog aoxel pomy 6To
bloxo wote auTdHE va YeTaminTel Ye SlapopeTind pultud oe xdde andotaon and To xEVTpo, oYL BlapopeTiXg
oy Otnrac neptotpoPhc. ‘Oume to yeltovixd doy Tuhidia oioxoly Suvdyels ueta&l Toug oL omoleg eaptdvTal and
™ oyenxy toug Yéomn. ‘Etor, yetd and xdmowo ypovixd Sidotnua ev téhel tor oy TuAiBlar euduypoppilovton
peta€d Toug xan Ue évay omd Toug dEovee ouuuetpiog Tou duvauxol. Me Bdon eve oeT TwV SlaPopLrddy
e€loMOEWY OV TEOXVTTOUY Antd TNV ToPATdve Slepyacio xataoxeudoaue 800 SLapopETIXd LOVTEA, EVO EVOC
duvauLxoL ue afiouvuueteio (model A) xan evog tpagovinol (model B). To 600 auta povtéla €yxouy cuvolxd
12 »ou 13 mapapétpous avtiotolyo.

31T GUVEYELD YPNOLLOTOOUUE ol Lot DEVTERY), TEPLOGOTEPO YEVIXELHUEVY], TEOGEYYLOY) OYETIXA UE TN YEWUE-
tplot Tou Bloxov, TapoUOLA UE AUTY TTOU YENOWOTOLELTAL Ao epYUAEld ToL NON UTdpyouy oty BiBAloypadpia.
Ye auth) N yewpetpeix) oOVOEoT UETUED YEITOVIXOY oy TUAOLY emBdAheTon Uéow uedddwy interpolation.
Y 8uf g meplntwon emhé€ayue heleg xuPéc xopumiieg (monotonic cubic splines) ol onoieg xadopilovton
an6 10 onuela 1 xadepla BdoTe 1 YeWPETPlA TOU CUCTARATOS Vo Exel ehcudepla xwvoewy ywplc andToueg
oarhayéc. H apyuad T twv onuelov autdv xadoplotixe enlong and tic xalbtepec AOOEC TV TEOTYOUUEVWY
povtéhwy. ‘Etol dwooue nepiocdtepoug Padpolc ehevldepiag oto povtéro (Model C) wote va evtonioel Aoelg
%xovtd o autéc mou Yewpolue 6Tl mpooeyyilouy xahbtepa TN puowy dadwacio. To wovtého amoteheiton
ané 26 nopopéteous, 20 yio to onuela 0;,A; o€ cUYXEXPIIEVES axXTiVES XAl TIC TOPAUUETEOUE TIOU dQOEOVY TN
XOUTOAY TEPLOTEOPYC.

Ko ot 3 povtéha avalntolye T xoahOTepes TopoéTpous cUYXEVOVTOC TO HOVTEND UE Ta TOPATNENoLOXd
dedoyéva tpoomadwvTac va evionicouye T mdavdtepr posterior Tiwr Toug uéow evég alyopituou Markov
Chain Monte Carlo (MCMC). H posterior xatavour) mou ovalntolye yio TIC TUpUUETPOUS TEOXUTTEL and



N ouoyéTion TNg MUAVOPAVELNC VoL TUPATNENCOVUE TIC TUYOTNTES TWV VEPHY TwV Bedouévey “dedopévou”
Tou exdotote poviehou pall pe tuydv mpwdbotepee (prior) tAnpogoplec oe oyéon Ue TIC TOPUUETEOUS. 2TT
TOGTEPLOP TPOGUECOUE Xal TNV THAVOPAVEL TWV TORUTNPOVUEVLY TOYUTHTWY TEQIOTROPNEC TOU OUBETEQOU
udpoybVOL ot eEwTepLxd pépn Tou yaradio. o Tic mboavopdveles autés yenowponotioope multidimensional
Gaussian xatavouéc eV oL Prior XATUVOPES TwV TopauéTpwy eivan opotoyevelc (uniform) ot nepintwon
Tou dev €youpe xdmota TpwdioTepn TAnpogopia 1| Gaussian yio dTov €YOUUE XAmOL EXTIUNCT PE THLY XoL
o@dhpo. Téroieg unopel vo elvon 1 extipnon yio mopdderypo Te walas Twv Ao TEPLOY, 1) dlacTopd/ TayUTnTe ot
XATOLOL CUYXEXPWIEVT) BETT), XL YEWUETPXES PETPNOELS OE CUYXEXQWIEVEC AMOCTAOELS, TTY AN6 TN MoEATHEN O
e oxdévne. Ta amotehéopota Lo cUUPWVOLY apxeTd xohd Ue tig Tapatneroels Ye e€alpeon 4 teployée, dvo
OTNV TEPLOYT| TOU UXEdTEPOL XeVTELXOD dioxou xau BUo ot andotaon e téEng tou 1kpe.

Ewbiotepa ot xevtpinég meployés, mou Peloxovtal ot anoctacelg 100-300 pe amo 10 x€vTpo, anodelxvioupue
oTt ot anmxAloelc auTég Bev unopoly vo eENynitody Ue TO LOVTEAO T®V oy TUABLOY axOUA XoL AV SOXULACOUUE
%0l DLUPOPETIXESC XUTAVOUES TOU BUVOLXOV X0l TWV YEWUETPXDY YoRUXTNELo TIXGY Toug. Enopévne tpdxetta
yia apto to omolo dev Pploxeton o xuxhiny), 1| oyedov xuxhuxt xivnor. Enlong epdoov Bploxetoan oe ano-
otdoelg peyoritepeg twv 100 pc and TN xevtpwr) uehavn ony), autrh dev umopel va €xel emippon Tdvw ot
duvax Toug, WoTe Vo e€nyelton 1 PeYdAn TayUTNTa Yoo Ty axtiva auty. Ilpdxetton howndy yio aéplo to
onolo eite xwvetal oe onelpoeldr xivnor Tede To xévtpo Tou yahalla elte yia aéplo To onofo €xel emtoryuviet
and xdnolo Tomxd Unyovioud.

Eniong, egetdlovtac ) diéyepon tou aepiou YEow tNg avahoyiag Twv dU0 YRoUUDY 6TO YOEO THpATNROVUE
OTL oL Teployéc auTéC elvan BleYEpUEVEC XdTL TO omolo cuPPWVEl Y ToEATNENOEC Tou Uoptaxol agplou Tou
oMnAemdpd Blono e to midaxa tou yoho&ia, dmwe oo xovTvo yuraiio IC5063. To cevdplo tng akknhenidpa-
one tou aeplov pe tov midoxa oto yohallo NGC6328 yivetonw axdpa mo mdavd eetdlovtac tn YEWUETEIXT
Béomn xon toydTNTY TV e€eTAlOUEVWY VEQPWY OE OYECT) UE TOV dEOVOL TOU oV TOV EMEXTE(VOUUE PéyplL TNV
OmOGTOOY) TOL oG EVOLAPEREL, OTWE QUVETOL GTO Topaxdte ddyeoupa. H extiunon tou axpBoug mpocava-
TOAMOPO6 Tou Tdoxa €yve péow tne olyxplong tou Bépelou hofol mou xateudiveton TEog eUds oe olYXpLoN
pe tov avtiotolyo hofo otnv avtbiopeter diebduvor. Adyw tng oxetuao g xivnong tou miboxa 1 pot|
axtvoBohiog synchrotron oto Bdpeio AoB6 gaivetan woyupdtepn (boosting) oe oyéon pe v avtiotoyn oo
voto. Xenowonowdvtas ta BBAoypapnd padloguwvixd dedopéva utoloyicaue T ywvia yetadd tou midaxo
xou TNe oxtivag mopathenong otic 68 neplnouv polpec.

Télog, e€etdooue TNV €VEpYELM XOL TNV OpUY) TOU AMOLTE(TOL (OOTE VoL EYOUUE TNV OMOELTNTY ETUTEYUVOT
TWY EXPOUBUEVLV VEQLY. Extipwvtoc Tn udla tou aepiou ota 2 X 10° Mg xou T péon toyhTnTa g expoic
Beloxouyue 6L 1 pory paloc eivon epinou 3Me yrt pe xavntind oyl 2 — 7 X 10%0 ergs~lerg/s xon pudud
Tapoyfc opuhc 3 X 10% dyn.

H evépyeio xan 1 oput) elvon 1 pe 2 téd€ng peyédoug yeyohltepn and Ty eVEpYEL TTOU UTOPEL VoL TPOGBWGOUY
o aotépla Yéow mieone oxtivoBolioc B eupéows uéow exphiiewy supernova yenoLloToldVIaS T UEYIOTES
Téc Tou pudPol TapaywYHc aoteptdv (0.8 — 1.8 Mg yr™! ) %ot 10 1060016 acTewic udlac eviéc twv 300
parsec (1.2% tneg ouvoliic wélac). Ty Bl otiyun o evepyde muprivag dev €yel v anapodtntn Woyd GoTe
7 nleon axtvoBohiog Vo UTOPECEL VoL TPOCOMOEL TNV ATAEAiTNTY] OpUT], AXOUA XOL OV YENOLLOTOLACOUKE EVay
TOMNATAAGLAGTIXG TapdryovTal TNE T4ENG Tou 20, amd T0 PEYLETO aELIUO TOMKATADY CXESACEWY TWV PWTOVILY
TIOU EXTEPTOVTAL 06 To TupHva. Me T cuvolixy Loy ¢ Tou Tidaxa va elvon 2 pe 3 tédéne peyédoug peyohltepn
amd TNV XXy Loy tou midoxa xaToAyouue 6Tl 6viwg 1) mo o] antior Tng exporg elvon o mldaxaq.

Me Bdon v mdoavh cuoyEtion Tou Tdaxo Ue TNV LopLoxY) EXEOT, XUAOUUACTE Vol GYONAGOVUE Yid TILO AGYO
o Tdaxac dev eVTONILETOL GTO PABLOPWVIXG GUVEYES TWV TNAECXOTIWY YOG OE AUTES TG anootdoelc. ‘Eva and
o mdovo GEVAPLYL TTOL TIROTEIVOUNE elval 0 TBOXAC YLol XETOLd TTEONYOUKEVY] XPOVIXY OTLYUR Vo NTay EVERYOS
evanodetoviag eVEpyeld oto TepBdhhov Tou yohadio uéyplc 6ToU 1) TEOYOBOGIN OTN XEVTEXY UEAAVY| OTY|
dlaxdTNUEe. L aUTO TO GEVAQLO 1) ONUEPVH) XUTACTAOY Tou Tdaxo efval amOTEAECUN TNG ETMAVEVERYOTOIMONSG
ToU EVG oL dleyepuévee meployée exouy Yuydel opxeta wote vo uny dlaxpivetar 1 padlogwvixy) extouny. O
xeovoc Pu&nc yior TNy meploy) TV exponv eivan ota 150 kyr to omnolo eivon cupfBato pe T yeovixh xhipaxo
e Lone v expowv 1 onota extydtor ota 200-700 kyr. To debtepo cevdpio mepthopfdver 1 napousia
Tou midoxa oe axtiveg moAD ueyolltepeg and TtV mapatneoluevn axtiva 1 omolo Gume dev elvon eupavic
AOY® TG OYETLAOTXNE TayOTNTAC ToL 1) ool eVicy Vel TNV axTvoBoiio xata T Siedduvor tou midoxa xan



NV UELOVEL Xd¥EToL O oUTNV. LE UTO TO CEVEpLO O TBUXOEC OTo TEWTA parsec dev €yel euduypopoTel
OPXETE WOTE TO Qouvouevo va Talel ouctaotxnd pdho. ‘Ouwe ot cuvéyela To gorvopevo yiveton 10000 opég
oY VPOTEPO MOTE Vo XpUPEL TNV EXTOUT GTO padloPuVXd @doua. Kata tny alinienidpaon tou midoxa pe
70 QuTOVIXS TEdlo péow Tou aVTIoTEPOPOU UNYaVIoUOU OUTTOV Umopel va eEnyNoEL XaL TN TAUPATNEOUUEVT,
exteTopévn axtivoPBola X, xou to dieyepuévo Uepud poplaxd aplo oAlo xoL TS EVOLUPECOUCES TEQLOYES
e€wiev Tou xevtpol dloxou nou onueioope Ttponyouuéves. Agilel va onueiwdel 61t o NGC6328 dev ewvon
0 povadixdg yoho€iog 6Tou TopaTNEOVUE HoplaxoUs avERoUS AoYw ahknhenidpaong Tou aeplou e Tov midaxa
o omolog dev elvon TopaTNENoWOC. Duyxexpléva avtiotolya @avoueva €youv mapatnendel otougc NGC1377,
4C 31.04, ESO 420-G13.

Me yiot TeooeXTIXOTERT HEAETY] TWY XATAYEYPOHUUEVLY LOPLOIXWY avEUWY OTwe exouy dnuoacteudel ot Bilo-
yeapla extiuioope ) miovdTnTa vor uTdpyouy teplocdTepoL Yohodieg dTou ol Tidaxeg exouv utoTunlel coy
onuavTixdc unyaviowds. Ano toug 45 yohalleg twv Fluetsch et al. 2019 extiurioaye ot neplnov otoug wicoug
o nidoxag elvar, evepyeloxd xavog ahhd xol 1) YEWUETEIA TV avEUwY TéTold woTe va Yewpniel cov amo toug
TIOVOTEPOUC UNYAVIOUOUS THPAYWY NG AUTWY TV avéuwy. To mopandve anoteAéopota dNUocIEDTNXAY OTIG
Papachristou et al. 2021, 2023.
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Black hole discoveries and their spectroscopic spatial resolutions. From Kormendy and Ho 2013.
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Black hole mass and stellar dispersion relation of local galaxies with direct black hole mass
measurements (data from Woo et al. 2013, image from Heckman and Best 2014) . . . . . .. ..
SDSS galaxies distribution on the plane of stellar mass versus specific star-formation rate (star
formation over stellar mass). The grayscale indicates the volume-weighted distribution of all
galaxies, with each lighter color band indicating a factor of two increase. The distribution shows a
bimodality between a main sequence of star-forming galaxies and a red sequence of quenched
galaxies. The blue and red contours display the distribution of high and low eddington fraction,

Star formation quenching observation in comparison with cosmic simulation which incorporate
or not, AGN feedback(Dubois et al. 2016) . . . . . . . . . . . . .. .

Left: The observed galaxy stellar mass function and its comparison from recent large-scale
cosmological simulations (which include stellar and AGN feedback). The dashed line shows
the hypothetical galaxy mass function assuming the cosmic baryon fraction (from Naab and
Ostriker 2017). Right: Galaxy stellar mass functions (solid lines) and Dark matter halo mass
functions (dotted) and corresponding galaxy stellar mass functions for the Horizon-AGN (black)
and Horizon-noAGN (light grey) cosmic simulations. The blue shaded area represents the
observations from (Gonzalez et al. 2011; Bielby et al. 2014; Daddi et al. 2002; Bernardi et al. 2013;
Moustakas et al. 2013; Tomczak et al. 2014; Song et al. 2016; Davidzon et al. 2017). From Beckmann
etal. 2017. . ..o

Grand-scale structure formation (bottom) and gas temperature (top) from the horizon cosmic
simulations (Dubois et al. 2014). In the gas temperature we show the difference in gas tmperature
and structure if the simulation uses AGN feedback (top right) or not (top left). Image from Dubois
etal. 2016 . . . . e

IC5063 jet and ISM interaction. The contours in panel A represent the radio emission, while in
panels B and C the ionized gas Fell. The shaded area in panel C indicates the regions where at
least 10% of the gas (in molecular or atomic phase) is outflowing. In the panel D is a echmatic
repreasentation of the jet-ISM interaction. From Dasyraetal. 2016. . . . ... ... ... ... ..

The interaction of the radio jet from the MS0735.6+7421 cluster central galaxy with the intra-cluster
gas (McNamara et al. 2009). The image scale is 700 kpc. In "maintenance mode" feedback jets
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Left: Observed integrated position velocity plot of the molecular gas in IC5063 from Morganti
et al. 2015. The dispersion of the gas indicates the outflows. Right: Simulated position velocity
plot of 10* erg s~ jet impacted molecular gas for IC5063(Mukherjee et al. 2018). . . . . . . . . .

At the top of the figure are the operational ALMA Bands frequency windows and rest frame
frequencies of the CO lines up to CO 4 — 3. Directly below we plot the redshift windows where
we can observe them due to redshift. At bottom we plot the number of ARC observations per band
Comparison of CO-ARC cumulative flux distribution with several radio surveys flux limited at
the minimum flux of CO-ARC for the specific frequency. . . . .. ... ... ... .. ......
Panel A: NVSS and NVSS with redshift (NVSS-Z) radio flux distributions and a random sample
of N = 80 simulated dlux distributions based on the procedure we describe in the text. For all
distributions we force a flux limit at 0.4 Jy Panel B: Distribution of the d-statistic of the simulated
datasets with NVSS-Z. . . . . . . . ..
Behavior of the distribution of D-statistic for different sub-sample sizes N. The central line
represents the median value of the D-statistic distribution and the highlighted area the +10. When
the size of S is relative small we expect that the random noise will have a bigger impact on the
distance between the two distributions. . . . .. ... ... Lo oL oo Lo L
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Sample selection algorithm and final sample candidates. . . . . ... ... ... ... ......
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Luminosity functions (LF) for 0.005 < z < 0.3 in the left panel and for 1 < z < 2.5 in the right
panel. In the local universe, the LF of our CO-selected Radio Galaxies (RGs) is 2-4 orders of
magnitude lower than that of main sequence galaxies and star-forming or starburst AGNs, yet it
aligns with the LF of AGN types 1 and 2. For the higher redshift range, the LF of RGs is notably
lower than model predictions, attributable to the smaller observed population. A correction factor,
derived from comparing the radio LF of our sample with the NVSS and UGS galaxy samples,
has been applied, resulting in the addition of new, corrected data points to the LF, shown with
triangles. . . ... L
Molecular mass as a function of redshift compared with the semi-empirical predictions for two
different dark matter halo masses of My;; = 10" Mg and My, = 10* M, from Popping et al. 2015
Molecular gas density evolution with redshift. The filled circles show the derived densities which
are decreasing due to the Malmquist bias. The filled triangles show the corrected values after
applying the 1.4 GHz LF correction. The blue lines represent the predictions from the SPRITZ
simulation (Bisigello et al. 2021) for the total AGN and AGN dominated (AGN type 1 and 2)
populations. . . . ...

Grand view of NGC6328. Left: Grand-scale (~ 16 kpc) Hubble Space Telescope (WFPC2, F606W
band) image (obtained from Wikimedia). Right and top: (~ 30 kpc) UV image (UVM2) from Swift.
Right and bottom: IR image at the same scale (from DSS2) . . . .. ... .............
The jet-ISM "dentist drill" interaction of the FFA model by Bicknell et al. 1997. The radiation from
the shock photoionizes the ISM clouds which absorb the radio emission at GHz frequencies. . .
Left: The bipolar structure of the young radio source PKS1718-649 as observed from VLBI. The
colors represent the spectral index between 8.4 GHz and 22.3 GHz Angioni et al. 2019. Right:
Radio spectrum of PKS1718 as observed from ATCA in three epochs of observations (2012 and
2013) and the best fit lines of FFA and SSA models (Tingay etal. 2015). . .. .. ... ... ...
MHD simulations of a young jet interacting with the ISM successfully reproducing the GHz peak
in the radio spectrum of peaked sources. Reproduced from (Bicknell et al. 2018). . . . ... ..
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Difference map between the hard (1.5-10 keV) and soft (0.3-1.5 keV) X-rays Positive pixels (blue)
depict a hard excess, negative pixels (red) a soft excess (from Beuchert et al. 2018). The black
contours represent the warm hydrogen emission (Hy 1-0 S(1) [2.12 um]) from Maccagni et al.
2016a. In the background we added the HST image as an indicator of scale and position. The pink
line represents the position angle of thejet . . .. ... ... ... ... .. .. ... .. ...

HI emission map. Left: HI intensity map (black contours) on top of I band DSS image. Right:
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Introduction

1.1 Super massive black holes

Approximately a century ago, when Karl Schwarzschild first described a
solution to Einstein’s general theory of relativity for a black hole (BH)
(Schwarzschild 1999) a point of infinite density encapsulated within
a cosmic event horizon, physicists became captivated by these objects
as potential sources of insight into the fundamental properties of the
universe. While the inherent properties and mechanism of black holes
are captivating, this study will concentrate solely on the influence they
exert on their galactic surroundings and overall galactic evolution.

Black holes appear in two distinct categories. The first category comprises
stellar black holes, with masses ranging from 5 to several tens of solar
masses. These black holes originate from the gravitational collapse of
massive stars. The second category includes supermassive black holes
(SMBH), which have masses greater than 10° M. The origin of these
SMBH remains uncertain. The focus in this work is on SMBH, which
typically inhabit central regions of galaxies, as will be discussed later in
this section.

We can calculate the sphere of influence, the radius within which a SMBH
with mass M, significantly alters the motion of stars in a stellar population,
counteracting their regular orbits due to the galaxy’s gravitational pull.
This is given by the formula:

. o -2
11
108Mo ) (200 km s~! ) a1

Tinfl = G% x 10.8pc(
Here, o represents the velocity dispersion of the stellar population
and G is the gravitational constant (Merritt 2003). Consequently, stars
within this sphere would exhibit higher orbital velocities leading to
an increased velocity dispersion for that specific stellar group. This
observable phenomenon has provided direct evidence for the existence
of supermassive black holes in the nuclear regions of elliptical galaxies
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Figure 1.1: Black hole discoveries and
their spectroscopic spatial resolutions.
From Kormendy and Ho 2013.



2 1 Introduction

Figure 1.2: The bright Quasar 3C273
from Hubble’s Wide Field and Planetary
Camera 2. Quasar large-scale jet (61 kpc)
is also visible in the top left of the image.

Figure 1.3: [llustration of the AGN dust
reverberation mapping method.

((Wolfe and Burbidge 1970). Over time, as our spectroscopic spatial
resolution improved, allowing us to discern distances smaller than 7ing,
we have been able to detect a growing number of SMBH in our local
universe.

1.2 Active galactic cores

The development of high-resolution telescopes and adaptive optics
allowed researchers to observe also the direct influence of SMBHs on
the orbits of individual stars at the center of the Milky Way galaxy
(Figure 1.1). This breakthrough led to the discovery of Sagittarius A*, a
SMBH identified by Ghez et al. (2008) and Genzel et al. (2010). Their
independent analyses of the region of interest earned them the Nobel
Prize in 2020, which they shared with Penrose, who had made significant
contributions in theory of black holes (Penrose 1965).

However, even before these direct observations of gravitational attraction,
other pieces of evidence had already emerged that hinted at the presence
and influence of these cosmic giants.

The optical star-like counterpart of the bright radio source 3C 273 was
detected, which exhibited redshifted emission lines of cosmological scale
(z = 0.158) (Schmidt 1963). According to current cosmology, the estimated
luminosity distance is approximately 750 Mpc (Uchiyama et al. 2006).
At this distance, its apparent magnitude of 12.9 (V) corresponds to an
absolute magnitude of —26.5, indicating an intrinsic luminosity of around
~ 3%10'? Ly or 1.7x10% erg s~!. This discovery of 3C 273 marked the first
identification of similar sources now known as Quasars. Quasars exhibit
not only immense power but also rapid variability (67 ~ days). Assuming
that this variability is caused by the same cause (the method shown
in Figure 1.3), it implies that the power source is emitted from a small
region of space (r ~ c6t ~ 10> AU). These extragalactic observations
across the sky strongly suggest the existence of a compact source capable
of producing extreme power to account for the observed scales and
luminosities.

Quasars and radioloud galaxies are subclasses of objects that we now
refer to as Active Galactic Nuclei (AGN). AGN’s are compact regions
at the center of massive galaxies that are powered by the SMBH as
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they accrete matter. If we assume a constant accretion rate M of matter
from infinity towards the SMBH the loss of potential energy rate that is

converted to radiationis L = GSA_'M , where 7min is the minimum distance

from the SMBH it will reach. In this relation it is obvious the unique
property of black holes, that they can provide the maximum possible
value of the linear density A = % Using #min the Schwarzschild radius

rs = % we calculate A4 ~ % =101 % while a Milky Way-like galaxy

has Ay ~ 10° M—f and a solar-like stellar object A ~ 108 M—? This means
that a BH is the most efficient engine we know. We can estimate this
radiative efficiency ) by comparing it with the maximum radiative energy

Mc?, so

L
1= = 0060042 1.2)

depending on the BH spin (Kerr 1963; Shapiro et al. 1983; Marconi et al.
2004; Merloni et al. 2004) and the accretion process*. Based on this we
can estimate that with an accretion rate of 1 Mg yr™!, a small amount in
galaxy scales’ can provide the luminosity needed to outshine a whole
galaxy.

However, the accretion rate of a Supermassive Black Hole (SMBH) cannot
indefinitely increase due to the imposition of an upper limit on the lumi-
nosity that this process can generate. This constraint is attributed to the
Eddington luminosity, the maximum luminosity achievable by a celestial
body, such as a star or black hole, when equilibrium is reached between
the outward radiation force and the inward gravitational force. The
theoretical value for this critical luminosity, considering only Compton
scattering for a fully ionized plasma, is expressed as:

dncGMum
Lgqq = O—TM ~ 1.5 x 10%* (

-1
1M ) ergs (1.4)

where G is the gravitational constant, M is the mass of the SMBH, p is
the mean molecular weight, ot is the Thomson cross section, and mp is
the mass of the proton. Observational evidence, mostly from the local
universe, shows that AGN obey this limit; however, we must note that
there solutions which allow super-Eddington accretion (Abramowicz
et al. 1980). This luminosity corresponds to an accretion rate of

Megq =

1 [01.71]_1 [ n

~18|— Mo yr ! 15
nc? 10° Mg ] oyr (1.5)
where 1) is the radiative efficiency of the flowing material.

As mentioned above, quasars form a specific subclass within the broader
category of AGNs. The traditional framework for understanding AGNs

* For example if the gas accretes up to the innermost stable circular orbit (isco) of a
non-rotating BH r1sco = 6GC—2/I thenn = %; 0.17
* The gas mass local to SMBH is Mg ~ i Gg " where fg is the gas fraction and ¢ the local

stellar velocity dispersion. If this is destabilized, it would fall into a dynamical timescale
of Tgyn ~ %, giving an accretion rate of

. Mg fc a 5 -1
M ~ 26 —304 | LS [—] M 13
¢ Tagm [0.16] 200kms-11 0" @3)

Of course this is a overestimated value, as the gas will likely accrete with much lower
rates through a disk structure in timescales dictated by viscosity.

1.2 Active galactic cores
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4 1 Introduction

Figure 1.4: The AGN unification scheme
from Thorne et al. 2022. Apart from dif-
ferent viewing angles, several different
intrinsic properties make up the total
AGN zoo. The top-bottom distinction de-
scribes the dominance or not of a radio
jet, while the left-right is the difference
between high and low excitation radio
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has been the unification paradigm, which suggests that AGNs can mani-
fest themselves as various observed phenomena, originally interpreted
as different classes. According to this model, these classes were differenti-
ated mainly because of the varying viewing angles between the observer
and the accretion disk surrounding the central supermassive black hole
(SMBH). Simply put, the unification theory posited that Type 1 and Type
2 AGNs were essentially the same astronomical objects viewed from
different perspectives. A dusty, toroidal structure, often referred to as the
"dusty torus’, around the SMBH obscures the inner accretion disk and
the broad-line region (BLR) when viewed from certain angles, thereby
classifying the object as a Type 2 AGN. On the contrary, when the BLR is
visible, the object is classified as a Type 1 AGN. However, more recent
studies (Hardcastle et al. 2007; Best and Heckman 2012; Heckman and
Best 2014; Hardcastle 2018) have proposed a nuanced understanding,
arguing for two fundamentally different types of AGN based on the
accretion efficiency of their SMBHs. Radiative-mode AGNs (also known
as quasar-mode or cold-mode, characterized by high radiative efficiency)
and jet-mode AGNs (also referred to as radio-mode, marked by low
radiative efficiency).

1.2.1 Radiative mode AGN

In radiative-mode AGNs, radiation is the primary mode of energy
release, facilitated by the radiatively efficient, slow accretion of matter
in the SMBH. When the Eddington-scaled accretion rates are moderate
(ri1 = 0.01 — 1), the accretion flow forms a geometrically thin, yet optically



thick structure, reaching the innermost stable orbit of the SMBH (Shakura
and Sunyaev 1973). This configuration allows the gas to radiate efficiently
as a blackbody, with efficiency increasing along with black hole spin
(0.05 < 11 £ 0.3) (Novikov and Thorne 1973; Frank et al. 2002).

1.2.2 Radio-mode AGN and Jets

At very low Eddington-scaled accretion rates (1i1 = L/Lgqq < 10'2), the
material forms a hot, ionized, optically thin and geometrically thick
plasma (Esin et al. 1997; Esin et al. 1998). In this regime, the radiatively
inefficient disk retains more energy, leading to the development of a
two-temperature, advection-dominated accretion flow (ADAF) (Narayan
and Yi 1995; Fender et al. 2004; Done et al. 2007). Here, ions provide the
pressure at temperatures around ~ 10'? K, while electrons primarily emit
radiation at ~ 10°7!! K (Ichimaru 1977; Narayan and Yi 1994; Narayan
and Yi 1995; Abramowicz et al. 1995). Characterized by their extended
structures, ADAFs resemble a hot corona rather than a traditional disk
and are generally less luminous compared to standard accretion disks,
with most of the energy channeled into the SMBH.

A similar scenario can occur in super-Eddington accretion flows (ri1 > 1),
where the increased mass flow results in a denser and thicker disk,
making it optically thick but radiatively inefficient.

Bipolar magnetic fields, dragged by the thermal and ram pressures of
the accreting gas, approach the vicinity of the SMBH’s event horizon,
becoming threaded onto it. At a certain radius, the magnetic pressure
(Fp ~ B?/87) truncates the accretion disk, directing the gas flow along the
magnetic field lines. This magnetically arrested disk (MAD) phenomenon
was proposed by Bisnovatyi-Kogan and Ruzmaikin 1974 and has been
demonstrated in general relativistic magnetohydrodynamic (GRMHD)
simulations (Tchekhovskoy et al. 2011; Tchekhovskoy et al. 2012; McKinney
et al. 2012).

The interplay between a strong magnetic field and rotation results in
the launching of a relativistic jet. Two mechanisms have been proposed

a Radiative-mode AGN b Jet-mode AGN
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Figure 1.5: The two different AGN modes
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6 1 Introduction

Figure 1.6: Evolution of a magnetically-
arrested disk (MAD) around a spinning
BH. The colour reprsents the logarithm
of gas density, taken from Tchekhovskoy
etal. 2011
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for this phenomenon. Blandford and Payne 1982 suggested that jets
are accelerated and collimated by magnetic fields originating from
the rotating accretion disk. Alternatively, Blandford and Znajek 1977
proposed that jets are powered by the rotational energy of the spinning
black hole, which interacts with the magnetic fields connected to the
accretion disk. This second mechanism can utilize a large amount of
energy, even during low accretion periods, often resulting in the formation
of strong and highly relativistic jets.

The observed radio emission predominantly originates from jets and
the lobes they inflate, characterized by synchrotron radiation emitted by
relativistic electrons in regions of strong magnetic fields.

1.3 Feedback Mechanisms

Previously, we discussed the efficiency and capability of AGNs to radiate
vast amounts of energy. A natural question arises: can this energy impact
or influence the rest of the galaxy?

To put this into perspective, consider that the total accretion energy of a
10° My SMBH is approximately ~ 2 X 10°% erg. Meanwhile, the binding
energy of the stellar bulge of an entire galaxy, characterized by mass
Mpulge and velocity dispersion o., is given by:

bulge O
Eouige = Muuige0? =2 10™ [ 1011 M@] [300 km 5‘1] erg  (16)

Hence, given a sufficient coupling efficiency 1 = 0.005 — 0.01, between
the energy output of the AGN and its surrounding environment, the
AGN has the ability to significantly impact its environment.

Feedback processes generally manifest in two primary forms: first,
through wide-angle winds originating from the vicinity of the AGN,
induced by radiation, and second, through jets, which also produce
winds but result from the mechanical injection of energy. These winds
interact with the local Interstellar Medium (ISM), comprising neutral and
molecular gas, and dust. Particularly, the interaction with molecular gas,
a crucial ingredient for star formation, can induce turbulence and heat
or, if the outflow velocity surpasses the escape velocity, eject the gas out
of the galaxy. Such mechanisms can significantly regulate star formation
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within the host galaxy*. Understanding this feedback mechanism is vital,
as it reveals the intricate dynamics between the SMBH and its host galaxy
and sheds light on the galaxy’s overall evolutionary trajectory.

In the following sections, we will explore the various ways through
which AGN can interact with their environment and assess whether
observational evidence supports these theoretical interactions.

1.3.1 Feedback through radiative driven winds

In the radiative feedback mechanism, the accretion disk around the
SMBH emits photons that instigate relativistic winds as we will show
later. These winds can provide the needed coupling between the AGN
and the Interstellar Medium (ISM). This interaction can be described via
momentum conservation as:

. L
MyVy = Ty AGN

where M, and V,, are the mass outflow rate and velocity of the wind and
Ty denotes the average number of photon scatters on the wind plasma
(optical depth). If we assume that the accretion rate is close to Eddington,

1it ~ 1 then .
Tw = 77_1 ﬁ Mw
¢ | | Mgaq

¥ Why we consider only the winds-ISM interaction? The dynamic pressure of the wind
with a density of py and velocity Vi is Py ~ pw Vz%. We can compare the impact of
this wind on different objects, such as a solar-like star and a typical gas cloud, by
considering the acceleration it can provide. The acceleration of an object under the
influence of wind is given by the total force exerted on the object, which can be expressed
as a = (Py X A)/M, where A is its cross section and M is its mass. If we assume that
the Sun’s cross section is a sphere with a radius equal to that of the heliopause, we get
Ao =~ (120AU)? = 3.4 x 107/ pcz, Taking into account the radius and mass of the gas
cloud as Rg ~ 50pc and Mg = 5 x 10* Mg respectively, we find that the influence of
wind on a star-like system is much weaker than on a gas cloud (Z—g ~7x107%).
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Figure 1.7: Momentum end energy
driven fast winds and outflows. From
Zubovas and King 2012
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For 7, ~ 1, the outflow velocity is

Vo =1 A;ddc

w

This implies that wind velocities are approximately in the order of 0.1c.
Under these assumptions, the energy rate of the wind is

S V2 Lpaa Ve
By = My o 2Bdd T Ty~ 0.05 Lpag (17)
2 "¢ 2 2

and the momentum rate

. . L
Py = My Vg ~ % (1.8)

The fast wind acts as a highly supersonic piston, so it develops a forward
shock (ISM shock at radius rs) and a reverse shock (wind shock at radius
rsw) in front and back of the contact discontinuity (r¢) with the ISM. The
swept outflowing gas at the contact discontinuity r¢ follows the equation
of motion

d ] GM,(7)[Me + M(7)]
7 [Mg(r)i] + —2 > = 47r2P (1.9)
202r . . 2fg627
where M(r) = o the mass contained up to radius r, Mg(r) = — the

mass of the swept gas, f¢ is the gas fraction, ¢ the dispersion of the local
stellar velocity and P the pressure exerted by the wind. The pressure
term and the nature of the developed outflow strongly depend on the
cooling timescale of the gas. Assuming monatomic gas with y = 5/3 and
strong shock conditions (Mach number »1) the Rankine-Hugonoit jump
conditions predict the shock gas temperature of

3 2
T (Vi) = momp V3, ~12x10°K [ 55| [Xihc]

The dominant mechanism of cooling at these temperatures is inverse
Compton scattering. If the cooling timescale ¢ is much shorter than
the flow time (ffow ~ %) (momentum-driven outflow) the shocked
region radiates away the kinetic energy and compresses to a high density,
interacting with the ISM through its ram pressure. In this case, the ram
pressure is 47tr2P =~ L‘iﬂ Solving the equation 1.7 for large r tends to a
constant expanding velocity of

M GM
22 V2=-202[1-—] - ° 1.1
itxVi= 20t 1o ot | - = (110)
where we defined
fSK 4 8 fg o 4
M, = —"—=0"=32x%x10°|—=— [—] M 1.11
ey 016 | l200kmst| Me (1D

If the launching speed is larger than the escape velocity of the SMBH
the last term can be neglected. This means that the AGN supports a
momentum-driven expansion only under the condition of Me > M,.



On the other hand, if 001 > taow the wind adiabatically expands as
hot bubble (energy-driven outflow). In this case the expanding bubble
creates a "snowplow" effect on the ISM, where the pressure is obtained
from the energy equation

d(PV . GM,(r)M(r
dPY) o - pr - EMEIME),

E=0r-1 dt 2 F r2

(1.12)
Solving this equation together with equation of motion results into a new
expanding velocity

o ]2/3 _1

'zvf_~9z5[— k 113
P Ve 200km -1 ms (113)

where we have assumed that V, > o.

1.3.2 Feedback through jets

Earlier, we delved into the characteristics of radio-dominated AGN.
In these systems, the accretion is radiatively inefficient, complicating
the direct coupling with the ISM and the initiation of strong winds.
Nevertheless, the amalgamation of strong magnetic fields and the rapid
rotation of both the SMBH and the accretion disk can launch relativistic
collimated winds, known as jets.

The power of a jet can be estimated using the Blandford-Znajek jet launch
model. In this model, a large-scale poloidal magnetic field passes through
the ergosphere and gets "anchored" in the horizon of the SMBH. The fast
rotation creates a toroidal electric field and thus a Poynting flux in the
direction of the angular velocity of the disk-SMBH system. The angular
frequency of the SMBH horizon is

ac
Op=— 114

e g (114)

where o = L{] = = GC I{/.IE is the dimensionless spin parameter, ], the SMBH

angular momentum, 7y = GM,/c? is the black hole gravitational radius,
Jmax = M.rgc and rg = re (1 + V1 - az) the horizon radius. As the

magnetic field lines rotate and expand radially, there is a radius (named
light cylinder radius, r1c) at which their rotational velocity reaches the

speed of light.

c
= — 1.15
rc o (L15)

where Qr =~ 0.5 Qp (Blandford and Znajek 1977; Tchekhovskoy et al.
2010). The Poynting flux from the LC area is

V02,

_— 1.16
16m2c (1.16)

c
P~ 4nrﬁc 4—(E X B), ~ cEgB(Pr%C =
T
where @, is the magnetic flux passing through the black hole horizon.
In the MAD scenario the magnetic flux can be estimated from the
equilibrium between the gravity force and the magnetic pressure,

32><4 , GM,panr?
— Xdnrt = —————

87 3r2 117)
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Figure 1.8: Simulation of jet-ISM interac-
tion. The jet power is 10* ergs™'. From
Mukbherjee et al. 2016.
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NI

-1 . —
B~10°G | e M
108 Mo ZMQ yr‘l

where v, is the radial velocity of the gas (which tends to the speed
of light at the SMBH horizon), M is the mass flow and we have used
r = rg = GM,/c?. With this we can estimate the magnetic flux as

]

(1.19)

NI=

_1 . —_
M, M
®, ~ B X 47r2 ~ 8.6 X 10> Gcm?
3 108 Mg ZMQ yr‘l

Using this estimation to expression 1.16 we get

Ejet ~1.6x10% erg 57!

a M, 2 M ! v, 17!

1+ m] 108M®] [ZM@yr‘l} [ c ]
(1.20)
where we have used a4 = 1 (maximum black hole spin) for the numerical
estimation. Comparing this maximum estimation with the total accretion
power (Mc?) discussed in the previous section, we see that it exceeds

it by at least one order of magnitude. This is possible as the jet power
comes directly from the SMBH spin and not the mass accretion.

The impact of relativistic jets as a form of AGN feedback is primarily
conceptualized through two mechanisms. The first, often termed "main-
tenance mode" feedback, delves into the capability of jets to excavate
kpc-scale lobes in the intergalactic medium (IGM), thereby heating the
gas and preventing it from cooling and gravitating toward the galactic
core (Fabian 2012; McNamara and Nulsen 2012).

On the other hand, hydrodynamical simulations illustrate a different



scenario at the galactic scale within the interstellar medium (ISM). They
demonstrate that jets can efficiently transfer energy to dense matter
in their path through the ISM, generating shock waves, exerting ram
pressure, and inducing turbulence (Wagner and Bicknell 2011; Wagner
et al. 2012; Mukherjee et al. 2016; Mukherjee et al. 2018; Talbot et al.
2022). These simulations have shown that the influence of a jet on its
surrounding gas is strongly sensitive to several factors, notably its power,
its directional orientation relative to the gas disk, and the clumpiness
of the disk. High-power jets, with an energy output of approximately
10% erg s~!, possess the ability to penetrate the ISM and reach intergalactic
space much faster compared to lower-power jets (10*3 erg s™!). The latter,
due to their prolonged interaction within a dense environment, tend
to remain embedded, creating high pressure regions that significantly
disturb the ISM (Talbot et al. 2022; Mukherjee et al. 2016). Similarly, if the
jet is oriented perpendicularly to the disk, it will have a minimal effect
on the ISM and will escape faster into the IGM.

1.3.3 Starbursts outflows

In this work we are exclusively focusing on the galactic feedback mech-
anisms powered by the AGN. However, we must note here that stellar
feedback is also an efficient way for a galaxy to regulate its growth. As
galaxies grow and consume large proportion of gas producing stars,
some of them turn to supernovae injecting huge amounts of energy into
the ISM. Assuming the stellar initial mass function (IMF) from Kroupa
(2001),

ok (22 -1.3£03 ,0.07 <m <0.5, 121
m) = - - ’
star [(0_057) 1.310‘3] (Om_S) 2.3+0.36 ’0'5 < m < 150. )

we can compute the relative population of supernovae prone stars
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Figure 1.9: Messier 82 starburst galaxy
imaged from Hubble Space Tele-
scope.http://www.spacetelescope.
org/images/heic0604a/

Initial mass function is an empirical func-
tion that describes the initial distribution
of stellar during star formation


http://www.spacetelescope.org/images/heic0604a/
http://www.spacetelescope.org/images/heic0604a/
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Figure 1.10: Black hole mass and stellar
dispersion relation of local galaxies with
direct black hole mass measurements
(data from Woo et al. 2013, image from
Heckman and Best 2014)

(> 8 Mg to the total stellar mass by integrating the mass function

M /;(f’fé(m)d
M8 /8150 5( )d

This means that for every 168.5 Mg of stellar mass produced there is one
supernovae. Thus, the power injected by a starburst is

=168.5 (1.22)

Esn
05l erg

Esn ~ 1.8 X 10% ergs™ [1 (1.23)

M
10Mg yr! ]
where we used the standard SN energy output of 10°! erg and the star
formation rate of the archetype starburst galaxy Messier 82 for the
numerical approximation. Using the same analogy for a total stellar mass
of 10! M, we get a total energy of 6 X 10* erg similar to the total bulge
binding energy (1.6). This means that to significantly influence the ISM,

SN needs an extreme coupling efficiency. However, these estimates are
based on very crude approximations with great uncertainties.

1.4 Observation evidences of feedback

In the previous section, we provided a theoretical framework illustrating
how an AGN can play a pivotal role in galaxy evolution. In this section,
we shift our focus to observational studies that yield either indirect or
direct evidence of the effects of AGN feedback. Such evidences are the the
observed correlation between the black hole masses with their host mass,
the observed declination of star formation and in elliptical galaxies and
the discreprancy in the luminosity function between the observations
and the prediction of current cosmological models.

1.4.1 M-sigma relation
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The M-sigma relation is a well-established empirical relationship between
the mass of the SMBH at the center of a galaxy and the velocity dispersion
of the stars in the galaxy’s bulge.

Mgy S [ o ]“
~3x10° | —
Mo 200kms!

(1.24)

where a = 4.4 £ 0.3. This relation suggests that there is a close link
between the growth of the SMBH and the evolution of its host galaxy,
implying a co-evolution. As the black hole grows from the inflow of
the gas reservoir of the galaxy it interacts with the host gas regulating
its growth, and the stellar population evolved from the same reservoir.
This interpretation can be further argued from the momentum driven
wind expansion condition in equation 1.10. In order for the AGN to
support a momentum-driven expansion the SMBH mass must larger

than M, = 3.2 10° | 5| [ s
the M-o relation 1.24. This agreement suggests that as long as SMBH
mass remains bellow this threshold the wind outflow shell cannot expand
to galactic scales, as the wind power is not enough to win the bulge
potential. However, when the SMBH mass grows above M,;, the growth
of the SMBH halts and a rapidly momentum driven wind expands into

the galactic medium.

]4 Mo which is remarkably close to

1.4.2 Quenching of star formation
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Quenching refers to the phenomenon where in the star formation activity
in a galaxy ceases or diminishes significantly. Initial evidence of star
formation quenching was gleaned through tracking the star formation
rate across cosmic epochs. This endeavor was carried out through surveys
spanning radio, infrared (IR), ultraviolet (UV) wavelengths, and specific
emission lines (He, OII, Lya). These surveys encapsulate a substantial
span of cosmic history, reaching up to redshift 8, revealing a rising phase
in star formation rates for 3 < z < 8, peaking around z = 2 when

Figure 1.11: SDSS galaxies distribution
on the plane of stellar mass versus spe-
cific star-formation rate (star formation
over stellar mass). The grayscale indi-
cates the volume-weighted distribution
of all galaxies, with each lighter color
band indicating a factor of two increase.
The distribution shows a bimodality be-
tween a main sequence of star-forming
galaxies and a red sequence of quenched
galaxies. The blue and red contours dis-
play the distribution of high and low
eddington fraction, representing radia-
tive and jet mode agns respectively.
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Figure 1.12: Star formation quenching ob-
servation in comparison with cosmic sim-
ulation which incorporate or not, AGN
feedback(Dubois et al. 2016)

the universe was 3.5 Gyr old, subsequently followed by a descent to
present-day local values (Madau and Dickinson 2014).

Another indication of quenching is the bimodality in the color-magnitude
correlation of galaxies (Strateva et al. 2001; Baldry et al. 2004). Mergers
between spiral galaxies and classical bulges and ellipticals (Toomre and
Toomre 1972; Toomre 1977; Schweizer et al. 1990) can result in the latter
being gas-poor and "red and dead", suggesting that something connected
with mergers is removing gas and rapidly quenching star formation.
AGN feedback has been blamed for this(Springel et al. 2005; Schawinski
et al. 2007) as evidenced by the close association of high-luminosity
AGNs with post-starburst stellar populations (Kauffmann et al. 2003) and
the detection of fast (> 10° km s™!) outflows in post-starburst systems
(Tremonti et al. 2007).

0.100 ¢
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0.010}

sSFR
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1.4.3 Luminosity Function

The luminosity function (LF) provides a statistical measure of the distri-
bution of luminosities amongst galaxies, thereby serving as a critical tool
for inferring the underlying physics governing galaxy evolution. The dis-
crepancies observed between the empirical luminosity function and the
theoretically predicted mass function of dark matter halos, particularly
at the high-mass and low-mass ends, highlight the presence of feedback
mechanisms that modulate galaxy formation and evolution. It has been
posited that feedback from AGN, notably the radio-mode feedback, sig-
nificantly contributes to this observed deviation by mitigating the cooling
of hot halo gas (Sakelliou et al. 2002; Peterson et al. 2003; Benson et al.
2003; Croton et al. 2006). This mode of feedback is especially effective
in quenching star formation in massive galaxies, thus explaining the
sharp downturn in the galaxy LF at high masses. On the other end of the
mass spectrum, other feedback mechanisms, such as supernova feedback,
become more dominant in regulating star formation, as reflected in the
steep decline in the LF at low masses (where gravitational potential wells
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Figure 1.13: Left: The observed galaxy stellar mass function and its comparison from recent large-scale cosmological simulations (which
include stellar and AGN feedback). The dashed line shows the hypothetical galaxy mass function assuming the cosmic baryon fraction
(from Naab and Ostriker 2017). Right: Galaxy stellar mass functions (solid lines) and Dark matter halo mass functions (dotted) and
corresponding galaxy stellar mass functions for the Horizon-AGN (black) and Horizon-noAGN (light grey) cosmic simulations. The blue
shaded area represents the observations from (Gonzalez et al. 2011; Bielby et al. 2014; Daddi et al. 2002; Bernardi et al. 2013; Moustakas
et al. 2013; Tomczak et al. 2014; Song et al. 2016; Davidzon et al. 2017). From Beckmann et al. 2017.

are less deeper, thus feedback from supernovae is more effective) (Fabian
2012).

Recent hydrodynamical cosmological simulations, which incorporate
AGN-feedback mechanisms, such as Horizon-AGN (Dubois et al. 2014),
have made significant strides in reproducing the observed evolution of
galaxy properties across cosmic time. The simulation demonstrates good
agreement with observed luminosity functions, stellar mass functions,
and other key observables across a wide redshift range (0 < z < 6),
thereby providing a compelling framework for understanding the inter-
twined roles of AGN feedback and other processes in shaping the galaxy
population over cosmic history(Dubois et al. 2014; Kaviraj et al. 2017).

1.4.4 Direct observation of fast winds and outflows

The most direct observations of AGN feedback are the clearly observed
galactic outflows, with numerous AGNs showing outflows ranging from
tens to thousands of solar masses per year. However, distinguishing
whether these outflows are driven by stellar (SN) feedback or by the AGN
can be challenging, especially at outflow velocities less than 500 km s~

The most notorious example of wind-driven outflow is the case of the
quasar closest to MW at z = 0.04, Mrk 231. In the core of the source, ultra-
fast outflows (UFOs) are observed through blue-shifted X-ray ionized
gas absorption with velocities of 0.07 ¢, giving a mass outflow rate of
~ 1 Mg yr~! Feruglio et al. (2015). Outflows are also observed in neutral
gas (Morganti et al. 2016) and in cold molecular gas with a total mass
outflow of 500 — 1000 M, yr~! (Feruglio et al. 2015). The example of Mrk
231 is consistent with the radiation-wind mechanism, where UFO winds
interact with the colder and denser ISM initiating massive outflows. Mrk
231 also has a visible jet, but its estimated radio power is not enough to
support the observed outflows.
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L
.

Horizon-AGN

Figure 1.14: Grand-scale structure formation (bottom) and gas temperature (top) from the horizon cosmic simulations (Dubois et al.
2014). In the gas temperature we show the difference in gas tmperature and structure if the simulation uses AGN feedback (top right) or
not (top left). Image from Dubois et al. 2016
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Figure 1.15: IC5063 jet and ISM interaction. The contours in panel A represent the radio emission, while in panels B and C the ionized
gas Fell. The shaded area in panel C indicates the regions where at least 10% of the gas (in molecular or atomic phase) is outflowing. In

the panel D is a echmatic repreasentation of the jet-ISM interaction. From Dasyra et al. 2016.

Radiation driven outflows have been observed in a wide range of redshifts,
and especially in high-z young Quasars (King 2003; Harrison 2017; Bieri
et al. 2017).

IC5063 on the other hand, a radio-loud Seyfert galaxy has a multiphase
outflow (ionized gas, HI and molecular gas components) where the
outflow geometry and properties are consistent with a jet driven outflow
(Tadhunter et al. 2014; Morganti et al. 2015; Dasyra et al. 2016; Oosterloo et
al. 2017). The outflowing cold molecular gas has a mass of ~ 1.2 X 10° Mg,
for a total mass outflow rate of ~ 4 Mg yr‘l.

Radio jets, launched by SMBH, have been observed to impact on large
scales, extending to tens of kpc, and can delay the cooling flows from
the intracluster medium (ICM)/intergalactic medium (IGM) and the
formation of extremely massive galaxies (Fabian 2012; McNamara and
Nulsen 2012). This is typically observed in the centers of relatively low-
redshift (z) clusters and groups. Furthermore, there is accumulating
observational evidence suggesting that the interaction of radio jets
with the ISM can drive molecular outflows in various local galaxies
(Fotopoulou et al. 2019; Oosterloo et al. 2019; Aalto et al. 2020; Fernandez-
Ontiveros et al. 2020), including those with low-luminosity AGN (Combes
et al. 2013; Garcia-Burillo et al. 2014; Audibert et al. 2019; Ruffa et al.
2022).

As mentioned at the beginning of this section, our primary interest lies
in understanding the role of AGN interactions with molecular gas, a key
ingredient for star formation. This makes the direct feedback mechanisms
involving such interactions particularly crucial. Apart from the prototype-
case studies of AGN and jet driven winds, we mentioned above, there are
numerous observations of cool molecular gas outflows with debatable
driving mechanisms.

Velocity (km ™)

Figure 1.16: The interaction of the ra-
dio jet from the MS0735.6+7421 cluster
central galaxy with the intra-cluster gas
(McNamara et al. 2009). The image scale
is 700 kpc. In "maintenance mode" feed-
back jets prevent the intergalactic gas to
cool and flow to the galactic core

Figure 1.17: Left: Observed integrated
position velocity plot of the molecular
gas in IC5063 from Morganti et al. 2015.
The dispersion of the gas indicates the
outflows. Right: Simulated position ve-
locity plot of 10* ergs™! jet impacted
molecular gas for IC5063(Mukherjee et
al. 2018).
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Inlocal (z < 2) galaxies, Fluetsch et al. (2019) compiled a list of 45 detected
molecular outflows using the Atacama Large Millimeter/submillimeter
Array (ALMA), Herschel, and other interferometric observations from
literature. Most of these outflows lacked information or detection of
ionized or neutral gas components. The observed outflow rates suggest
a potential for depleting the total molecular gas within a few to tens of
million years, a timescale significantly shorter than that of star forma-
tion alone. However, when considering the atomic gas component, the
depletion timescale extends beyond the typical AGN lifetime (10 yrs).
This suggests that while AGN-driven outflows can rapidly remove gas
from central regions in the local universe, they are unlikely to clear out
entire galaxies. Similar results have been presented by Lutz et al. (2020)
in a study of 13 local galaxies using ALMA and Northern Extended
Millimeter Array (NOEMA) molecular gas (CO 1-0) observations. These
studies primarily attributed the outflows to thermal or radiation pressure
from the AGN, supernovae, or young stellar populations, with jet-driven
mechanisms being plausible in only some specific sources. However, in
the latter part of this thesis (section 4), we re-evaluate the role of jets
as drivers of gas outflows in these specific sources, finding a plausible
jet-outflow connection in about half of the examined AGNs.

At higher redshifts, the detection and interpretation of molecular gas
outflows present significant challenges. These difficulties are primarily
due to limitations in sensitivity of current observational tools and un-
certainties that arise in differentiating outflows from other kinematic
features. For instance, irregularities stemming from galaxy mergers can
often be mistaken for outflows. Despite these challenges, there have been
detections of outflows (Weif et al. 2012; Feruglio et al. 2017; Carniani et al.
2017; Vayner et al. 2017; Fan et al. 2018; Brusa et al. 2018; Herrera-Camus
etal. 2019) at high redshifts, attributed to all possible driving mechanisms.
These detected outflows tend to be very extended and fast-moving as
a result of detection bias, as our current observational capabilities may
only allow us to identify the most extreme cases.

In addition to extragalactic sources, evidence of molecular gas outflows
has also been observed in the Milky Way. Bland-Hawthorn and Cohen
(2003) described a bipolar structure of cool dust with a total mass of
approximately 5 X 10° M, extending about 140 pc from the Milky Way’s
plane. This structure aligns with the radio-emitting Galactic Center Lobe
(Sofue and Handa 1984), which is itself part of a larger bipolar radio
structure measured at 4330 pc (Heywood et al. 2019). This radio structure
has a high-energy counterpart observable in X-rays (Ponti et al. 2019).
While these radio structures could be attributed to supernovae in the
Galaxy’s central regions, the total kinetic energy of the molecular outflow,
estimated at 10°6 erg, aligns more closely with the total energy needed
to inflate the much larger 12 kpc gamma-ray emitting bubbles, known as
the Fermi bubbles (Su et al. 2010; Dobler et al. 2010; Planck Collaboration
et al. 2013; Ackermann et al. 2014). These observations hint at a possible
AGN:-like activity in the Milky Way's recent million-year history (Zubovas
et al. 2011; Guo and Mathews 2012; Yang et al. 2012; Bland-Hawthorn and
Cohen 2003; Mou et al. 2014; Ruszkowski et al. 2014; Miller and Bregman
2016; Bland-Hawthorn et al. 2019).



Data Mining and Sample
Selection

Although jets can play a major role in feedback mechanisms, there
is still a lack of systematic and statistically meaningful observational
measurements for the number of radio galaxies (RGs) with significant
gas reservoirs that could be influenced by jet-induced feedback.

Previous research has indicated that most local RGs have lower gas
content compared to spiral galaxies or those selected based on infrared
criteria (Ruffa et al. 2022). Initiatives to survey RGs at high redshift
(z) using CO began in the 1990s and have unveiled either substantial
molecular gas reservoirs (characterized by Mo ~ 101° — 101' M) in
certain powerful RGs at z > 2 or gas-depleted in others (Scoville et al.
1997; Papadopoulos et al. 2000; De Breuck et al. 2003; De Breuck et al.
2005; Greve et al. 2004; Nesvadba et al. 2008; Emonts et al. 2011; Emonts
et al. 2014; Castignani et al. 2019).

To gain a comprehensive understanding of the role of jets in galactic
feedback mechanisms, we required a robust sample of radio-loud galaxies
for which molecular gas observations could also be obtained. Our primary
observational tool was the Atacama Large Millimeter/submillimeter
Array (ALMA), which operates within a spectrum window range ideally
suited for CO observations along the cosmic history. This state-of-the-art
telescope is also capable of delivering high-resolution observations in
the millimeter and submillimeter parts of the spectrum, thus allowing
for accurate tracing of molecular gas.

In the subsequent section, we present a novel analysis of CO molecular
transitions ranging from rotational numbers J=1-0 to J=4-3, conducted
with ALMA for RGs up to z < 2.5. To establish a statistically significant
sample, we analyzed CO emissions in a sub-sample of RGs from the
ALMA Calibrator Source Catalog. These were selected to be represen-
tative of the NRAO/VLA Sky Survey (NVSS) in terms of their redshift
and 1.4 GHz flux distribution, down to a limit of 0.4 Jy. By incorporating
data from existing literature, we executed a comprehensive archival CO
survey of molecular gas in RGs. A primary objective of our study was to
analyze the evolution of the gas content in RGs as a function of redshift,
a critical factor for accurate benchmarking of cosmological simulations.
This analysis also led us to construct, for the first time, the CO luminosity
function of RGs at both low and high redshifts. An additional aim was
to assess the occurrence of molecular outflows in the RGs within our
sample.

Note on Authorship: The majority of the work presented in this chapter conducted
from our research group and was published in Audibert et al. 2022. The survey
was conceptually designed and funded by the PI, Kalliopi Dasyra who worked
on the data reduction algorithms, oversaw the entire procedure and worked on
luminosity function creation and interpretation. A. Audibert, I. Ruffa, and J. A.
Ferndndez Ontiveros significantly contributed to the ALMA data reduction. My
primary contributions encompassed leading the sample selection, data mining,
data qualification, and SED fitting processes. Additionally, I have contributed
to the development of initial data calibration pipelines, the optimization of
calibration parameters, and the luminosity function fitting.
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2 Data Mining and Sample Selection

2.1 Molecular gas observations through ALMA

Observing molecular gas in galaxies poses a series of challenges. Cold
molecular gas primarily exists as hydrogen (H), a molecule that is
symmetric and lacks a permanent electric dipole moment. The most
accessible energy transition for H; is a quadrupole transition, with an
energy difference of AE = E(] = 2) — E(] = 0) ~ 4.7 X 1072 eV*. This
corresponds to a temperature of 510 K and results in photon emission
at 28.2 um. Given the typically low temperatures (15 — 20 K) of stellar
nurseries like Giant Molecular Clouds (GMCs), direct observations of
Hp are often limited to absorption lines in the ultraviolet background.

To overcome these limitations, we use alternative molecules that coexist
with Hj but in lower abundances. These include Carbon Monoxide
(CO), Ammonia (NH3), and other molecules such as CS, H,O, and
OH. These molecules serve as proxies for Hy, allowing us to estimate
the presence and quantities of molecular hydrogen gas indirectly. For
instance, CO, the second most abundant molecular gas, possesses a
permanent dipole moment, facilitating lower energy differences on its
energy ladder. The CO(1-0) emission line, for example, has an energy
difference AE = 4.8 X 107* eV, corresponding to a temperature of 5.5K,
and resulting in photon emission at 2.6 mm.

The choice of ALMA for our study is primarily due to its capability to
operate effectively in the specific spectroscopic bands that are key for
observing these molecular emission lines. Additionally, other factors
motivating our choice include:

» High Sensitivity: ALMA’s unmatched sensitivity enables us to ob-
serve distant cosmic sources. This capability is crucial for detecting
the presence of molecular gas and understanding the influence of
jets across different epochs of the universe.

» High Resolution: The telescope’s superior angular resolution
allows for detailed mapping of the structure and kinematics of
molecular gas. This aids our understanding of possible interactions
between jets/ AGN and the interstellar medium.

» Comprehensive Archives: ALMA maintains a rich archive of
all conducted observations, providing a wealth of raw observa-
tional data along with calibration and imaging procedures. These
resources are invaluable, granting the flexibility to use existing
scientific products or re-analyze the raw data to suit the specific
aims of our research.

In addition to this general archive, we also makes use of the ALMA
Calibrator Source Catalogue (ARC), a specialized resource comprising
primarily bright quasars at mm and sub-mm wavelengths, which serve
as calibrators (flux, phase, bandpass, etc) for ALMA. The catalogue was
created from the compilation of multiple previous catalogues, including
the Very Large Array Calibrator Manual, Submillimeter Array and
Atacama Compact Array surveys, the Parkes survey, and the Combined
Radio All-Sky Targeted Eight-GHz Survey. As such, the ensemble of
objects in it is randomly selected and distributed on the sky. The catalogue

2
* The rotational energy E,o; is calculated as Eyo¢ = Z;IT J(J + 1), where ] is the rotational
)

quantum number and I, =5 X 10748 kg, m? is the moment of inertia of H,



contains information derived for the calibrations, such as the flux of each
object at various frequencies, by conducting a regularly grid survey.

The catalogue presents the latest flux measurement for each object in
a given band. Typically, two flux measurements are given for the (two
sidebands of) band 3, and one flux measurement is given for all other
bands. The catalogue can be downloaded from the European Southern
Observatory (ESO) archival interface’ by, e.g., performing an empty query.
As of 01/08/2020, the downloaded catalogue contained 8679 entries (i.e.,
object and band combinations). The number of unique objects (deduced
by removing the information on the bands) was 3360.

2.2 Building CO-ARC

We used the python astroquery package (Ginsburg et al. 2019) to mine
through ALMA archive for every observation made for each object in
ARC (based on it’s registered name or sky coordinates), resulting in
25827 observations from 1562 unique sources. About half of the total
calibration sources haven’t been used for actual observation procedure,
but are monitored in a regular basis. Also for some of the sources we
found observations in which they were science targets. The combination
of calibration and science related data led to a wealth of information that
enabled our archival survey to be designed.

2.2.1 Redshift information

In order to find out if a molecular line lies in the frequency window
of a calibrator observation we need to know its redshift. We used the
astroquery tool to search though the NASA Extragalactic Database
(NED) archives for registered redshift information for every object. NED
provides a redshift table for every source with a registered redshift and
the reference of its origin. During a quick review of these tables we came
across with many inconsistencies in the redshift values due to different
methods of its estimation (photometric, spectroscopic) or by not taking
care about any uncertainties or comments from the authors. If an author
uses an inconsistent or inaccurate redshift value from the literature, NED
register this value as new one to the source redshift table. This results in
contamination of possibly wrong, inaccurate or different redshift values.
For our work redshift is a mandatory and sensitive information. A wrong
redshift value will result in a type 2 error, meaning that falsely inferring
that a source has not CO gas due to wrong frequency window. So we
studied every literature entry for every source from NED’s redshift tables
along with other resources (Simbad and Vizier). Quality assessment
was performed by examining the redshift origin for qualification and
comments from the authors regarding the sources. We were extra careful
selecting automated high quality spectroscopic redshift surveys, as SDSS,
because of cases of inconsistencies in the registered redshift values.
We used SDSS redshifts when we had a valuable cross-reference on a
source.

t https://almascience.eso.org/sc/
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Figure 2.1: At the top of the figure are the operational ALMA Bands frequency windows and rest frame frequencies of the CO lines up to
CO 4 — 3. Directly below we plot the redshift windows where we can observe them due to redshift. At bottom we plot the number of
ARC observations per band

2.2.2 CO lines in ARC sources

Therefore given the redshift information for our sources and their ob-
servation history as we mined them from ALMA, we searched for the
presence of any molecular line in the CO rotational ladder up to CO 4 — 3.
We don’t count a line if its near the window boundary (given a typical
FWHM of 25km ™). A total of 675 sources had at least one CO line with
any integration time. We kept only sources with a minimum integration
time of 5mins to ensure that the data analysis (e.g., the derivation of
error bars) is meaningful.

For some of the objects, the spectral windows of the calibrations cover the
frequencies of molecular line transitions as it illustrated in figure 2.1.

As a next step, we had to ensure that only galaxies with radio emission
associated with accretion onto black holes were kept. As the goal of
our survey is to investigate the role of radio-mode feedback on galaxy
evolution, all objects with radio emission associated with star formation
activity had to be eradicated. For this reason, we imposed the 1.4 GHz-
to-24 um flux criterion of Bonzini et al. 2013, identifying radio emission
in excess of what supernovae can produce in star-forming galaxies via
the quantity 424 = 10g(S24um/S1.4GHz), which has to be < 0.5%.

To serve as calibrators, the CO-ARC sources are point sources at millimeter
and radio wavelengths (such as quasars or blazars). To also include RGs
with spatially-resolved, extended radio jets, we performed an extensive
bibliographic search, which provided us with a pool of either single-
object or dedicated samples with CO observations (Lim et al. 2000;
Evans et al. 2005; Ocafia Flaquer et al. 2010; Ruffa et al. 2019a; Russell
et al. 2019; Dabhade et al. 2020). The g4 criterion described above was
then applied to the selected literature sources, leaving us with a total
of 152 galaxies which were then considered suitable to complement
our CO-ARC sample. Hereafter, we will refer to the joint CO-ARC and

¥ The "classical” definition of radio loudness via the R indicator, the ratio between the
rest-frame radio-to-optical flux density with typical values of R ~ 10 characterizing RGs
(Kellermann et al. 1989), is often insufficient to identify radio-quiet (RQ) objects, because
both star-forming and RQ galaxies can have low R values.
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Figure 2.2: Comparison of CO-ARC cumulative flux distribution with several radio surveys flux limited at the minimum flux of CO-ARC
for the specific frequency.

bibliographic super-sample of 356 galaxies as the extended CO-ARC or
eCO-ARC.

2.2.3 Radio - Identification of Parent Galaxy Sample

The radio sky has been studied by several surveys in recent years,
including the Sixth Cambridge Survey (6C) at 151 MHz (Hales et al. 1993),
the NRAO/VLA Sky Survey (NVSS) at 1.4 GHz (Condon et al. 1998), the
Parkes Radio Sources Catalogue (PKS) at 2.7 GHz (Wright and Otrupcek
1990) and at 4.8 GHz (Griffith et al. 1994), the MIT-Green Bank 5 GHz
Survey (Bennett et al. 1986), and the Australia Telescope 20 GHz Survey
Catalogue (Murphy et al. 2010) (AT20G).

To compile a radio catalogue from a set of mm/sub-mm sources, such
as ARC and CO-ARC, we require the radio Spectral Energy Distribution
(radio-SED) of each source. We then compare their flux at specific radio
bands with existing radio surveys. This comparison enables us to create
our radio catalogue by selecting a subsample from CO-ARC that is
consistent with a representative sky survey catalogue.

We utilized the astroquery tool to obtain the radio-SEDs through the
NASA /IPAC Extragalactic Database (NED), searching by the name of
each source. Flux for every source in specific radio bands of the surveys
was interpolated using a power law fit to the radio-SED. Figure 2.2
illustrates the varying resemblense between the surveys; deeper surveys
like NVSS include fluxes much lower than those from our sources.
Consequently, we limited the radio survey fluxes to the lowest flux value
of our sources in their specific bands.

The results are displayed in Figure 2.2, where we show the cumulative
distributions of CO-ARC and the surveys, limited by the lowest flux of
our sources.
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Among the various surveys analyzed, Parkes at 2.7 GHz, ATK at 4.8 GHz,
NVSS at 1.4 GHz, and Greenbank catalogs all show completeness within
the flux range relevant to our sample, meaning that our minimum flux
sources where above the the flux range where the surveys reached their
peak. We chose NVSS as the parent radio survey for multiple reasons.
Firstly, NVSS provides a large sky coverage extending to declinations
greater than 6 > —40° surpassing the coverage of preceding surveys.
Secondly, its sensitivity reaches down to approximately 2 mJy at 1.4 GHz,
ensuring completeness for the flux levels of interest—several hundred
mJy—as dictated by the 1.4 GHz fluxes of the CO-ARC sources. This
sensitivity also assures that the majority of sources found in other surveys
are encompassed within NVSS. VSS has been frequently utilized in multi-
wavelength AGN-related surveys, providing a framework to validate
our findings. Particularly useful is its synergy with the Sloan Digital Sky
Survey (SDSS) for high-precision redshift estimations. Given that our
investigation aims to explore gas content as a function of redshift, it is
imperative that the parent catalog possess such redshift data. Various
efforts to amalgamate radio sources in NVSS with redshift-centric optical
and infrared surveys have been undertaken, such as the CENSORS
catalog (Best et al. 2003; Brookes et al. 2008) and a unified list comprising
NVSS, WENSS, GB6, and SDSS sources (Kimball and Ivezi¢ 2008).

We implemented a data mining approach, querying each NVSS source
against all available redshift estimations in the literature. These are stored
in the Vizier catalog archive. While these redshift estimations are subject
to uncertainties, the sizable number of sources (~ 3000) in our dataset
should statistically mitigate these effects. To further refine this process, we
introduced a qualification method that examines the number of redshift
estimations from different sources, gives weight to highly precise surveys
(e.g., Hewett and Wild 2010), and scrutinizes conflicting estimations. This
methodology led us to compile the NVSS-Z catalog.

2.2.4 Compiling a consistent subsample of the
NVSS/NVSS-Z catalog

The subsequent step involves developing methods to compare the flux
distributions of eCO-ARC and the radio survey NVSS-Z and to construct
a survey-consistent subsample of eCO-ARC.

Kolmogorov-Smirnov consistency test

A standard statistical approach for this task is the two-sample Kolmogorov-
Smirnov (K-S) test (Kolmogorov 1933; Smirnov 1939). In statistical hypoth-
esis testing, the null hypothesis serves as a default assumption that needs
to be examined. For the K-S test, this null hypothesis asserts that the
two distributions being compared are actually separate random samples
drawn from the same underlying distribution.

The test uses as a metric the maximum absolute difference between the
two cumulative distributions (CDFs) defined as D-statistic

D = max|S1(x) — Sa(x)| (2.1
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the d-statistic of the simulated datasets with NVSS-Z.

For calculating the p-value, we refer to the D-statistic value in a reference
table or use computational methods designed for the K-S test. The p-value
quantifies the probability that a D-statistic as extreme as the observed
one could occur randomly if the null hypothesis were true. In other
words, the p-value measures how strongly the observed data deviate
from what would be expected under the null hypothesis.

The p-value serves as a tool to evaluate the strength of the evidence
against the null hypothesis. A low p-value suggests that the observed
data are inconsistent with the null hypothesis, thereby providing grounds
to reject it at a specified level of statistical significance. Importantly, while
a low p-value indicates that the datasets likely come from different
distributions, a high p-value does not confirm that the distributions are
identical. Rather, it signifies that there is insufficient evidence to suggest
they are different. As articulated by Press (2007), due to the intrinsic
uncertainties present in any dataset, it’s not possible to definitively prove
that two sets of data are samples from the same distribution.

Recognizing the limitations of the conventional Kolmogorov-Smirnov
(K-S) test in our specific case, we opted for an alternative strategy that
tailors the “critical’ value of the D-statistic to our unique requirements. To
achieve this, we conducted simulated experiments that mimic real-world
observations of the sky, as seen through radio surveys. These simulations
account for the known errors associated with the observational data;
thus, we were able to simulate a large set of ‘nights of observations’ that
vary slightly from one another but represent the same intrinsic properties
of the sources.

By doing so, we estimated the distribution of the D-statistic that would
arise when comparing these simulated observations to the ‘parent” or
original data set. This not only gave us a more accurate D-statistic for
our specific case but also provided an invaluable insight into how the
D-statistic distribution varies with the size of the simulated sample
relative to the parent distribution. Armed with this information, we are
better equipped to select the most suitable subsample from the eCO-
ARC catalog for our study. So, given a parent flux distribution S(f) we
create a second set S*(f) of size N* by varying each value of 5(f) as
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Si(f) = N(Si(f), 0i(f)), where we use as a typical error the 10% of the
observation, g;(f) = 0.15;(f) and ¥ is the Normal Distribution. Then
we estimate

D(N) = max|S(f) = S*(fn) (2.2)

where we now we randomly selected a subset of size N from our simulated
distribution.

Executing this method thousands of times per different N we can study
the statistical behavior of the D-statistic.

Additionally, it should be noted that another compelling advantage of
our tailored D-statistic approach is its invariance to reparameterization
of the cumulative distribution variable—in our context, this is the flux.
This invariance allows us the flexibility to use either the raw flux S(f) or
i.e S(log f) interchangeably, making our method particularly versatile.

The next step to compile our final catalog is the flux limit we will apply
to both the parent survey and our initial sources. Applying the minimum
flux of our sources does not provide us with the most possible number
of final sources, as radio surveys grow exponentially at lower fluxes,
while intial eCO-ARC has most sources in the range of 0.5 Jy. For this
reason we established a flux limit of 0.4 ]y which we calculated after
some randomized experimental selections.

From the figure 2.3 we can see that 2 consistent flux samples of NVSS-Z,
one with size N = 80 and the other to be the whole catalog, have a
median value of the D-statistic close to 0.15, with the 95% of the values
to be less than 0.25. So for two data sets, describing flux distribution we
can confidently assume that they are consistent if their D statistic is less
than 0.15. In figure 2.4 we see the behavior of the D-statistic for several
different sub-sample sizes N.
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Algorithm 1: D-statistic sampling algorithm

Input: Maxlter, 0, SampleSizes, FluxLimit
Data: NVSS-Z flux distribution: S
Result: A list D which contains MaxIter randomly sampled values of
the D-statistic for different SampleSizes
D « empty list of size SampleSizes
for N in SampleSizes do
Dtmp — []
while i < Maxlter do
S* < WN(S, o) for every source
keep only $* > FluxLimit
Dimp < Append (Dimp, max|S — S*[)
end
D [N ] <D tmp
end

From this analysis we can define our selection criterion as the D-statistic
between a subsample Soptimal Of size Noptimal- With this definition we can
confirm, that the initial eCO-ARC sample with D = 0.26 at N = 163 is
not consistent with NVSS-Z. Thus we need to search for a subsample of
size Noptimal Which will meet the above criterion.

This can be done by iterating over a range of subsample sizes N < Np,
where Ny is the starting sample of 163, and randomly sampling the
eCO-ARCZ for a sufficient number of iterations per N. For every N we
keep the best, lowest D-statistic sample. This simplistic method it is
computationally expensive and not optimal, as the number of iterations
needed in order to converge to a minima is comparable with the possible
configurations. The number of possible configurations for a sample size
N can be calculated by using the binomial coefficient

NO _ N()!
N | NI(Ng-N)!

The number of possible configurations grows in a huge number that is
impossible to explore, even that we don't need to explore all of them.
In order to solve this problem we created a new method with a much
higher convergence speed.

Forced Convergence Method

If we have two distributions S1 and S, with Ny, N their sizes accordingly
and S is the parent distribution. As we have stated already, we want to
find a subsample S of S; with size N with the lowest D-statistic between
S and S,. The D-statistic is independent of any transformation we execute
in both of our datasets. So we choose to log transform Sy, S,.

Now we bin the transformed datasets S1 and S, with Np evenly spaced
bins. If we hadn’t choose a logarithmic transformation almost all of our
data would capture only a small fraction of our binned flux space.

For each bin i, we randomly sample from S;; a number of n sources
equal with the Ny; sources of Sy at bin 7, as it can be understood from
the figure ??. We do this for a number of iterations and calculate the
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Figure 2.6: Sample selection algorithm and final sample candidates.

D-statistic. As before we keep the best subsample. With this method we
have less possible configurations but mostly a physical directing force
towards to the optimal D of our minimization problem. This can be
understood as the different possible configuration per bin have only a
small contribution in the final shape of the distribution.

The resulting convergence can be seen in the figure 2.6. After a sample
size of about 120 sources the best D-statistic reaches a plateau before it
gets up dew to the statistical behavior of comparing a relative smaller
dataset. This plateau is our region of interest for compiling a catalog
which is consistent with the parent radio catalog. An extra care was taken
for the final sub-sample to be consistent of NVSS-Z also to the separate
redshift bins, by fine-tuning the selection process.

2.3 Data Reduction: Calibration and Imaging

Our final sample consists of 120 radio sources, comprising 66 from the
CO-ARC catalog and 54 from existing literature. We have identified which
observations contain the CO lines of interest as previously described.
ALMA provides raw visibility and flux data for each source (observed
either as a target or as a flux, phase, bandpass, or polarization calibrator),
captured from each pair of antennas participating in the observation. The
ALMA observations that contributed to the CO-ARC survey span from
Cycle 0 to Cycle 5. The relevant properties of each observing run (e.g.
scan intent, on-source integration time, CO transition, etc.) are reported
in Table 2.3.
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2.3.1 Calibration Procedure

We used the Common Astronomy Software Applications (CASA) (Mc-
Mullin et al. 2007) for data reduction S. The pipeline performs standard
calibration and flagging. We used the specific pipeline version which was
used to the archival data. In instances where a target source was observed
in multiple execution blocks, each block was calibrated individually
and subsequently merged using the CASA concat task. Flux calibration
uncertainty is generally around 10%, as bright quasars often serve as flux
calibrators.

Sources observed as bandpass calibrators require a distinct calibration
approach. The default pipeline flattens any line emission, as the bandpass
calibration aims to correct for frequency-dependent amplitude and phase
errors in the observed visibilities. These errors are calculated based on
an ideal point-like sky brightness model (typically a bright quasar). As
the Fourier Transform of a point-like sky brightness distribution has a
constant amplitude in the visibility plane, the bandpass calibration will
try to flatten any line emission in the data. To preserve line emission, we
manually calibrated the data using custom scripts, where the bandpass
calibrator was replaced by the phase or flux calibrator during relevant
steps.

2.3.2 Data Integration and Imaging

After the calibration procedure is over we combined the visibilities of
sources which where observed through different programs in order to
increase integration time. Finally, the calibrated visibilities were imaged,
transforming them from the uv-plane (distance between each pair of
antennas) to sky coordinates. Due to the varying technical and theoretical
limitations of each antenna (side lobes and flux leakage) and incomplete
uv-plane coverage (as shown in Figure 2.7), the combined imaging
produced artificial noise and glitches due to the Fourier transformation
of delta functions. The resulting image was cleaned after sophisticated
methods were employed to detect the true signal. CO line emissions were
identified and isolated using the CASA task uwvcontsub, which subtracts
a continuum model derived from linear fits to line-free channels. The
CASA task tclean was used for deconvolution and imaging with various
weighting and channel width options. Exploring the parameter space
of the imaging process is time-consuming, so we carefully selected the
parameter ranges with the biggest impact and experiment with the fine-
tuning some of the rest. During the analysis of a cube, multiple iterations
of the cleaning are needed, as we already observed with the analysis of
the galaxy 4C+12.50 and the nearby galaxy NGC 6328.

In the first case due to uniform weight of the uv plane binning we were
losing half of the total flux of the galaxy. This was solved by choosing
natural weighing, which uses number of Visibility points per bin (figure:
2.8), reconstructing the final image without losing the extended emission

§ All procedures were executed using CASA, developed by an international consortium led
by NRAO. It offers both a task interface and a Python scripting option as a wrapper of
a C++ API backend, providing flexibility and optimized data processing. Importantly,
each dataset must be calibrated using the CASA version corresponding to its observation
period. https://casa.nrao.edu
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of the source. In NGC 6328, fine tuning of the imaging parameters was
significant for the detection of low emission at the outskirts of the galactic
molecular disk used in the rotation curve estimation.

The achieved synthesised beams and root mean square (rms) noise levels
of both detections and non-detections are listed in Table 2.1.

2.4 Results

The findings of this study are documented in detail in Audibert et al.
(2022) and are briefly summarized in this section. Of the 66 CO-ARC
sources examined, CO emission was detected in 17, with a marginal
detection noted for J2341+0018. Additionally, 25 out of the 54 literature
sources exhibited CO detections. This yields an overall gas detection
rate of 35% for the extended CO-ARC (eCO-ARC) survey. The detection
rates vary across different redshift ranges: 31 out of 60 sources in the
local Universe, 2 out of 23 at intermediate redshifts, and 9 out of 37 at
high-redshift.

Spatially-resolved extended molecular gas distributions were identified
in six sources —NGC315, 1C4374, NGC3100, J0623-6436, NGC6328, and
J2009-4349— with a marginal detection also in IC4296. Along them for
IC4296, NGC3100 and NGC6328 show interesting kinematic distortions
possibly caused from warps or strong non-circular motions. Precise 3D
kinematic modeling has demonstrated that disk warps largely account for
these distortions in all the sources studied (Ruffa et al. 2019b; Ruffa et al.
2022 for NGC3100 and IC4296; this thesis for NGC6328, which will be
elaborated upon in the next chapter). However, in the case of NGC6328,
there is compelling evidence of jet-induced outflowing gas. A similar,
albeit milder, jet-induced outflow with a mass rate of M = 0.12 Mg yr™
has been also partly identified in NGC3100 (Ruffa et al. 2022). Further
investigation is required for 1C4296, as the marginally detected gas
does not permit conclusive interpretations. The molecular masses of
the CO-ARC sources were estimated using the CO-to-H, conversion
equation M(Hy) = aCOL/CO(l—O)’ where aco = 4.36 Mg (Kkms™'pc?)~! is
the standard Galactic CO-to-H; conversion factor (Tacconi et al. 2013;
Bolatto et al. 2013). The molecular mass for the 66 CO-ARC radio galaxies
ranges from 1 5%x107 Mg, t0 5.2x10" M, for the 66 CO-ARC radio galaxies.
FFor the literature sources, the estimated mass ranges from 10° M, to
4 x 10" Mg, with the calculations being recalibrated for consistency using
aco = 4.36 M (Kkms™'pc?)~1.

The luminosity function for both local (0.005<z<0.3, with 60 radio galax-
ies) and far (1<z<2.5, with 37 radio galaxies) redshift ranges is calculated
using the 1/Vmax method (Schmidt 1968). This method provides the
number density for each luminosity bin as:

d 1 Wi
Mpc-3dex-! ~ AlogL ~ Viax,i

(2.3)

where Alog L is the luminosity bin size, V};;4y the maximum comoving
volume that any galaxy i could be observable given its measured 1.4
GHz flux and the survey limit and w; the weight shown in Figure ??
corresponding to the completeness correction with respect to the NVSS.
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Figure 2.9: Luminosity functions (LF) for 0.005 < z < 0.3 in the left panel and for 1 < z < 2.5 in the right panel. In the local universe, the
LF of our CO-selected Radio Galaxies (RGs) is 2-4 orders of magnitude lower than that of main sequence galaxies and star-forming or
starburst AGNs, yet it aligns with the LF of AGN types 1 and 2. For the higher redshift range, the LF of RGs is notably lower than model
predictions, attributable to the smaller observed population. A correction factor, derived from comparing the radio LF of our sample

with the NVSS and UGS galaxy samples, has been applied, resulting in the addition of new, corrected data points to the LF, shown with
triangles.

Due to the small number of detections, a luminosity function for inter-
mediate redshifts cannot be estimated. For both the local and far redshift
ranges, we present luminosity functions based on both detections alone
and an alternative that includes upper limits for non-detections. The H,
luminosity (and consequently mass) function is shown in the left panel
of Figure 2.9 for z <0.3 and in the right panel for 1< z <2.5.

The local luminosity function (LF) is fitted with the analytical expression
of the Schechter function (Schechter 1976; Riechers et al. 2019):

" . L L
log ®(L") = log @* + alog (L*) (ln(lo)L*) + log(In(10)). (2.4)
The resulting parameters are L* = 5.83 X 10° Kkm s~!pc? which defines

the "knee" of the LF. The slope of the faint end of the LF is &« = —0.6, and
the turnover occurs at @ = 2.39 X 1077 Mpc—>dex .

Local Galaxies Comparing the CO mass function of our local radio
galaxies with that from other main sequence galaxy surveys—such as
the eXtended CO Legacy Database for GASS (XCOLD GASS) survey
(Saintonge et al. 2017; Fletcher et al. 2021), the CO survey of FIR-selected
galaxies from the IRAS bright galaxy sample (Keres et al. 2003), the empir-
ical CO luminosity function derived from Herschel IR luminosity (Vallini
etal. 2016), and the ALMA Spectroscopic Survey in the Hubble Ultra Deep
Field (ASPECS LP) (Decarli et al. 2019) (refer to figure 2.9)—revealed
that the number of radio galaxies (RGs) is 2-4 orders of magnitude lower.
This deficit is smaller for higher gas mass. Further comparisons of the

molecular gas content in our sample with the semi-empirical predictions

for star-forming galaxies from Popping et al. (2015) (as illustrated in

figure 2.10) indicate a deficit of 1-2 orders of magnitude for the local uni-
verse. However, this deficit decreases with increasing redshift, becoming
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Figure 2.10: Molecular mass as a func-
tion of redshift compared with the semi-
empirical predictions for two different
dark matter halo masses of My =
10" Mg and My;; = 10* Mg from Pop-
ping et al. 2015
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negligible at z > 0.1 where the molecular mass content of our sample is
consistent with the predictions.

In the context of AGN populations, we utilized the spectro-photometric
realisations of infrared-selected fargets at all-z (SPRITZ) simulations.
These simulations encompass AGN-dominated galaxies with varying
degrees of star formation and suggest that approximately one in every
four RGs possesses gas reservoirs akin to those found in pure type 1 or
type 2 AGN.

Higher Redshift Moving to higher redshifts (1 < z), the molecular
gas mass content of radio galaxies (RGs), when detected, is significantly

larger, often exceeding the expected amounts for typical galaxy halos
(figure 2.10).

However, the population of RGs in this redshift range is considerably
smaller. Consequently, the mass function of their gas is notably lower
compared to what simulations predict. This disparity arises partly due
to the flux limit imposed by our survey and the nature of the RGs’
continuum spectrum at GHz frequencies. The spectrum tends to decrease
with frequency, undergoing a strong K-correction. In contrast, the fluxes
of CO lines and continuum at mm wavelengths increase with frequency,
resulting in a negative K-correction and enhancing their detectability
at high-z. Given that high-z radio galaxies have substantial gas content,
these galaxies are likely to be susceptible to jet-induced AGN feedback.

By comparing the radio LF of 1.4GHz emissions in our sample with the
NVSS and UGS galaxy sample from Condon et al. (1998) and Condon
et al. (2002) for the local universe, we found that only about 1 in 7,000
was observed. Thus under the assumption that the radio LF for the
high-z is similar to the local universe we utilize this ratio to correct
this detection bias. Then we estimated the evolution of gas content by
integrating L'® (L") across all LF bins and converting it to mass. The
molecular gas density p (Mp,) was then determined from this mass per
comoving Mpc? of the Universe, at various epochs (Fig 2.11). Given that
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high-z radio galaxies have substantial gas content, these galaxies are
likely to be susceptible to jet-induced AGN feedback.

The corrected evolution of gas content aligns with that of AGN1 plus
AGN2, as observed in the local Universe. Therefore, under the assumption
that both detectable and undetectable RGs share a similar gas mass
distribution, the quantity of gas contained within RGs and AGN at z > 1
appears to be comparable.
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Figure 2.11: Molecular gas density evolu-
tion with redshift. The filled circles show
the derived densities which are decreas-
ing due to the Malmquist bias. The filled
triangles show the corrected values after
applying the 1.4 GHz LF correction. The
blue lines represent the predictions from
the SPRITZ simulation (Bisigello et al.
2021) for the total AGN and AGN domi-
nated (AGN type 1 and 2) populations.
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Table 2.1: CO properties of the 66 CO-ARC sample sources. Note that, even for targets with available multiple-] CO observations, only
the properties of lowest-] CO transitions are listed here and used for the luminosity function computations.

Galaxy Line Beam size Orms ScoAv FWHM Ures log(MH3>) log(L' co(1-0))
("x") (mJy/beam)  (Jy km s7h) (kms™1)  (kms™)  (Mo) (Kkm s’lpcz)
J1000-3139 CO(2-1)  0.97x0.71 0.40 18.38+ 0.59  368.53 20.00 7.85+6.87 7.21+£6.22
J1109-3732 CO(2-1) 0.6x0.5 0.46 6.93+ 0.35 452.27 20.00 7.56+6.61 6.92+5.97
J1336-3357 CO(2-1)  0.63x0.57 0.34 1.89+ 0.29 781.79 20.00 7.17+6.33 6.52+5.68
J1723-6500 CO(2-1) 0.27x0.19 0.24 93.80+2.15 533.90 20.00 8.98+7.98 8.34+7.34
J1945-5520 CO(1-0) 1.8x1.6 2.20 <17.99 300.00 100.00 <8.91 <8.28
J0057+3021  CO(2-1) 0.5%0.32 0.18 13.52+0.20  582.32 20.00 8.27+7.29 7.63+6.64
J1301-3226 CO(2-1)  0.68%0.65 0.31 <5.15 300.00 100.00 <7.87 <7.22
J2131-3837 CO(2-1)  0.67x0.61 0.51 1.08+ 0.18 540.65 20.00 7.27+6.56 6.62+5.92
J1407-2701 CO(2-1)  0.69x0.59 0.32 3.75+ 0.50 147.77 20.00 7.96+7.00 7.31+£6.35
J2009-4849 CO(2-1)  0.64x0.58 0.40 6.17+ 1.03 448.41 22.00 9.20+8.26 8.56+7.61
J1008+0029  CO(1-0)  2.21x1.95 0.64 <0.74 300.00 100.00 <9.16 <8.52
J1221+2813 CO(1-0)  2.14x1.39 0.07 <0.11 300.00 180.00 <8.40 <7.76
J0623-6436 CO(1-0) 0.79%0.6 0.28 4.68+ 0.91 671.67 100.00 10.21+£9.33 9.57+8.69
J1217+3007 CO(1-0)  2.56x1.51 0.23 <0.21 300.00 100.00 <8.88 <8.24
J1427+2348  CO(1-0)  1.78x1.32 0.27 <0.28 300.00 100.00 <9.18 <8.55
J1332+0200 CO(1-0)  2.74x2.24 0.75 <0.39 300.00 100.00 <9.59 <8.95
J1356-3421 CO(1-0) 1.1x0.88 0.28 <0.34 300.00 100.00 <9.56 <8.93
J0943-0819 CO(1-0)  4.78%x2.19 0.69 <0.36 300.00 100.00 <9.60 <8.96
J1220+0203  CO(1-0)  0.34x0.26 0.36 <1.39 300.00 102.00 <10.24 <9.60
J1547+2052 CO(1-0) 0.23x0.21 0.58 <2.83 300.00 100.00 <10.63 <9.99
J2341+0018 CO(1-0) 0.7%0.57 0.55 4.16+ 0.56 350.00 20.00 10.84+9.93  10.20+9.29
J1305-1033 CO(1-0)  0.47x0.42 0.14 0.67+ 0.17 173.67 100.00 10.06+£9.25  9.42+8.61
J0242-2132 CO(1-0)  0.74x0.63 0.30 <0.41 300.00 100.00 <9.95 <9.31
J0006-0623 CO(1-0) 2.27%x1.3 44.60 <23.17 300.00 100.00 <11.79 <11.15
J1505+0326  CO(3-2)  0.81x0.44 0.81 3.28+0.26 376.56 20.00 10.15+9.31 9.50+8.66
J0748+2400 CO(3-2)  1.22x0.99 0.61 <0.44 300.00 100.00 <9.28 <8.63
J0510+1800  CO(3-2)  0.65x0.46 0.41 <0.26 300.00 20.00 <9.07 <8.42
J2349+0534 CO(3-2) 7.77%x5.09 3.13 <1.63 300.00 100.00 <9.87 <9.22
J2141-3729 CO(3-2) 1.4x1.04 0.96 0.73+ 0.24 255.50 20.00 9.53+£8.99 8.88+8.34
J0914+0245 CO(3-2)  0.05x0.04 0.16 <3.34 300.00 100.00 <10.20 <9.55
J1038+0512  CO(2-1)  2.26x1.94 0.95 <0.49 300.00 100.00 <9.80 <9.16
J0940+2603 CO(3-2)  0.11x0.09 0.68 <3.58 300.00 60.00 <10.37 <9.71
J1610-3958 CO(3-2)  1.02x0.81 0.53 <0.41 300.00 100.00 <9.46 <8.80
J2239-5701 CO(3-2) 6.96x5.44 518 <2.69 300.00 100.00 <10.36 <9.71
J1058-8003 CO(3-2)  1.66x1.09 0.89 <0.46 300.00 100.00 <9.61 <8.96
J0106-4034 CO(4-3) 7.07%3.59 7.73 <4.02 300.00 100.00 <10.36 <9.66
J0217-0820 CO(2-1) 1.91x1.46 0.58 <0.30 300.00 100.00 <9.81 <9.17
J2320+0513  CO(2-1) 1.2x1.19 0.48 <0.25 300.00 100.00 <9.76 <9.12
J2000-1748 CO(2-1) 0.4x0.27 0.36 <0.68 300.00 100.00 <10.23 <9.59
J1010-0200 CO@4-3) 1.17x0.74 0.63 <0.37 300.00 100.00 <9.70 <9.00
J0329-2357  CO(4-3)  0.43%0.33 0.54 <0.80 300.00 100.00 <10.03 <9.33
J0946+1017 CO(2-1)  0.39x0.34 1.98 <2.92 300.00 100.00 <11.24 <10.59
J0909+0121 CO(2-1) 0.71x0.66 112 <0.89 300.00 100.00 <10.74 <10.09
J1351-2912 CO(2-1)  2.32x1.87 0.38 <0.20 300.00 100.00 <10.10 <9.45
J1743-0350 CO@4-3)  0.72x0.55 0.06 2.26+ 0.04 145.99 80.00 10.62+9.65  9.92+8.95
J0125-0005 CO(2-1)  3.26x2.52 0.42 <0.21 300.00 90.00 <10.15 <9.51
J0239-0234  CO(4-3) 0.4x0.32 0.47 <0.70 300.00 100.00 <10.16 <9.46
J0837+2454  CO(2-1) 0.9x0.79 0.66 <0.42 300.00 100.00 <10.49 <9.84
J0118-2141 CO(4-3) 0.6x0.53 0.77 <0.72 300.00 100.00 <10.21 <9.51
J0112-6634 CO(2-1)  0.54x0.47 0.61 <0.64 300.00 100.00 <10.72 <10.08
J1304-0346 CO(2-1)  0.71x0.65 0.31 <0.23 300.00 100.00 <10.33 <9.68
J2134-0153 CO(2-1) 1.52x1.25 0.47 <0.24 300.00 100.00 <10.37 <9.72
J1359+0159 CO(2-1) 0.7%0.55 0.31 <0.26 300.00 100.00 <10.41 <9.77
J0529-7245 CO(2-1)  2.38x2.16 0.89 <0.21 300.00 20.00 <10.33 <9.69
J1147-0724 CO(4-3)  0.55x0.37 0.58 <0.66 300.00 100.00 <10.29 <9.59
J0343-2530 CO(2-1) 1.47x1.19 0.38 <0.19 300.00 100.00 <10.35 <9.71
J1419+0628 CO(3-2) 0.39x0.3 0.17 0.98+ 0.18 410.76 100.00 10.72+£9.95 10.07+9.30
J0954+1743  CO(4-3)  0.87x0.78 0.46 0.58+ 0.09 193.30 20.00 10.31+9.61 9.61+8.91
J2056-4714 CO(2-1) 2.23X1.77 0.23 <0.12 300.00 100.00 <10.18 <9.54
J1520+2016  CO(3-2)  0.47x0.32 0.13 <0.17 300.00 100.00 <10.03 <9.38
J1107-4449 CO(2-1) 0.97%0.8 0.91 4.98+ 0.15 43.74 20.00 11.86+10.90  11.21+10.26
J0219+0120 CO(2-1)  0.86x0.65 0.66 <0.45 300.00 100.00 <10.82 <10.18
J1136-0330 CO(2-1)  2.49%x2.19 0.55 <0.29 300.00 100.00 <10.64 <10.00
J1146-2447 CO(4-3) 2.3x1.47 0.49 <0.25 300.00 100.00 <10.17 <9.47
J0403+2600 CO(4-3)  0.06x0.04 0.11 <1.07 300.00 100.00 <10.86 <10.16

J0106-2718 CO(3-2)  1.43x1.09 0.59 <0.31 300.00 100.00 <10.64 <9.99
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Table 2.2: CO properties of 54 literature-based sources. The values for the molecular mass listed here are corrected by our adopted
CO-to-H» conversion factor. References: Prandoni et al. 2010, Ruffa et al. 2019a, Olivares et al. 2019, Ocafa Flaquer et al. 2010, Leon et al.
2003, Taniguchi et al. 1990, Evans et al. 2005, Saripalli and Mack 2007, Nesvadba et al. 2010, Fotopoulou et al. 2019, Lo et al. 1999, Evans
et al. 1996 and Emonts et al. 2014.

Galaxy z log(Mp,) log(L'CO(1-0)) fiscH, reference

(Mo) (Kkmslpdd)  (y)
NGC1399 0.005 7.47 6.83 0.639 Prandoni et al. 2010
1C1459 0.006  <6.00 <5.36 0.840 Ruffa et al. 2019
NGC4696 0.010 7.95 7.31 3.922 Olivares et al. 2019
NGC3801 0.011 874 8.10 1141 Ocafia-Flaquer et al. 2010
NGC7626 0.011 <7.90 <7.26 0.627 Leon et al. 2002
NGC 193 0.014 <8.08 <7.44 1.375 Leon et al. 2002
J0048+3157 0.015 <873 <8.09 0.401 Taniguchi et al 1990
NGC5127 0.015  7.90 7.26 0.500 Ocafia-Flaquer et al. 2010
NGC5490 0.016 <873 <8.09 0.971 Ocana-Flaquer et al. 2010
NGC5141 0.018 <870 <8.06 0.638 Ocafia-Flaquer et al. 2010
NGC541 0.018  8.40 7.76 0.826 Ocana-Flaquer et al. 2010
NGC741 0.019 <874 <8.10 0.635 Evans et al. 2005
NGC2329 0.019 <815 <7.51 0.512 Leon et al. 2002
1C1531 0.026  8.04 7.40 0.505 Ruffa et al. 2019
3C442 0.026 7.83 7.19 2.216 Ocafia-Flaquer et al. 2010
PKS0718-34 0.028 <6.83 <6.19 1.909 Ruffa et al. 2019
3C465 0.030  <8.89 <8.25 6.134 Ocafia-Flaquer et al. 2010
ESO422-G028  0.038  <10.05 <9.41 1.500 Saripalli et al. 2007
Arpl87 0.040  10.07 9.43 1.461 Evans et al. 2005
J0758+3747 0.041  <9.30 <8.66 1734 Ocafia-Flaquer et al. 2010
3C305 0.042 931 8.67 2.950 Ocafia-Flaquer et al. 2010
NGC326 0.048 875 8.11 1.231 Ocafia-Flaquer et al. 2010
J1521+0420 0.052  <9.69 <9.05 0.551 Evans et al. 2005
B21101+38 0.0563 <912 <8.48 0.648 Ocana-Flaquer et al. 2010
3C390.3 0.057 <9.72 <9.08 10.225  Evans et al. 2005
J0119+3210 0.059 9.78 9.14 2.483 Ocana-Flaquer et al. 2010
4C26.42 0.063  9.51 8.87 0.925 Olivares et al. 2019
4C29.30 0.065 9.68 9.04 0.514 Ocafia-Flaquer et al. 2010
0Q208 0.077  10.14 9.50 0.703 Ocana-Flaquer et al. 2010
B2 1707+34 0.082 <972 <9.08 0.474 Evans et al. 2005
Abell2597 0.083  9.36 8.72 1.627 Olivares et al. 2019
3C326 0.090 9.15 8.51 2.292 Nesvadba et al. 2010
3C321 0.095 9.85 9.21 3.352 Ocafia-Flaquer et al. 2010
PKS0745-191 0102  9.69 9.05 2.003 Olivares et al. 2019
PKS1559+02 0105  9.42 8.78 7.905 Ocafia-Flaquer et al. 2010
4C26.35 0112 <932 <8.68 0.400 Saripalli et al. 2007
4C12.50 0122 10.62 9.98 5.155 Fotopoulou et al. 2019
4C12.03 0156  <9.80 <9.16 1.500 Saripalli et al. 2007
PKS2128-123 0.501  <10.99 <10.35 1.895 Lo et al. 1999
3C285 0790  <9.69 <9.05 1.601 Evans et al. 2005
B0235+164 0.940 <1111 <10.47 1.473 Lo et al. 1999
J0830+2410 0941 <11.03 <10.39 0.841 Lo et al. 1999
3C368 1131 <10.90 <10.26 1.087 Evans et al. 1996
J1022+3041 1320  <10.69 <10.05 0.590 Lo et al. 1999
MRCO0114-211 1.410 11.29 10.65 3.723 Emonts et al. 2014
3C68.2 1575  <11.39 <10.75 0.909 Evans et al. 1996
MRC1017-220 1768  <11.06 <10.42 0.539 Emonts et al. 2014
MRC0324-228 1.898  <11.25 <10.62 0.459 Emonts et al. 2014
MRC0152-209  1.921 1146 10.82 0.425 Emonts et al. 2014
MRCO0156-252  2.016  11.61 10.97 0.423 Emonts et al. 2014
MRC2048-272  2.060 1158 10.94 0.485 Emonts et al. 2014
Spiderweb 2156 1150 10.86 0.815 Emonts et al. 2014
MRC0406-244 2433  <11.21 <10.57 0.629 Emonts et al. 2014

MRC2104-242 2491 <11.06 <10.42 0.447 Emonts et al. 2014
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2.4 Results
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A plausible link between
dynamically unsettled molecular
gas and the radio jet in NGC 6328

Note on Authorship: The majority of the work presented in this chapter was
conducted by me and published in Papachristou et al. (2021) and Papachristou
et al. (2023). I. Ruffa guided me through self-calibration and imaging process of
ALMA raw data. M. Polkas significantly contributed on analyzing and deriving
specific jet properties and interpretation of the jet boosting scenario.

As we mentioned earlier in this thesis, one of the most interesting sources
we studied during the analysis of CO-ARC catalog was NGC6328. The
reason of our focus in this source is that we have clear evidence of
out-of-dynamic-equilibrium kinematics in both its cold and warm gas
phases (Maccagni et al. 2014; Maccagni et al. 2016b; Maccagni et al. 2018)
and their likely spatial correlation with the radio-jet.

In the next section we will provide an extent review of NGC6328 prop-
erties from the literature. Next, we present our novel approach to the
kinematic modeling of the cold gas disk of the galaxy and the optimal
3D model that describes its structure. There, emphasis is given to the
nature of the clouds that strongly deviate from the optimal model in the
form of outflowing gas. Finally, we investigate the possible connections
of the outflows with the AGN and the jet.

Figure 3.1: Grand view of NGC6328. Left: Grand-scale (~ 16 kpc) Hubble Space Telescope (WFPC2, F606W band) image (obtained from
Wikimedia). Right and top: (~ 30 kpc) UV image (UVM2) from Swift. Right and bottom: IR image at the same scale (from DSS2)


https://commons.wikimedia.org/wiki/File:NGC_6328_hst_05479_606.png
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ISM: Ambient density = p,

Photoionized clouds

Nonthermal lobe
Pressure = P,
Figure 3.2: The jet-ISM "dentist drill" in-
teraction of the FFA model by Bicknell
et al. 1997. The radiation from the shock
photoionizes the ISM clouds which ab-
sorb the radio emission at GHz frequen-
cies.

3.1 General NGC6328 properties

NGC 6328 is an early type, nearby galaxy (D = 62.88 Mpc at z = 0.014)
at low Galactic latitude (RA = 17:23:41.03 and DEC =-65:00:36.615).
The optical surface brightness of the stellar population is dominated
by a Sérsic * 1/4 profile elliptical bulge which is major axes is oriented
at PA = 150° and the axis ratio is b/a = 0.72. Except the bulge faint
extended spiral features visible almost face-on (Veron-Cetty et al. 1995).
These features are also visible from Neil Gehrels Swift Observatory maps
obtained using Ultraviolet/Optical Telescope (UVOT) Filters (UVM2 at
2246 A and UVW2 at 1928 A) and the Hubble Space Telescope (HST)
through Wide Field and Planetary Camera 2 (WFPC2) in the F606W
band where they are observed also through dust absorption (seen in
figure 3.1). HST revealed also, closer to the center, a near edge-on North -
South oriented dust lane in the central 23” ~ 7 kpc.

3.1.1 Radio emission and AGN

At its core, NGC6328 harbors an AGN associated radio-source named
PKS1718-649. Overall, the AGN is characterized as a low luminosity
AGN (LLAGN) with a low-ionization nuclear emission-line region
(LINER)(Filippenko 1985). The radio spectrum of PKS1718-649 has steep
spectral index at high frequencies and a turnover peak at around 3.2 GHz.
This characteristic feature categorizes PKS1718-649 in under the general
term of Peaked-Spectrum Radio Sources (PS) (O'Dea and Saikia 2021)
(more precisely as a GigaHertz Peaked Spectrum radio source (GPS). The
turnover in the radio spectrum of PS sources is commonly thought to
necessitate some form of absorption mechanism, as proposed in various
studies (e.g., de Kool and Begelman, 1989; O’Dea, 1998; Tingay and de
Kool, 2003). These sources are also compact and thus associated with
young radio jets that interact with the host galaxy’s interstellar medium
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Figure 3.3: Left: The bipolar structure of the young radio source PKS1718-649 as observed from VLBI. The colors represent the spectral
index between 8.4 GHz and 22.3 GHz Angioni et al. 2019. Right: Radio spectrum of PKS1718 as observed from ATCA in three epochs of
observations (2012 and 2013) and the best fit lines of FFA and SSA models (Tingay et al. 2015).

* Sérsic profile (Sérsic 1963) is a model which use to describe the intensity I of galaxy with
distance from its center r. Its form is In I(r; Iy, k, n) = InIp — krl/" where Iy is the intensity
at the center and  is the Sérsic index controlling the shape of the curve. Most elliptical
galaxies have a value n = 4 which is known as de Vaucouleurs’s law (de Vaucouleurs
1948)
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(ISM) on scales ranging from parsecs to approximately 10 kpc. Two pri-
mary mechanisms have been proposed to account for this observed
peak: free-free absorption (FFA) of the synchrotron radiation by the
ionized, shocked, and dense ISM (Bicknell et al. 1997) and synchrotron
self-absorption (SSA) (Kellermann and Pauliny-Toth 1969). For PKS 1718-
649, the FFA model appears to provide the best fit (Tingay et al. 1997)
while close monitoring of the source reveals significant variability, likely
due to a mixture of intrinsic processes associated with the dense local
environment and to adiabatic losses of the synchrotron-emitting lobes
(Tingay et al. 2015).

The FFA model postulates that the radio jet, upon interacting with the
local dense ISM, induces shocks and subsequently generates a power-law
distribution of electron density in the ionized ambient medium which
absorbs part of the radio emission creating the observed peak. Although
the FFA model seems to better explain the spectral features of PKS 1718-
649, it’s worth noting that SSA often provides a more accurate description
for peaked spectrum sources in general (O'Dea and Saikia 2021). The
likely young jet-ISM interaction associated with PS sources makes them
suitable candidates, and especially NGC6328 as it is the nearest detected
PS source to date, for better understanding their role as an AGN feedback
mechanism.

High-resolution (~ 0.3 pc) Very Long Baseline Interferometry (VLBI)
observations resolve PKS1718-649 into a bipolar structure, with the two
lobes being separated by a projected distance of ~ 2 pc (Tingay et al. 1997;
Tingay and de Kool 2003) agreeing with the GPS linear size (LS) and
5 GHz flux correlation (Liao and Gu 2020a).

The spectral index (see Figure 3.3) between 8.4 GHz and 22.3 GHz sug-
gests that the core of the young radio source is strongly absorbed in
these frequencies, and is located between the two lobes. The structure
is unresolved at lower resolution observations at 2.3 GHz (beam of 3.8

Figure 3.4: MHD simulations of a young
jet interacting with the ISM successfully
reproducing the GHz peak in the ra-
dio spectrum of peaked sources. Repro-
duced from (Bicknell et al. 2018).
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Figure 3.5: The bipolar structure of the
you radio source PKS1718-649 as ob-
served from VLBI in different epochs
Angioni et al. 2019.

arcsec) (Tingay et al. 1997) from Australia Telescope Compact Array
(ATCA) giving a total flux of 4.6 Jy, coincident with the optical nucleus of
its host galaxy, with no extended structure at a dynamic range of 1000:1
(Tingay et al. 1997). Newer ATCA observations (Maccagni et al. 2014)
with higher sensitivity (dynamic range of 5600:1) do not also resolve the
source at a resolution of 8.7 kpc.

The source has been monitored for more than three years through the
TANAMI project to study the kinematics and variability of the radio-
lobes /hot-spots. In contrast with other radio-sources where the hot-spots
can be followed and analyzed the source showed a more complex behavior
where the components where not always clearly resolved. Angioni et al.
2019 fitted a simple linear model for the brightest components for every
epoch estimating an angular separation speed p = 0.13 + 0.06 mas yr™!
and a corresponding apparent speed Bapp = 0.13 + 0.06.

3.1.2 Xrays and y rays

NGC6328 observations in the X-rays conducted by Chandra (Siemigi-
nowska et al. 2016) and XMM-Newton (Beuchert et al. 2018) revealed a
two-component emission: A comptonized hard X-rays at the center and
an extended soft X-ray emission at kpc scale from a collisionally ionized
and hot gas. PKS 1718-649 is also one of the few non-blazar y-ray sources
detected by Fermi-LAT (Migliori et al. 2016).

3.1.3 Emission lines

Observations of atomic hydrogen in NGC 6328 have been conducted by
Veron-Cetty et al. 1995 and Maccagni et al. 2014 using the ATCA. The
observations revealed a massive HI disk with a total mass of My =
1.1 x 101 M, (Maccagni et al. 2014). The disk kinematics had been best
modeled as a warped disk, using an almost constant circular velocity of
220kms~!. In this warped disk model the central 30" (or 8.5 kpc), the
disk is highly inclined, with an inclination angle i of ~ 90°, and oriented
along the position angle (PA) of the observed dust lane (180°). In outer
regions, up to 80" (or 23 kpc), the disk slowly warps to a face-on geometry
(i = 30° and PA = 110°), consistently with the galaxy’s spiral features
(Maccagni et al. 2014). Further out (past the 80" radius), asymmetric
features are present north-west and south of the disk. These deviate
from regular rotation, and they are attributed to an ongoing merger or
interaction (Veron-Cetty et al. 1995; Maccagni et al. 2014).

In the UV, NGC6328 has been detected in H, and Ly« emission (total flux
of 2.7 x 107 B ergem™?s7! and 1 - 3.5 X 107 ergcm™2 57! respectively)
through observations conducted from CTIO 1.5m telescope (Keel and
Windhorst 1991 using complementary data from Filippenko 1985). The
H, ionized gas emission has been resolved a North-South extended
emission likely tracing the dense highly inclined disk structure seen
in HI and dust obscuration in HST. Regarding the UV continuum Keel
and Windhorst 1991 argue that it is dominated from starlight, however
Filippenko 1985 detects a 6% excess at 5460 A associated with the AGN.

In the infrared NGC6328 has been studied spectroscopically through
SPITZER at = 5t035 um (Willett et al. 2010). In the spectra has been
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detected moderate (~ 2.5x107 Lg) polycyclic aromatic hydrocarbon (PAH)
emission, silicates Sill at 2.4 X 10° Ly, and [OIV], [Fell] with luminosities
of 5.6 X 10° Ly and 7.4 X 10° L, accordingly. The fine structure emission
lines [Nell] and [Nelll] are also detected with luminosities of 6.3 x 10° Lo
and 3.8 X 10° Ly, accordingly. From these lines authors have estimated
the star formation rate of NGC6328 to 1.8 + 0.1 M yr~! from the [Nell]

[Nelll] lines and 0.8 Mg, yr™! using the 6.2 and 11.3 um PAH features.

This estimation together of an estimated stellar mass of 1 — 4 X 10! Mg,
(Maccagni et al. 2014) puts NGC6328 towards the red and dead part of
the galaxies.

Finally, NGC6328 has been observed through Very Large Telescope
(VLT) Spectrograph for INtegral Field Observations in the Near Infrared
(SINFONI) mapping the distribution and kinematics of warm molecular

hydrogen at 2.12 ym (1-0) S(1) and 1.95 um (1-0) S(3) by Maccagni et al.

2016a. In the total cover of around 1.5 kpc X 1.5 kpc the excited H; has a
total mass of 1 X 10* M, and excitation temperature of 1100 — 1600 K. In
the central 700 pc of the galaxy warm H, traces a nearly edge-on inner
disk at PA of 85°, almost perpendicular to the dust lane. In the outer
disk, two warm Hj blobs have been detected in opposite directions, at a
projected distance of 1 — 1.5kpc, close to the radio jet axis, and close to
the dense dust structure seen in HST. This axis also happens to be nearly
parallel to the major axis of the stellar isophote curves (PA ~ 150°).

3.2 ALMA and X-shooter data

In this work, we present a new kinematic analysis of the molecular gas

in NGC 6328, utilizing previous CO(2-1) observations (Maccagni et al.

2018) and more recent CO(3-2) data obtained with ALMA. We also used
archival ancillary data from the X-shooter instrument on the VLT, which
provides simultaneous coverage of the optical and near-infrared spectral

Figure 3.6: Difference map between the
hard (1.5-10 keV) and soft (0.3-1.5 keV)
X-rays Positive pixels (blue) depict a hard
excess, negative pixels (red) a soft excess
(from Beuchert et al. 2018). The black
contours represent the warm hydrogen
emission (Hz 1-0 S(1) [2.12 um]) from
Maccagni et al. 2016a. In the background
we added the HST image as an indicator
of scale and position. The pink line rep-
resents the position angle of the jet
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Figure 3.7: HI emission map. Left: HI intensity map (black contours) on top of I band DSS image. Right: Mean velocity map. Reproduced
from (Maccagni et al. 2014). The "S" shape traced by the zero velocities indicate the presence of a warp.

ranges. These data (PI: Maccagni and program name: 105.20QD.001) are
not yet published. They have only been publicly released and calibrated
through the standard pipeline. We used the X-shooter data to present
basic ionized gas properties of NGC 6328, particularly in the central
regions of the galaxy. While a detailed analysis of these data is beyond the
scope of this paper, we note that they provide valuable complementary
information to the ALMA data analysed here, and will be discussed in
more detail in future works.

3.2.1 ALMA data reduction and imaging

NGC6328 was observed using ALMA Band 6 at rest frame frequency Vyest
of 230.5 GHz (project ID: #2015.1.01359.S, PI: F. Maccagni) in September
2016, and using Band 7 at vyest = 345.8 GHz (project ID: #2017.1.01638.S,
PI: S. Kameno), in January 2018. The phase center of the observations was
the position of the nucleus (6ra = 17:23:41.03 and Opgc =-65:00:36.615)
with a single pointing covering a Field of View (FoV) of 25” in Band 6
and 18” in Band 7.

The ALMA Band 6 observations were carried out with 39 12-m antennas
and an extended array configuration with baseline lengths ranging
from 15 to 2483 m. The on-source integration time was 1.85 hours. The
correlator setup was selected to center the CO(2-1) line with a velocity
range of £1200 km/s in the 1.86 GHz bandwidth and a channel width
of 7.8 MHz (20 km s ™).

The data were calibrated using the Common Astronomy Software Appli-
cations (CASA) (McMullin et al. 2007), version 4.7, and the calibration
scripts provided by the ALMA archive. J1617-5848, ]2056-4714, and J1703-
6212 were respectively used as flux, bandpass, and phase calibrators
resulting in 15% accuracy. The data were imaged using the CASA tclean
task with Briggs weighting and a robust parameter of 2, in order to
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Figure 3.8: From left to right: zeroth, first, and second moments of the CO(2 — 1) emission. The ellipse in the lower right corner of each
panel represents the observational beam. The inset on the right provides a zoomed-in view of the central inner disk-like structure, also

highlighted by a black ellipse.

maximize the sensitivity, resulting in a synthesized beam of 0”27 x 0”19
at PA=33.75°. The images were binned to a 20 km s™! (15.2 MHz) spectral
resolution and corrected for primary beam attenuation.

The continuum map was made using natural weighting, resulting in
a signal-to-noise ratio (SNR) of 400. After five iterations of phase-only
self-calibration and one iteration amplitude and phase self-calibration,
the SNR was raised to 7912 with an rms of 0.04 mJy/beam. The restoring
beam is 0”194 x 0”107 at PA = 21.5°. In the continuum map the radio
source is unresolved. The CO(2 — 1) line emission cube was obtained
after subtraction of the continuum in the line-free channels with the
CASA task uvcontsub. The rms noise was estimated to 0.04 mJy/beam
with a restoring beam is 0”272 x 0”186 at PA = 34.8°.

The ALMA Band 7 observations were carried out with 44 antennas
and baselines ranging from 15 to 1400m. The shortest baseline provides
a larger recoverable angular scale of about 11”. The total integration
time was 44.7 minutes. The galaxy was observed in dual-polarization
mode with 2 GHz total bandwidth and 128 channels per spectral window
(SPW), corresponding to ~ 13.7 km s~ velocity resolution. The choice of
the tuning setup was to provide simultaneous observations of CO(3 — 2)
HCO™"(4-3) and CS(7-6) emission lines and therefore the SPW of the
CO(3 - 2) line emission did not center the observed frequency of the
CO(3 - 2) line, missing out the negative velocities. The data reduction
was performed using CASA version 5.4.0-70. For the phase and bandpass
calibrations, J1703-6212 and J1647-6438 were used, respectively. The flux
was calibrated using J1427-4206, assuming that at 350GHz the flux density
is 2.19 Jy (for a spectral index of -0.52), and resulting in an accuracy of
8%. The continuum map was made using the CASA tclean task with
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Figure 3.9: From left to right, zeroth, first and second moment of the CO(3 — 2) emission. The black ellipse represents the beam of the
observation. Due to spectral coverage limitation only the positive velocities are observed. Thus only the redshifted part of the disk is

visible.

natural weighting, resulting in a signal-to-noise ratio of 186. After five
iterations of phase-only self-calibration, and one iteration of amplitude
and phase self-calibration, a SNR of 5063 was reached, with an rms
of 0.044 mJy/beam, a restoring beam of 0”339 x 0”269 and PA = 6.9°.
After subtracting the continuum and cleaning using the same criteria as
in Band 6, we obtained a CO(3 — 2) data cube with a restored beam of
07320 x 0”275 at PA = 2.2°, and an rms noise of 0.297 mJy/beam per
channels of 20 kms™.

3.2.2 Molecular gas distribution and kinematics

ALMA data final products are 3 dimensional, with two dimensions of
space (RA, DEC), often called spatial-pixels or spaxels, and one dimension
of frequencies v which are transformed into line of sight (LOS) velocities
v using the Doppler shift law defined as

Vo—V
= —-"7C

V= 3.1)

Vo
where vy is the lab rest frame frequency of the line which in our case is
CO(2 — 1) at 230.538 GHz and CO(3 — 2) at 354.796 GHz. However due to
cosmological Hubble flow the intrinsic rest frequencies are redshifted also
by a factor (1+z)~!. This means that n1 is now redshifted to 227.355 GHz
and 349.897 GHz for CO(2 - 1) and CO(3 — 2) respectively.

CO emission lines are easily excited and thus tracing dense cold molecular
gas, as we explained also in chapter 2, producing a Gaussian line profile
centered at the LOS velocity and with a dispersion broadening dominated
by the random motions of the gas clouds or turbulence. We can estimate
the expected turbulence of cloud with size L using the Larson laws (Larson
1981) which used observation from Milky Way galaxy to understand the
relation between velocity dispersion and linear size of molecular clouds
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which is giving values as

Lo19%
= -1 2
o 6[100pc] kms (3.2)

However this value is about one single molecular cloud. Looking at
extragalactic sources we integrate light from an ensemble of clouds
which have relative velocities with each other growing the observed
velocity dispersion. Finally, the width of the emission line is convoluted
with the spectral resolution of the telescope and several extrinsic factors
(such as atmospheric conditions), rising the value even more.

In our case, we convolved the emission in a minimum of 20kms™!
resolution in order to balance the signal to noise ratio and the velocity
resolution. So, we estimate a typical velocity dispersion of a regular
emitting gas to around 20 — 30 kms™!.

Apart from the mean LOS velocity of the molecular clouds and their
dispersion we can also estimate the total mass of the molecular gas
assuming that is proportional to the intensity of emission line. We note
here that in resolved clouds (i.e. in the Milky Way) this assumption is
wrong as soon as the molecular clouds are optically thick. However,
collecting the diffusive radiation from an ensemble of many clouds acts
as like observing an optically thin gas making the assumption valid
(Stahler and Palla 2008). As we have the CO line luminosity we finally
can estimate the total mass using the relative abundance with the H»
gas. For the line luminosity we use the Solomon and Vanden Bout (2005)
formula (for the CO(2 — 1) emission):

Di
L =3.25X% 107/ Idv——mMm—— Kkms ™! pc? 3.3
CO (2-1) 7z (2_1)(1 T 2P [ pc’l  (3.3)

where f Idv is the integrated emission, Dy, = 62.88 Mpc is the luminosity
distance and vco (21) is the rest-frame CO(2 — 1) frequency in GHz.
Integrating the whole field of view of NGC6328 and keeping only areas
with signal higher than three times the local rms noise level we get a value
of L/Co(2—1) = 3.28 x 10 Kkms™! pc?. From the integrated luminosity, we
estimate the total molecular gas mass to be 1.8 x 10° Mg, using the
relation My, = acoL(, (Solomon et al. 1997). We adopt a Galactic value
of 4.6 Mo (K kms™ pc?)~! (Bolatto et al. 2013) for the conversion factor
aco, and a CO(2 — 1) to CO(1 — 0) flux ratio of 4.

Moment maps

Now in order to have a better understanding of the distribution and
kinematics of the molecular gas we need to encode the 3D data to a more
interpretable structure. The most useful and standard procedure is to
create 2D spatial maps containing the most quantity of information. This
method is called method of moments in which we create a map for the
total integrated along the LOS mass (0th moment)

Mo = /dV (3.4)

47
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Figure 3.10: HST zoomed view of the
central 4kpc. ALMA CO(2 - 1) (black)
and CO(3 —2) (blue) 40 contours of the
maximum flux per channel. The central
North-South oriented dust lane, corre-
lated with the CO emission, along with a
less prominent feature to the west mark-
ing the start of a faint spiral arm. The
elliptical contours represent the stellar
distribution from VLT in the ] band.

Y [kpe]

the mean velocity of the gas (1st moment)

/ v I,dv 25
V= (35)
and the mean velocity dispersion (2nd moment)
f I, (v = My)?dv
My=—vn—— (3.6)

My

The resulting maps are shown in figure 3.8 and 3.9 for the emission
cubes of CO(2 — 1) and CO(3 — 2) respectively. From these maps we note
several observations.

The CO emission consists mainly of a highly inclined, disk-like structure
extending out to 15" (4.3 kpc). This distribution is spatially correlated
with the dust absorption visible in Figure 3.1. The main disk structure is
clumpy and asymmetric with respect to the center of the galaxy, with
66% of the total intensity belonging to the southern part of the disk and
concentrated in an area 1.3 kpc2 wide, around 1kpc South-West from
the center (30% of the total intensity). Apart from this massive area the
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Figure 3.11: Position velocity slices along three different PA. From the top, PA of the inner disk (72°), PA along the high dispersion areas
(170°) and along the PA of the main disk (2°). The contours represent the total emission over the total noise along the width of the slice
(100 pc). At the left we present these three slices on top of the average velocity moment map of CO (2-1) emission.

molecular clouds density is dropping with the observed distance from
the center. East from this main disk there are filamentary features that
could be associated with spiral arms, tidal tails, or polar rings.

From both the integrated intensity and the mean velocity maps of the
CO(2 — 1) and CO(3 — 2) lines (Figures 3.8 and 3.9), we identify multiple
gas structures. In the inner regions, it is evident the presence of a bright
molecular structure extending up to 650 pc, with i = 65° and PA = 72°
closely aligned with the warm H; emission (Maccagni et al. 2016b). This
structure appears disk-like but could also resemble a ring.

The kinematics observed in the mean velocity and velocity dispersion
map (Figure 3.8, middle panel) suggests the presence of a warp, as
the position angle clearly changes from 140° at 1.4 kpc to 180° at the
maximum extent of 4 kpc. In the South-West (SW) portion of the disk,
there is a massive substructure spanning an area of approximately
1.3kpc?, centered at ~ 1kpc from the center. This substructure has a
mass of around ~ 108 Mg (assuming aco = 4.6 Mg(Kkms™ pc?)71),
exhibits the maximum observed velocities (exceeding 350 km s™!) and
velocity dispersion (with values exceeding 80 km s™1). A similar behavior
can be observed in the opposite direction (PA =~ —30°), though in much
smaller and less massive clumps of molecular gas. Both of these regions
coincide with notable H; regions outside of the inner disk (Maccagni
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Figure 3.12: Illustration of projected velocities in a rotating disk depicted through a composition of rings, showcasing three different
scenarios of disk warping. At the left the disk has no warp, where in the middle and right the disk has a mild and a strong warp,
respectively. The arrows represent the normal vectors of the circular orbits. In the warped configurations, the loci of zero velocities trace
an "S" shape curve and the superposition of disk sections creates apparent overlaps when projected onto the plane of the sky.

et al. 2016b).

Position velocity slices

Except from the 2D spatial dimensions of the moment maps we can infer
the gas kinematical properties through 2D position-velocity slices. These
are images created by taking a slice with spatial thickness w which pas
through the center of the galaxy and integrating along the thickness.
This way we create a map where the one dimension (x) is the distance
from the center and the other (y) is the LOS velocity. In a regular rotating
disk we expect that if the slice is along the major axis of the disk as it is
projected to the sky we will see dense components tracing the rotation
curve of the disk. This rotation curve however must be corrected for the
disk inclination®.

In figure 3.11 we plot the position velocity slices at 3 selected angles. At
72° where we observe the major axes of what is seems to be an inner
disk and at 2° and 170° where we observe the maximum extent of the
molecular gas, and we expect the major axes of the main disk. Here we
can have a better look on the high dispersion ares and focus on also some
more interesting features such as high dispersion areas also in the more
central part of the gas.

All the background we provided is coming to this. What is the cause of
this high dispersion areas? Overall we could directly accept that we are
observing high turbulence areas, or gas out of regular rotation kinematics
and try to understand the nature and the cause of it (i.e supernovae,
AGN, jets etc).

However, we could observe high dispersion due to extrinsic reasons such
as projections effects. If the disk has not a single fixed orientation over
radius then we can observe different intrinsic areas of the disk in the same
sky positions, which means different LOS velocities in the same spatial
area of the cube. This can be seen in the illustration on figure 3.12 where
as the warpness of the disk strengthens we observe multiple regions

* Using the equation A.8 when ¢ = PA we get vios = vsini, so in order to get the intrinsic
rotational velocity from the observed v),s we need to divide by sin i
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where different parts of the disk overlap, leading to a superposition of
line-of-sight velocities.

3.3 Building a new gas kinematics and
distribution model

To fully investigate the kinematics of the molecular gas in NGC6328 we
used the tilted rings method. In this method we create a series of rings
where its of each ring has its own rotational velocity and orientation, or
other properties (velocity dispersion, gas density etc). Then by using the
projected LOS velocity we can create a model of the disk and compare it
with observations. In the next paragraphs we will first explain the need
for our new methodology, then describe our model and finally the way
the comparison with the data is implemented.

3.3.1 The need for a new tilted rings model

This is a standard method with is used extensively in the literature on in-
ferring the kinematical properties of extended gas emission observations
(such as HI and molecular gas). Most tilted rings code, such as diskfit
(Spekkens and Sellwood 2007; Sellwood and Séanchez 2010; Sellwood
and Spekkens 2015), work using the 2D moment maps we explained
previously and return as a result a tabulated set of the properties (circular
velocity, position angle and inclination, surface density, dispersion, etc) of
each ring. They also include non-axisymmetric components such as bar
or spirals which introduce radial motions (inflows or outflows) and thus
much more tabulated parameterst. This approach can give good results
when the disk is close to flat with small warps only on the outskirts of
the galaxy, so the combination of circular and streaming radial motions
can be easily identified into the mean velocity map.

However, in occasions like NGC6328 where we suspect the presence of a
strong warp or -worst-a combination with non-axisymmetric components
(such as a bar) the above approach cannot give us accurate results. First
of all, given the spatial overlapping of gas emission, we cannot trust
that the first-moment map is giving us a trustworthy result. The first-
moment map estimates the average velocity weighted by the cloud
masses. So, in the case where we have clouds emitting at 50 kms~!
and 200km s, in the same spatial position, with a flux of 0.02 and
0.01, respectively, the estimated mean velocity will be at 100 kms™'.
Except for this data-oriented problem, we have the problem with the
highly degenerate models. Because the models are extremely generic,
meaning they use large number of parameters' and that they provide
minimum interpretability on the results and the inferred parameters. This
happens because the parameters either they are not treated as coherent or
correlated structures or if they are, they are simplistic (interpolation, etc.)
without any physical meaning or bounds. Also, due to these problems,
the optimization problem (minimization of model(parameters)-data) is
non-convex with a huge number of local minima making it extremely
difficult to provide the optimal solution.

t check appendix

1: A generic method must have at least
3 parameters (v, i, PA) per ring. If one
ring is similar in size of the beam, the
number of rings in our ALMA data
(beam=80 pc) will be around 68. This
means 204 parameters without using any
non-axisymmetric models
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Recently, there have been attempts to use fully 3D data from the cube
with 3PBarolo (Teodoro and Fraternali 2015), KinMS (Davis et al. 2020),
GalPak3D (Bouché et al. 2015a; Bouché et al. 2015b) and TiRiFiC (J6zsa et
al. 2007). In all these codes, even the problem of the information loss, due
to dimension reduction, is resolved, the problem of model/parameter
degeneracy remains. There are also more problems regarding the model
selection and optimization, which we will further discuss in the section
where we describe our own methodology.

3.3.2 Model description

In order to resolve all the issues we mentioned before, we implemented a
new model which incorporates physical principles to depict the galaxy’s
3D structure and kinematics. Additionally, our code includes an alterna-
tive model that employs interpolation schemes for the rings’ geometrical
properties in the galaxy plane, akin to traditional methods. This alter-
native model is initialized using the resulting geometry derived from
the physically-motivated model, but it allows for more flexibility in case
the physical model might be overly constraining or not fully applicable.
However in both approaches we implemented a similar rotation curve
model.

Rotation curve model

One of the major parameters of the tilted rings models is the intrinsic
rotational velocity of each ring. As we said earlier generic codes estimate
a set of ‘best” and independent rotational velocities v(r;) for each ring
at radius r;. Instead we modelled our rotation curve using known
information from the properties of the galaxy.

We used a gravitational potential comprised of three components: a
SMBH, a bulge, and a dark matter halo. We did not use any further stellar
or gas components (such as disks) because their mass is too small to
significantly influence the kinematics.

For the bulge (the most massive stellar component) we used the Hernquist
potential (Hernquist 1990) of a spherical stellar density distribution. This
distribution is a very good approximation of the Sérsic profile with n = 4
which closely assembles the bulge light profile of the galaxy. Hernquist
model depends on the total stellar mass of the bulge (M.) and a scale
length (7;) and has a stellar density of

M., r, 1
= _— 37
p(r) 21t v (r +14)3 G7)
which provide a potential
GM.
O(r) = — .
() =7 (338)

The rotational velocity is found from solving the centripetal acceleration
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VGM.r

r+r,

d
VBulge(r} M., ra) = 7Eq)(r) = (3.9)

Additionally, as the ALMA data can be resolved close to the SMBH sphere
of influence? we added a Keplerian component

|G MsvpH
vemH(r) = -,

For the dark matter halo component, we used the Navarro-Frenk-White
profile (NFW) (Navarro et al. 1996). The NFW density profile is a two
parameterized formula of the density of galaxies dark matter halos

(3.10)

Ps
(r/rs) (1 + (r/75))? (3.11)

where 5 and p; are a characteristic radius and density. A halo of virial
mass My; is defined as the radius within which the mean density is Ay,
(= 337 for ACDM, Q),,, = 0.3 and z = 0) times the mean universal density
pu at that redshift.

pom(r) =

4m

Myir = ?AvirPuRiir (3.12)
Using the parameterization of Bullock et al. (2001)
My ~ 0 Avie(z) | | Ryie(1 + 2) ’ (3.13)
101Th~1Mg 200 75h~1kpc
1/3
Vvir Rvir Avir(z) 3/2
~ Q 1+2z)% 3.14
75 km s ! [75}1—1 kpc] [ T (314)
we can solve for V,;; and Ry, as a function of the My,
2/3
Vvir 1/2 MVir AVir(z)
—— ~(1+ Q 3.15
rmst - F A o | |2 200 (3.15)
Ryr 75071 Mae  Aviriey |2 516)
kpc  1+z | 10171 M, 200 '
The circular velocity component due to dark matter halo is
- A(r /R
V2DM(7’/' Muir, Cvir) — VZ Cvir (7‘/ v1r) (317)

VirA (Cvir) V/Rvir

where A(x) = log(1 + x) — 135 The only parameters are M,;;, and the

concentration parameter Cyir = Ryir/7s.

Detailed observations of WMAP3 show a correlation between the con-
centration parameter and virial mass

log cyir = 0.971 — 0.094 log (Myi/[10"2h ™Mo )

which can give as the opportunity to remove it as a free parameter as the
DM component it is not strongly affect the rotation curve in the molecular
gas region.

2: For the SMBH, we used a mass of
4.1 x 108 Mg (Willett et al. 2010)
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From the conservation of angular mo-
mentum we have

il _ = i
E—TOIhﬁ—T’XV(@)
a1 (D) 5 (D)
h66+hsm9/\A—Sin9 F + 30 A

The resulting rotational curve model is dependent on 4 parameters (we
use the literature value of the SMBH mass).

v(r; M, 7a, Myir, Cyir) = \/VgMBH(r) + Vg

Bulge(r; M., r5) + VZDM(r; Myir, Cvir)

(3.18)
For the rest of our work we assume that non-circular velocities are
negligible.

Physically-connected rings model

This approach captures the warped structure of the disk resulting from
gas infall towards an ellipsoidal or triaxial gravitational potential. In a
non-spherical potential, it is widely accepted that the gas will precess
due to the torques induced by the gravitational potential of the stars
until it eventually relaxes back into alignment with one of the preferred
axes, commencing either clockwise or counter-clockwise rotation. Rings
at smaller radii precess more rapidly due to their higher angular velocity,
which leads to a warped disk structure. The differences in angular ve-
locity and precession rates between neighboring rings generate internal
torques. These internal torques serve as dissipative forces, promoting the
alignment of each ring with its neighbors and eliminating the compo-
nent of the gas’s angular momentum that’s perpendicular to the stellar
angular momentum direction, thus facilitating the settling of the gas
to the potential’s preferred axes. Over time, these processes result in
the alignment or counter-alignment of the gas with the stellar angular
momentum. This alignment transpires over timescales ranging from
hundreds of millions to billions of years (Tohline et al. 1982; Lake and
Norman 1983; Steiman-Cameron and Durisen 1988; Sparke 1996; Davis
and Bureau 2016).

Assuming that precession is slow compared to the time taken for one
complete orbit, the change in the orbital orientation

—sin O(¢, r)sin A(t, 1)
sin O(t, r) cos A(t, )
cos O(t,r)

at,r) = (3.19)

due to the asphericity of the galaxy and viscous forces can be calculated
by averaging the torque induced over an orbital motion as follows:

a0 To

T Thend fo(t,r,0,1) (3.20)

dA Ty

— = 21

dt  hsin0 (321
whereTp ) = - % represents the torques exerted on the ring in the

0 and A directions due to the asphericity of the potential ®, h(r) = rV,(r)
is the orbital angular momentum per unit mass and V,(r) is the rotation
curve we defined in the previous section. The quantity (®)(r,0,7)
denotes the gravitational potential averaged along the circular orbit/ring
as

(P)(r,0,A) = % .759 ) D(Y,r,0,A)dy where 0 < ¢p <2 (3.22)
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The potential that provides the necessary asymmetries for the above
precession is assumed to be that of the bulge. Thus, we use a modified
Hernquist bulge for the stellar density with total stellar mass M and scale
lengths 7, 1, and r, (in case of an axisymmetric bulge r, = r},), which is
defined as

N
N
N

1
where yz =L +

2mabe (1 + p)° Zrat

pn(w) = (3.23)

LS
n\{ml N

From this we get the potential for every position x, i, z using the method
of ellipsoidal shells (Chandrasekhar 1969; Binney and Tremaine 2008),

GM o du
q)bulge(é) == 2 / 529
O N tugfry +urZ +ull+ )P
where ’ 2 2
£2(u) = 2x 2y 22 (3.25)
retu  rptu retu

Diffusive forces

The function fy(t, 7, 8, A) represents the effect of viscous forces arising
from the interaction between adjacent rings. For the evolution of the polar
angle (tilting), as described in equation 3.20, we employ the dissipative
force definition from Steiman-Cameron and Durisen (1988) to define the
quantity

3sin26 t2

t =
fo(t,r,0,7) 2 7

(3.26)

where t, is the timescale required for the gas to settle. In this approach,
we use the stress-free approximation, where the effect of dissipative
forces on twisting 3.21 is considered negligible compared to their effect
on tilting (Steiman-Cameron and Durisen 1988).

First approximation This timescale is dependent on the geometric
and physical characteristics of each ring and its neighbors. In Steiman-
Cameron and Durisen 1988, the authors approximated the inner-torques
between adjacent rings as resulting from viscous transport of angular
momentum, through cloud-cloud collisions, computing ¢, via the gas
viscosity and higher-order derivatives.

-1/3

(3.27)

v(r) (dA)
(%)

te(r) = [

where v is the kinematic viscosity and dot symbolizes the time derivative.
We can approximate the kinematic viscosity using

i =p I dclouds OF V = I Oclouds (3.28)

where u is the dynamic viscosity, [ is the mean free path and Gouds
the velocity dispersion of the clouds. Note that we are describing cloud-
to-cloud collision and not just molecular gas. In order to estimate [ we
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Figure 3.13: Left: Settling timescales as a
function of radius in the two viscous
force approximations. Right: Line of
nodes precession as function of radius
after 500 Myr used to approximate the
settling timescales. The dotted lines rep-
resent an approximation of the observ-
able disk precession between the outer
disk and the inner disk.
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make the assumption that a cloud collision occurs once in a one epicyclic
frequency kS, so | ~ %2 where ¢ is a parameter that controls the
likelihood of collision in one epicyclic period. We expect ¢ < 1. Now the

approximation of the kinematic viscosity is as follows.

2
¢ Oclouds (1’)
w(r)

v(r) = (3.30)
where we have functional notation as these parameters are function of
radius.

The next term we need to estimate is the mixed derivative of %. Without
solving the complicated system of mixed partial differential equations
(3.20 and 3.21 together with 3.26) we can approximate A in simple
precession scenario, without viscous forces and simple axisymmetric
potential representation as

A(r) = € cos 6Q(r) (3.31)

where € describes the ellipticity of the stellar isophotes, 0 is the inclination
of the disk to potential equator (remains constant in an axisymmetric
potential) and Q(r) the regular angular velocity. Now by differentiating
A over the radius and using our approximation of the kinematic viscosity
we get a settle timescale f.(r) as seen in 3.13

Second approximation In order to avoid solving the partial derivative
system (due to the mixed derivatives in equations 3.20,3.21 together 3.26),
we also chose to test a simpler approach introduced by Tohline et al.
(1982). In this work authors defined the settling timescale as

o

e = ———— 3.32
IA(r) = Aol 052

§ The epicyclic period in a galaxy refers to the time it takes for a star (or a cloud) to complete
one oscillation perpendicular to its circular orbit around the galactic center. In other
words, while a star orbits the center of a galaxy in a roughly circular path, it also oscillates
radially in and out, as well as vertically up and down, relative to the galactic plane. These
oscillations are described as epicyclic motions. The epicyclic frequency (x) is often used
to describe these oscillations and is defined as:

aQ

2 _
x? =20 (ﬁ + Q) (3.29)

where Q) is the angular velocity of the circular orbit and R is the radius of the orbit.



3.3 Building a new gas kinematics and distribution model

This much simpler expression, was based on the observation that the gas
will have settled once it has precessed through an angle a = 71/2 around
the main axis.

In figure 3.13 we compare the two methods. In fact, the timescale can
have significantly different values. However, for several reasons, we chose
the approximation of Tohline et al. 1982. More specifically:

» PDE solvers are much more computational complex and prone to
numerical errors and instabilities.

» The behavior of the timescales tends to produce similar estimations,
especially by fine-tuning the parameters.

» The approach of Steiman-Cameron and Durisen (1988) introduces
more unknown parameters.

» In our problem, we have already introduced a number of assump-
tions that surpass the need for more complex models.

Also, in order to add more flexibility to the timescale estimation, we
chose to treat the angle « as a fitting parameter.

Running the model

Overall the model executes two numerical integrations, one for the
seminfinite integral of the ellipsoidal shells (equation 3.24) and its average
along one orbit/ring (equation 3.22). After extensive experimentation,
we established an upper limit for the "infinite" boundary to 10° kpc for
the potential integration and an absolute tolerance of 10~ in order to
achieve an accurate approximation and preserve computation time. Both
numerical integrations are conducted with the adaptive Gauss-Kronrod
quadrature method (QuadGK) using the quadgk.jl package (Johnson
2013) in the numerical Julia language ecosystem (Bezanson et al. 2015).

The partial derivatives of the "numerically estimated" average potential in
the ¢ and O directions are calculated using the forward mode automatic
differentiation method (AD) using the ForwardDiff.jl Julia package
(Revels et al. 2016). Automatic differentiation significantly outperforms
classical differentiation methods, providing, as with the better speed and
accuracy.

As we have calculated the partial derivatives (torques), we solved the
set of differential equations (3.20 and 3.21) using the state-of-the-art
DifferentialEquations.jl package (Rackauckas and Nie 2017) of Julia.
The choice of the specific package was crucial due to its auto-stiffness
detection algorithm, which evaluates different integration solvers at
different steps. In our case, the algorithm of choice was a combination of
TSIT5 (Tsitouras 2011) and Rosenbrock23 (Rosenbrock 1963) methods.

The result of the above chain of integration and differentiation processes
is a set of O(t) and ¢(t) functions for a specific radius of the ring. This
means that we cannot get the needed O(t, r), ¢(t, r) directly, which was
the reason we avoided the viscous force of the mixed derivative %
(equation 3.27). To get a set of solutions in the full time and radii, we
solve in-parallel (using multi-threading) the time evolution for a set of
predefined rings and then interpolate between them. Using a 32 thread
environment we chose a set of 32 or 64 radii unevenly distributed (from

0.03 kpc to 6 kpc and denser in the central kpc) and integrated up to
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2 Gyrs. The whole process, after several code and memory optimizations,
is executed in sub-second timescales.

Generic tilted rings model

Except for the physically-connected ring model, we employed a more
generic model which uses the rotation velocity defined in section 3.3.2
but for the geometrical properties 0(r), A(r) (note that there is no time
evolution) it uses an interpolation scheme, similar to the methods used
in the literature, based on a specific set of N pairs (7, O, Ax) which are
fitable parameters. For interpolation we used the Piecewise Cubic Hermite
Interpolating Polynomial (PCHIP) (Fritsch and Butland 1984) in order to
avoid large gradients and get smooth solutions. The generic model was
used with an initial solution from the physically-connected ring model.
In this way we allowed more flexibility and small deviations from the
physical models to avoid overfitting with unreasonable solutions.

3.3.3 Model setup and projections

In the above sections, we provided the framework of how our model
works. Given a set of parameters, which is different to model setup
(physically-connected rings or generic rings) it results on a set of tilted
rings, or more specifically for a given radii 7, a set of vi, Ok, Ax. In
the case of the generic model, this set is unique, and in the case of
the physically-connected rings is a single set for every time step in the
evolution of a warped disk. As we will explain later in the data fitting
procedure, this difference is irrelevant as the fitter compares the data
with a single tilted rings set every time.

Before fitting the data (as we explain later), the resulting tilted rings must
be projected to the sky plane to get the final Vk"s, ix, PAg. This is done by
using a reference ring oriented as (iBulge, PAgyige) in the sky and creating

a rotation matrix as explained in the Appendix A.1.3

Using these setups, we created three different models. Models A and B,
are using the physical model that describes the time-dependent evolution
of a set of tilted rings within a triaxial or axisymmetric bulge potential
accordingly. The physical approach in models A and B captures the
warped disk motion and structure, which results from gas infalling
towards the gravitational potential, feeling torques from a non-spherical
potential, and dissipative forces. The third model, named C, uses the
generic interpolated model that we described earlier.

For models A and B, there are 12 and 13 fittable parameters, respectively.
These include the bulge stellar mass, the scale size on the three axes 7,4, 13,
7¢ (for the axisymmetric model, 7, = rp,), the virial mass and concentration
parameter of the dark matter component, the initial values of 6(0, 1) = 6y
and A(0, r) = Ay, the settling angle a and the orientation of the reference
ring (iBulge, PAgulge)- As the physically-connected creates multiple rings
for every time step in the disk evolution, there is an extra parameter that
can be exported, the time elapsed from the initial configuration 7.

For model C, 6(r) and A(r) are generated using an interpolated set of
N =10 pairs (rk, Ok, Ax), which are fitable parameters. The rotation curve
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uses the same parameters as the other models, which are the stellar mass
of the bulge, the scale size of the bulge r,, and the virial mass of the
dark matter component, for a total of 26 parameters together with the
orientation of the reference ring (ipuige, PABuige)-

3.4 Fitting the ALMA Data with Our Models

3.4.1 Statistical Inference
Likelihood Analysis

Likelihood analysis is a standard statistical framework essential for fitting
models to empirical data. This analysis aims to estimate the parameters
of various models under consideration, thereby quantifying how well
these models describe the observed phenomena.

Given a set of measurements and their errors (x;, y;, 0;) from a dataset
D of size N, and a model M(x;0) where 0 is a vector of the free
parameters, the likelihood is the probability function for obtaining
the exact measurements given the model, denoted as %(D|M(x; 0)).
Assuming that the probability distribution of the data N is Gaussian
and that the data points are independent, the likelihood function can be
expressed as

N
2(D,0) = 2(DIM(x; 0)) = [ [ ¥(M(xi;0) - i, 07) (3.33)
i=1
It is more convenient to use the natural logarithm of the likelihood.

N N
log (D, 6) = —%log@nzo%) Z M

i=1 i=1 1‘

(3.34)

where we have expanded the Gaussian distribution function. As the first
term is constant, denoted K = —N log(2m Zf\i 1 01.2), equation 3.34 can
also be written as

— ¥’ E%(K XD, 0)) (3.35)

0)—1:)2
(M(X’;M is the widely used chi-square expression in

i

2 _ ¢vN
where x° = 2.7,
the literature.
The likelihood analysis consists of finding the set of parameters that
better describe the data, under the assumption that the model is correct.

This can be achieved by finding 6* that maximizes the likelihood function,
a method referred to as Maximum Likelihood Estimation (MLE):

0" = argmax Z(D, 0) = argmin x*(D, 0) (3.36)
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Along with the MLE estimation of the parameters 0%, another question
that we need to answer is related to the confidence intervals of the
parameters, the variances (errors) of each specific parameter, and the
covariance (correlations) between them. Before continuing, we need to
generalize the previous definitions in the case that the data points are
not independent, implying that there is a non-zero covariance matrix
C of size N X N. The previous case of independent data translates into

C = diag (%), so that values outside the diagonal are zeros.

Now, the likelihood is defined as

1

\(2m)N det(C) =

where R = D — M(6) denotes the residuals (data model) and M(9)
represents the model points created from the parameters. The chi-square
term is

2(0) = p (—%RTC‘lR) (3.37)

x*(0)=RTC'R (3.38)

To approximate the covariance of the estimated MLE parameters, we use
the Fisher Information Matrix, defined as

(3.39)

2
Fj=-E [8 ln&f’]

96:96;

where E[X] = f_ Z x f(x)dx represents the expected or average value of
the distribution. For Gaussian-distributed data, we obtain the follow-

ing.

1
Fii==-Tr|C —C  —
12 r( 20; (96]'

where % is the derivative of the model with respect to 0; (the Jacobian).

Finally, the covariance matrix of the parameters is X ~ F! sothe MLE
estimated parameters with the one-sigma (68.3%) confidence intervals
are

0; = 6: + /L (3.41)

where X;; is the i-th diagonal element of .

Bayesian Approach

The methods described in the previous section adhere to the frequentist
statistical approach, characterized primarily by the Maximum Likelihood
Estimate. In this viewpoint, the parameters are considered to be fixed
but unknown quantities. The confidence intervals represent the range of
values within which we would expect these fixed parameters to fall if
the experiment were infinitely repeated. Although MLE provides point
estimates and associated confidence intervals, these intervals do not
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convey a probability distribution of the parameters conditioned on the
observed data.

In contrast, Bayesian statistics offers a probabilistic framework that
facilitates direct probabilistic interpretation of model parameters based
on both the data and prior information. Bayesian statistics utilize Bayes’
theorem to adjust our beliefs about model parameters in light of new
data, expressed mathematically as:

P(D|0)P(6)

P(0|D) = 50D)

(3.42)

In this equation, %(0|D) represents the posterior distribution of the
parameters, given the observed data. (D|0) is the likelihood of the data
given the parameters, which was discussed earlier. (D) denotes the
evidence, reflecting the degree of belief in observing the data, and %(6)
is the prior distribution, representing our initial knowledge or beliefs
about the model parameters. It is noteworthy that if our priors are flat
(uniform over the parameter space), the Bayesian approach yields results
analogous to those obtained using the MLE approach.

Numerical Optimization

In both the frequentist and Bayesian approaches, we can employ nu-
merical optimization techniques to determine the optimal 0" and their
uncertainties. In the frequentist approach, these point estimates arise
from the MLE method previously described. In contrast, the Bayesian
approach yields not point estimates but probability distributions for
the parameters. Nevertheless, we can use point estimates from these
distributions using either their mean or mode, the latter of which is
termed the Maximum A Posteriori Probability (MAP).

To comprehensively explore the full posterior distribution, we implement
the Markov Chain Monte Carlo (MCMC) method. MCMC algorithms are
powerful tools for estimating the distribution of parameters, especially
in cases where analytical solutions are unfeasible. These algorithms
generate samples from the posterior distribution, which are then used
to approximate the entire distribution and infer the properties of the
parameters.

In scenarios where the gradient of the posterior function is unknown,
which is the case in models with such complexity, regular samplers
are inapplicable. Thus, we utilize the Affine Invariant Markov Chain
Monte Carlo (MCMC) Ensemble sampler (Goodman and Weare 2010;
Foreman-Mackey et al. 2013) and its julia implementation of Vesselinov
and O’Malley (2013).

This sampler employs multiple walkers to approximate the gradient
of the posterior, thus allowing for a more accurate exploration of the
parameter space. By leveraging the information from numerous walkers,
this approach mitigates the challenges posed by unknown gradients and
facilitates a more reliable inference of the posterior distribution. This
makes it especially valuable for our analysis given the complexities and
uncertainties associated with the models and data at hand.
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If the ring at radius 7 has inclination i
and width dr then the inclination of the
"inner boundary" and "outer boundary"

ellipses would be
iy = arctan( k% -1)
iout = arctan( k% -1)

where

ko = V1+tan?i
_r—dr
" r/ko—dr
_r+dr
" or/ko +dr

k1

2

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

3.4.2 Modeling an ALMA data cube

In Section 3.3.2 we presented a model which uses a set of parameters to
provide a set of tilted rings oriented in the sky plane V}(OS, ix, PAg. The next
issue we need to resolve is how we compare these rings with an ALMA
data cube. The first thing we tried was to simulate an ALMA cube from
these rings and simply abstract the "real" one to find the residuals. Then
we will try to minimize the residuals in conjunction with the methods

mentioned in the previous section.

The first thing we need to do to construct our model cube M is to establish
the spatial distribution of the rings. As we show in the appendixA.1.2
the projected rings create an elliptical sky distribution. However, when
we try to create a disk structure under a set of rings, there are two strong
issues. First, as we can see in Figure 3.12 when there is a warp, there are
artificial gaps that are observed in the sky plane. The gaps increase as the
warp becomes stronger. Second, the rings are defined as ellipses with
no width. If we need to define a width (similar to the beam or bigger to
have better cover), then the two ellipses that are describing the inner and
outer boundary cannot have the same inclination, as two ellipses with
the same inclination do not have the same distance everywhere. They
tend to be fatter near the major axes and thinner near the minor axes.
The first issue has been resolved by over-sampling, creating dense and
overlapping rings. The next issue has been resolved by calculating two
different inclinations, from the ring inclination, on the inner and outer
ellipse so the width remain constant along the ring. The next thing is
how we will treat the "4th" dimension of the cube, the observed flux.
As we said before, in every spatial pixel (spaxel) of the cube there is a
velocity dimension where the flux shows emission lines. An emission
line has a Gaussian distribution profile which is defined by its central
velocity v, its dispersion oy, and its maximum intensity Fmax. Expecting
strong warps means that in single spaxel we have more than one emission
lines, with different properties, which could also overlap. We tackled
this problem by using the data itself during the model creation. When a
spaxel is inside a ring width, calculate the central velocity based on the
spaxel location along the ring and assign a flux intensity by using the
maximum flux from the data at small window of voxels (a x, y, v pixel
with a single flux value) near the model-proposed velocity. The velocity
dispersion is always the same.

A different, and more "correct” approach would to be to use different
models for the intensity and velocity dispersion as a function of radius
and create a model cube without using the data. However, we need
to properly create such models. For example in the literature there are
used exponential decreasing intensity and dispersion models which
introduce at least 6 more parameters. Also, given the clumpy molecular
gas emission, radial-based models probably are inducing strong behavior
on the general model and bias the fitting procedure.

Some of the more significant problems, however, are with the likelihood
of the observation given such model. The chi-square which needs to be
minimized (the parameters that minimize the chi-square are the same
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which maximize the likelihood) should look something like this.

N:NyNo o AY)2
QOEEDY (F’Fr:‘j+(9)) (3.49)
i i

where F;, o; is the flux and noise at voxel i, Fodel is the model we
described earlier and Ny = N, = 1680 the spatial number of pixels (RA
and DEC) and N, = 123 the velocity pixels. From this expression we
see two significant issues. First, the chi-square will be dominated from
larger flux, thus more massive areas. This means that the model cube
will be biased towards these areas and mostly fall in local minima. As
we want to infer the geometry of the disk, any emission above 30 must
be equally significant. This issue could be solved by introducing strong
priors (which can also be used as boundaries) on the parameters and

maximizing the posterior or a new chi-square expression instead

NN, N, A2 No (09— 0. 2

_ F; — Fp, 0 0i — Oprior

Xf)ost(g) — Z ( i G;dd( )) + Z ( GZP o ) (350)
i i i 0,i

where we have used, as an example, Gaussian priors for every parameter
0;. This opens the second issue: the correlations between the data. If
in the above example use 12 parameters (for the axisymmetric model
A), then the relative weight between the two terms in 3.50 will be
NxNva/Ng ~ 2.9 X 107, which means that the prior term needs a 107
extra weight or such strong priors which will produce this effective
weight. The deeper reason, however, for this annoying effect is that the
data are correlated through systematic effects (spatial beam, velocity
resolution) but also due to the way the model works (Wollff et al. 2017;
Davis et al. 2017; Smith et al. 2019; Wollff et al. 2021).

One of the most efficient ways we can infer the autocorrelation information
is by using
A = ifft (ft(R)fft"(R)) (3.51)

where R is the residual cube for a set of random parameters and fft and
ifft are the, 3 dimensional, forward and inverse Fast Fourier Transform

(FFT) respectively. The star symbol refers to the complex conjugate.

Executing this for different sets of parameters and averaging we get
an approximation of the autocorrelation cube. If there are no data
correlations A would have values only at zero frequencies (exactly the
central voxel). The next step is to slice the cube A in each velocity
channel and understand the spatial behavior. This can be done by fitting
a kernel function K(d) into the average radial signal as a function of
the distance from the central pixel. One of the most useful and generic
such kernel functions is the Mattern Kernel; however, for simplicity we
used an exponential function. Now we can construct a covariance matrix
for every channel i, starting from the diagonal and filling the parallel
diagonals based on the fitted kernel function, as seen in 3.52.
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Figure 3.14: Averaged autocorrelation
and fitted exponential kernel function
K(d) over distance in pixels
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The covariance matrix (for every velocity channel) has a size of NN, X
NyNy. The corrected chi square is now computed as

Ny
X~ DR GTR; (3.53)
i

where we add for all the velocity channels. This methodology has a lot of
assumptions and it is computationally and memory heavy.

For all these reasons, we took another approach. Instead of trying to
create a model cube to compare with the data, we encoded the cube data
in a more useful way.

3.4.3 Clump detection

We implemented a source detection process that encodes the data-
cube into a set of M individual clumps with sky projected coordinates
{(Xm, Ym, Vm)}%=1 through a source detection process. The first step of
the process is iterating over all the spaxels of the cube and fitting N
Gaussian-shaped emission lines per spaxel (x, y) using the equation

(V- VCi)z)

207

N
SV VR AFYY oY) = D) Frexp (-

i=1
The number of Gaussian components N is determined using the Bayesian
Information Criterion (BIC), as amodel comparison criterion that balances
the goodness of fit and the number of model parameters. Assuming that
the likelihood of observing the signal on each spaxel is a Gaussian with

root mean square noise or the BIC is defined as

BIC = x? + klog(n) + nlog(2mt o7)
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where k is the number of fitted parameters, which in our caseis k = 3X N
and n the size of the signal in one spaxel. Adding more Gaussian
components to the emission line model can lead to overfitting of the
data, where the model becomes too complex and captures the noise. To
avoid overfitting, we stop adding more components to the model when
the BIC is minimized. The process can be seen in the simulated data in
Figure 3.15

After the process of fitting multiple lines sources per spaxel is finished,
we merge them together into single clumps by starting from the brightest
source and following the dropping flux to their neighbors. This method-
ology is similar to the astronomical dendrogram algorithm which we
have also tested through the astrodendro package in Python (McDonald
et al. 2013).

The reason we have introduced our new methodology rather than
directly using the, similar, estimated clumps from astrodendro was that
we wanted to use physically motivated constraints to the fitting procedure.
For example, the dendrogram algorithm can combine fluxes to the same
clump ("leaf") with a final velocity dispersion of ~ 80 kms™! or with sizes
of a few kpc as long as the data are smooth enough to support it. As
our intention is to fit a warped disk assuming typical molecular clump
properties, we added constraints supporting our scenario. However, the
comparison of the two methods gave similar results.

Likelihood

Using the above method we found N = 280 observable molecular
clouds with sky projected coordinates {(x,, yu, V) }\_,. With this way
we assume that we can avoid the non-diagonal terms in the covariance of
the data. Now the likelihood can be constructed by raising the question,
if the tilted model is correct, what is the probability of observing the
data (the inferred clouds). Before answering this question we need to
understand what the tilted rings model is providing to us. Given the set
of parameters, the model returns a set of ellipses (spatial information)

Figure 3.15: Source detection process.
The Bayesian Information Criterion (BIC)
drops as the model introduces more and
more Gaussians. The best model is found
for the minimum BIC
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Figure 3.16: The detected clumps and the
likelihood algorithm. A single tilted ring
is "tested" against the detected clumps
(scattered points). If the spatial distance
between the ring and the clumps is
smaller than a critical (shown as small
black lines), then its LOS velocity is com-
pared with the associated clumps ve-
locity. This algorithm is evaluated for all
tilted rings. Note that the critical distance
here is exaggerated for visualization rea-
sons.
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and the corresponding LOS velocity at each position (angle) along these
ellipses. The natural way to proceed is to estimate for every ring who
are the clouds that are cospatial and then compare the difference in LOS
velocities. To do this we have constructed an algorithm which calculates
for every cloud the minimum spatial distance (in sky coordinates) from
every ring of our geometrical model. If this distance is below a critical limit
(i.e. comparable with the beam size), the code calculates the projected
VeIOCity difference 6V = |Vn - Vlos((Pclosest; Vek, ik, q50k)|r with (Pclosest
corresponding to the closest spatial position on the projected ellipse of
the k ring. The whole process can be depicted in Figure 3.16. When 6V is
calculated for all the possible neighbouring rings, the code assigns the
smallest one to the cloud m so 0V, = min (6Vx). Assuming a Gaussian
likelihood of observing these velocity differences, the likelihood is then:

5V2
2

2
" +N 10g(27wv))

N
log P (clouds|0) = —% ( Z (3.54)
n=1

14

where oy is a measure of the dispersion of the clouds’ velocity from a
perfectly rotating disk.



3.4.4 Sampling the final posterior

The final posterior probability is

P(0|clouds) ~ P(clouds|0) x P(0) x P (rings|0) x P(HI disk|0) (3.55)

where the latter two terms are defined for the first time. In general,

» log P(clouds|0) is the likelihood of the ALMA infered clouds (3.54)

» P(clouds|0) is the prior joint distribution of the parameters (i.e. the
stellar distribution and mass from Maccagni et al. 2016b, a ~ 11/2
for the viscous force in models A and B etc).

» P(rings|0) is a likelihood distribution which compares the geom-
etry of specific rings with the geometry obtained from different
methods (i.e. from the dust distribution, or the HI disk).

» P(HIdisk|0) is similarly a likelihood distribution that compares
the rotation velocity with the HI rotational velocity data points
from Veron-Cetty et al. 1995 and Maccagni et al. 2014. We selected
the HI data points only for the outer part of the galaxy to avoid any
influence of the warp. This provides us with better accuracy on
the dark-matter component of the model and thus more accurate
description of the overall velocity curve.

In the next sections, we provide the best results after sampling the
expression 3.55 with the MCMC sampler we discussed in Section 3.4.1.

3.5 Results

3.5.1 Parameters

In this section we report our results on fitting all data with our three
model setups, A, B and C. The first two describe the time-dependent
evolution of a set of tilted rings within a triaxial or axisymmetric bulge
potential accordingly. Model C uses a generic interpolation scheme that
is initiated from the results of A and B allowing more flexibility and
possible deviations from these. The best set of parameters for each model
have been estimated using the maximum a posteriori (MAP) of the
inferred parameter distributions and presented in table 3.1.

Parameter Model A Model B Model C
M. 1.7x10"Mg | 1.6 x 101" Mg | 2.1 x 1011 Mg
Myir 3.4x102Mg | 54 %102 Mg | 2.5% 102 Mg
Ta 2.26 kpc 2.7kpc 2.1kpc
1y 2.26 kpc 2.26 kpc -
Te 2.54 kpc 2.4kpc -
h) —87.8° —89° -
Ao 112° 114° -
o 60.6° 54.9° -
Cvir 7.4 7.4 7.4
T 120 Myrs 380 Myrs -
[Bulge 61.7° 63.8° 62°
PAgyige 257° 258° 257°

3.5 Results 67

Table 3.1: Resulting parameters for the
model A and B and C. M. is the bulge
stellar mass, 7, p, ¥c are the three axes
scales and iBulger PApulge the orientation
of the axis c relative to observer. Myj; is
the virial mass and cyj, the concentration
parameter for the dark matter. Op and Ag
are the starting values of the disk orien-
tation. a is the dissipation settling angle
and 7 the time after the initial values.
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Figure 3.17: Modeling results: main geo-
metrical parameters as function of radius.
The gray band represents the 1o confi-
dence level of the parameters posterior
distribution regarding the axisymmetric
model. A: azimuthal angle of the disk in
the galaxy coordinates, B: line of nodes
in the galaxy coordinates, C: Inclination,
D: Position Angle.
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Panels A and B of Figure 3.17 show the resulting geometry in the galactic
plane, characterized by the angles 6(t, r) and A(t, r), as defined in the
previous section. Panels C and D of the same figure display the inclination
and position angle of the rings as observed in the plane of the sky.

Given the resulting 3D structure, we can observe the molecular gas from
an alternative viewpoint (Figure 3.18), where we see a spiral-like structure
as the gas moves towards the central disk. In Figure 3.20 we present
the rotational velocity and its components. The best-fitting geometrical
parameters reveal that the disk has settled into a stable configuration
within the central 600 pc (the inner disk) after 100 — 400 Myrs from its
initial configuration. Most of the emission observed in the inner disk
is a result of the projection of multiple positions of the disk, with the
primary contribution coming from the inner disk itself and a smaller
contribution from the rapidly warping outer regions. This explains the
observed velocity dispersion and the small asymmetry of the emission
along the inner disk’s major axis. The orientation of the disk rapidly
changes over the next ~ 1kpc, with similar changes in the azimuthal
angle reproduced by both the axisymmetric and the triaxial models due
to the dominant diffusion term. However, the change in the longitude
of the ascending node (1) shows a different behavior in the two models,
with the disk in the triaxial model shifting inward of 1.5kpc to align

Figure 3.18: 3D distribution of the CO(2 — 1) and CO(3 — 2) cloudlets and tilted ring of the model A at two random observable orientations.
Xand Y axes represent the ra, dec sky coordinates and Z the line of sight. The color represents the integrated flux of each cloud. The

units of the axes are in kpc.
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with a secondary preferred axis. This results in slight differences in the
observed inclination and position angle curves, which can be seen in the
3D data plane by projecting the results onto several positional velocity
slits (as shown in Figure 3.19).

3.5.2 Residuals as non-rotating gas components

In all three models, exist molecular gas regions that cannot be fitted
by circular orbits (deviating by a fiducial velocity of 50 kms™! or more
from each best-fitting model) and are thus considered kinematic outliers.
Specifically, models A and B fit 80% of all molecular clouds, while model
C fits 94% of them. The residuals correspond to clouds of interest for
inflows/outflows, and they are clustered in the four areas (R1, R2, R3,
R4) shown in Figure 3.19.

Two of these regions are located in the central disk region: a set of
CO(3 - 2) clumps (referred to as R1) in the very center (< 120 pc) and
a CO(2 — 1) clump located at a projected distance of R =~ 200 pc in the
NW (PA = —50° to —60°) referred to as R2. Both of these regions exhibit
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Figure 3.19: Position velocity slices of CO(2-1) and CO(3-2) emission cubes. Panels A and B: Sky projected tilted rings for the axisymmetric
potential model (A) and triaxial potential model (B) embedded on top of the CO(2-1) dispersion map. Panels C and D: Slices at angles of
2° and 72°, covering most of the gas emission and the major axes of the inner disk, respectively. Superimposed on these slices are the
velocity projections of models A and B. Model C is omitted to avoid clutter, as its projected velocities are similar to those of the other
models. The colormap represents the signal-to-noise ratio. Panels E and F: Position velocity slices along the PA of 147° and 170° where
we observe the maximum gas dispersion. Embedded in these slits are also the velocity projections of models A and B and C.
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Figure 3.20: Rotational Velocity. The black line represents the best solution of the axisymmetric model, red the triaxial, and blue the
generic interpolating model. The gray band represents the 10 confidence level of the posterior distribution of the parameters with
respect to the axisymmetric model.

deviations of more than 100kms™ from the circular velocity model
(panel C in Figure 3.21).

Examining Model Sensitivity

To investigate the sensitivity of these results to our models we conducted
a model-independent study assuming only circular motions and bound-
aries in the total rotation curve. The question we want to answer is if
the regions R1 and R2 could be located in larger radii (i.e. in kpc scales),
with different intrinsic kinematical and geometrical properties but are
projected in the central region giving the observed deviations from the
local disk emission.

We start with R2, the region that exhibits the highest deviation (dV ~
—-150km ™), to investigate whether it could be located at kpc scales.
Its maximum projected velocity can be estimated using the equation
Vios = V(1) sinisind¢ where 6¢ = ¢ — PA is the angular distance

V1+tan? i cos? 6¢p !

between the position angle of the orbit and the position of the cloud,
and V(r) is the intrinsic rotational velocity. By combining this equation
with R(¢), the sky-projected distance of the orbit with radius r, we can
compute the maximum projected velocity as:

VI™(R; 1, i) = V(r)§ cos i\/tan2 i (%)2 1 (3.56)
For an intrinsic rotational velocity of 350 kms™ at r = 650 pc, the maxi-
mum projected velocity would be ~ 100 kms™ (panel A in Figure 3.21).
For larger distances, this value would decrease, indicating that there
is no possible circular orbit projection that can explain the observed
deviation. Therefore, R2 must be located in the inner disk. Furthermore,
its projected velocity (200 — 250 km s™?) is close to the maximum value
that the potential can support (and higher than our best-fitting value).
This implies that R2 must be close to the position angle of a nearly
edge-on orbit, which contradicts the evidence that the rest of the gas
at similar radii is moving in the reverse direction and with a different
orientation (PA= 72°). Therefore, if R2 is not counter-rotating, it must be
in an outflow (or an inflow).
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Figure 3.21: Residuals in the central disk region. A: Maximum projected velocity based of a clump located at a projected radius R = 200 pc
for different possible orbit radii and inclinations. The blue band represents the observed projected velocity of the CO(2 — 1) emission
lines. B: Maximum projected velocity based of a clump located in the central R =~ 50 pc for different possible orbit radii and inclinations.
The blue band represents the observed projected velocity of the CO(3 — 2) emission lines. C: Emission line residuals (6V > 100kms™1)
in the central 500 pc disk area in the sky plane. Circles represent the CO(2 — 1) emission and rectangles CO(3 — 2)The green vector is the

extrapolated direction of the jet.

Regarding the high-velocity structure R1, similar conclusions can be
drawn. High distances are ruled out by Equation 3.56. On the contrary,
very small distances (< 120 pc from the center) and beam smearing
(with a CO(3 — 2) beam of 95 pc) can potentially raise doubts about its
central location. If the gas were regularly rotating and the deviation were
induced by a beam smearing effect, then its sky-projected distance from
the center must be R < 50 pc (panel B of Figure 3.21). However, to its
maximum extent, R1 reaches a distance of R =~ 120 pc from the center
(panel C of Figure 3.21), greater than the major axis of the CO(3 — 2)
beam (93 pc). Thus, we can safely conclude that R1 is also a non-rotating
clump. In conclusion, the two central components R1 and R2 are unlikely
to be attributed to a regularly rotating disk, but instead they are tracing
outflowing (or inflowing) gas.

Non rotating components as outflows

Both components exhibit high velocity dispersion, implying that the gas
is either in a highly turbulent dynamical state or experiences a large
velocity gradient (> 200 kms™'/100pc) due to acceleration. Previous
observations of NGC6328 also indicate the presence of both inflowing
and outflowing gas, based on their relative velocity to the source. In front
of the radio source, Maccagni et al. (2018) observed a CO(2-1) clump in
absorption, redshifted at ~ 340 km s~! and with a velocity dispersion of
~ 60 kms~!. Absorption features have also been detected in HI (Maccagni
et al. 2014). One of them is broad, with a width of 65 km s71, and it is
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Figure 3.22: Emission line residuals
(dV > 100kms™1) in the central 500 pc
disk from another perspective angle.
Circles represent the CO(2 —1) emis-
sion and rectangles CO(3 — 2)The con-
ical shapes represent a hypothetical jet
driven bubble responsible for the molec-
ular gas outflow. The green vector shows
the direction of the observer. Blue and
red vectors show a possible direction of
the observed outflows.
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redshifted to a velocity of 26 km s™!. The second one is narrower, with a
width of 43km s, and it is blueshifted to a velocity of —74kms™*.

Based on the gas kinematic model and the observed dust extinction,
we can deduce that the northern side of the inner disk corresponds
to its near side (between the center of the galaxy and the observer).
Hence, the blueshifted clump is outflowing from the disk. Similarly, the
redshifted southern component R1, on the far side of the inner disk, is
also outflowing. This scenario is depicted in Figure 3.22.

The outflow scenario is also supported by two other arguments. The first
is the existence of a broad kinematic component at the same locations in
the ionized gas emission, as seen in recent optical, X-shooter data. The
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Figure 3.23: [OIII] spectrum centered in 3 different positions along a 240 pc-wide slit (PA 160°). From left to right, —220 pc, =30 pc and
160 pc from the nucleus. For every position, the signal (blue) is averaged over four pixels, corresponding to a physical width of 142 pc
along the slit. In each spectrum, we have fitted one narrow and one broad component. At the —30 pc and 160 pc positions, an additional
blueshifted (x 600 km s™!) component was required to obtain a good fit.
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spectra, extracted from a slit with PA=160°, are shown in Figure 3.23. They
illustrate the 5007 Angstrom [OIII] emission at three different positions
along this slit: R2, located 219 pc North-East (NE) of the center, the central
region at —30 pc, and the SW region at 160 pc. The spectra at each location
are summed over four spectral pixels, and cover a width of >100 pc. For
all regions, the gas exhibits similar narrow (¢ = 80 — 180kms™!) and
broad (0 = 460 — 660 km s™!) emission line components, and in the last
two regions, an extra blueshifted high velocity component is seen at
~ 630 kms~!. All these findings constitute direct evidence of the presence
of strong winds in the inner disk of NGC6328.

The second argument favoring the existence of an outflow is the CO excita-
tion. From the ratio of CO(3 — 2) and CO(2 — 1) cubes (both re-imaged to
a common resolution), we estimated the excitation of the gas. The cube of
the brightness temperature ratio Tcos—2)/Tco(2-1) significantly exceeds
the value of an optically thick gas in local thermodynamic equilibrium
(LTE):

Tcos-2) _ Icop-2) (VCO(Zfl) )2 LTE 9 (3.57)
=1 )

Tcoe-1)  lcoe-1) \Vcop-2)

We observe significantly higher brightness-temperature ratios in (and
close to) R1, while the bulk of the regularly rotating molecular gas is
sub-thermally excited (Figure 3.24). The high excitation ratio can be the
result of extra density components, of evaporation of the outer cloud
layers that makes them optically thin, or of the presence of extra excitation
mechanisms (e.g., shocks, cosmic rays) in the outflow. Similar results have
been obtained for molecular gas excitation in the nearby galaxies IC 5063
(Dasyra et al. 2016) and NGC3100 (Ruffa et al. 2022), and demonstrated to
be induced by an interaction between the radio jets and the surrounding
cold gas. These results also suggest that the high velocity clump in R1
corresponds to a co-spatial and also kinematically deviating warm H»
component (Maccagni et al. 2016b).

Possibility for extended outflows

The other two locations of interest cover part of the high velocity disper-
sion regions at kpc distances, to the SW (R3) and NE (R4) of the center (as
previously mentioned in Section 3.2.2). For these regions, the fraction of
fitted clouds shows a significant discrepancy between models A, B (63%
fitted) and model C (91% fitted) when introducing a 10° — 20° wobble
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Figure 3.24: Position velocity slice along
the PA of 147°. The values represent the
average value of Tco(-1) /Tco—2) and
the contours the CO(2 — 1) intensity.
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in the 9(r) curve (panel A of Figure 3.17). This wobble can be caused by
more than one asymmetry of the total potential such as stronger bulge
triaxiality, non-spherical dark-matter potential, a disk or a bar. Similar
wobbles in the polar angle have been observed at 100 pc scales in M84
(Quillen and Bower 1999), where the authors also suggest the presence
of torques caused by the AGN radiation pressure.

However, the lack of strong observable asymmetry signatures (e.g., bars)
in optical or near-infrared images raises the possibility that R3 and R4
are also regions of non-circular motions, and - namely, outflows. The
scenario of these extended outflows can be supported by the excitation
(as seen in figure 3.24) where in R3 some CO-emitting clouds that are
more excited than average are also identified. The ionized gas kinematics
there does not show a broad emission component but velocities different
from those of the disk.

Leaving the outflow scenario as an open option, we proceed to the
identification of the driving mechanism of the certainly outflowing

gas.

3.6 Relevant discussion

3.6.1 What drives the inner outflows

The energetic and momentum arguments are often used as indicators of
the outflow driving mechanism. To estimate the mass outflow rate, kinetic
power, and momentum, we considered the starting position, velocity,
and geometry of the outflow. This is assumed to emanate from a central
region and travel outward, so its geometry can be approximated by a
cone or sphere. In this context, the term rqy refers to the distance the
outflow has traveled from its origin, representing a measure of how far
the material has been carried by the outflow. This simplifying assumption
may not always hold, but is frequently made in the literature.

The outflow mass rate can then be described by the equation:

Moy = € YouVou (3.58)
Tout

where My and Vgt represent the mass and velocity of the outflow,
respectively, and C is a parameter that depends on the outflow history
(Lutz etal. 2020). We use a value of C = 1, which assumes that the outflow
we are observing now has started at a point in the past and has continued
with a constant mass outflow rate until now. Another value used in the
literature is C = 3, which takes into account that the outflowing gas has
a constant average volume density in a cone or a sphere. For the outflow
travel distance, we assumed an indicative value of 7oy = 100 pc, as this
is a typical distance if the outflow has originated locally, from a nearby
part of the disk (instead of the center of the galaxy). For the outflowing
mass, we used a conversion factor of aco = 0.8 Mp(Kkms™! pc?)~L. This
value is lower than that typically adopted, as we made the assumption
that both R1 and R2 have optically thin parts due to interaction with the
AGN or jet (Cicone et al. 2014; Dasyra et al. 2016; Ruffa et al. 2022).



To calculate the outflow velocity, Vout, we used the velocity deviating
from the best-fitting model. However, this value needs to be corrected for
the outflow angle. We tried two different approaches in estimating Vo,
first by using the estimation of Vot = |Av| + 0.120y proposed by Lutz
et al. 2020, where oy is the velocity dispersion of each cloudlet (emission
line per pixel) in the outflow. Then, we used a projection angle based on
a uniform distribution from —30 to 30° from the disk and adopted the
mean value. This represents all the possible angles in a cone centered
to the disk itself with a maximum opening towards the observer. Both
methods provided similar results, which are presented in Table 3.2 and
compared to molecular outflows detected in the literature in Figure 4.4.
In case the outflow originated from the center of the galaxy and had a
constant average volume density (i.e. C = 3), these results would only be
a factor of two higher.

Region Mass Mout Kinetic Power | Momentum Rate
10°Mp | Moyr™ 10% erg st 10% dyn
R1 0.12 0.2 0.3 0.23
R2 1.9 2.9 2.4 2.8
Total 2.02 3.1 2.7 3

We are able to estimate the likelihood of the observed outflow being
driven by energy injection from local star formation (supernovae) or
from the AGN. Based on the formula presented in Sullivan et al. 2006,
the rate of Type la supernovae is given by I' = 5.3 X 10‘3ﬁ +3.9 X
1074 %}E_] SNyr~1. This leads to an estimated power output of:

E SFR
il =1.68 x 10* +1.24x 1080 ——_
ergs” 101 Mg Mg yr!

(3.59)

Our estimate of the total stellar mass within a radius of 200 pc, as derived
from our modeling, is 10° Mg (or 0.6% of the total stellar mass). Using
this value and assuming that the star formation rate (estimated to be
1 - 2Mgyr™}, according to (Willett et al. 2010)) is proportional to the
stellar mass distribution, we estimate the supernovae (SN) kinetic power
to be 1.8 X 10% ergs™!. This is an order of magnitude below the lower
limit of the outflow total kinetic power. This suggests that the power
from supernovae alone is not the main driver of the outflow.

On the other hand, for the low-luminosity AGN (Lagn/c ~ 4.3% 103 dyn)
the kinetic energy ratio of Eout /Lagn ~ 0.02 is consistent with a scenario
of a wind driven by the AGN radiation pressure. However, the momentum
rate ratio of pout/Lagn/c ~ 60 is large even for an intermittent AGN
episode scenario, as noted in Zubovas and Nardini 2020.

The power of the radio jet in NGC6328 has been estimated to be 2 X
10*? erg s~! through Spectral Energy Distribution (SED) fitting (Sobolewska
etal. 2022). However, the use of the calorimetric scaling relation involving
the L1 4gH, luminosity from Willott et al. 1999, Birzan et al. 2008 and
Cavagnolo et al. 2010 yield a similar value of 2 —3 x 10¥ erg 5!, which is
an order of magnitude higher than the estimate obtained from SED fitting.
According to Wéjtowicz et al. 2020, the minimum jet power is estimated
to be 2.7 x 10*? ergs™! under the assumption of energy equipartition
between the magnetic field and radio-emitting electrons within the lobes.
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Table 3.2: Molecular Outflow Properties
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Even with this minimum estimate, it is still clear that the jet has more than
enough energy to drive the outflow and play a significant role in boosting
or supporting the AGN’s overall impact on its surroundings. Numerical
hydrodynamic simulations by Mukherjee et al. 2016 have shown that
low-powered jets can have a greater impact on the interstellar medium
(ISM) due to their prolonged interaction and difficulty in escaping into
intergalactic space.

3.6.2 Why we cannot see the jet?

The fact that the outflow observed in NGC6328 is further away from
the nucleus than the currently detected radio emission is consistent
with other sources where molecular winds trace previously undetected
radio jets, as seen in cases such as NGC1377 (Aalto et al. 2016), 4C31.04
(Zovaro et al. 2019), ESO420-G13 (Fernandez-Ontiveros et al. 2020) and
HE 00401105 (Singha et al. 2023).

One potential explanation for the lack of radio emission in NGC6328
could be due to recurrent jet-launching powered by stochastic feeding
which can vary on timescales from years to million years (Schawinski
et al. 2015; Gilli et al. 2000). In this scenario, the energy from previous
jets may have been deposited onto large bubbles of kpc scales a long time
ago, leading to the cooling of cosmic rays in these bubbles and thus to the
lack of detected radio emission. Similar evidences have been observed
also in samples of molecular gas outflows in local galaxies (Fluetsch et al.
2019; Lutz et al. 2020)

Using our inferred properties we estimate that the outflow has originated
tout = 200 — 700 kyrs ago (depending on the possible values of rqoyt). The
magnetic field at pc scales is estimated to be B ~ 1072 G (Tingay et al.
1997), and the synchrotron cooling time at 0.1 kpc scales is computed to
be teoo1,syn & 150 kyrs. This cooling time could be significantly reduced if
Inverse Compton (IC) cooling is taken into account or if the magnetic field
during the previous cycle of the jet was significantly higher. By comparing
these two timescales, it can be argued that a highly-magnetized relic of a
turned-off jet can fade away within an AGN duty cycle due to synchrotron
cooling, shock-induced cooling, and adiabatic losses. Such a jet would
have been capable of providing mechanical and radiative feedback to
the intergalactic medium up to kpc scales. In the case of a mass-loaded
jet, where hadronic radiative processes are important (Reynoso et al.
2011; Rieger 2017), cavities will be observed in cold molecular gas due
to photo-dissociation by X-ray and gamma-ray photon fields emanating
from the jets (Maloney et al. 1996; Wolfire et al. 2022).

Another scenario that could explain the lack of radio emission in
NGC6328 is the relativistic de-boosting. This occurs when the radio
emission from the jet is directed away from the observer, reducing its
apparent luminosity and making it more challenging to detect. To assess
the impact of relativistic de-boosting, we used radio imaging and the
velocity of the radio blobs, as determined through VLBI (estimated to
Bapp = 0.13 £0.06 from (Angioni et al. 2019)), to calculate the jet/counter-
jet flux density ratio, which we estimated to be R = 1.4 + 0.1 at 8.4 GHz.
By solving the set of equations for the intrinsic § and jet inclination Ojet



. p-a
B sin 6 R:(1+ﬁcosé)) (3.60)

ﬁapp:l—ﬁcos@ 1-pfcosO

where @ = —1.5 is the spectral index and p is a parameter that takes the
values 2 or 3 depending on whether R is calculated from an integrated
flux across a continuous jet or a single component (Angioni et al. 2019).
Assuming p = 3 for a single moving component that dominates the 8.4
GHz core radio flux we estimated f = 0.14 + 0.05 and Oje; = 68° + 17°.
These results are robust to variations in the p parameter; using p = 2 yields
similar values within the error margins, with 0 having a central value of
62°. Based on these parameters, the Lorentz factor I is approximately
1.02, and the corresponding relativistic boost factor 6 ~ 1.02. Given the
modest value of §, it is unlikely that relativistic de-boosting is responsible
for obscuring the jet from detection.

However, jet acceleration and collimation in AGN have been observed
to occur over distances of 10* — 10°R; (Blandford et al. 2019; Kovalev
et al. 2020; Okino et al. 2022; Baczko et al. 2022; Roychowdhury et al.
2023) which corresponds to 0.3 — 40 pc for a black hole with a mass of
4 X 108 M. This length scale is similar to the size of the radio structure
(~ 2pc) observed by VLBI in the present case. Assuming an inclination
angle of = 65° suggests that under sufficient acceleration (I' > 5 a
typical value for relativistic jets) the jet could reach a de-boosting factor
of 6* > 0.01, making it too faint to be detected by radio telescopes.
Additionally, the decrease in magnetic field strength (roughly ! for
a collimated jet; (Vlahakis and Konigl 2004; Fendt 2006; Porth et al.
2011)) could further reduce the radio luminosity and explain the lack of
radio flux beyond 100 kpc. At the same time, efficient inverse-Compton
cooling due to an abundance of ambient photons could explain the
extended X-ray (Beuchert et al. 2018) and gamma-ray (Migliori et al.
2016) components observed in the source spectrum, and explain the
suppression of any extended radio emission by insufficient synchrotron
cooling. The presence of a hidden, extended jet would offer greater kinetic
power than the current estimations through SED fitting (~ 10* ergs™),
and could transfer energy over kpc scales, possibly contributing to the
observed excited warm H; (Maccagni et al. 2016b) and extended soft
X-ray component (Beuchert et al. 2018).

3.6.3 Comparison of the gas distribution with simulations
and other observations

Our models indicate that the majority of the observed warped gas distri-
bution in NGC6328 evolved from an initial uniform disk configuration
over a timescale of 100 — 400 Myrs (section 3.5.1), suggesting a merger
episode. This behavior aligns with findings from van de Voort et al.
(2015), who examined gas accretion processes in an early-type galaxy
within the FIRE cosmic simulation (Hopkins et al. 2014). In their study,
the authors focused on a merger event involving the (simulated) galaxy
m13 and a gas-rich galaxy, monitoring the subsequent developments.
The selected galaxy in their simulation shares similar characteristics
with NGC6328 (M. ~ 10! Mg, Myi; = 1013 Mp). Following an initial

3.6 Relevant discussion
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major merger event, the gas becomes misaligned with the bulge’s stel-
lar distribution, initiating a late accretion process. The torques exerted
by the stellar component (whose distribution is slightly affected) and
the internal torques from dissipative forces cause the gas to undergo
differential warping and eventually settle into one of the most stable
configurations, either co-rotating or counter-rotating with the stars, as it
reduces its angular momentum.

Apart from simulated galaxies, this process has also been observed in
real galaxies such as NGC5077 (Raimundo 2021) and NGC3100 (Ruffa
et al. 2022; Maccagni et al. 2023), where misaligned cold gas feeds the
SMBH and triggers similar outflows.
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Figure 3.25: Corner plot of the parameters for the axisymmetric potential model.






Extended discussion: The
jet-outflow connection in nearby
galaxies with massive outflows of
cold molecular gas

Note on Authorship: The majority of the work conducted in this chapter was
conducted by Athanasia Gkogkou and the PI, Kaliopi Dasyra, and it was part of
her master thesis. My contribution, along with the rest of our research team, was
in data mining, qualification, and interpretation of the results. This work has
been published in Papachristou et al. (2023)

Motivated by the possibility of a jet-ISM interaction in NGC6328, we
evaluated whether the role of jets as drivers of gas outflows could be
underestimated in previous studies. In the literature, the main indication
of a jet presence is the observed radio flux. However, not only jets can
produce radio emission. Star formation in galaxies generates a spectrum
of electromagnetic emissions, including radio. The crux of this radio
emission lies in the activities of young stellar populations and their
subsequent interactions with the ISM. During a starburst episode, a
cascade of supernovae (SNR) is triggered. The remnants of these SNRs
serve as potent accelerators for cosmic rays (CRs), hurling them at high
velocities into the surrounding ISM. These high-speed CRs, composed of
protons and electrons, interact with the ISM particles, generating y -rays.
However, a significant part of the story unfolds in the magnetic fields
that pervading the galactic environment. The CR electrons gyrating in
these magnetic fields emit synchrotron radiation that is predominantly
detectable at radio frequencies. Thus the radio emission from star-forming
galaxies (SFGs) will be correlated with far-infrared luminosity. This
correlation has been confirmed with measurements at 1.4 GHz (L1 4cH-
and far-infrared (FIR) (Helou et al. 1985; Kornecki et al. 2022). This implies
a selection criterion that is encapsulated in the parameter g, (Ivison et al.
2010), defined as the logarithmic ratio of the observed far-infrared flux
to the 1.4 GHz radio flux. g;, falling below a critical value (indicating
radio excess) has been interpreted as a criterion of radio loudness (Ivison
et al. 2010). In a recent compilation of 45 local galaxies with massive
molecular outflows, most galaxies were not associated with a radio jet
based on this criterion, and consequently jets were considered a rare
outflow-launching mechanism (Fluetsch et al. 2019).

However, the discovery of galaxies with jet-shaped outflows but with-
out (strong) associated radio emission (Zovaro et al. 2019; Fernandez-
Ontiveros et al. 2020 and NGC6328 in this work) demonstrated that radio
excess is an unsafe criterion. Outflows can be induced by low-power
or faded away jets or the radio emission could be de-boosted due to
jet geometry. We thus re-evaluated the jet-outflow connection in these
sources primarily by spatial distribution criteria, and secondarily by
energetic criteria.

To evaluate the fraction of galaxies that our results concern, we gathered
literature-based evidence for links between jets and local galactic outflows.
For this purpose, we used a recent compilation of local galaxies with
molecular outflows (Fluetsch et al. 2019), which we expanded with four
more galaxies with a molecular outflow detection (NGC6328, NGC1377,
NGC3100 ESO420-613 ). Instead of the radio excess as a criterion for
the examination of the jet-outflow connection, we used the following
classification scheme for the AGN in the sample
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» sources with a jet that accelerates molecular gas along its trajectory

» sources with a jet that accelerates atomic gas along its trajectory,
which can then entrain molecular gas in a multi-phase wind model
(Zubovas and King 2012)

» sources with a jet that could be related to the gas acceleration,
as it spatially coincides or extends in a similar direction with the
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The first group of sources comprises IC5063, M51 and NGC1068, NGC1377,
ESO420-613 and NGC6328. In these galaxies, the jet is associated with
part of the molecular gas acceleration, with accelerated blobs and
outflow starting points associated with the jet path. IC5063, with at least
4 outflow starting points in addition to the nucleus, is the prototype of
this category (Dasyra et al. 2015). In the Seyfert 2 galaxy M51, outflowing
molecular blobs are detected near the radio jet outline and the gas
excitation changes as a function of the distance from the jet (Querejeta
et al. 2016; Matsushita et al. 2015). In NGC1068, molecular gas is being
entrained in known regions of jet-cloud interaction along the spatially
resolved radio jet. This jet-launched outflow adds to the mass of a wind
launched by the AGN accretion disk (Garcia-Burillo et al. 2019). The radio-
quiet galaxy NGC1377 hosts a molecular outflow that is spatially-resolved
and jet-shaped, with a width of only ~ 5 — 20 pc along a length of 150 pc.
The outflow revealed the existence of a radio jet, which remained elusive
in radio images (Aalto et al. 2020). In the Seyfert 2 galaxy ESO420-613,
ALMA CO data of 30 pc resolution revealed the existence of a massive
outflow far from the nucleus and along the minor axis with a jet-trailing
shape: filamentary emission precedes bifurcated emission at a presumed
jet-ISM impact point (Fernandez-Ontiveros et al. 2020), as in IC5063.
Weak radio emission encompasses the outflow location, but its intrinsic
shape is unknown, as the resolution of the data is considerably lower
than that of ALMA.

In the second group, the jet is proven to accelerate atomic gas, with
wind starting points along its path. A molecular outflow also exists in
these sources, but its connection with the jet remains to be proven. Still,
in the current view of multiphase outflows, the passage of an ionized
wind by molecular clouds initiates a molecular outflow as ram pressure
and hydrodynamic instabilities peal off the outer cloud layers. Thus, any
wind is likely to have both atomic and molecular content. A prototype
for this category is Mrk1014, in which an ionized oxygen wind, seen
in [OIII], exists at a radio hot spot ~ 3kpc away from the nucleus (Fu
and Stockton 2009). An OH outflow, unresolved on these scales, also
exists in the nucleus (Veilleux et al. 2013). In 4c12.50, atomic hydrogen
is seen in absorption in front of the radio-jet tip (Morganti et al. 2004).
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A high-velocity nuclear CO outflow, again unresolved on the radio-jet
scales, is also detected (Fotopoulou et al. 2019). In NGC1266, high-velocity
Hua is seen inside and near the spatially resolved jet, probed by its 1.4
and 5GHz emission (Davis et al. 2012). A nuclear molecular outflow,
offset in positive and negative velocities along a similar orientation, was
detected in CO Alatalo et al. 2011. In NGC5643, an ionized outflow
delineates the jet axis (Cresci et al. 2015), while a potential CO detection
(Alonso-Herrero et al. 2018) is here treated as an upper limit.

The third group comprises sources in which the jet could be related
to the outflow because it spatially coincides or extends in the same
direction with the outflow. In NGC613, which is a spiral galaxy with a
resolved radio jet and nuclear outflow with an extremely high momentum
rate (~ 400LagN/¢), an offset between blue-shifted and red-shifted CO
emission is seen in the jet direction (Audibert et al. 2019). In the merging
system NGC3256, the southern nucleus shows a disk plus a bipolar
jet radio map; an outflow is located at both jet edges (Sakamoto et al.
2014). Other galaxies with molecular outflows in the direction of large-
or small-scale jets comprise NGC1433 (Combes et al. 2013), NGC6764
(Leon et al. 2007), Circinus (Zschaechner et al. 2016; Harnett 1987), and
Mrk273(Cicone et al. 2014; Gonzéalez-Alfonso et al. 2017). In PKS1549-79,
an [OIII] wind fills a trajectory gap between a massive nuclear CO outflow
and the radio jet Oosterloo et al. 2019. In HE1353-1917, a spectacular [OIII]
and H, wind, which leaves the galactic disk at the point of a jet-cloud
interaction, could have a molecular counterpart, which we treat as an
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Figure 4.2: Left: Collimated molecu-
lar gas outflows (colored contours)in
NGC1377(Aalto et al. 2020). In grayscale
the total CO(3-2) intensity. Right: Kine-
matic residuals in NGC1068 probing out-
flows. In black contours the radio emis-
sion tracing the jet. From Garcia-Burillo
etal. 2019.

Figure 4.3: Molecular outflows (traced
from CO(3-2)) (red and blue contours) in
the center of NGC613. The black contours
and greyscale image on the right panel
represent the radio emission.
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Figure 4.4: Wind vs. driving mechanism energetics for local galaxies with massive molecular wind detections. A: Wind momentum rate
vs. radiation pressure of AGN photons. B:Wind kinetic luminosity vs. jet power. The dashed lines indicate different ratios of the plotted
parameters. C: Outflow’s momentum rate relation with the total photon momentum output of the galaxy. The dashed lines denote the
different values of the ratio of outflow’s momentum rate over bolometric luminosity. The arrows denote upper limit values.

upper limit (Husemann et al. 2019b). In 3C273 the [OIII] kinematics show
counter-motions with respect to the disk along the jet trail; a molecular
arc perpendicular to the jet trail is associated with the cocoon Husemann
et al. 2019a. We again, treat it as an upper limit. Another source that can
be included in this third group is NGC3100 (Ruffa et al. 2022), which
is a lenticular galaxy with young, resolved radio jets (total linear extent
~ 2kpc). Here outflowing, optically-thin molecular gas with very high
excitation temperatures (i.e. Tex > 50 K) is detected around the jet path,
indicating that an ongoing jet-cold gas coupling is altering the physics
and kinematics of the involved gas fraction.

In Figure 4.4, we plot the outflow kinetic energy vs. the jet power, as
well as the outflow kinetic luminosity vs. the AGN radiation pressure,
color coding galaxies based on the classification scheme mentioned
above. Outflow and galaxy properties are summarized in Table 4.1.
Outflowing masses are consistently computed using an Xco of 4 X
10" em™2(Kkms™!)~! in all galaxies but IC5063. We find that, in nearly
all low luminosity AGN, there is either a certain or a plausible link
between the jet and the outflow. The only exception is NGC4418, for
which the presence of a radio jet is unclear (but cannot be ruled out) based
on its 5GHz clumpy and elongated morphology (Varenius et al. 2014).
Even at high AGN luminosities, certain galaxies have unambiguously
jet-driven outflows. In all AGNs (low and high luminosity), momentum
boosting would have been required to explain the observed outflow if
it had originated from the AGN radiation pressure alone (Cicone et al.
2014). The energy deposition by the jet softens or revokes the need for
momentum boosting, which occurs during an adiabatic expansion of
a radiatively-driven bubble of an AGN. It also reduces the need for
alternative explanations to momentum boosting such as AGN variability.
In the variability scenario, the ongoing outflows were driven by radiation
during the earlier, more luminous phases of AGN activity (Zubovas
and Nardini 2020). Instead, the jet could energetically fully sustain the
outflows in these galaxies, as its power exceeds the outflow kinetic energy.
To deduce the jet power, we used the observed 1.4 GHz flux of each galaxy
as follows. The radio emission of the starburst (from its supernovae) was
computed from its far-infrared dust emission (Ivison et al. 2010) and
subtracted from the observed 1.4 GHz flux. The residual synchrotron



luminosity was converted into total jet power, i.e., combined mechanical
power of the cavity dominated by hadrons and radiative power of the
synchrotron dominated by leptons, following a widely used calibration
(Birzan et al. 2008), which encapsulates that the jet power of the jet is
typically dominated the cavity power (Cavagnolo et al. 2010).

We find that a plausible jet-outflow connection exists in about half of the
examined AGN since the jet coincides or extends in the same direction
of the outflow. This is true for almost all AGNs with low luminosity
(< 10" Ly). From an energetics viewpoint, the jet can sustain the outflow
in nearly all spatially identified cases, as the jet power (with the cavity
and synchrotron included) exceeds the outflow kinetic energy. Therefore,
the impact of jets on the molecular ISM could concern a high fraction of
local AGN with massive outflows.
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Table 4.1: Outflow and AGN properties of galaxies with molecular outflows are from Allison et al. 2014, unless otherwise indicated.
For 4C12.50, properties are presented for the nuclear outflow component, as the extended components add little to the energetics
(Fotopoulou et al. 2019). Likewise, the infrared luminosity fraction of the southern nucleus comes from resolved star formation rates
(Lira et al. 2002). The radio power Pjet (for the sources with a certain radio jet detection) is calculated as in Birzan et al. 2008 after the
subtraction of the starburst contribution as indicated in the text. Alternative radio power (Pjet) computations are as follows: 43.96 for the
synchrotron radiation (Fotopoulou et al. 2019), *39.3 for the X-ray cavity (Urquhart et al. 2018). “*43.86 averaged value Punsly and
Kharb 2016. “*To find the 1.4GHz flux fraction assigned to the southern nucleus of this galaxy merger, we used the information from
spatially-resolved 5 GHz data (Neff et al. 2003). 'Condon et al. 1998. 2 Allison et al. 2014. 3Fotopoulou et al. 2019. *Baan and Klockner 2006.
S5Ryder et al. 1996. ®Dumas et al. 2011.”Condon et al. 1996. 8Urrutia et al. 2009. *Greene et al. 2012. 1°Clemens et al. 2008. 'Clemens et al.
2010. 12 Audibert et al. 2019. ®Davies et al. 2017. ¥Fernandez-Ontiveros et al. 2020.PQosterloo et al. 2019.1Drake et al. 2004.”” Husemann
et al. 2019b.18Shimizu et al. 2017."Marvil et al. 2015.20Ohyama et al. 2015. 2!Sakamoto et al. 2014.22Ruffa et al. 2022. 2>Ruffa et al. 2019b.
24Husemann et al. 2019a.2°Lanz et al. 2016.2°Gruppioni et al. 2016

GalaXy z Vout Mout log(LAGN) F14cHz log(P jet)
kms™ Mpyr! ergs™ Ty ergs™!
NGC1377 0.00578 110 5 4293 <0.0015T <42.46
NGC1068 0.00379 150 28 43.94 4.852 43.56
4C12.50 0.1217 800°% 65238 457 5.1 44.62*
NGC1433 0.0036 100 0.7 42.24 0.00345 4245
Mrk231 0.04217 700 350 45.72 0.314
IC5063 0.011 300 10 443 1.872 4374
M51 0.002 100 11 43.79 1.4 4317 *
Mrk1014 0.16311 268 93 45.29 0.02251  43.84
NGC1266 0.00719 177 11 43.31 0.115 * 4318
NGC5643 0.003999 500 85 42.91 0.2037 42.96
IRASF08572+3915 0.04311 800 403 45.72 0.00491 ..
IRASF10565+2448  0.189 450 100 44 .81 0.0576 1 ..
IRASF11119+3257  0.06438 1000 203 46.2 0.106 8 43.77
IRASF23365+3604 0.02448 450 57 44.67 0.0287% ..
NGC6240 0.123 400 267 45.38 0.4272
SDSSJ1356+1026 0.04256 500 118 46 0.49°
IRAS05189-2524 0.007268 491 219 44.47 0.02911!
NGC4418 0.06764 134 19 43.81 0.0414*
IRASF14378-3651  0.030761 425 180 45.12 0.03491
IRAS13120-5453 0.08257 549 1115 44.35 0.065 2
IRASF14348-1447  0.04295 450 420 44.59 0.018 1011 ...
NGC613 0.00495 3001 1912 42,613 0.2232 4318
ESO420-613 0.01205 37914 1414 4401 0.114 43.25
PKS1549-79 0.15 6001 173315 4477 5.36 16 44.69
3C273 015834  245%  439% 46.06 26 551 45.06 **
HE1353-1917 0.03502 14517 22V 43.4218 0.0128!
NGC6764 0.00807 170 1 42.23 0.113 1 4315
Circinus 0.0014 150 1 43.57 1.22 42.89
Mrk273 0.03777 620 200 4416 0.1451 43.62
NGC3256S 0.00926  1400*' 192! 42.04 %0 0.0168 **  42.97
NGC3100 0.0088 2002  012% 427822 052 4322
NGC6328 0.014 150 31 4211 0.32 42.35




Conclusions and future work

5.1 Conclusions

In this thesis, we have explored the role of jets as feedback mechanisms
through two approaches. The first approach involved associating jetted
AGNs with their radio emission and constructing a catalog, named
CO-ARC, that combines molecular gas observations with radio-emission
data. Given the foundational role of molecular gas as a precursor to
star formation, analyzing the molecular gas content of jetted AGNs in
juxtaposition with main sequence galaxies and different AGN types has
provided insightful results.

We found that in the local universe, the mass function for radio galaxies
(RGs) is significantly lower—by 2-4 orders of magnitude—compared to
main sequence galaxies and simulated star-forming or starburst AGNs, yet
it matches the AGN-dominated simulations. The molecular gas content
in RGs is less than in star-forming galaxies, with this gap decreasing
from 1-2 orders of magnitude in the local universe to nearly no difference
atz 2 0.1.

At higher redshifts (1 < z < 2.5), we observed that RGs, when detectable,
possess significantly larger amounts of molecular gas, often exceeding
what is expected for typical galaxy halos of that epoch. However, due to
observational limitations and the nature of RGs’ continuum spectrum,
the count of RGs at these redshifts is lower, and so is the mass function
of their gas compared to simulations. Despite these challenges, the
corrected molecular gas content evolution at higher redshifts aligns with
that observed in AGN1 and AGN2 in the local universe. This suggests a
continuity in molecular gas content across different epochs, indicating a
dynamic balance influenced by inflows, star formation, and radio-mode
feedback.

These findings underscore the intricate relationship between jet activ-
ity and molecular gas content in AGNs across various redshifts. The
establishment of the CO-ARC catalog serves as a pivotal foundation for
further research, guiding future studies into the nuanced interplay of
these cosmic phenomena.

The second approach transitioned our focus onto the specific case of
NGC6328, a part of our sample that, due to intriguing findings, prompted
a meta-analysis on the driving mechanisms of molecular outflows. Our
detailed analysis of NGC6328’s molecular disk unveiled several pivotal
insights. Initially, we discerned that gas initiated from a merger could
traverse to the AGN region in under 500 million years, which provides
more insight on the feeding mechanisms of the AGN. In the case of
NGC6328 the gas inflow is induced from the loss of angular momentum
through a combination of torques from the stellar distribution and inner
torques from dissipative forces.

Furthermore, we identified, at a minimum, two outflows with a combined
mass outflow rate of 3.1 M, yr~! which surpass the current star formation
of the galaxy 1 — 2Mg yr™!, hinting to a plausibly impact on the star
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formation future of the galaxy. These outflows are driven by the jet,
despite the jet not being visibly extended to the outflow area. Together
with recent similar findings on other sources this hints at a potential
underestimation of jet extents and impacts. Consequently, motivated
from these examples a meta-analysis on a molecular outflows survey
was conducted, revealing a significant association between many of the
outflows and the jet.

These results suggests that jet-induced outflows could be instrumental
across varying scales of feedback—from the large-scale ‘'maintenance
mode’ where intergalactic gas is deterred from cooling and gravitating
towards the galaxy, to more localized kpc scales within the galaxy.

5.2 Future Work: Exploring Warped Disks via
Physics Informed Neural Networks

We have discussed the various challenges posed by gas accretion into
the SMBH on the host galaxy. A critical question is, how does the gas
reach the SMBH in the first place? To traverse from stable orbits at about
10 kpc down to a mere 10 pc, the gas needs to shed roughly 99.9% of its
angular momentum. Although large-scale gravitational torques triggered
by galaxy bars and interactions can propel gas towards central regions,
their effect diminishes at sub-kpc scales. The dynamic journey of gas
inflow, marked by spirals, rings, clumps, and nested structures, reveals a
complex and discontinuous pathway, adding layers of complexity to the
relationship between morphological features and AGN activity.

Our analysis of NGC6328 illuminated the pivotal role of the stellar bulge
and viscous forces in determining gas distribution geometry, emphasizing
the necessity for a thorough approach. While our insights are valuable,
the intricacy of the gas inflow issue required making several assumptions
to simplify the problem. Notable assumptions include neglecting radial
velocities and simplifying the equations concerning viscous forces.

Drawing inspiration from the works of Papaloizou and Pringle (1983),
Pringle (1992), Nixon and King (2016), and Martin et al. (2019), we
incorporated both external torques from gravitational potential and
internal torques from stress between neighboring rings into the equation
of angular momentum evolution, as shown below:
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where L = ZQr? is the specific angular momentum, [ denotes the
angular momentum orientation, and X represents the surface density.
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Figure 5.1: PINN sketch. At the left we have the representations of the functions as NN. We estimate the PDE loss by evaluating and
summing the PDE value at a number of collocation points in the (¢, r) space. At the same time we estimate tha data loss using the NN
functions. We minimize the loss by adjusting the NN weights w;.

Tackling this set of Partial Differential Equations (PDE) alongside any
data is a formidable task, further complicated by the unknown nature
and non-parameterizable aspects of I(r,t) and X(r, t). Even under a
feasible constant initial condition for i(r, 0) = io, the same doesn’t hold
for X(r, 0), especially in molecular gas disks where clumpiness is a strong
feature. Even if we could numerically solve the equations, we would
need several extra steps on comparing with the data (i.e. ALMA cube,
or source detected clumps as we did in NGC6328) which makes the
problem highly computationally demanding.

This led us to explore the potential and capabilities of Physics In-
formed Neural Networks (PINNs), which represent an innovative fusion
of physics’ fundamental principles and the advanced computational
prowess of neural networks. At their essence, Neural Networks (NNs)
function similarly to the human brain, with capabilities for pattern
recognition, decision-making, and learning through experience. These
networks are structured as layers of interconnected nodes, or “neurons,”
each capable of processing and transmitting information. In the context
of PINNSs, NNs stand out for their remarkable ability to act as universal
approximators, meaning they can, with the right design and adequate
data, approximate any continuous function to a high degree of accuracy.
This unique attribute allows them to capture and model the complex,
nonlinear dynamics found in a wide array of datasets, making them
a powerful tool in various fields. In the context of our research, the
integration of these neural network capabilities with physical laws offers
a promising way for exploring complex physical phenomena.

In employing PINNs, we represent any unknown functional quantities
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Figure 5.2: Draft results of the PINN
disk fit. On the left is the NGC6328 data,
integrated in space (top) and velocities
(bottom). On the right the results of the
NN representation of the disk.
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using neural networks (NNs). In our problem such functional quantities
are the surface density X(t, r) and the two geometrical properties 6(¢, r)
and ¢(t, r). Training a NN is process which uses a loss function which
needs to be minimized by optimizing the NN parameters which are the
weights of the inner nodes interconnections. In most applications the
loss function incorporates the distance between observed data and the
NN output, so the NN learns any hidden patterns of the data and can
predict new values. An example could be the training of a time-series
where we want to predict the future given some variables or features. In
the case of PINNs however, we construct multiple loss functions. Apart
from any loss function that compare the NN output with observed data
we also incorporate and one or more physics loss function. This special
function measure the distance between the NN functional quantities and
some physical laws that we know the system must obey. One of the most
revolutionary aspect of NN is their efficient differentiation capabilities.
Using the partial derivatives of the functional quantities represents as
NN we can construct complex system of partial equations as physics loss
functions. So, in our problem set-up we can built the equations at play for
O(r,t;Wg), ¢(t,r; W) and L(r, t;Wyx) and their derivatives. Here we
have created a NN representation of each quantity we want to estimate
and their corresponding parameters W.




5.2 Future Work: Exploring Warped Disks via Physics Informed Neural Networks

Thus we define the physics loss functions as

oL 19 [(9/9r) [nZr ()]
F(t,r; Wy, Wg, Wx) = % 7ar { Y(0/or) (20) L (5.5)
d dl
19 ||3verQlol/orf? |,
“ror || @eney M (H)
(5.7)
~T(t,7) (5.8)

where L = L(t,7; Wy, Wg, Wyx) and & = Z(t, 7; Wy).

In optimizing the collocation points (., r.) within the (¢, ) coordinates,
our methodology allows for dynamic adjustment during the optimization
process. This flexibility helps the neural network (NN) adapt to various
time-space regions, ensuring that the learning is comprehensive without
overfitting specific areas. The optimizer’s role is to hone in on the weights
Wy, Wo, Wx that yield the lowest loss function value. A minimal loss
suggests that the NN, within its architectural constraints, has successfully
approximated the real, yet unknown functions. It’s crucial to incorporate
additional loss functions that anchor the NN outputs to measured data
or adhere to predetermined boundary conditions. This dual approach
allows for simultaneous estimation of required quantities that are in
harmony with observational data—an innovative leap facilitated by
PINNSs. Unlike traditional methods that rely on iterative simulations
and data comparisons, this technique integrates convergence into the
learning process itself.

This investigation remains ongoing and, while there are several com-
plexities yet to be addressed, we have made substantive progress. Our
preliminary results have shown consistency with empirical data, as
demonstrated in figure 5.2. The application of Physics Informed Neural
Networks (PINNSs) in this context represents a significant step towards a
more nuanced understanding of gas accretion dynamics. By integrating
physical laws directly into the neural network architecture, we are devel-
oping a tool that adapts and learns from both the spatial and temporal
aspects of the problem. As we continue to refine our model and address
its current limitations, the goal is to reveal deeper insights into the mech-
anisms driving gas towards the SMBH, shedding light on the angular
momentum conundrum. The path forward is clear: to iterate, improve,
and validate our models against a growing body of observational data,
thereby enhancing our understanding of these cosmic processes.
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Appendix

A.1 Projection effects

A.1.1 Galaxy Frame

The angular velocity of circular orbit w = v(R)/R inclined with galaxy
equator is

—sinB@sin A
@=wi=| sinOcosA (A1)
cos O

where 0 is the polar angle and A is a modified azimuthal angle termed
as the Line of Nodes (LON) angle!. The LON specifies the point where
the ring intersects the x, ¥ plane of the galaxy’s coordinate system.

The transformation matrix between the Xgal, Ygal, Zgal, the Cartesian
coordinates in the galaxy plane as

by —sinOcosA —cosOsinA —cosA 1)
7 |=]| sinBcosA cosBcosA —sinA e) (A.3)
Z cos O —sin 6 0 A
and the reverse
@ —sinBsinA sinBcosA  cosO X
0 |=| —cosOsinA cosBcosA —sinf 7 (A.4)
A cos A —sin A 0 Z

If we define the points of an orbit with oriented at 0, A with radius
R as Forbit = (Xorbit, Yorbit, Zorbit) then the plane of the orbit is found by

the equation Mogpit * Forbit = 0 OF Zobit = tan i(Xogbit SIN A — Yorbit cOS A).

Parameterizing the position in the orbit with a angle 0 < ¢ < 2m as
— o ; 2 2 2 2
Xorbit = @ €OS ¢ and Yorbit = @ sin P and using x_, . + Yo+ 25, =T
we get the polar distance as
’

. A.5
D orb t(¢ 7‘) \/1 +tan2 O COSZ(QD - /\) ( )

A.1.2 Sky Frame

Now we introduce a different set of angles in order to describe the
orbit, inclination 7 and position angle PA which are selected in order to

reproduce the astronomy definitions of inclination and position angle.

1: A is shifted by 90° relative to regu-
lar ¢ angle used in standard spherical
coordinates

sin 0 cos ¢
i = | sin 0 sin ¢ (A.2)
cos 6

So, introducing ¢ = A + § gives us
the transformations cos ¢ = —sin A and
sin¢ = cos A
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Inclination is defined as the angle between Earth and the normal vector
of the orbit and position angle as the angle measuring from the north
where the LOS velocity is maximum (and positive, redshifted). As we did
earlier we define the normal vector of the orbit in this frame of reference
as

sini cos PA
Wsky = @ | sini sin PA (A.6)
cosi

Using the same technique as in the galactic frame we can estimate the
projection of the ring on the sky plane (RA,DEC) as the intersection of
this plane with a sphere centered in the center of the galaxy at (0,0) on
the sky plane and radius r. This gives as an ellipse equation of the form

R(¢) = ! A7
(@) V1 +tan2icos?(¢ — PA) (A7)

with the projected los velocity to be vips = (0 X 7) - £ or

v sin(i) sin(¢ — PA)

Vios(9) = V1 +tan2i cos?(¢ — PA)

(A.8)

where ¢ the polar angle from the x axes (East) and v the intrinsic
rotational velocity.

A.1.3 Connecting the two frames

Now we need to connect these two reference frames using a 3 X 3 rotation
matrix R. A rotation matrix can found using 3 successive planar rotations
angles around X,y and z axes, the so called Euler angles. However, in this
work we used a different approach. We first define a primal vector on the
galactic frame of reference. We use for simplicity the z axis N ¢ =1(0,0,1)T.
Now we need to answer the question of how this vector is visible from
the observer reference N. As we defined the inclination and position

angle angles we only need these two specific angles which we define as
Bi and BPA- SO,

sin B; cos Bpa
N; = sin B; sin Bpa (A.9)
cos B;

Now the rotation matrix is estimated using the Rodrigues rotation
formula U.-U
R=I+U+ —5—Ffr
1+ Ng - N;

where U is the skew-symmetric cross-product matrix of u = N g X N,

0 —Us Un
u= us 0 —Uq
—Uy Ui 0



The reason of why this approach is much more useful than using 3
successive rotation angles is dictated from the definition of B; and Bpa as
they are describing the shape of the stellar bulge which can be estimated
from photometry methods.

After we have calculated R we can now estimate the orientation of a ring
in the sky plane

—sinfsin A
fisky = R+ | sin O cos A (A.10)
cos 0

so the angular velocity on the sky frame is c_[)sky = a)ﬁsky and the LOS
projected velocity
Vips = (7_"> X Cr)sky) -2 (All)

Finally, the position angle and inclination are calculated as

PA = arctan(my) I (A12)
a iy’ 2 ‘
i = 10 — arccos(flsky * Zsky) (A.13)

where 71 = figky X Zsky-

A.1.4 A note regarding similar work in the literature

In the literature, and especially in the codes which are used to infer the
kinematical properties of galaxies, it is often used this expression for the
LOS velocity

Vies(7, 0) = vi(r)cos Osini + v,(r) sin O sin i (A.14)

where the plane of the galaxy is (r, 0), i is the disk inclination, V; is the
tangential (circular) velocity and V, radial velocity. Note the different
symbols with our work. This expression is useful in estimating the
velocity field in the sky plane as using the transformations:

—(x = xp)sin¢ + (y — yo) cos ¢

cos O = R (A15)
sin = _XTX €SP~ (¥ ~ yo)sing (A16)
R cos(i)

we get

A.1 Projection effects

Vies(X, ¥; R, ¢, 1) = 511%1 [vt(R)(—x sin ¢ + y cos ) + v, (R)(—x cos ¢ — y sin qS)]

(A17)
where we have assumed xp = yg = 0 the center of the galaxy in the sky
plane.

In this framework we can also add non-axisymmetric flows using an
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approximate form

vi(r,0) =vi(r) + i Vi ¢(r) cos [mO + O, ¢ (1)] (A.18)
m=1

ve(r,0) =v,(r)+ i Vi () cos [mO + Oy, ,(1)] (A.19)

m=1

However, we have avoided using these tools for two reasons. First, as
we mentioned also in the 3.3.1 this framework is mostly useful in disks
which are generally flat, with small warps only on the outskirts. The
second reason is mostly conceptual. In expressions like A.14 there is a mix
between the galactic coordinates 0 angle and the projected parameter
i that confuses the reader, but also makes it harder to use again in a
warped disk scenario.
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